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Abstract Poly(ADP-ribose) polymerases (PARPs) are
enzymes that catalyze the transfer of ADP-ribose units from
B-nicotinamide adenine dinucleotide (NAD") to acceptor
proteins. PARP-1 is responsible for more than 90 % of
protein poly-ADP-ribosylation in the brain and may play a
role as a molecular switch for cell survival and death. The
functional roles of PARP-1 are largely mediated by its
activation after binding to damaged DNA. Upon binding,
PARP-1 activity increases rapidly and cleaves NAD" into
ADP-ribose and nicotinamide. Increased activity of PARP-1
can promote DNA repair and its interaction with several
transcription factors, whereas hyperactivation of PARP-1
can result in poly(ADP-ribose) accumulation and depletion
of NAD" and ATP which may lead to caspase independent
apoptotic or necrotic cell death, respectively. Excessive
PARP-1 activity has been implicated in the pathogenesis
of numerous clinical conditions such as stroke, myocardial
infarction, inflammation, diabetes, and neurodegenerative
disorders. Therefore, it is not surprising that the search for
PARP-1 inhibitors with specific therapeutic uses (e.g., brain
ischemia, cancer) has been an active area of research.
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Beyond medicinal uses, naturally occurring PARP-1 inhib-
itors may also offer a unique preventative means at attenu-
ating chronic inflammatory diseases through dietary
supplementation. This possibility has prompted research
for specific, naturally occurring inhibitors of PARP-1.
Though fewer investigations focus on identifying endoge-
nous inhibitors/modulators of PARP-1 activity in vivo, these
activities are very important for better understanding the
complex regulation of this enzyme and the potential long-
term benefits of supplementation with PARP-1 inhibitors.
With this in mind, the focus of this article will be on
providing a state-of-the-science review on endogenous and
naturally occurring compounds that inhibit PARP-1.
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Introduction

Poly(ADP-ribose) polymerases (PARPs) comprise a family
of enzymes that catalyze the transfer of ADP-ribose units
from P-nicotinamide adenine dinucleotide (B-NAD" or
NAD") to acceptor proteins. The biological roles of poly-
mers of ADP-ribose [poly(ADP-ribose) or (PAR)] and poly-
ADP-ribosylation of proteins are diverse. The first discov-
ered and best characterized among PARPs is PARP-1 (EC
2.4.2.30). PARP-1 is a conserved nuclear zinc metallopro-
tein that functions as a DNA nick sensor and signaling
molecule. This protein is comprised of three primary func-
tional domains, which consist of an N-terminal DNA-
binding domain, including a nuclear localization signal, a
central automodification domain, and a C-terminal catalytic
domain [1]. The DNA binding domain contains two zinc-
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finger motifs that facilitate binding to both single- and double-
stranded DNA breaks. The functional roles of PARP-1 are
largely mediated by its activation after binding to damaged
DNA. Upon binding, PARP-1 activity increases rapidly and
cleaves NAD" into ADP-ribose and nicotinamide. Linear and
branched PARs are synthesized and covalently attached to a
number of acceptor proteins, including histones and PARP-1
itself. The in vivo half-life of PAR is less than 1 min. PAR is
catabolyzed by poly(ADP-ribose) glycohydrolase and, to a
much lesser extent, by ADP-ribosyl protein lyase [2].

Under normal and mild stress conditions, PARP-1 acts as
a defense mechanism by detecting DNA strand breaks and
nicks, resulting from the constant insult of reactive oxidative
species that arise from normal aerobic respiration [3, 4].
PARP-1 is involved in base excision repair pathways and
plays an important role in regulation of transcription.
Activation of PARP-1 leads to the formation of PAR which
now is recognized as a novel signaling molecule that plays
an important role in the regulation of transcription factors
and other proteins which contain specific PAR domains.
More severe injuries such as ischemia-reperfusion and in-
flammation can hyperactivate PARP-1, leading to an energy
crisis in the cell due to the rapid depletion of NAD" and
ultimately ATP [5-11]. Moreover, elevated levels of PAR
may also alter mitochondrial permeability, leading to release
of apoptosis inducing factor (AIF). Translocation of AIF to
the nucleus may activate caspase independent cell death [12,
13]. PARP-1 inhibition has been shown to ameliorate these
effects [14, 15], including those caused by chemical insults
that act via free radical mechanisms [16—18].

