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ABSTRACT
The nuclear enzyme poly(ADP-ribose) polymerase
(PARP-1) facilitates DNA repair, and is, therefore, an attractive target for anticancer chemo- and radio-potentiation.
Novel benzimidazole-4-carboxamides (BZ1– 6) and tricyclic
lactam indoles (TI1–5) with PARP-1 Ki values of <10 nM
have been identified.
Whole cell PARP-1 inhibition, intrinsic cell growth inhibition, and chemopotentiation of the cytotoxic agents temozolomide (TM) and topotecan (TP) were evaluated in LoVo human colon carcinoma cells. The acute toxicity of the inhibitors
was investigated in PARP-1 null and wild-type mice. Tissue
distribution and in vivo chemopotentiation activity was determined in nude mice bearing LoVo xenografts.
At a nontoxic concentration (0.4 M) the PARP-1 inhibitors potentiated TM-induced growth inhibition 1.0 –5.3fold and TP-induced inhibition from 1.0 –2.1-fold. Concentrations of the PARP-1 inhibitors that alone inhibited cell
growth by 50% ranged from 8 to 94 M. Maximum potentiation of TM activity was achieved at nongrowth inhibitory
concentrations (<1 M) of potent PARP-1 inhibitors BZ5
and TI4. Whole cell PARP-1 inhibition by BZ3, BZ5, BZ6,
TI1, and TI4 was confirmed by attenuation of DNA damageinduced NADⴙ depletion. Selected inhibitors (TI1, TI3, and
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TI4), in contrast to the benchmark compound PD128763,
caused only mild hypothermia in both PARP-1 null and
wild-type mice. Excellent distribution of BZ5, TI1, and TI3
into tumor tissue was observed, and TI3 enhanced TM
antitumor activity in vivo.
These studies have identified potent nontoxic PARP-1
inhibitors with structural modifications that promote aqueous solubility, tolerability, and tissue distribution. These
compounds are important leads in the development of clinically viable PARP-1 inhibitors.

INTRODUCTION
The abundant nuclear enzyme PARP-13 (EC 2.4.2.30) is a
major research focus in the fields of cancer, diabetes, and ischemiareperfusion injury. PARP-1 is a Mr 116,000 enzyme that comprises
a NH2-terminal DNA-binding domain containing two zinc fingers
that recognize DNA strand breaks, an automodification domain,
and a COOH-terminal catalytic domain (1). PARP-1 is the founder
and best characterized member of a family of enzymes largely
associated with the maintenance of genomic stability (2, 3). Activation of PARP-1 is part of the immediate cellular response to
DNA strand breaks. PARP-1 catalyzes the cleavage of NAD⫹ to
synthesize long linear or branched homopolymers of ADP-ribose
on nuclear proteins, primarily PARP-1 itself and histones, with the
release of nicotinamide (4 –7). The ADP-ribose polymers are degraded by poly(ADP-ribose) glycohydrolase (8, 9) such that the
rapid turnover of ADP-ribose polymers after DNA damage can
result in severe acute NAD⫹ depletion (10).
PARP-1 activation after DNA damage has pleiotropic functions, including promotion of DNA repair (11, 12), modulation of
p53 interactions (13, 14), and regulation of apoptosis (15, 16).
Evidence for involvement in DNA repair is extensive, and PARP-1
is a component of the DNA base excision repair multiprotein
complex comprising PARP-1, DNA ligase III, XRCC, and DNA
polymerase ␤ (17). The activation of PARP-1 by, and involvement
of PARP-1 in the repair of, DNA strand breaks prompted investigations into the effect of PARP-1 inhibition on DNA-damaging
anticancer therapies. These investigations have used gene disruption (18 –21) and other molecular and genetic approaches (22–26),
as well as the development of small molecule inhibitors of the
enzyme (27, 28). Promising in vitro studies with the early substituted benzamide PARP-1 inhibitors (e.g., 3-aminobenzamide;
Refs. 29 –31) prompted additional inhibitor development to improve potency and selectivity. Subsequent studies identified the
dihydroisoquinolinone, PD128763, the quinazolin-4-(3H)-one,
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The abbreviations used are: PARP, poly(ADP-ribose) polymerase;
TM, temozolomide; TP, topotecan; HPLC, high-performance liquid
chromatography; GI50, concentration of drug required to inhibit
cell growth by 50%; PF50, potentiation factor; MNNG, N-methyl-N’nitro-N-nitrosoguanidine; RTV, relative tumor volume.
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Table 1

