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Abstract | Poly(ADP-ribose) polymerases (PARPs) are involved in the regulation of many cellular 
functions. Three consequences of the activation of PARP1, which is the main isoform of the PARP 
family, are particularly important for drug development: first, its role in DNA repair; second, its 
capacity to deplete cellular energetic pools, which culminates in cell dysfunction and necrosis; 
and third, its capacity to promote the transcription of pro-inflammatory genes. Consequently, 
pharmacological inhibitors of PARP have the potential to enhance the cytotoxicity of certain 
DNA-damaging anticancer drugs, reduce parenchymal cell necrosis (for example, in stroke or 
myocardial infarction) and downregulate multiple simultaneous pathways of inflammation and 
tissue injury (for example, in circulatory shock, colitis or diabetic complications). The first ultrapotent 
novel PARP inhibitors have now entered human clinical trials. This article presents an overview of 
the principal pathophysiological pathways and mechanisms that are governed by PARP, followed 
by the main structures and therapeutic actions of various classes of novel PARP inhibitors.

Approximately 40 years ago, Chambon and colleagues 
reported that the addition of NAD+ to rat liver nuclear 
extracts stimulated the synthesis of a polyadenylic 
acid, which was later identified as poly(ADP-ribose) 
or PAR1. This observation initiated intensive research 
in the area of poly(ADP-ribosyl)ation and led to the 
discovery of the first PAR polymerase (PARP) isoform 
(now termed PARP1), which was followed by the iden-
tification of several other PARP family members2–4. 
Although research on the roles of the various PARP 
isoforms is expanding, most of our knowledge relates 
to PARP1, which has the principal role in regulating 
the cellular processes that are most relevant in terms 
of pathophysiology and experimental therapy4. We 
therefore focus on the roles of PARP1 in this review.

PARP1 is one of the most abundant proteins in the 
nucleus. This 116-kDa protein consists of three main 
domains: an amino (N)-terminal DNA-binding domain 
(DBD) of 46 kDa, an automodification domain of 22 
kDa and a carboxy (C)-terminal catalytic domain of 

54 kDa (FIG. 1). The catalytic function of PARP1 relates 
to its role as a DNA-damage sensor and signalling 
molecule. The ZINC FINGERS of PARP recognize single- 
and double-stranded DNA breaks. PARP1 subsequently 
forms homodimers and catalyses the cleavage of NAD+ 
into nicotinamide and ADP-ribose; the latter is used to 
synthesize branched nucleic acid-like polymers that are 
covalently attached to acceptor proteins (FIG. 1). Most 
of the biological effects of PARP relate to the various 
aspects of this process: covalent poly(ADP-ribosyl)ation 
that influences the function of target proteins; PAR 
oligomers that, when cleaved from poly(ADP-
ribosyl)ated proteins, confer distinct cellular effects; 
the physical association of PARP with nuclear proteins 
to form functional complexes; and the lowering of the 
cellular level of its substrate, NAD+.

Poly(ADP-ribosyl)ation is a dynamic process, as 
indicated by the short half-life of the polymer. PAR 
glycohydrolase (PARG) and ADP-ribosyl protein lyase 
catabolize PAR; the former cleaves the ribose–ribose 

ZINC FINGER 
Protein module in which 
conserved cysteine or histidine 
residues coordinate a zinc atom. 
Some zinc-finger regions bind 
specific DNA sequences.
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bonds of both the linear and branched portions of 
PAR, whereas the latter removes the protein-proximal 
ADP-ribose monomer5.

Although the regulation of PARP1 can occur at the 
level of expression, it is principally regulated at the level 
of its catalytic activity. The best-characterized mecha-
nism for the downregulation of enzyme activity is 
through auto-poly(ADP-ribosyl)ation3,4. Nicotinamide 
exerts a weak negative-feedback inhibitory effect on 

PARP1. PARP1 is a highly abundant nuclear protein, 
which can be activated (up to 100-fold) by DNA strand 
breaks, and so changes in the expression or abundance 
of PARP1 are not of primary regulatory relevance. 
Nevertheless, several recent reports have shown up- 
or downregulation of PARP1 under pathophysiologi-
cal conditions, including its upregulation in chronic 
heart failure6.

Cellular signalling mechanisms modulate the acti-
vation of PARP1. An endogenous inhibitory pathway 
relates to protein kinase C (PKC)7, whereas a DNA 
strand break-independent calcium-mediated path-
way of PARP activation is linked to the activation 
of the phospholipase C–inositol 1,4,5-trisphosphate 
pathway8.

It is not clear how much basal activity is shown 
by PARP1 and how this activity is regulated. PARP1 
binds with high affinity and in a cooperative manner 
to various DNA structures (for example, cruciform, 
curved or supercoiled structures), which influence 
basal PARP activity9. When considering the basal 
activity of PARP, it should be noted that oxidants and 
free radicals are produced as byproducts of oxida-
tive phosphorylation and other pathways10. A basal 
low-level DNA-strand breakage might have a role in 
maintaining basal PARP1 activity.

PARP and DNA repair
PARP1 has been implicated in DNA repair and the 
maintenance of genomic integrity2–4,11,12. This ‘guard-
ian angel’ function of PARP is evidenced by delayed 
DNA base-excision repair (BER) and the high fre-
quency of sister chromatid exchange in the absence of 
functional PARP1 after exposure to ionizing radiation 
or alkylating agents13. 

Multiple mechanisms are involved in the regulation 
by PARP of the DNA BER pathway. Dantzer reported 
that lysates from PARP1-deficient fibroblasts had no 
long-patch-repair activity and showed reduced short-
patch-repair activity14. PARP1 interacts with multiple 
nuclear components of the single-strand break repair 
(SSBR) and BER complexes, including the nick-sensor 
DNA ligase III, the adaptor factor XRCC1 and DNA-
repair effectors, such as DNA polymerase-β and 
DNA ligase III. PARP1 cooperatively interacts with 
PARP2 in some of these functions3,12. The following 
steps are involved in the process: first, the sensing of the 
DNA break; second, the translation and amplification of 
the damage signal, the poly(ADP-ribosyl)ation of PARP1 
itself (automodification) and of histones H1 and H2B 
(heteromodification), the triggering of chromatin-
structure relaxation and increasing the access of DNA-
repair enzymes to the break; third, the recruitment of 
XRCC1 to the damaged site (mediated through its 
poly(ADP-ribosyl)ation), followed by the assembly of the 
SSBR repair complex; fourth, end processing, whereby 
polynucleotide kinase that is stimulated by XRCC1 con-
verts the DNA ends to 5′-phosphate and 3′-hydroxyl 
moieties; fifth, gap filling, during which DNA polymer-
ase that is stimulated by PARP1 fills the gap; and sixth, 
the ligation step that is catalysed by DNA ligase III.

Figure 1 | Structure of poly(ADP-ribose) polymerase-1 (PARP1). a | A schematic 
representation of the modular organization of human PARP1 (hPARP1); the location of some 
modules is indicated by amino-acid numbering. The amino (N)-terminal DNA-binding domain 
contains two zinc fingers, which are responsible for DNA binding and some protein–protein 
interactions. A DNA-nick sensor, which is a nuclear-localization signal (NLS) in the caspase-
cleavage site (DEVD), can be found in this DNA-binding domain. The automodification domain is 
a central regulating segment with a breast cancer-susceptibility protein-carboxy (C) terminus motif 
(BRCT), which is common in many DNA-repair and cell-cycle proteins, and serves protein–protein 
interactions. The C-terminal region accommodates the catalytic centre of PARP. There is high 
amino-acid sequence similarity between different species in the primary structure of the PARP1 
enzyme, with the catalytic domain showing the greatest amount of similarity. The PARP catalytic 
fragment (CF), which contains the active site, comprises residues 655–1,014 (human numbering) 
and is composed of two parts: a purely α-helical N-terminal domain (NTD) from residues 662 to 
784 is formed by an up-up-down-up-down-down motif of helices, in which the connections are 
9–14 residues long; and a C-terminal domain is found between residues 785 and 1,010, which 
includes the NAD+ binding site. The core of this region consists of a five-stranded antiparallel 
β-sheet and a four-stranded mixed β-sheet. These two consecutive sheets are connected by 
a single pair of hydrogen bonds. The central β-sheets are surrounded by five α-helices, three 
310-residue helices, and a three- and a two-stranded β-sheet in a 37-residue excursion between 
two central β-strands. b | A ribbon representation of the chicken PARP1-CF (terminal end amino-
acids 662–1,014), which was co-crystallized with the NAD analogue carba-NAD. The diagram 
shows the interaction of carba-NAD (an inhibitor substrate analogue) with the NAD+-binding site 
of PARP-CF. The observed bound ADP moiety of carba-NAD is shown and denotes the acceptor 
site. c | The structure of carba-NAD. The ring oxygen of the nicotinamide ribose is replaced by a 
methylene group, which prevents ADP-ribosyl transfer and hydrolysis of the nicotinamide moiety 
by cleavage of the β-glycosidic bond. Adapted with permission from REF. 114 © (2003) American 
Society of Experimental Pharmacology and Therapeutics.
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NUCLEOSOME 
A packing unit for DNA within 
the cell nucleus, which gives 
the chromatin a ‘beads-on-a-
string’ structure, in which the 
‘beads’ consist of complexes 
of nuclear proteins (histones) 
and DNA, and the ‘string’ 
consists of DNA only. A histone 
octamer forms a core around 
which the double-stranded 
DNA helix is wound twice.

A further DNA-repair pathway that is implicated 
in conjunction with PARP involves the Cockayne syn-
drome-B protein (CSB)15, which accelerates the repair 
by increasing the accessibility of packaged DNA. 
This process is triggered by the direct poly(ADP-
ribosyl)ation of histones and chromatin decondensa-
tion. PARP and CSB cooperate in the opening of the 
chromatin, which is triggered by stalled transcription 
machinery, thereby permitting the more rapid repair 
of DNA modifications. PARP also interacts with the 
Werner syndrome nuclear protein (WRN), which pos-
sesses 3′–5′ exonuclease and ATPase-dependent 3′–5′ 
helicase activities. PARP1, but not PARP2, interacts 
with WRN, thereby inhibiting both of its activities16.