Biological roles of PARP-1 were established largely from
experiments employing its inhibitors. In the beginning, these
were mostly endogenous or naturally occurring compounds
such as nicotinamide, thymidine, or theophylline [19]. Most
of these compounds were, however, found to affect other
biological processes. Therefore, in order to target PARP-1,
there was a need to identify more specific, not necessarily
natural, PARP-1 inhibitors. In 1980, Purnell and Whish [20]
reported that several synthetic 3-substituted benzamides were
much more potent and specific inhibitors of PARP-1 in vitro
than known endogenous and naturally occurring compounds.
In addition, Rankin et al. [21] showed in 1989 that several
benzamide derivatives are potent and specific PARP-1 inhib-
itors in vitro and in vivo. Historically, 3-aminobenzamide was
the most favored PARP-1 inhibitor and served as an indis-
pensable tool in studies aimed at elucidating the biological
roles of poly-ADP-ribosylation. However, at least at high
concentrations, 3-aminobenzamide and other benzamides
have considerable adverse side effects in vivo. It wasn't until
1992 when Banasik et al. [22] showed that members of several
classes of compounds, including many endogenous and natu-
rally occurring ones, were potent and specific PARP-1 inhib-
itors in vitro. Other investigators proved using animal models
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that PARP-1 inhibitors are beneficial in various pathological
conditions, including ischemia [15, 23-26], diabetes [27, 28],
or neurodegenerative disorders [29—32]. In cancer therapy,
PARP-1 inhibitors are in clinical trials (Phase I-1II) and, thus
far, offer promising results in the treatment of melanoma and
breast cancers [33, 34]. Therefore, PARP-1 inhibitors may
have direct therapeutic use in some of the most challenging
areas of modern medicine. This has prompted intensive search
for specific inhibitors of PARP-1, mainly synthetic com-
pounds or derivatives of natural compounds due to concerns
over patent infringement.

Since the breakthrough discovery by Banasik et al. [22],
several new endogenous and naturally occurring regulators
of PARP-1 have been found, which include antibiotics (e.g.,
tetracyclines), vitamins (e.g., vitamin Dj), etc. [35-37]. This
review will focus on the state of science for endogenous and
naturally occurring compounds that inhibit PARP-1.

Mode of Action for PARP-1 Inhibition

The mode of action for many of the endogenous and naturally
occurring PARP-1 inhibitors is unclear, and discrepancies
exist in the literature. The compounds documented as com-
petitive inhibitors with respect to NAD" include caffeine [38],
2'-deoxythymidine 5'-monophosphate [39], formycin B [40,
41], 1-methyladenine [40], NADH [42, 43], NADP [44],
nicotinamide [28, 38, 42-49], polydeoxythymidylate [43],
showdomycin [40], taurine [28], theobromine [38], theophyl-
line [38, 50], and thymidine [38, 39, 43, 44, 47, 48]. However,
Banasik et al. [22] showed that most inhibitors investigated,
including nicotinamide [51], exhibited mixed-type inhibition
with respect to the substrate NAD" at micromolar concentra-
tions (Fig. 1a). This discrepancy may be due to differences in
reaction conditions (e.g., inhibitor concentration and/or en-
zyme preparations). For example, xanthurenic acid (at 50 and
100 uM) proved to exhibit competitive inhibition with respect
to NAD" (Fig. 2) [22]. A mixed-type inhibition was shown,
however, at 200 uM (not shown), which resembled the dual
inhibitory action of arachidonic acid, i.e., competitive inhibi-
tion at 50 uM with mixed-type inhibition at 100 uM (Fig. 1b)
[51]. Mixed-type inhibition was previously reported for a
natural nucleotide, diadenosine 5',5"-p',p*-tetraphosphate
(Ap4A), a ligand of a subunit of DNA polymerase
[52, 53]. ATP [54], two 2',5'-oligoadenylates, A2'pA2'pA [55]
and pppA2'pA2'pA [55, 56], and coumarin [57] have been
documented as noncompetitive inhibitors.