Inhibition of PARP-1, LoVo cell growth, and chemosensitization by PARP-1 inhibitors

Compound

R1

R2

Kia (nM)

GI50b (M)

TM PF50c

TP PF50

NU1085
BZ1
BZ2
BZ3
BZ4
BZ5
BZ6

H
CH3
H
H
H
H
H

4⬘-OH
4⬘-OCH3
4⬘-OCH3
4⬘-CI
2⬘-CI
4⬘-CH2N(CH3)2
3⬘-CH2N(CH3)2

6
⬎1000
2.5
6.5
9
4.5
7.5

94 ⫾ 11
8
75, 74
62 ⫾ 12
53
43 ⫾ 3
64 ⫾ 5

⬎1.8d
0.9 ⫾ 0.2
1.5 ⫾ 0.3e
1.5 ⫾ 0.3e
1.2 ⫾ 0.1
4.0 ⫾ 1.0e
1.7 ⫾ 0.1e

4d
1.1 ⫾ 0.1
1.0 ⫾ 0.1
1.2 ⫾ 0.2
1.2 ⫾ 0.4
1.5 ⫾ 0.4e
1.5 ⫾ 0.3e

TI1
TI2
TI3
TI4
TI5

H
H
H
H
H

4⬘-H
4⬘-CI
4⬘-F
4⬘-CH2N(CH3)2
3⬘-CH2N(CH3)2

4.1
4.1
4.2
5.0
7.5

52 ⫾ 9
11 ⫾ 3
20 ⫾ 5
9 ⫾ 0.3
22 ⫾ 6

1.9 ⫾ 0.7e
1.8 ⫾ 0.3e
1.7 ⫾ 0.5e
5.3 ⫾ 1.5e
4.5 ⫾ 0.8e

2.1 ⫾ 0.4e
1.4 ⫾ 0.4
1.9 ⫾ 0.3e
1.9 ⫾ 0.3e
2.0 ⫾ 0.3e

a

Ki values were determined using recombinant human PARP-1.
GI50 values for the compounds were determined after 5-day exposure of LoVo cells by SRB.
PF50 ⫽ Potentiation of TM and TP at GI50. Data are individual values or mean ⫾ SD of four independent experiments.
d
Data from Delaney et al. Ref. 33.
e
GI50 for combination significantly different from TM or TP alone (paired, two-tailed Student’s t test).
b
c

NU1025, and the benzimidazole-4-carboxamides NU1064 and
NU1085 as more potent PARP-1 inhibitors (32, 33). Both NU1025
and NU1085 demonstrated significant potentiation of growth inhibition and cytotoxicity induced by TM (a monofunctional DNA
alkylating agent) and TP (a topoisomerase I inhibitor) in a panel of
human tumor cell lines in vitro (33). PD128763 was shown to
potentiate the antitumor activity of ionizing radiation both in vitro
and in vivo, and the activity of methylating agents in vitro (34, 35).
Both X-ray crystallographic studies of inhibitors bound to
the active site of PARP-1 (36, 37) and structure-activity relationships (32) demonstrate that potent PARP-1 inhibition is
dependent on the orientation of the carboxamide oxygen to form
three hydrogen bonds with Ser-904 and Gly-863 in the PARP-1
NAD⫹ binding site. Analysis of the binding of the benzimidazole, NU1085, demonstrated a large pocket that can accommodate a number of substitutions (37). Using a rational drug design
approach, based on crystallographic data, a number of benzimidazoles and tricyclic lactam indoles were developed in which
the carboxamide group was maintained in the favorable orientation by intramolecular hydrogen bonding as in benzimidazole
inhibitors (38), or incorporation into a seven-membered ring as
in tricyclic lactam indole inhibitors (Ref. 39; Table 1). The aim

of the studies presented here was to use representative examples
of benzimidazole and tricyclic lactam indole PARP-1 inhibitors
to evaluate the effects of substitutions consistent with enzyme
inhibitory activity in relation to in vitro activity (chemopotentiation), solubility, tissue distribution, and antitumor activity in
preclinical in vitro and in vivo studies.