Another role of PARP in DNA repair relates to the 
regulation of the topological state of DNA and, there-
fore, the activity of DNA topoisomerase I. This enzyme 
has essential roles in controlling the level of DNA super-
coiling and relieving the torsional stress that is generated 
during replication, transcription, recombination and 
chromatin remodelling. Topoisomerase I sometimes 
gets trapped in a covalent complex with nicked DNA 
through the 3′-phosphate terminus, which inhibits 
its DNA-ligase activity. If unrepaired, this can lead to 
genomic instability or apoptosis. Camptothecins, which 
are a prominent class of anticancer drugs that are also 
known as topoisomerase I poisons, act through the 
stabilization of topoisomerase I-cleavage complexes. 
ADP-ribose polymers target specific domains of topoi-
somerase I, and induce the enzyme to remove itself 
from cleaved DNA and close the resulting gap17,18.

PAR also serves as a supply of energy in the DNA-
ligation step19. Extensive poly(ADP-ribosyl)ation (and 
cytosolic NAD+ depletion) might therefore be viewed 
as pathological overactivation of a physiological mech-
anism that normally serves to transfer cytoplasmic  
energetic pools to nuclear energetic pools to support 
DNA repair.

How important is the DNA-repair function of 
PARP1 in normal cellular functions? This question is 
hard to address for two main reasons. First, the litera-
ture is conflicting, even in the context of BER, and 
several studies have failed to show consistent differences 
in DNA repair between wild-type and PARP1-deficient 
systems, or after treatment with PARP inhibitors20–22. 
The importance of PARP1 might be dependent on the 
experimental model that is used, the cell type, and 
the type and degree of DNA damage. Second, PARP1-
deficient mice seem to be healthy, have a normal 
lifespan and do not develop spontaneous tumours. 
This is consistent with the hypothesis that PARP1 has 
a relatively minor role in DNA-repair pathways under 
normal conditions — after all, it is not a DNA-repair 
enzyme per se. Considering the cooperative actions of 
PARP1 and PARP2 in DNA-repair processes, double-
deficient models might be deemed appropriate for the 
study of DNA repair or tumorigenesis. However, this 
approach is not possible, as PARP1/PARP2 double-
knockout embryos die12. Another way of addressing this 
question is to investigate radiation-induced DNA alter-
ations and/or induced or spontaneous tumorigenesis in 

PARP1-deficient mice. Studies in this direction have 
yielded conflicting results. PARP1-deficient mice that 
were placed on a p53-knockout background or treated 
with oral carcinogens yielded variable findings, which 
ranged from an enhancement of the frequency of 
induced tumours to a reduction in carcinogenesis23–28.

Importantly, the results that are obtained from stud-
ies using PARP-deficient experimental systems usually 
do not distinguish between findings that are related 
to the physical absence of the enzyme (its ‘scaffold-
ing’ function) and those owing to the lack of cata-
lytic activity (its ‘enzymatic’ function). Therefore, the 
results obtained with PARP-deficient cell lines do not 
necessarily mirror those seen in cells that are treated 
with PARP inhibitors. For example, although PARP-
deficient cells have disturbed cell-cycle progression 
and establish a tetraploid population, similar findings 
are not seen in wild-type cells that are treated with the 
PARP inhibitor GPI-6150 REFS 29,30.

Further studies are required to clarify the physio-
logical importance of PARP1 in the maintenance of 
genomic integrity and DNA repair. Overall, it seems to 
have more important roles in DNA repair under stress 
conditions (such as radiation, carcinogen exposure or 
exposure to certain antitumour drugs) than in normal 
(non-stressed) cells.

PARP, signal transduction and gene expression
A physiological role of PARP, which is also relevant 
from pathophysiological and therapeutic viewpoints, 
is its ability to regulate transcription. Three principal 
mechanisms are involved: first, the effects of PARP on 
histones, which are followed by changes in the chro-
matin structure; second, the regulation of DNA methyl-
ation by PARP; and third, the participation of PARP in 
enhancer/promoter-binding complexes.

The first two processes represent more generic regu-
latory mechanisms. In the first, poly(ADP-ribosyl)ation 
confers negative charge to histones, which leads to 
electrostatic repulsion from the DNA. Poly(ADP-
ribosyl)ation also loosens the chromatin and makes 
various genes accessible to the transcriptional machin-
ery. Additionally, polyanionic PAR — either attached 
to protein substrates or as free polymer — serves as a 
local matrix for core histones that are released from 
destabilized NUCLEOSOMES31. In the second mechanism, 
PARP1 binds to DNA methyltransferase-1, which 
is a key enzyme in DNA methylation and a global 
regulator of gene expression, and thereby inhibits its 
catalytic function32.

Many functional interactions between PARP1 and 
various nonhistone proteins have been described. For 
instance, PARP acts as a co-activator in nuclear fac-
tor-κB (NF-κB)-mediated transcription32–35. There is 
no consensus in the literature as to whether the mod-
ulation of NF-κB-mediated transcription by PARP is 
dependent on the catalytic activity of the enzyme or, 
alternatively, on its physical presence32–35. These inter-
actions are dependent on the cell type, the model sys-
tem and the nature of the stimulus that is used. The 
PARP inhibitor PJ-34 suppresses NF-κB-mediated 
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gene expression in immunostimulated macrophages36, 
but exerts variable effects in endothelial cells that are 
placed into elevated extracellular glucose37,38. Although 
NF-κB-dependent transcriptional activation is usually 
promoted by PARP1, there are also examples of NF-
κB-target genes the expression of which is silenced by 
PARP1 REF. 39. 

Further mechanisms that are involved in the regu-
lation of NF-κB activation by PARP might include 
direct poly(ADP-ribosyl)ation4,31 as well as the regu-
lation by PARP1 of the expression levels of histone 
acetyltransferases, p300 and cAMP response element-
binding protein (CREB)-binding protein (CBP). The 
expression of these factors is reduced in PARP1-
deficient cells. As p300 and CBP are coactivators of 
NF-κB, PARP1 might participate in NF-κB-dependent 
transcription by maintaining the expression of histone 
acetyltransferases40. The inhibition of NF-κB activa-
tion in the absence of functional PARP1 has also been 
shown in murine models of myocardial reperfusion 
injury and colitis41,42.

PARP1 is also required for the activation of other 
inflammation-related transcription factors, such 
as activator protein-1 (AP1), AP2, transcription-
enhancer factor-1 (TEF1), trans-acting transcription 
factor-1 (SP1), octamer-binding transcription factor-1 
(Oct1), yin-yang-1 (YY1) and signal transducer and 
activator of transcription-1 (STAT1)4,31. There might 
be several mechanisms underlying these effects. One 
mechanism that could be involved in these regula-
tory functions relates to the role of PARP1 as a trans-
criptional coactivator, stimulating (or sometimes 
inhibiting) the activity of DNA-binding transcrip-
tion factors. PARP1 might be specifically recruited 
to target promoters through interactions with DNA-
binding factors. In other contexts, PARP1 might 
contact enhancer or promoter DNA directly (for 
example, by recognizing certain DNA structures or 
sequences)4,31.

Several other signal-transduction pathways are 
affected by PARP under specific conditions (FIG. 2). 
For example, the cytoprotective AKT/PKB pathway is 
regulated by PARP: a pro-inflammatory stimulus and 
the absence of the catalytic activity of PARP are both 
required for the phosphorylation (activation) of AKT43. 
The pharmacological inhibition of PARP attenuates 
the activation of the endotoxin-induced extracellular 
signal-regulated kinase (ERK)1/2 and p38 mitogen-
activated protein (MAP) kinase in a tissue-specific 
manner44. Interaction between PARP and MAP kinase 
has also been reported: the PARP inhibitor INH2BP 
suppresses endotoxin-induced MAP kinase activation 
in cultured macrophages45. In PARP-deficient glial 
cells, the downregulation of the inflammatory response 
is linked to a reduction in the MAP kinase-mediated 
phosphorylation of activating transcription factor 2 
(ATF2) and CBP46. The regulation of PKC activation 
by PARP in endothelial cells that are placed in elevated 
extracellular glucose conditions involves an indirect 
mechanism, through the poly(ADP-ribosyl)ation and 
inhibition of GAPDH38.

The identification of PARP-regulated genes has been 
achieved using DNA-chip technology. In wild-type 
versus PARP1-deficient fibroblasts, 91 out of 11,000 
genes were found to be differentially expressed47, which 
confirmed the role of PARP1 as a basal transcriptional 
regulator. In endotoxin-stimulated glial cells, the 
expression of interleukin-6 (IL-6), pro-IL-1, inter-
cellular cell-adhesion molecule 1 (ICAM1), tumour 
necrosis factor-α (TNFα), inducible cyclooxygenase 2 
(COX2) and inducible nitric oxide synthase (iNOS) 
was reduced in the absence of PARP1 REF. 48. In endo-
thelial cells, 18 PARP1-dependent early-response genes 
to TNFα have been identified39. In murine myocardial 
infarction, the expression of several AP1-dependent 
genes of proinflammatory mediators and heat-shock 
proteins is altered by PARP1 deficiency49.

The PARP-mediated expression of genes might 
have physiological purposes during development or 
the physiological inflammatory response. When these 
processes over-amplify themselves, positive-feedback 
cycles of inflammation and organ damage are initi-
ated. PARP inhibitors can downregulate the activation 
of multiple inflammatory pathways and suppress the 
production of various inflammatory mediators. This 
contributes to their therapeutic action in acute and 
chronic inflammatory diseases, as discussed later.