Natural Inhibitors of PARP-1

Some mammalian endogenous and naturally occurring com-
pounds have been shown to inhibit PARP-1 activity in vitro
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Fig. 1 Standard Lineweaver—Burk plots showing the mixed-type in-
hibition of PARP-1 activity by nicotinamide (a) and, depending on
concentration used, competitive and mixed-type inhibition by arach-
idonic acid (b) (adapted from [51])

and/or in vivo. Tables 1 and 2 list endogenous and naturally
occurring inhibitors, respectively, for which ICs, (the con-
centration that causes 50 % inhibition) or ECsq (half maxi-
mal effective concentration), and/or inhibition constant (Ki)
value(s) have been determined.

Fig. 2 Standard Lineweaver—
Burk plot showing the 4ar
competitive inhibition of PARP-
1 activity by xanthurenic acid.
The final concentrations of
DMSO in reactions with micro-
molar and nanomolar NAD +
were 0.5 % (adapted from [22])
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The Early PARP-1 Inhibitors

Nicotinamide is a critical part of NAD" and a byproduct of
ADP-ribosylation reactions. Because of this, nicotinamide was
quickly established as a PARP-1 inhibitor, and as noted previ-
ously, most of the early research in this field has utilized this
compound [42, 4446, 48, 49, 58-69]. Other inhibitors used
previously are thymidine [39, 44, 48, 49, 61, 64-67], thymine
[61, 66], and theophylline [49, 64, 67, 70]. Most of these
compounds also affect other biological processes. For example,
nicotinamide is an inhibitor of enzymes, which use NAD" as
substrate like ADP-ribosyltransferases, NAD" glycohydrolases,
or sirtuins and cyclic-AMP phosphodiesterase, and several
proinflammatory cytokines. It is a substrate for nicotinamide
N-methyltransferase, nicotinamide amidohydrolase, and nicotin-
ic acid/nicotinamide adenylyltransferase. Nicotinamide (3-pyr-
idinecarboxamide) is the precursor of NAD", can be directly
utilized by cells to synthesize NAD", and leads to elevated
concentrations of pyridine nucleotides. PAR, another byproduct
of poly-ADP-ribosylation reaction, has also been shown to
inhibit polymer synthesis in vitro [71].

NAD", an essential cofactor for several oxidoreductases
and substrate for NAD"-consuming enzymes, is a central
molecule in cellular metabolism and participates in a wide
range of biological processes, including energy supply, cellu-
lar resistance to stress or injury, and longevity. Since NAD" is
the substrate for PARP-1, its concentration in the cell will
affect PARP-1 activity. In addition, it has been established that
NAD" concentration can affect the degree of PARP-1 inhibi-
tion in vitro [72]. NADH [42] and NADP [44] have also been
shown to inhibit PARP-1. NAD" is synthesized de novo from
tryptophan or in salvage pathways by recycling compounds
such as nicotinamide back to NAD".

Tryptophan-Related Compounds

Interestingly, xanthurenic acid and kynurenic acid, metabo-
lites from tryptophan catabolism, inhibit PARP-1 in vitro
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Table 1 PARP-1 inhibition values (1M) of select mammalian endog-
enous compounds

Compound K; 1Cso Reference
A2'pA2'pA 50 - [55]
A2'pA2'pA 100 - [56]
Ap4A 5.1 ~10? [52]
Ap4A - >400 [52]
Ap4A 7.7 - [53]
Arachidonic acid® - 44 [51]
ATP 4,000 - [54]
la,25-Dihydroxyvitamin D3 - ~3 [37]
Hypoxanthine - 1,700 [21]
Hypoxanthine - >200 [98]
Hypoxanthine - ~1,000°  [74]
Kynurenic acid® - 670 [73]
y-Linolenic acid® - 120 [22]
1-Methyladenine 226.6 — [40]
1-Methylnicotinamide - 1,700 [21]
1-Methylnicotinamide - 3,800 [73]
NADH 55 - [42]
NADP 460 - [44]
Nicotinamide 52 - [45]
Nicotinamide 20 - [46]
Nicotinamide ~14 - [62]
Nicotinamide 14.3 - [48]
Nicotinamide 5.7 - [99]
Nicotinamide 50 - [42]
Nicotinamide 5.6 - [100]
Nicotinamide 23 - [44]
Nicotinamide - ~100 [69]
Nicotinamide 15 - [101]
Nicotinamide 13.0 - [38]
Nicotinamide - 31 [21]
Nicotinamide - 210 [51]
Nicotinamide - ~2,000°  [74]
Nicotinamide - 210 [28]
Norharman hydrochloride - 4,700 [102]
Oleic acid® - 82 [22]
Palmitoleic acid® - 95 [22]
L-a-Phosphatidyl-DL-glycerol, - <830 [-*]
distearoyl”