MATERIALS AND METHODS
TM (a gift from the Cancer Research-UK, London, United
Kingdom) and TP (SmithKline Beecham Pharmaceuticals, Philadelphia, PA) were dissolved in DMSO at 10 and 2.2 mM,
respectively, and stored at ⫺20°C. Benzimidazole-4-carboxamide PARP-1 inhibitors BZ1– 6 and TI1–5 were synthesized as
described previously in (38)4 and (39), respectively. Stock so-
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lutions, prepared in DMSO at 100 mM, were stored at ⫺20°C.
Drugs (alone or in combination) were added to cell cultures so
that final DMSO concentrations were consistently 1% (v/v).
Solvents (HPLC grade) for HPLC analysis were obtained from
Fisher Scientific Ltd. (Loughborough, United Kingdom). All of
the other chemicals and reagents were supplied by Sigma
(Poole, United Kingdom) unless otherwise stated.
PARP-1 Inhibition Assays. PARP-1 activity in vitro
was measured using 20 nM full-length recombinant human
PARP-1, 500 M NAD⫹ ⫹ [32P]NAD⫹ (0.1– 0.3 Ci/reaction),
and 10 g/ml activated calf thymus DNA. 32P incorporation into
polymer was quantified using a PhosphorImager (Molecular
Dynamics) as described previously (40). Kis were calculated by
nonlinear regression analysis.
Cell Growth Inhibition Assays. LoVo colorectal cancer
cells (American Type Culture Collection, Manassas, VA) were
maintained as exponentially growing monolayers in RPMI 1640
supplemented with 10% (v/v) FCS, 1000 units/ml penicillin, and
100 g/ml streptomycin (Life Technologies, Inc., Paisley,
United Kingdom). Cells were evaluated every 4 – 8 weeks to
exclude Mycoplasma contamination (41).
Exponentially growing cells in 96-well plates were exposed to single agent TM, TP, PARP-1 inhibitor, or drug combinations (6 replicates per drug treatment) for 5 days. Controls
were cells exposed to 1% (v/v) DMSO, cytotoxic drug, or
PARP-1 inhibitors alone. At the time drugs were added, replicate wells were fixed to estimate cell number at the initiation of
drug incubations. At the end of the exposure period, cells were
fixed, stained with sulforhodamine B (42), and the absorbance at
570 nm was measured (Dynatech MR7000; Dynatech, Billinghurst, United Kingdom). Cell growth was calculated as a percentage of the appropriate control, and growth inhibitory GI50
values were calculated from computer-generated growth inhibition curves (GraphPad Software, Inc., San Diego, CA). The
PF50 was calculated as the ratio GI50 cytotoxic drug alone:GI50
cytotoxic drug plus PARP-1 inhibitor combination.
Measurement of NADⴙ Depletion after PARP-1 Activation in Intact Cells. LoVo cells were exposed to 25 M of
the DNA methylating agent MNNG for 60 min to activate
PARP-1 in the presence or absence of 0.4 M of the PARP-1
inhibitors BZ3, BZ5, BZ6, TI1, and TI4 (Table 1) after which
NAD⫹ content was determined by colorimetric assay as described previously (43). Data are expressed as a percentage of
the NAD⫹ content of untreated control cells.
Analysis of PARP-1 Inhibitor Concentrations in Biological Samples. NU1085 was separated on a Waters Alliance
2780 separation module (Waters, Watford, United Kingdom)
using a Genesis 4 m C18 column (4.6 ⫻ 100 mm; Jones
Chromatography Ltd., Mid Glamorgan, United Kingdom) and a
mobile phase of sodium acetate buffer (0.1 M; pH 5) and
acetonitrile (75:25; v/v) at a flow rate of 1 ml/min. Detection
was via UV absorption (329 nm; PDA 996 detector; Waters).
Separation of BZ5 was achieved on a Phenomenex Prodigy 5
ODS2 column (3.2 ⫻ 150 mm; Phenomenex United Kingdom,
Macclesfield, United Kingdom) using a mobile phase of 0.1%
(w/w) ammonium formate buffer (pH 6.0) and acetonitrile
(85.5:14.5; v/v) at a flow rate of 0.8 ml/min. TI1 and TI3 were
separated using a Hypersil BDS 5 m column (4.6 ⫻ 250 mm;
Jones Chromatography) with a mobile phase of 0.1% (w/v)