PARP and apoptosis
PARP has been implicated in both apoptosis and 
necrosis. Initial studies on PARP and cell death focused 
on the cleavage of PARP and its potential role in apop-
tosis. PARP is recognized by cell biologists as the ‘death 
substrate’, because PARP1 was one of the first identified 
substrates of caspases. During apoptosis, caspase 7 and 
caspase 3 cleave PARP1 into two fragments: p89 and 
p24. The cleavage of PARP1 separates its DBD from 
its catalytic domain, which inactivates the enzyme. 
PARP1 cleavage is more appropriately viewed as a 
marker of apoptosis, rather than an executor of the 
process4,50. The cleavage process is independent from 
the catalytic activity of PARP and is not influenced by 
pharmacological inhibitors of the enzyme4. In addition 
to caspases, the nuclear action of matrix metalloprotein-
ase 2 has been shown to cleave PARP in myocytes51. 
PARP+/+ and PARP–/– hepatocytes, thymocytes and 
primary neurons undergo similar amounts of apop-
tosis in response to Fas, TNFα, etoposide, dexametha-
sone and ceramide52,53. The normal development pat-
tern that is seen in PARP1-deficient mice is indicative 
that PARP1 does not have an active role in apoptosis. 
In fact, PARP cleavage prevents the overactivation of 
PARP (and the PARP-dependent cellular energetic 
crisis) and thereby maintains cellular energy for certain 
ATP-sensitive steps of apoptosis54,55.

PARP overactivation promotes cell necrosis
In addition to numerous biochemical and morpho-
logical similarities (for example, the role of the mito-
chondrial permeability transition) and differences 
between apoptosis and necrosis (for example, in DNA 
cleavage and the role of caspases), a distinctive feature 

424 | MAY 2005 | VOLUME 4  www.nature.com/reviews/drugdisc

R E V I EWS



PARP1

Cleaved
PARP

AP1

AKT

MMPsCaspase

PKC

PLC

IP3

Inflammation

Ca2+

Ca2+

NF-κB

IκBNF-κB

Immune stimulants,
oxidative stress, ischaemia

Genotoxic stress,
ischaemia, ionizing radiation

of the latter is the disintegration of the plasma mem-
brane (as opposed to the compaction of apoptotic 
cells, which is followed by elimination). The leakage 
of cell content from necrotic cells into the surrounding 
tissue exacerbates the inflammatory process. In many 
acute cardiovascular diseases, necrosis of the cells is the 
primary mode of cell death. Cell necrosis-associated 
markers are used clinically (for example, the plasma 
levels of creatine kinase or troponin released from 
necrotic myocytes are used as diagnostic markers of 
myocardial infarction). Data showing protection 
against cell necrosis caused by the inhibition or inac-
tivation of PARP1 (REFS 4,56,57; TABLE 1 prove that not 
only apoptosis but also necrosis can be amenable to 
pharmacological interventions — alongside apopto-
sis, necrosis can be considered as the other form of 
regulated cell death.

The oxidant- and free-radical-mediated necrosis 
of pancreatic β-cells, neurons, thymocytes and other 
cell types can be prevented by PARP inhibitors or 
deficiency4,56–61. Nitric oxide, through the generation 
of the cytotoxic oxidant peroxynitrite (which is formed 
when nitric oxide reacts with superoxide), is one of the 
principal pathophysiological triggers of DNA injury 
and PARP activation62,63. 

The idea that PARP overactivation can lead to cell 
death was originally put forward by Berger64,65. In 
stroke, heart attack and other forms of reperfusion 
injury, the main steps of the process (as summarized 
in REFS 4,66,67) are as follows. First, the occlusion of a 
blood vessel prevents blood flow to the organ. Second, 
the restoration of the blood flow (spontaneously or 
in conjunction with a medical intervention, such as 
thrombolysis or angioplasty) triggers the generation 
of various oxidants and free radicals. Third, these spe-
cies (such as hydrogen peroxide, hydroxyl radical and 
peroxynitrite) induce a range of oxidative and nitro-
sative injuries to the cells, including protein and 
lipid modifications, mitochondrial dysfunction and 
DNA damage (base modifications and DNA-strand 
breakage). Fourth, PARP senses the DNA breaks and 
becomes activated. Fifth, this process leads to the con-
sumption of NAD, initially mainly from the cytosolic 
pool68. Sixth, the cell attempts to regenerate NAD from 
nicotinamide, which is converted to nicotinamide 
mononucleotide by phosphoribosyl transferase using 
phosphoribosyl pyrophosphate obtained from ATP 
(the latter is also necessary to metabolize nicotinamide 
mononucleotide into NAD+ by mononucleotide ade-
nylyl transferase). Seventh, PARP-activation-induced 
depletion of the cellular pyridine nucleotide pool 
impairs important NAD+-dependent cellular pathways, 
including glycolysis and mitochondrial respiration. 
NAD+ deficiency allows only the ATP-consuming part 
of anaerobic glycolysis to take place, thereby decreas-
ing the synthesis of pyruvate and the mitochondrial 
formation of NADH. NADH-deficient mitochondria 
undergo depolarization, which converts the ATP syn-
thase into an ATPase. Eighth, and finally, the ensuing 
cellular energetic starvation leads to the shutdown of 
energy-requiring processes (including those that are 
involved in the maintenance of membrane integrity, 
such as the membrane sodium/potassium ATPase), 
which leads to a breakdown of membrane potential 
and leakage of the membrane. These events promote 
futile cycles that, ultimately, lead to cell death through 
the necrotic route4,69 (FIG. 3). This type of necrosis, 
coupled with the overproduction of PAR, can be seen, 
for example, in the ischaemic core area of the heart 
during myocardial infarction (FIG. 4).

The depletion of the cytosolic NAD+ pool renders 
the cells unable to use glucose as a metabolic substrate. 
Under conditions in which glucose is the only avail-
able metabolic substrate, this is especially deleterious 
(for example, in the brain, where glucose is normally 
the only metabolic substrate that is transported rapidly 
across the blood–brain barrier). The restoration of 
cellular NAD+ (with high extracellular concentrations 
of NAD+ or tricarboxylic-acid-cycle substrates, such as 
α-ketoglutarate and pyruvate) can counteract PARP-
mediated necrosis in oxidatively injured cells68,70,71.

Positive-feedback cycles modulate the above pro-
cesses. First, in diseases, PARP-mediated energetic 
depletion frequently occurs in oxidatively/nitro satively 
injured cells, where many cellular functions are already 
adversely affected, the cellular antioxidant pool is 

Figure 2 | Activation and inactivation of poly(ADP-ribose) polymerase (PARP): interactions 
with specific signal-transduction pathways. PARP can be catalytically activated by DNA 
strand breaks or by the inositol (1,4,5)-triphosphate (IP3)/calcium route. PARP can be auto-
inactivated by auto-poly(ADP-ribosyl)ation (not shown) and can be cleaved into inactive fragments 
by caspases or matrix metalloproteinases (MMPs). The phosphorylation of PARP by protein 
kinase-C (PKC), through the inhibition of its DNA binding, also suppresses PARP activity. PARP, 
through physical interactions and/or catalytic actions, promotes activator protein-1 (AP1) and 
nuclear factor-κB (NF-κB)-dependent signal-transduction processes and can suppress the 
activation of the cytoprotective AKT pathway; therefore, the inhibition of PARP can suppress AP1 
and NF-κB activation and induce AKT phosphorylation. The pro-inflammatory effects of PARP1 
might be attributed to the facilitation of various signal-transcription pathways. PARP is involved 
in the general regulation of signal-transduction processes by interactions with histones and with 
DNA-methylation processes (not shown). IκB, inhibitor of NF-κB; PLC, phospholipase C.
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Table 1a | PARP inhibition in animal models of inflammation, reperfusion, degenerative and vascular diseases

Organ Disease model PARP  
activation 
confirmed?

PARP inhibitors PARP1 
deficiency 
protective?

Main results

Brain Stroke Yes Benzamide, 3-AB, ISQ DPQ,  
PHT, INH2BP, GPI-6150, PJ-
34, INO-1001, ONO-1924H, 
DR2313, G-PH

Yes (effective in 
male animals 
only)

Reduction in necrosis of the neurons, 
improvement in neurological status, 
protection against white-matter damage 
and AIF translocation

Traumatic brain injury Yes 3-AB, GPI-6150, PJ-34, 
INO-1001

Yes Improved neurological status

Parkinson’s disease Yes GPI-6150, ISQ, F-Q Yes Improved neurological outcome and 
dopamine loss

Meningitis Yes 3-AB Yes Improved survival, improved neurological 
status and reduced inflammatory mediator 
production

Hypoglycaemia Yes ISQ Not tested Improved survival and behavioural status

Heart Myocardial infarction Yes 3-AB, NA, ISQ, GPI-6150, 
5-AIQ, PJ-34, INO-1001

Yes Reduced myocardial necrosis, reduced 
infarct size, improved myocardial 
contractility, reduced inflammatory 
mediator production and reduced 
neutrophil infiltration

Cardiopulmonary 
bypass

Yes PJ-34, INO-1001 Not tested Improved myocardial contractility and 
reduced remote injury (pulmonary and 
mesenteric)

Transplantation Yes 3-AB, PJ-34, INO-1001 Not tested Improved myocardial contractility, reduced 
inflammatory mediator production, 
extension of transplant survival and synergy 
with cyclosporine treatment

Ischaemic 
cardiomyopathy

Yes PJ-34, INO-1001 Not tested Improved myocardial contractility, improved 
survival

Aortic banding-
induced heart failure

Yes INO-1001 Yes Improved myocardial contractility, reduced 
hypertrophy and improved survival

Diabetic 
cardiomyopathy

Yes PJ-34, INO-1001 Not tested Improved myocardial contractility

Doxorubicin-induced 
myocardial failure

Yes PJ-34, INO-1001 Yes Improved myocardial contractility and 
no reduction in the antitumour effect of 
doxorubicin