pppA2'pA2'pA 5° - [56]
pPPPA2'pA2'pA 20 - [56]
pPpA2'pA2'pA 5 ~10 [55]
Pyridoxal 5-phosphate® - 4,250 [51]
Taurine - 320 [28]
Thymidine 325 - [48]
Thymidine 140 - [44]
Thymidine 25 - [101]
Thymidine 13.3 - [38]
Thymidine - 43 [21]
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Table 1 (continued)

Compound K; 1Csg Reference
Thymidine - 180 [22]
Thymine - 290 [22]
3,5,3'-Triiodothyronine - 0.001° [82]
Vitamin A aldehyde® - 450 [51]
Xanthurenic acid” - 190 [73]

 Histone poly-ADP-ribosylation
®2 % (final) (DMSO)

910 % (final) DMSO, the considerable variation in ICsq or K; values
reported for individual compounds indicates that the experimental con-
ditions and enzyme preparations may profoundly affect these values [19]

¢In isolated male rat liver nuclei; ICso value for PARP-1 purified from
calf thymus is 1 aM

*Unpublished data, Banasik et al.

[22, 73]. Carboline compounds affect the PARP-1 activity in a
complex way [73]. 3-Amino-1,4-dimethyl-5H-pyrido[4,3-b]
indole (Trp-P-1) is a fairly strong inhibitor, whereas 3-amino-
1-methyl-5H-pyrido[4,3-b]indole (Trp-P-2) is an activator at
around 1 mM, but it is inhibitory at higher concentrations [73].
These two y-carbolines are pyrolytic products of tryptophan
and are known to be mutagenic and carcinogenic. Another
heterocyclic amine, 2-amino-3-methyl-9H-pyrido[2,3-b]in-
dole (MeAxC), present in various foods and in the environ-
ment, is also inhibitory to PARP-1 in vitro.

Purines

Virag and Szabo [74] have shown that several purines (hypo-
xanthine > inosine > adenosine) dose-dependently inhibit
PARP-1 activation in peroxynitrite-treated RAW mouse mac-
rophages as well as inhibit the activity of purified enzyme.
The authors suggested that purines may serve as endogenous
inhibitors of PARP-1 [74]. Some other purines (e.g., biophyl-
line, caffeine, hypoxanthine, 1-methyladenine, 1-, 3-, 7-, 8-
methylxanthine, paraxanthine, theobromine, theophylline)
have also been documented as PARP-1 inhibitors (Tables 1
and 2). ATP, at physiological cellular concentrations, prefer-
entially inhibits PARP-1 automodification and, to a lesser
degree, poly-ADP-ribosylation of histones in vitro [54].

Diadenosine Polyphosphates

Naturally occurring diadenosine polyphosphates, extracellu-
lar mediators controlling numerous physiological effects,
have a chain length varying from three to six phosphate
groups (Ap,A with n=3 to 6). Tanaka et al. [52] demon-
strated that these compounds are strong inhibitors of histone
H1 ADP-ribosylation by purified bovine thymus PARP-1. It
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Table 2 PARP-1 inhibition values (M) of select naturally occurring
compounds