ammonium formate buffer (pH 7.0) and acetonitrile (60:40;
v/v), and detected at 345 nm. Extraction from biological tissues
(liver, brain, and tumor), homogenized in saline (0.15 M NaCl;
1:3 w/v tissue to saline), was performed using protein precipitation with acetonitrile (1:4 v/v) followed by centrifugation
(5000 ⫻ g at room temperature), evaporation of the supernatant
to dryness under nitrogen at 30°C, and reconstitution in mobile
phase before analysis. Standard curves for each PARP-1 inhibitor, prepared in plasma, were linear over the range
0.2–20 g/ml (r2 ⬎ 0.998) with triplicate QA standards (at 0.2,
10, and 20 g/ml) showing intra- and interassay variation of
⬍10%. Tissue concentrations were calculated using the method
of addition (44) to compensate for intersample variation. Concentrations were calculated from the resultant standard curves
(r2 values ⬎ 0.99). Tissue concentrations are expressed normalized to dose [M/(50 mg/kg dose)].
Tissue Distribution. All of the in vivo experiments were
reviewed and approved by the relevant institutional animal
welfare committees, and performed according to national law.
Female athymic nude mice (CD1 nu/nu, Charles River) used for
tissue distribution studies were maintained and handled in isolators under specific pathogen-free conditions. Tumors were
generated by implantation of LoVo colorectal tumor cells s.c.
into the flanks of CD-1 nude mice (1 ⫻ 107 cells/animal). Tissue
distribution studies were performed when tumors had reached a
size of ⬃650 mm3 (10 –14 days after implantation). NU1085
and TI3 were administered as single i.p. doses (at 40 or
50 mg/kg, respectively, limits of solubility in vehicle) in 40%
(v/v) PEG 300 (polyethylene glycol, av. mol. wt. 285–315) in
sterile saline. TI1 was delivered in a vehicle of 20% hydroxypropyl ␤-cyclodextrin in sterile saline at 50 mg/kg i.p.
The N,N-dimethyl aminomethyl substituted benzimidazole
BZ5 was readily soluble as the HCl salt and administered as a
single 50 mg/kg i.p. dose in sterile saline. At 30 and 60 min after
treatment, LoVo xenograft-bearing mice (4/time point) were
anesthetized (0.75 mg/kg fentymal citrate, 25 mg/kg fluanisone,
and 12.5 mg/kg midazolam, i.p.) and blood removed by cardiac
puncture. Animals were then killed and tissues (liver, tumor, and
brain) removed, frozen in liquid nitrogen, and stored at ⫺80°C.
Tissues were homogenized in 3 volumes of saline and analyzed
by HPLC as above.
Acute Toxicity of the PARP-1 Inhibitors in Vivo.
PARP-1 knockout and wild-type mice used for toxicity studies
were from a colony of animals derived from those generated by
Menissier-de Murcia et al. (19). Animals were treated with TI1
(50 or 100 mg/kg i.p.), TI3 (50 mg/kg i.p.), TI4 (100 mg/kg i.p.),
or PD128763 (25 or 50 mg/kg i.p.). TI4 was readily soluble as
the HCl salt and administered in sterile saline. PD128763 was
administered in a vehicle of 10% dimethyl acetamide in sterile
saline. Body temperatures were monitored using a Testo 925
rectal probe (Testo, Hampshire, United Kingdom) before (T0)
and after treatment (up to 8.5 h) with a final measurement at
24 h after treatment.
Determination of Antitumor Activity in Vivo. CD-1
nude mice bearing LoVo colorectal cancer xenografts s.c. (n ⫽
5/group) were treated when tumors were palpable (10 –12 days
after implantation). Control animals were treated with normal
saline (for 5 days). TM was administered p.o. at 68 mg/kg/day
(for 5 days) either alone or in combination with TI3 adminis-
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Fig. 1 Potentiation of TM-induced growth inhibition by selected benzimidazole and tricyclic lactam indole PARP-1 inhibitors. LoVo cell
growth was determined by SRB assay after 5-day exposure to TM alone
(F), TM in the presence of 0.4 M of the PARP-1 inhibitors BZ5 (‚),
or TI5 () or the inactive control compound BZ1 (䡺) as described in
“Materials and Methods.” Data are mean of four independent experiments, normalized to 1% DMSO or 0.4 M PARP-1 inhibitor, as
appropriate; bars, ⫾SD.

tered at 50 mg/kg/day i.p. (for 5 days) in a vehicle of 40% PEG
300) in sterile saline. Two-dimensional caliper measurements
were made and tumor volume calculated using the equation a2
⫻ b/2, where a is the smallest measurement and b the largest.
Data are presented as median RTV, where the tumor volume
on the initial day of treatment (day 0) is assigned an RTV
value of 1.