Ageing-associated 
heart failure

Not tested PJ-34, INO-1001 Not tested Improved myocardial contractility

Vasculature Diabetic endothelial 
dysfunction

Yes PJ-34, INO-1001 Yes Prevention or reversal of diabetic 
endothelial dysfunction 

Hypertension Yes PJ-34 Not tested Protection against the development of 
endothelial dysfunction

Ageing Yes PJ-34, INO-1001 Not tested Protection against the development of 
endothelial dysfunction

Balloon angioplasty Yes PJ-34 Yes Reduced hypertrophy and improved 
endothelium-dependent relaxation

Endothelial injury by 
homocysteine or AII

Yes PJ-34 Yes (for AII) Protection against the loss of endothelium-
dependent relaxation

Lung Interstitial pulmonary 
fibrosis

Not tested NA Not tested Combined treatment with taurine and 
niacin almost completely ameliorated 
bleomycin-induced increases in lung 
collagen accumulation

ARDS Yes Benzamide, PJ-34 Yes PARP inhibition suppresses endotoxin-
induced pulmonary damage, reduces 
inflammatory cell accumulation and inflam-
matory mediator production and NMDA- 
receptor-mediated lung oedema formation

Hyperoxic lung injury Yes Not tested Yes Improved survival in PARP1-deficient mice 
exposed to hyperoxia

Ovalbumin-induced 
asthma

Yes 3-AB, 5-AIQ, PJ-34 Yes Reduced inflammatory mediator production 
and improved pulmonary function
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Table 1b | PARP inhibition in animal models of inflammation, reperfusion, degenerative and vascular diseases

Organ Disease model PARP  
activation 
confirmed?

PARP inhibitors PARP1 
deficiency 
protective?

Main results

Endocrine 
pancreas

Diabetes Yes NA, 3-AB, INH2BP Yes (some 
conflicting data)

Protection against necrosis of islets and 
reduction in the degree of hyperglycaemia

GI tract Colitis Yes 3-AB, NA, INH2B, PJ-34, 
5-AIQ, ISQ, GPI-6150, 
INO-1001

Yes (also 
antisense 
against PARP2 
is effective)

Improved survival, protection against gut 
shortening, reduced neutrophil infiltration, 
lipid peroxidation, nitrosative damage and 
ICAM1 expression, and attenuation of 
inflammatory markers

Mesenteric I/R injury Yes 3-AB, NA, GPI-6150, 
PJ-34, INO-1001

Yes Protection against histological damage, 
neutrophil infiltration and mucosal barrier 
failure

Joint Arthritis Not tested Nicotinamide, 3-AB, PJ-34 Yes 
(unpublished)

Reduced arthritis severity and incidence, 
and synergistic inhibition of arthritis by 
thalidomide and PARP inhibition

Skeletal 
muscle

Reperfusion injury Not tested 3-AB Not tested Reduction in reperfusion injury necrosis 
markers

Kidney Reperfusion injury Yes Benzamide, 3-AB, 5-AIQ Yes PARP inhibitors accelerate the recovery of 
normal renal function after I/R injury

Transplantation Yes PJ-34 No No effect on the function of the 
transplanted kidney

Liver Acetaminophen 
toxicity

Yes 3-AB, PJ-34, 5-AIQ No Reduced hepatic necrosis with some 
agents (I-AR and PJ-34)

I/R Yes PJ-34 Yes Improved survival, reduced hepatic 
necrosis and protection against hepatic 
leukostasis

Eye Uveitis Not tested PJ-34 Not tested Protection from leukocyte migration

Retinal I/R Not tested 3-AB Not tested Reduced I/R damage to the retina

Diabetic retinopathy Yes PJ-34 Yes 
(unpublished)

Inhibition of the development of acellular 
capillaries and ghosts, prevention of 
inflammatory response and reduced 
leukostasis

Optic nerve 
transection

Yes 3-AB Not tested Inhibition of secondary retinal ganglion cell 
death

Ear Cochlear I/R injury Not tested 3-AB Not tested Improvement of cochlear function 

Acoustic trauma Not tested 3-AB, NA Not tested Improvement of cochlear function

Skin Sulphur mustard- 
induced vesication

Not tested 3-AB, NA Not tested Protection against NAD+ depletion and 
microvesicle formation

Peripheral 
nerve

Diabetic neuropathy Yes ISQ, PJ-34 Yes Protection against loss of motor and 
sensory nerve conductance

Cavernous nerve 
injury

Yes INO-1001 Not tested Improved erectile function

Many 
organs

Haemorrhagic, 
endotoxic and septic 
shock

Yes 3-AB, NA, PJ-34, INH2BP, 
GPI-6150, 4-OHQ

Yes Protection against haemodynamic 
decompensation, improved survival, 
protection against gut hyperpermeability 
and myocardial, vascular, hepatic and renal 
failure, and reduced inflammatory mediator 
production

Thoracoabdominal I/R Yes PJ-34 Yes Improved survival and neurological status

HIV Not tested Benzamides, benzopyrones 
and INH2BP

Yes PARP deficiency reduces viral replication 
and integration, although the data are 
conflicting, especially with pharmacological 
PARP inhibitors

3-AB, 3-aminobenzamide; 4-OHQ, 4-hydroxyquinazoline; 5-AIQ, 5-aminoisoquinolinone; AII, angiotensin II; AIF, apoptosis-inducing factor; AmNAP, 4-amino-
1,8-naphthlalimide; ARDS, acute respiratory distress syndrome; DPQ, 3,4-dihydro-5-[4-1(1-piperidinyl)butoxy]1(2H)-isoquinolinone; DR2313, 2-methyl-3,5,7,8-
tetrahydrothipyrano[4,3-d]pyrimidine-4-one; F-Q, Fujisawa’s quinazolin-4(3H)-one derivative; GI, gastrointestinal; G-PH, Guilford’s novel aza-5[H]-phenanthridin-6-one 
derivative; GPI-6150, 1,11b-dihydro-[2H]benzopyrano[4,3,2-de]isoquinolin-3-one; INH2BP, 5-iodo-6-amino-1,2-benzopyrone; INO-1001, Inotek’s isoindolinone-
derivative; I/R, ischaemia/reperfusion; ISQ, 1,5 dihydroxyisoquinoline; NA, nicotinamide; NMDA, N-methyl-D-aspartate; ONO-1924H, compound 3; PHT, 6(5H)-
phenanthridinone; PJ-34, N-(6-oxo-5,6-dihydro-phenanthridin-2-yl)-N,N-dimethylacetamide. For further discussion of the results summarized here, see main text and 
REFS 4,78 and the tables therein.
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diminished and energetic processes do not function 
perfectly. Second, the poly(ADP-ribosyl)ation of vari-
ous proteins by over-activated PARP can also set the 
stage for unexpected biochemical processes (for exam-
ple, the inhibition of GAPDH)38. Third, mitochondrial 
injury promotes the release of mitochondrial cell-death 

factors (such as the release of apoptosis-inducing factor 
(AIF))72–74. The AIF-related mechanisms have received 
much attention recently. AIF released from a mitochon-
drion shuttles to the nucleus and induces peripheral 
chromatin condensation, large-scale fragmentation of 
DNA and, ultimately, cytotoxicity. Neutralization of 
AIF has been shown to exert neuroprotective effects 
in neuro-injury models in vitro72–74. The exact mecha-
nisms by which PARP activation triggers AIF release 
have not yet been delineated.

Both the release of AIF and the poly(ADP-ribo-
syl)ation of GAPDH might be triggered by free PAR 
oligomers that have been split off from poly(ADP-
ribosyl)ated proteins through the action of PARG38,74. 
Some of the above processes must also be re-evaluated 
in the context of recent observations concerning the 
functional role of an intramitochondrial version of 
PARP75–77.

TABLE 1 summarizes some of the diseases in which 
PARP inhibition or deficiency provides therapeutic 
benefit in vivo. Comprehensive reviews of previous 
pharmacological studies showing the cytoprotective 
effects of PARP inhibitors of various structural classes 
in vitro and the therapeutic effects of PARP inhibitors 
in vivo are presented in REFS 4,78 and the tables therein. 
In addition to various reperfusion diseases of isolated 
organs, recent preclinical data point to a role of PARP 
in systemic ischaemia–reperfusion (haemorrhagic 
shock)79 in reperfusion injury and systemic inflam-
mation that is induced by thoraco-abdominal aor-
tic aneurysm repair80, as well as in an experimental 
model of cavernous nerve injury which models the 
consequences of radical prostate surgery81.

Moderate PARP activation decreases the cellular 
NAD+ content and impairs cellular functions with-
out killing the cells. At this stage (which, in conjunc-
tion with septic shock and systemic inflammatory 
responses, is referred to as ‘pre-necrosis’ or ‘cytopathic 
hypoxia’), reversible suppression of cellular oxygen use 
and reversible cellular dysfunction is observed82. By 
restoring cellular energetics the pharmacological inhi-
bition of PARP facilitates the recovery of cells from 
this dysfunctional state. Examples of such restorative 
responses were found in endothelial cells that pro-
duced high levels of endogenous oxidants83 and in 
intestinal epithelial cells from colitic guts84.

In vivo, the role of PARP in regulating apoptosis 
and necrosis in disease is more complex, because 
certain cell types undergo apoptosis whereas others 
undergo necrosis. PARP inhibition can differentially 
affect these processes; for example, in autoimmune 
diabetes, PARP inhibition prevents oxidant-mediated 
β-cell necrosis, but promotes the apoptosis of islet-
infiltrating lymphocytes85.