Compound K; 1Csp Reference
Apigenin® - <1,500 [102]
AsNaO, (sodium arsenite) - 10 [93]
Biophylline - >200 [98]
Coumarin 4.7 - [57]
Coumarin® - 2,800 [22]
Coumermycin A; - ~250 [19]
Caffeine - ~1,000 [38]
Caffeine 244 - [38]
Caffeine - 1,400 [21]
Caffeine - >200 [98]
1,7-Dimethylxanthine - 15 [98]
Flavone® - 22 [22]
Formycin B 68.9 - [40, 41]
Formycin B 75 - [41]
Harmine hydrochloride - <3,500 [102]
4-Hydroxycoumarin® - 570 [22]
Juglone® - 250 [22]
Lawsone® - 330 [22]
Linoleic acid® - 48 [51]
a-Linolenic acid® - 110 [51]
MeAaC? - <3,300 [*]
1-Methylxanthine - 145 [98]
3-Methylxanthine - 115.2 [98]
7-Methylxanthine - 172.3 [98]
8-Methylxanthine - >200 [98]
Novobiocin - 2,200 [22]
Plumbagin® - 700 [22]
Reserpine” - 790 [73]
Showdomycin 107.8 - [40]
Theobromine 15.2 - [38]
Theobromine - 110 [21]
Theobromine - 160.2 [98]
Theophylline 30.0 - [70]
Theophylline 29.8 - [38]
Theophylline - 46 [21]
Theophylline - 194.8 [98]
Trp-P-1 - 220 [73]
Trp-P-2* - 2,200 [73]
Vitamin K,° - 520 [51]
ZnCl, - 10 [90]
ZnCl, - 77 [21]

42 9% (final) DMSO

°10 % (final) DMSO, the considerable variation in 1Cso or Ki values
reported for individual compounds indicates that the experimental con-
ditions and enzyme preparations may profoundly affect these values [19]

*Unpublished data, Banasik et al.

should be noted that Ap4A functions as an acceptor for
ADP-ribose in a PARP-1 reaction in vitro [75]. Possible in
vivo regulation of PARP-1 activity by 2',5'-oligoadenylates
has been also suggested [55, 76]. Recently, it has been found
that adenosine thiamine triphosphate at 10 uM almost
completely inhibited the activity of recombinant PARP-1
[77]. The authors speculated that the beneficial impacts of
high-dose thiamine treatment on diabetic complications
could result, to some extent, from PARP-1 inhibition by
thiamine derivatives.

Vitamins and Vitamin-Like Substances

Mabley et al. [37] have found that the active form of vitamin
D3, l«,25-dihydroxyvitamin D3, dose-dependently
inhibited PARP-1 in a cell-free assay, with 40 % inhibition
being observed at 0.1 uM and 80 % at 1 uM. It should be
noted that other vitamins or their precursors (vitamin A
aldehyde > vitamin K; > pyridoxal 5-phosphate) have also
been shown to inhibit PARP-1 activity in vitro [51]. Several
unsaturated fatty acids (arachidonic acid > linoleic acid >
oleic acid > palmitoleic acid > linolenic acid > y-linolenic
acid) inhibit PARP-1 activity more potently than nicotin-
amide in vitro [22, 51].

Endocrine Substances

Jackowski and Kun [78] have found that treatment with
3,5,3'-triiodothyronine (T3) strongly decreased PARP-1 ac-
tivity in isolated cardiomyocyte nuclei from normal and
hypophysectomized male rats. In vivo treatment of male
rats with T3 (30 pg/100 g of body weight) inhibited
PARP-1 activity in cardiomyocyte nuclei and significantly
increased the weight of cardiac ventricles [79]. Whether
PARP-1 activity is decreased or increased as a result of T3
treatment seems to be age dependent [80]. A positive cor-
relation between the degree of PARP-1 inhibition and car-
diac ventricular enlargement in T;-treated rats has been
reported [79, 80]. Aranda et al. [81] have shown that Ty
can alter ADP-ribosylation of chromatin associated proteins
in cultured rat pituitary tumor GHI1 cells. T; inhibits also
PARP-1 purified from calf thymus [82, 83]. Glucocorticoids
were shown to cause a rapid loss of endogenous PAR from
nonhistone high-mobility group 14 and 17 proteins in cul-
tured mouse mammary tumor cells [84]. It has been shown
that progesterone, during a period of primary estrogen stim-
ulation, decreases PARP-1 activity in oviducts of female
immature quails [85].

Taurine

Taurine, a major intracellular free (3-amino acid present in
leukocytes, inhibits PARP-1 in vitro by interacting with the
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binding site for the adenine moiety of NAD" [28]. Recently,
it has been demonstrated in a male rat model of stroke that
taurine reduces ischemic brain damage through suppressing
inflammation related to PARP-1 and nuclear factor kappa B
(NF-kB) activation [86].