Regulation of cell survival and death by PARP 
For a long time, there was controversy over the role 
of PARP in DNA-damage signalling and, especially, in 
DNA-damage-induced cell death. The two sides of the 
argument viewed PARP1 either as an indispensable 
cellular survival factor or as an active mediator of cell 

Figure 3 | Pathways involved in promoting cellular necrosis in response to massive 
poly(ADP-ribose) polymerase (PARP) activation in oxidatively/nitrosatively injured 
cells. a | The metabolic transformation of glyceraldehyde-3-phosphate (GAP) into 1,3-
diphosphoglycerate (1,3-DPG) requires NAD+ and fuels the ATP-producing part of anaerobic 
glycolysis, which leads to the synthesis of pyruvate. In the presence of NAD+ and pyruvate, 
the Krebs cycle supplies NADH to the respiratory chain, which triggers electron flux among 
respiratory complexes. Mitochondrial respiration generates a proton gradient across the inner 
membrane that is used by ATP synthase. b | When PARP1 is activated on a large scale, it 
metabolizes NAD+ into polymers of ADP-ribose and nicotinamide, with the consequent depletion 
of the pyridine nucleotide pool. Therefore, NAD+-dependent cellular metabolic pathways, such 
as anaerobic glycolysis and mitochondrial respiration, are impaired. NAD+ resynthesis uses 
additional cellular energy: nicotinamide is converted to nicotinamide mononucleotide (NMN) 
by phosphoribosyl transferase (PRT), which uses phosphoribosyl pyrophosphate (PRPP) that 
is obtained from ATP. ATP is also necessary to convert NMN into NAD+ by mononucleotide 
adenylyl transferase (NMNAT). Overall, the cellular energetic depletion leads to a loss of cellular 
functions, dissipation of membrane potential (∆ψ) and cell death through the necrotic route. 
Adapted, with permission, from REF. 69 © (2002) Elsevier Science.
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death. In 2002, Virág and Szabó proposed a unifying 
concept to integrate previous results4. According to this 
theory, cells that are exposed to DNA-damaging agents 
can enter three pathways based on the intensity of the 
stimulus (FIG. 5). In the first pathway, PARP1 activated 
by mild to moderate genotoxic stimuli facilitates DNA 
repair, at least partly by interacting with DNA-repair 
enzymes such as XRCC1 and DNA-dependent pro-
tein kinase (DNA-PK). As a result, DNA damage is 
repaired and cells survive without the risk of passing 
on mutated genes (a version of this response occurs 
in cells that are exposed to certain types of anti cancer 
agent as discussed below). In the second pathway, more 
severe DNA damage induces apoptotic cell death, 
with caspases inactivating PARP1; this eliminates cells 
with severe DNA damage. The third pathway can be 
induced by extensive DNA breakage caused by oxida-
tive or nitrosative stress. The overactivation of PARP 
depletes the cellular stores of its substrate NAD+ and, 
consequently, ATP. The severely compromised cellular 
energetic state prevents the apoptotic cell-death path-
way from functioning. Under these conditions, phar-
macological 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 either function normally or die by apoptosis 
(which is preferable to necrosis)4,69,78. Therefore, cells 

with mild repairable DNA damage, as well as those that 
are severely damaged, are diverted by PARP inhibition 
to a common pathway (pathway 2), which results in 
the elimination of cells by apoptosis. The inhibition of 
PARP in severely injured cells (which would normally 
undergo necrosis) preserves ATP for the apoptotic sys-
tem and either prevents cell death or enables it to occur 
through apoptosis instead of necrosis (FIG. 5).

PARP activation in reperfusion injury
PARP activation contributes to various forms of reper-
fusion injury in the brain, heart, kidney, gut, liver and 
other organs. Selected ischaemia–reperfusion injury 
models in which PARP has a pathogenic role are 
outlined in TABLE 1 and are reviewed in REFS 4,69,78.

Two organs in which PARP-mediated reperfusion 
injury has been intensively investigated are the brain66 
and heart67. In both of these organs, treatment with 
pharmacological inhibitors of PARP and PARP1 defi-
ciency reduce the infarct size and improve the func-
tional outcome variables (such as neurological function 
and myocardial contractility)4,66,67. In the acute phase 
of the disease, the preservation of cellular energetic 
pools (and thereby the inhibition of parenchymal cell 
necrosis) is the mode of protection. Additionally, in the 
delayed stage of the disease, PARP inhibition prevents 
the activation of various inflammatory pathways.

Direct evidence of PAR accumulation in reperfused 
organs has been provided by the immunohistochemical 
detection of PAR polymers86,87. In normal parenchyma, 
low levels of PAR accumulation are seen, whereas in 
the ischaemic borderzone (the area of risk in the heart 
or the penumbra in the brain), PARP activation can 
be seen. These cells might be in a state in which PARP 
is activated and the cells are dysfunctional but not yet 
necrotic. In the core of the infarct, necrotic cell death 
occurs. The diffuse PAR immunostaining is consist-
ent with the necrotic lysis of the cells and the spillage of 
poly(ADP-ribosyl)ated proteins into the extracellular 
space (FIG. 4). It has not yet been determined whether 
PAR or poly(ADP-ribosyl)ated proteins have extra-
cellular signalling roles. 

The roles of PARP, and its relationships with various 
parallel and inter-related pathways of cell injury, are 
presented in FIG. 6. Conditions that involve the heart 
and in which PARP activation has a pathogenic role 
include acute myocardial infarction, cardiopulmonary 
bypass, cardiac transplantation and chronic heart 
failure TABLE 1. 

Role of PARP in inflammation
The role of PARP activation and the protective effects of 
PARP inhibitors have also been demonstrated in various 
experimental models of inflammation, including acute 
inflammatory diseases (such as endotoxic shock), as well 
as chronic inflammation of the gut, joints and various 
other organs TABLE 1. For instance, PARP inhibitors 
and/or PARP deficiency is effective in arthritis, coli-
tis, pulmonary inflammation and systemic inflamma-
tory diseases (circulatory shock). The severity of these 
inflammatory diseases is suppressed by PARP inhibitors 

Figure 4 | Poly (ADP-ribose) polymerase (PARP) and 
myocardial infarction. Immunohistochemical localization 
of PARP activation in the reperfused myocardium and 
relationship to the status of the cell (normal cells in the healthy 
myocardium, severely distressed cells in the area at risk 
(AAR) or necrotic cells in the zone of the infarction). Poly(ADP-
ribose) (PAR) formation, an indicator of PARP activation, as 
determined in whole heart sections (top) from rats exposed 
to 1 h ischaemia and 23 h reperfusion. A massive staining 
is evident in the left ventricular free wall of control animals. 
Microscopically, the normal, non-ischaemic myocardium 
from the interventricular septum shows no sign of PARP 
activation, whereas in the ischaemic myocardium, 
PARP activation is mainly located in the nuclei of myocytes 
in the peri-infarction zone. In the infarcted myocardium, 
severe architectural alterations coexist with a more diffuse 
pattern of PAR staining, due to necrosis of the myocytes and 
spillage of PAR-containing material into the extracellular space. 
Adapted from REF. 87.
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and the production of multiple pro-inflammatory medi-
ators is downregulated TABLE 1. There is evidence for 
PARP activation in human samples with inflammatory 
disease — for instance, in the inflamed guts of colitic 
patients (Keshavarzian, Zsengeller & Szabo, unpublished 
observations). The inhibition of PARP also reduces the 
formation of nitrotyrosine — an indicator of reactive 
nitrogen species — in inflamed tissues. This finding was, 
at first, unexpected because PARP activation is perceived 
to occur downstream from the generation of oxidants 
and free radicals in various diseases. The mechanism is 
probably related to the fact that PARP inhibition reduces 
the infiltration of neutrophils into inflammatory sites4,88. 
This reduces oxygen- and nitrogen-centred free-radical 
production. The basis for the regulation by PARP of 
neutrophil infiltration might be related to the reduced 
expression of adhesion molecules49,57 and/or the preser-
vation of endothelial integrity37,89.

Role of PARP in cardiovascular diseases
PARP activation also has a pathogenic role in hyper-
tension, atherosclerosis and diabetic cardiovascular 
complications. In these diseases, the dysfunction of the 
vascular endothelium (that is, a reduction in the ability 
of the endothelial cell to produce nitric oxide and other 
cytoprotective mediators) is diminished. This sets the 
stage for many manifestations of cardiovascular disease. 
The oxidant-mediated endothelial cell injury is depend-
ent on PARP and can be attenuated by pharmacological 
inhibitors or genetic PARP1 deficiency37,89. For instance, 

elevated extracellular glucose levels (as in diabetes) 
trigger PARP activation through the mitochondrial 
release of oxidants, which is followed by DNA-strand 
breakage37,38. In hypertension, angiotensin II acts on its 
endothelial receptors and upregulates NADPH oxi-
dases. The subsequent generation of superoxide and 
peroxynitrite triggers DNA-strand breakage and PARP 
activation90. In vivo studies show that PARP inhibi-
tion improves endothelium-dependent relaxations in 
hypertensive and diabetic animals37,89,91. PARP activa-
tion is also involved in the early functional changes 
that are associated with atherosclerosis and vascu-
lar injury92,93. The preservation of vascular function 
might underlie the protective effect of PARP inhibitors 
against diabetic neuropathy and retinopathy94,95. In the 
context of diabetic complications, the mechanism of 
endothelial cell injury involves the mitochondrial over-
production of superoxide from mitochondrial complex 
III, followed by the generation of peroxynitrite; this 
activity, possibly together with oxygen-derived oxidants 
and free radicals (for example, hydrogen peroxide and 
hydroxyl radical), induces DNA-strand breakage that 
activates PARP. PARP activation leads to poly(ADP-
ribosyl)ation and the inactivation of GAPDH38, which 
stimulates four important pathways of diabetic compli-
cations: the hexosamine pathway, the advanced glyca-
tion end-products pathway, the PKC pathway and the 
aldose reductase pathway.

PARP inhibitors as adjunct anticancer agents
As mentioned previously, PARP has a role in BER, and 
PARP inhibitors can be used to suppress DNA repair 
and to promote apoptosis in cells that are treated with 
certain anticancer agents. The methylating agent temo-
zolomide (TMZ) is used, among others, in the therapy 
of various central nervous system (CNS) tumours. 
TMZ resistance develops frequently and diminishes 
the clinical response. This phenomenon is often the 
result of the efficient repair of methyl adducts at the 
O6 position of guanine mediated by O6-alkylguanine 
DNA alkyltransferase (AGT) or functional defects 
of the mismatch-repair system (MR), which is 
required for the induction of DNA-strand breaks 
by O6-methylguanine. The combination of PARP 
inhibitors with TMZ interferes with the repair of 
methylpurines. These do not usually contribute to 
the cytotoxicity that is induced by TMZ, because 
they are rapidly removed by the short-patch BER 
system. When PARP is inhibited, the recruitment-
promoting functions of XRCC1 are impaired, which 
hampers strand rejoining; this leads to the generation 
of permanent single strand breaks that trigger the 
apoptotic process. In vitro and in vivo studies have 
shown that combining PARP inhibitors with TMZ 
markedly potentiates the anticancer effect of TMZ 
and restores the sensitivity of MR deficient tumours 
to TMZ96–100.

PARP inhibitors have also been shown to enhance 
the cytotoxicity of the DNA topoisomerase I poi-
sons irinotecan and topotecan. PARP1 interacts 
with, and promotes the activity of, topoisomerase 

Figure 5 | Intensity of DNA-damaging stimuli determines the fate of cells: survival, 
apoptosis or necrosis. Depending on the intensity of the stimulus, poly(ADP-ribose) 
polymerase (PARP) regulates three different pathways. In the case of mild DNA damage, 
poly(ADP-ribosyl)ation facilitates DNA repair and, therefore, survival (route 1). More severe 
genotoxic stimuli activate an apoptotic pathway that eliminates cells with damaged DNA (route 2). 
The most severe DNA damage can cause excessive PARP activation, which depletes cellular 
NAD+/ATP stores. NAD+/ATP depletion blocks apoptosis and results in necrosis (route 3). The 
inhibition of PARP in cells entering route 1 suppresses repair and, therefore, diverts cells to 
route 2 (dashed arrow on the left). The inhibition of PARP in cells that are entering route 3 preserves 
cellular energy stores and allows the apoptotic machinery to operate (dashed arrow on the right).
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I. Poly(ADP-ribosyl)ated PARP1 and PARP2 coun-
teract the action of camptothecin by facilitating the 
resealing of DNA-strand breaks101,102.

The combination of doxorubicin and PARP 
inhibitors is especially effective in p53-deficient 

breast cancer lines103. In this context, PARP inhibi-
tion might be particularly advantageous, as it can 
also simultaneously prevent the cardiodepressant 
side effects of doxorubicin104,105. Another recently 
recognized use of PARP inhibitors could be in the 

Figure 6 | Pathophysiological triggers of poly(ADP-ribose) polymerase (PARP) activation and interacting pathways 
of injury. The reduction of oxygen supply during ischaemia alters mitochondrial function, which leads to the production of 
reactive oxidant species. In heart failure, cardiotoxic drugs or inefficient working of the heart leads to the production of oxidants 
and free radicals from various sources (such as the mitochondria, xanthine oxidase or NADPH oxidase). During stroke, oxidant 
and free-radical generation is triggered primarily by N-methyl-D-aspartate (NMDA)-receptor activation. In inflammatory states, 
various pro-inflammatory pathways are stimulated in response to autoimmune responses and/or pro-inflammatory microbial 
components. The corresponding isoforms of nitric oxide synthase (NOS; brain NOS in the central nervous system, endothelial 
NOS in the cardiovascular system and inducible NOS under inflammatory conditions) produce NO (but under conditions of 
L-arginine depletion NOS can also produce superoxide). Under low pH conditions (such as tissue hypoxia/acidosis), nitrite can 
also be converted to NO. Superoxide (which is produced from various cellular sources, including mitochondria) and NO react to 
yield peroxynitrite. Peroxynitrite and hydroxyl radical induce single-strand breaks in DNA, which, in turn, activate PARP. This 
rapidly depletes the cellular NAD+ and ATP pools. Cellular energy exhaustion triggers the further production of reactive oxidants. 
Depletion of NAD+ and ATP leads to cellular dysfunction. Depletion of NADPH leads to reduced endothelial NO formation 
(endothelial dysfunction). The cellular dysfunction is further enhanced by the promotion of pro-inflammatory gene expression 
by PARP, through the promotion of nuclear factor-κB (NF-κB), activator protein-1 (AP1) and mitogen-activated protein (MAP) 
kinase activation. PARP can also promote complement activation. The oxidant-induced pro-inflammatory molecule and 
adhesion-molecule expression, along with the endothelial dysfunction, induce neutrophil recruitment and activation, which 
initiates positive-feedback cycles of oxidant generation, PARP activation and cellular injury. For instance, tissue-infiltrating 
mononuclear cells produce additional oxidants and free radicals. PARP is also involved in triggering the release of mitochondrial 
cell-death factors, such as apoptosis-inducing factor (AIF). There are many oxidative and nitrosative injury pathways that are 
triggered by oxygen- and nitrogen-centred oxidants and free radicals, which act in parallel or in synergy with PARP-mediated 
pathways of cell injury. The relative contribution of cell necrosis versus inflammatory cell injury, as well as the relative role of the 
various pathways shown in the figure, depends on the specific pathophysiological conditions in question.
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context of enhancing cancer-cell killing in cells defi-
cient in homologous recombination. Two recent 
studies demonstrate that cells that are deficient in 
BRCA1 or BRCA2 are acutely sensitive to killing by 
PARP inhibitors in vitro and in vivo169,170.

A final potential application of PARP inhibitors in 
cancer treatment might be related to the enhancement 
of the antitumour effects of radiotherapy106. The trans-
dominant inhibition of PARP107–109 and various classes 
of PARP inhibitors exert radiosensitizing effects110. 
The in vivo efficacy of PARP inhibition for radiosensi-
tization has been recently shown by a preclinical study, 
which found that the intraperitoneal administration 
of the PARP inhibitor AG14361 enhanced the sensi-
tivity of colon carcinoma subcutaneous xenografts to 
radiation therapy99.

One concern relating to systemic treatment with 
PARP inhibitors is the impairment of DNA repair in 
normal cells, which might render them more suscep-
tible to the toxic effects of chemotherapy or radio-
therapy. Although TMZ works primarily against 
actively proliferating cells, the combination of TMZ 
and PARP inhibitors can be toxic to resting cells99. 
Systemic toxicity caused by the use of PARP inhibi-
tors as enhancers of cancer therapy might, therefore, 
involve both self-renewing tissues (such as the gut 
epithelium and bone marrow) and, perhaps, differ-
entiated resting cells. The question of whether their 
combination with PARP inhibitors will increase the 
side effects of the anticancer interventions (in addi-
tion to increasing their antitumour efficacy) will be 
addressed in upcoming clinical trials.

Pharmacological inhibition of PARP 
Ruf and colleagues reported the first crystal structure 
of the catalytic fragment (CF) of chicken PARP both 
with and without the nicotinamide-analogue inhibitor 
3,4-dihydro-5-methyl-isoquinolinone (PD 128763)111. 
Analysis of the co-crystal structure showed that the 
inhibitor interacts with PARP-CF through two hydro-
gen bonds between its lactam group and the peptide 
backbone of Gly863 and the oxygen atom of the side 
chain of Ser904, in the same manner as the nicotina-
mide moiety of NAD+ (FIG. 7). These results helped to 
determine the details of the inhibitor–enzyme inter-
actions of four structurally unrelated PARP inhibitors 
that all bind in a similar manner to the nicotinamide 
portion of NAD+ REF. 112. On the basis of structural 
information available from the crystal structures of 
PARP1-CF111–114 and PARP2-CF115, it is now clear that 
the majority of PARP inhibitors are based on the ben-
zamide PHARMACOPHORE, which mimics the nicotina-
mide moiety of NAD+ and binds to the donor site of 
the protein. The amide group of these inhibitors invari-
ably interacts with the backbone atoms of Ser904 and 
Gly863, whereas the aromatic ring presumably inter-
acts through π–π interactions with Tyr907 and, to 
some degree, Tyr896, which lines the other face of the 
pocket and provides further binding energy. The bind-
ing interactions that were defined by these crystallog-
raphy studies are in good agreement with the published 
structure–activity relationship (SAR) data for most 
potent PARP inhibitors. Ruf and colleagues113 reviewed 
the C terminal of the chicken PARP1-CF, which was 
co-crystallized with carba-NAD (FIG. 1). The additional 

Figure 7 | Schematic representation of the binding of NAD+ to poly(ADP-ribose) polymerase (PARP) protein and the 
catalytic mechanism of PARP1. Some of the main amino-acid residues that are involved in the interaction with NAD+ are 
shown in gold. The curved arrows represent the nucleophilic attack of the 2′-hydroxyl of the adenosine ribose of the acceptor site 
and the release of the nicotinamide of the donor site. The enzyme becomes activated on binding to DNA breaks and uses NAD+ as 
substrate. PARP1 catalyses the cleavage of NAD+ into nicotinamide and ADP-ribose.
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methylene group of carba-NAD, which replaces the 
ring oxygen of the nicotinamide riboside of NAD+, 
prevents ADP-ribosyl transfer and the release of nico-
tinamide by cleavage of the β-glycosidic bond113,114.