Antibiotics

Some antibiotics have been shown to inhibit PARP-1. Alano
etal. [35] found that several tetracycline antibiotics are PARP-
1 inhibitors. The rank order of potencies for investigated
compounds is minocycline > doxycycline > demeclocycline
> chlortetracycline [35]. Demeclocycline and chlortetracy-
cline are natural antibiotics, while minocycline and doxycy-
cline are semi-synthetic second-generation tetracyclines.
Interestingly, minocycline is a competitive inhibitor of
PARP-1, with a K;=13.8 nM. Neuronal NAD" depletion and
PAR formation were blocked by 100 nM minocycline [35].
Nowadays, minocycline is in clinical trials for stroke patients.
The antiinflamatory effect of minocycline is also connected
with PARP-1 function as a coactivator of NF-«kB. However,
under these conditions, PARP-1 has been shown to function in
a proinflammatory manner, as demonstrated in several studies
[9, 87]. The work of Kauppinen and Swanson [88] demon-
strated that PARP-1 interaction with NF-kB promoted micro-
glial metalloproteinase-9 release and neurotoxicity.
Actinomycin D [44, 89], coumermycin A [19], formycin B
[40, 41], novobiocin [22], and showdomycin [40] have also
been reported as PARP-1 inhibitors.

Metal Ions

PARP-1 inhibition/modulation is typically viewed as a fa-
vorable response; however, several investigations have
found that specific metal ions, associated with adverse
effects in humans, are also capable of inhibiting PARP-1
activity. These studies hint to the possible role that these
ions may play in circumventing PARP-1's beneficial DNA
repair activities. For example, Ito et al. [42] showed that
several metals, including Cd**, Cu'", Cu*", Hg*", and Zn*",
strongly inhibit PARP-1 in vitro. Zinc chloride was also
shown to inhibit PARP-1 in vitro [21, 90]. Several other
metal ions, Cd*>*, Co>", Cu®", and Ni*", inhibit H,0O,-in-
duced PARP-1 activity in intact cells [91]. At noncytotoxic
concentrations, copper sulfate dose-dependently inhibits
H,0,-induced poly-ADP-ribosylation in cultured HeLa S3
cells and activity of isolated recombinant PARP-1 [92].
Arsenic, as trivalent arsenite (As>") or pentavalent arsenate
(As™), is naturally occurring and ubiquitously present in the
environment. Interestingly, sodium arsenite decreases
PARP-1 activity (IC50=10 uM) in a human T-cell
lymphoma-derived cell line Molt-3 [93] and, at noncyto-
toxic nanomolar concentrations, H,O,-induced poly-ADP-
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ribosylation in cultured HeLa S3 cells [94]. Also, some
trivalent methylated arsenicals inhibit dose-dependently
H,0;-induced poly-ADP-ribosylation in cultured human
HeLa S3 cells and the activity of isolated recombinant
PARP-1 [95]. It has been shown that a concentration-
dependent inhibition of PARP-1 activity by sodium arsenite
was probably due to disruption of PARP-1 zinc finger function
[96]. Recently, several anticancer metal complexes based on
platinum, ruthenium, and gold metal ions were found to
inhibit PARP-1 activity in vitro (Au** > Au'" > P** > Ru**
> Ru*"), with gold complexes showing the most potent effect
and the lowest ICs, values in nanomolar range [97].

Concluding Remarks

Despite the tremendous research activities aimed at identi-
fying inhibitors of PARP-1, the questions of what and how
endogenous and naturally occurring substances regulate the
activity of this enzyme in vivo remains unresolved. Bio-
availability of NAD" naturally plays an important role in
modulating PARP-1 activity. But is PARP-1 inhibition an
intended biological role? Probably nicotinamide, in certain
situations, directly inhibits PARP-1 activity in vivo in a
classic feedback inhibition scheme. On the other hand,
taking into account that nicotinamide is a moderate PARP-
1 inhibitor and, in addition, a pleiotropic molecule affecting
multiple systems, it is hardly imaginable that PARP-1 inhi-
bition could rely only on this single compound. A number of
endogenous molecules, mostly pleiotropic, are known to
inhibit PARP-1 activity. Therefore, this suggests a complex
regulation of PARP-1 activity depending on concentration,
cellular location, including posttranslational modifications,
protein—protein interactions, or allosteric and indirect mod-
ulation. It also suggests that the universe of naturally occur-
ring and endogenous inhibitors of PARP-1 may be far
greater than the types of compounds already identified.
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