Fujisawa published the crystal structure of the cata-
lytic domain of human recombinant PARP1 complexed 
with the inhibitor FR257517 (compound 31a)116. The 
quinazolinone part of the compound binds tightly to 
the nicotinamide–ribose binding site and the 4-fluoro-
phenyl-tetrahydropyridine moiety provides secondary 
contacts to the adenosine-binding site. The hydro-
phobic 4-fluorophenyl ring of the inhibitor induces a 
significant conformational change in the active site of 
PARP by displacing the side chain of Arg878, which 
forms the bottom of the active site. Fujisawa also reported 
X-ray crystallography and molecular modelling results 

for the quinazolinedione-based PARP inhibitor (com-
pound 30)117. The nitrogen atom of the tetrahydro-
pyridine ring directly binds to the COOH of Asp766 
and, similarly to FR257517, the tetrahydropyridine 
moiety of this compound induces a conformational 
change at the bottom of the adenosine-binding site 
by displacing Arg878. The terminal phenyl ring lies 
in a deep pocket and interacts via van der Waals 
interactions with the protein.

PARP inhibitor discovery
During the past decade, structure-based drug design 
and an increased understanding of the molecular 
details of the active site of PARP1 (FIG. 7) have facili-
tated the discovery of highly potent PARP inhibitors. 
The wide range of compounds originally published by 

Figure 8 | Structures of representative classes of poly(ADP-ribose) polymerase (PARP) inhibitors derived from 
the classical PARP scaffolds (benzamide or cyclic lactams). Dotted arrows represent the structural similarity between 
corresponding scaffolds. Note the general presence of a benzamide pharmacophore in all core structures. 
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a Banasik118,119 has led to the identification of new tem-
plates for the design of novel PARP inhibitors120–122. 
Bi- and tricyclic PARP scaffolds (FIG. 8; compounds 
2–5 and 7) described by Banasik were later optimized 
to enhance the potency, pharmacokinetics and water-
solubility at desired pH values. More recent medicinal 
chemistry efforts have been directed at the invention 
of new cyclic carboxamide scaffolds, and have focused 
on the synthesis of tri- and tetracyclic PARP scaffolds 
(FIG. 8; compounds 8–17 and 21–25). We now have a good 
general understanding of the SARs of these benzamide-
pharmacophore-based PARP inhibitors, which has led 
to the synthesis of highly potent novel inhibitors121,122.

The strategy of cyclizing an open benzamide struc-
ture or creating a further ring system on the existing 
cyclic amide (that is, lactam) is one of the best approaches 
to designing new PARP inhibitors. All cyclic carbox-
amide derivatives that incorporate a carbox amide group 
in an anti- (or cis-) configuration123 into a ring structure 
are considerably more effective than their open mono-
cyclic amide analogues. Bicyclic PARP scaffolds com-
prising mainly isoquinolin-1(2H)-one (compound 2), 
3,4-di hydro-isoquinolin-1(2H)-one (compound 3), 
quinazolin-4(3H)-one (compound 4) and phthal-
azin-1(2H)-one (compound 5) have undergone exten-
sive elaboration to achieve better PARP-inhibitory 
activity, including highly potent tri- and tetracyclic 
PARP scaffolds (FIG. 8; compounds 8–17 and 21–25).

Some groups have explored alternative ways in 
which to inhibit PARP1 activation by using nucleic-acid 
and nucleoside derivatives124,125 or have linked them to 
carboxamide pharmacophores126 (FIG. 9). Bayer patented 
several fused uracil derivatives; one β-alanine-glycine 
linked fused uracil derivative (compound 28) was iden-
tified as a potent PARP inhibitor125. Inotek produced a 
series of isoindolinone derivatives that were linked to 
adenosine through various spacers126. The most potent 
compound, EB-47 (compound 29), which carries a pip-
erazine spacer between the isoindolinone and adenosine 
structures, has a half-maximal inhibitory concentration 
(IC50) of 45 nM, which represents a 650-fold increase in 
the PARP-inhibitory activity compared with the parent 
isoindolinone compound.

Therapeutic effects and clinical testing
There is continued interest in the discovery and opti-
mization of new PARP inhibitors, which is reflected 

Figure 9 | Further poly(ADP-ribose) polymerase (PARP) 
inhibitors. a | Nucleic-acid and nucleoside derivatives 
(compounds 26–29) are examples of potent PARP inhibitors. 
An azido uridine analogue (compound 26) showed an 
inhibition constant (Ki) of 800 nM. The fused-uracil analogues 
(compounds 27 and 28) showed half-maximal inhibitory 
concentration (IC50) values of 200 nM and 20 nM, respectively. 
An adenosine analogue (compound 29) showed an IC50 
value of 45 nM. b | Structures of PARP inhibitors studied in 
PARP1 catalytic fragment (CF)/inhibitor co-crystal structure or 
various animal disease models. Compounds 30 and 31a were 
used for PARP1-CF co-crystal studies. Compounds 31b–40 
and INO-1001 (structure yet to be disclosed) have been 
investigated in various animal disease models. 
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by recent published patents and articles. Increases 
in potency of 102–103-fold have been achieved over 
the prototypical PARP inhibitors that were origi-
nally reviewed by Banasik. Inotek, Pfizer/Newcastle, 
Fujisawa, Guilford, Glaxo, Ono and Novartis all have 
early-stage preclinical discovery or clinical develop-
ment programmes for PARP1 inhibitors. The cytopro-
tective and therapeutic effects of many earlier-genera-
tion PARP inhibitors are reviewed in REFS 4,32,78. Here, 
we focus on the most recent advances in the field.

GPI-6150 (Guilford; compound 13) and PJ-34 
(Inotek; compound 35) have been studied most 
intensely in disease models. Both compounds show 
significant therapeutic effects in several animal disease 
models TABLE 1. GPI-6150 is cytoprotective in vitro 
and exerts significant protective effects at a dose range 
of 20–40 mg per kg in experimental models of stroke, 
traumatic brain injury, neurodegeneration, circulatory 
shock, diabetes mellitus and various inflammatory 
conditions (including colitis and gouty arthritis)127–132 
TABLE 1. The phenanthridinone derivative PJ-34 
(compound 35) is cytoprotective in vitro, and dose-
dependently suppresses pro-inflammatory cytokine 
and chemokine production in immunostimulated 
macrophages133. In in vivo models, 3–30 mg per kg PJ-34 
improves the functional outcome in stroke, myocardial 
infarction and reoxygenation injury, circulatory 
shock, diabetes and its vascular complications, coli-
tis, arthritis and uveitis. PJ-34 also protects in 
chronic heart failure and improves the endothelium-
dependent vascular relaxant function in various 
disease models37,43,80,83,90,91,93,95,104,133–141 TABLE 1.

Fujisawa synthesized several highly potent quina-
zolin-4(3H)-one derivatives that are modified at the 
2,5- and 2,8-positions142–144. The 2,8-disubstituted 
derivative (compound 31b), has three-methylene 
unit and 4-(4-fluorophenyl)-tetrahydropyridine 
substitution at the quinazolinone-2-position. This 
compound shows strong PARP1 inhibition, with an 
IC50 value of 13 ± 1 nM, and in vivo neuroprotective 
activity. It has 20% bioavailability in the rat (70% in 
the dog) and a high brain/plasma concentration ratio. 
In a mouse model of Parkinson disease, this com-
pound prevented the depletion of striatal dopamine, 
and metabolites of dihydroxyphenylacetic acid and 
homovanillic acid117. 

Kamanaka and colleagues reported the neuropro-
tective effects of the phthalazinone-based PARP inhibi-
tor ONO-1924H (compound 32)145. In a rat stroke 
model, ONO-1924H reduced the stroke volume and 
attenuated the development of neurological deficits.

Scientists from the Universities of Perugia and 
Florence in Italy, and from GlaxoSmithKline, have 
reported that thieno-phenanthridin-6-one (compound 
9), in which the thieno ring is attached to the isoquino-
linone scaffold (compound 2), displays submicromolar 
activity in the purified bovine PARP1 assay (with an 
IC50 value of 450 nM) and is neuroprotective in models 
of brain ischaemia146,147.

Meiji Seika Kaisha reported the neuroprotective 
effects of DR2313 (compound 27) in in vivo models of 

permanent and transient stroke in rats148. DR2313 also 
showed excellent profiles in terms of water-solubility 
and CNS penetration.

Guilford reported a new series of compounds that 
contain aza-5[H]-phenanthridin-6-one (compound 8)149 
and partially saturated aza-5[H]phenanthridin 6-one 
scaffolds150. Two such compounds (compounds 33 and 
34) that were evaluated in the transient and permanent 
stroke models provided a 30–40% reduction in infarct 
volume. 

Researchers at the University of Newcastle-upon-
Tyne in the United Kingdom initially investigated 
the bicyclic carboxamide derivative (compound 18), 
which forms the cyclic PARP pharmacophore by 
intramolecular hydrogen bonding. A series of such 
compounds were further studied by researchers at 
Agouron (now Pfizer), who produced tricyclic lactam 
inhibitors (compounds 21–25)150–155. Subsequent lead 
optimization led to the discovery of the potent water-
soluble tricyclic PARP inhibitors AG140361 (com-
pound 36), compound 37 and AG140699 (structure 
not yet disclosed). AG140361 increased the delay 
of LoVo xenograft growth induced by irinotecan, 
irradiation or temozolomide by two- to threefold. 
A combination of AG140361 and temozolomide 
caused the complete regression of SW620 xenograft 
tumours99,154 (FIG. 10). A Phase I dose-escalation trial 
of AG140699 in combination with temozolomide 
was initiated in June 2003 by the Cancer Research 
UK Drug Development Office156.

Guilford also made a series of compounds using 
the tricyclic core of a PARP scaffold (compound 21)157. 
The PARP inhibitor compound 38 caused a significant 
reduction of infarct volume in rat models of transient 
and permanent brain ischaemia.

Novartis patented a series of substituted derivatives 
of indoloquinazolinones as PARP inhibitors158. The 
tetrazole-substituted compound 39 has an in vitro IC50 
value of 12 nM and dose-dependently reduced infarct 
size by up to 60% in a rabbit myocardial infarction 
model.

Cephalon evaluated the chemo-potentiating 
capacity of CEP-6800 (compound 40), which was 
a prototype in the carbazole imide family of PARP 
inhibitors, in combination with three mechanistically 
distinct chemotherapeutic agents (temozolomide, 
irinotecan and cisplatin) against U251MG, glioblas-
toma, HT29 colon carcinoma, and Calu-6 non-small-
cell lung carcinoma xenografts and cell lines159. This 
novel 3-aminomethyl carbazole imide is an inhibitor 
of both PARP1 and PARP2, and has an inhibition 
constant (Ki) of 5 nM.

Inotek has developed a series of PARP inhibitors 
derived from compound 11 REF. 160. The potent 
parenteral inhibitor, INO-1001 — which has an 
in vitro IC50 value of 1 nM and protective effects in 
stroke, myocardial infarction and chronic heart fail-
ure73,161–165 — is now in clinical trials for the treatment 
of reperfusion injury induced by myocardial infarc-
tion, cardiopulmonary bypass and thoraco-abdominal 
aortic aneurysm surgery.
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Future development directions
As discussed above, PARP inhibitors (or PARP1 genetic 
deficiency) exert marked protective effects in animal 
models of a range of acute and chronic diseases. A 
comparison of the expected benefits of PARP inhibitors 
with the potential risks posed by these agents for acute 
life-threatening indications implies that the progression 
into clinical testing is well justified, as it is unlikely that 
the short-term administration of PARP inhibitors will 
pose significant risks to patients who participate in these 
trials. Indeed, the PARP inhibitor INO-1001 was well 
tolerated in a single-dose administration regimen in a 
Phase I trial that was conducted with healthy human 
volunteers. Prime acute clinical indications include 

myocardial infarction, cardiopulmonary bypass in 
high-risk patients, stroke (CNS-uptake permitting) and 
various malignancies. Scheduled interventions (bypass 
or surgical interventions such as thoraco-abdominal 
aortic aneurysm surgery) are attractive because they 
offer the possibility of pretreatment (relative to the time 
of reperfusion).

In terms of the risks of acute PARP inhibition, the 
most frequently raised issue relates to the ultimate bene-
fit that can be derived from the preservation of cells 
that contain large amounts of damaged (broken) DNA. 
In the short term, preserving ATP and NAD+ levels in 
the affected cells (for example, myocytes and neurons) 
might create cells with large amounts of DNA damage, 
which could be unrepairable and might facilitate sub-
sequent mutagenic transformations. Although this is a 
difficult issue to resolve, it should be noted that PARP 
inhibitors do not induce these DNA-damage condi-
tions — the damage is caused by the disease itself (that 
is, by the free-radical and oxidant species that are pro-
duced during reperfusion, as shown in FIG. 6). A further 
point to consider is the role of PARP in enhancing or 
promoting positive-feedback cycles of tissue injury. 
By inhibiting these processes, PARP inhibitors might 
reduce the degree of mitochondrial dysfunction, the 
release of mitochondrial oxidants and free radicals, and 
the release of mitochondrial cell-death factors (such as 
AIF). In addition, by downregulating the inflammatory 
response and inhibiting the infiltration of activated 
mononuclear cells (thereby preventing the release 
of toxic mediators into the tissues), PARP inhibitors 
might indirectly reduce the net oxidative and nitrosa-
tive stress burden that the tissues are exposed to. These 
issues need to be addressed in future preclinical and 
clinical investigations.

Because PARP inhibitors represent a new type of 
therapeutic modality, which has not been tested for 
efficacy in humans, there is a degree of uncertainty 
with respect to its ultimate outcome — as is the case 
with all new therapeutic modalities when they initially 
enter clinical trials. The human clinical efficacy trials 
are evaluating parameters that are similar in nature to 
those studied in preclinical studies (such as indices of 
tissue necrosis and the functional parameters of the 
affected organs). As PARP inhibitors show significant 
cytoprotection in human cells (in vitro) and the PARP 
pathway has been shown to have important patho-
genic roles in a wide range of animal species (rodent 
and non-rodent), it is unlikely that there are marked 
species differences between animals and humans.

When contemplating the use of PARP inhibitors 
for chronic disease indications, a range of other issues 
need to be considered in addition to the usual pharma-
cokinetic, pharmacodynamic and toxicological consid-
erations. These include the following: the long-term 
safety of the compound for human use (both mecha-
nism-based and mechanism-independent actions); oral 
bioavailability, and pharmacokinetic and metabolic 
issues; the long-term effects (does long-term PARP 
inhibition affect the expression of PARP and are there 
any rebound or negative effects on discontinuation?); 

Table 2 | PARP inhibitors in clinical trials*

PARP Company Phase Disease inhibitor

INO-1001 Inotek I TAAA‡

INO-1001 Inotek I STEMI§

INO-1001 Inotek II Myocardial infarction||

AG140699 Pfizer/University of Newcastle I Malignant melanoma¶

*See Inotek Pharmaceuticals and Northern Institute for Cancer Research in the online links box 
for information regarding these clinical trials. ‡Thoracoabdominal aortic aneurysm (TAAA; Phase I): 
prevention of complications in patients undergoing TAAA. §ST-elevated myocardial infarction 
(STEMI; Phase I): treatment of patients with STEMI undergoing primary percutaneous coronary 
intervention.||Myocardial infarction (Phase II): patients undergoing emergent angioplasty after acute 
myocardial infarction. ¶Malignant melanoma (Phase I): in combination with temozolomide.

Figure 10 | PARP inhibition restores tumour-cell sensitivity to temozolomide. The 
schematic highlights the most frequent causes of tumour cell resistance to temozolomide: 
removal of the methyl adduct from O6-methylguanine (O6-MeG) by high levels of O6-
alkylguanine-DNA alkyltransferase and tolerance to O6-methylguanine toxicity due to functional 
defects of the mismatch repair system. N7-methylguanine (N7-MeG) and N3-methyladenine 
(N3-MeA) are promptly repaired by the base-excision repair system (BER), co-ordinated by 
PARP1 and PARP2, and generally do not contribute to the drug toxicity. Inhibition of PARP 
allows sensitization of resistant tumour cells by interrupting the repair of methylpurines, 
regardless of the susceptibility of tumour cells to O6-methylguanine toxicity and, therefore, 
independently of the functional status of the mismatch repair system or O6-alkylguanine-
DNA alkyltransferase activity.
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and the potential interactions of PARP inhibitors with 
other therapeutics that are already used in the manage-
ment of the chronic indication in question. It is unlikely 
that the therapeutic use of PARP inhibitors will inhibit 
all PARP isoforms, and it is also unlikely that it would 
lead to the complete and permanent obliteration of the 
enzymatic activity of PARP1.

On the balance of evidence, the short-term inhibi-
tion of PARP seems to be acceptable, in terms of the 
risk/benefit ratio, for experimental therapy for severe 
life-threatening diseases (see above). However, the 
question of whether the risk/benefit ratio is accept-
able during chronic PARP-inhibitor treatment for the 
experimental treatment of chronic diseases remains to 
be determined (clearly, not all chronic diseases are the 
same in terms of their severity, risks and therapeutic 
options, and the selection of an appropriate risk/ben-
efit ratio remains crucial). Patients with chronic car-
diovascular diseases are usually treated with a range 
of therapeutic agents as part of standardized combi-
nation therapies. Some of these agents (for example, 
statins, angiotensin-converting enzyme inhibitors, 
angiotensin receptor blockers and those used for tight 
glycaemic control in diabetic patients) might be able 
to reduce the degree of oxidative and nitrosative stress, 
and, therefore, the degree of PARP activation in the 
cardiovascular system90. It remains to be seen whether 
PARP activation persists in humans who have been 
appropriately treated with state-of-the-art therapies 
(and, therefore, whether combining a low-dose PARP-
inhibitor regimen with the standard battery of thera-
pies166 might represent a potential approach to enhance 
therapeutic efficacy, and, at the same time, reduce the 
potential side effects that are associated with long-term 
PARP inhibition).

It is also important to briefly consider the issue of 
the isoform selectivity of PARP inhibitors. Although 
the catalytic sites of most members of the PARP fam-
ily are similar, future advances in medicinal chemistry 
might yield PARP1-selective inhibitors (or, in theory, 

agents with selectivity for other PARP isoforms). A 
recent example of such selectivity is certain quinazo-
line derivatives made by Fujisawa Pharmaceuticals167. 
Such PARP1-selective agents might be superior to iso-
form-unselective compounds, inasmuch as they might 
not interfere with the functions of other members of 
the PARP family (for example, the regulation of DNA 
repair, the cell cycle, cell division and telomere length). 
However, it must be noted that there are no truly  
PARP1-selective inhibitors available at present, so this 
hypothesis cannot yet be directly tested. Moreover, 
some data indicate that PARP2 activation (similar to 
PARP1 activation) might confer cytotoxic and pro-
inflammatory actions168; therefore, the inhibition of 
PARP2 might also be of therapeutic benefit in certain 
disease conditions.

Conclusions
Research in the area of PARP has led to a better under-
standing of the roles of PARP1 in various normal 
cellular processes and the pathophysiology of vari-
ous diseases. In response to oxidative and nitrosative 
stress, PARP activation initiates an energy-consuming 
and inefficient cellular metabolic cycle; this leads to 
cellular and mitochondrial dysfunction, and pro-
motes the functional impairment of the affected cells, 
which culminates in cell necrosis. PARP also has a 
role in the regulation of gene transcription. The acti-
vation of PARP is involved in the pathogenesis of a 
range of inflammatory and cardiovascular diseases. 
PARP inhibitors might have other potential uses as 
anticancer agents. Many pharmacological classes of 
compounds have been shown to inhibit the catalytic 
activity of PARP. Moreover, some of these compounds 
have now successfully progressed through the preclini-
cal efficacy and safety stages of drug development, and 
have entered human clinical testing TABLE 2. These 
trials will bring us closer to answering the question of 
whether PARP inhibitors will fulfil their initial promise 
in the clinical arena.
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