RESULTS
In Vitro PARP-1 Inhibition and Chemosensitization.
Measurement of the activity of NU1085, BZ2– 6, and TI1–5
against purified human PARP-1 indicated potent inhibition with
all of the compounds (Ki values in the range 2.5–9 nM; Table 1).
The control compound BZ1, which, by virtue of the N-methyl
substituent cannot form a hydrogen bond with Gly-863 of the
target enzyme (38), was inactive, as predicted (Table 1). There
was a 10-fold variation of the growth inhibitory activity of the
PARP-1 inhibitors alone in LoVo cells (GI50 values ranged from
8 to 94 M), which was not related to PARP-1 inhibitory
potency; i.e., BZ1 was among the most growth inhibitory compounds yet inactive as a PARP-1 inhibitor (Table 1).
To study PARP-1 inhibitor-mediated chemosensitization a
fixed nongrowth inhibitory PARP-1 inhibitor concentration of
0.4 M (⬍5% of the GI50 for the inhibitor alone) was used. We
have shown previously that potentiation of TM- and TP-induced
growth inhibition is in good agreement with the potentiation of
their cytotoxicity (clonogenic survival) by the quinazolinone
PARP-1 inhibitor NU1025 and the benzimidazole, NU1085, in
a panel of 12 human tumor cell lines (33). Representative LoVo
growth inhibition curves for TM in combination with the inactive control compound, BZ1, and potent inhibitors, BZ5 and
TI5, are shown in Fig. 1, and mean PF50 values (for combinations with either TM or TP) calculated from four independent

Fig. 2 Effect of PARP-1 inhibitors BZ5 and TI4 on the growth inhibitory effect of a subcytotoxic TM concentration in LoVo cells. Growth
inhibition was determined by the SRB assay after a 5-day exposure to
BZ5 alone (F), TI4 alone (E), BZ5 ⫹ 400 M TM (Œ), TI4 ⫹ 400 M
TM (‚). TM (400 M) alone inhibits growth by ⬃20%. Data are mean
(three independent experiments) normalized to1% DMSO or 400 M
TM, as appropriate; bars, ⫾SD.

experiments are given in Table 1. The compounds exhibited a
spectrum of activity for TM and TP potentiation with PF50
values (Table 1) ranging from 1.0 to 5.3, variation that was not
related to their inherent growth inhibitory potency (GI50). BZ5,
TI4, and TI5 produced the greatest TM potentation. As expected, the inactive PARP-1 inhibitor BZ1 did not potentiate the
activity of either TM or TP in LoVo cells.
Additional studies were performed with BZ5 and TI4 to
determine the minimum concentration required to achieve maximum potentiation of a fixed concentration of TM (i.e., 400 M,
which on its own inhibits cell growth by ⬃20%). Increasing
potentiation of TM was observed with increasing concentrations
of both compounds. Maximum potentiation was observed with
PARP-1 inhibitor concentrations of 1 M or less, which increased the growth inhibitory activity of TM from 20% to 85%
(Fig. 2). These PARP-1 inhibitor concentrations represent ⬍5%
of the IC50 concentrations and were not growth inhibitory per se
(⬍10% growth inhibition).
To determine the ability of the compounds to inhibit
PARP-1 activity in whole cells, NAD⫹ depletion after MNNGinduced PARP-1 activation was examined. Exposure of LoVo
cells to the methylating agent MNNG (25 M) caused cellular
NAD⫹ pools to be reduced to below the detection limit (0.5
nmol/ml) within 60 min. In the presence of 0.4 M BZ3, BZ5,
BZ6, TI1, or TI4, the depletion of NAD⫹ was attenuated such
that 24 – 60% of the pretreatment concentration remained at 60
min (Fig. 3).
In Vivo Tissue Distribution. On the basis of the above in
vitro data, a number of compounds (BZ5, TI1, and TI3) were
selected for tissue distribution studies in comparison to the
parent compound, NU1085, in LoVo xenograft-bearing CD-1
nude mice (Fig. 4, A and B). Only limited distribution of
NU1085 into both tumor and brain tissue was observed. In
contrast, at 30 min the tumor concentration of the N,N-dimeth-
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Table 2 Tissue distribution of selected PARP-1 inhibitors
Tissue:plasma ratios were calculated from distribution data (as
described in Fig. 4) after i.p. administration of NU1085 (40 mg/kg),
BZ5, TI1, and TI3 (50 mg/kg).
Tissue:Plasma ratio
Time

Tissue

NU1085

BZ5

TI1

TI3

30 min

Brain
Tumor
Liver
Brain
Tumor
Liver

0.01
0.1
2.3
0.03
0.34
2.9

0
1.0
5.6
0
1.5
5.2

1.5
1.2
3.9
2.1
2.4
6.6

1.8
1.0
3.9
2.1
1.7
5.2

60 min

Fig. 3 Prevention of MNNG-induced NAD⫹ depletion by selected
PARP-1 inhibitors. Cellular NAD⫹ content was measured in LoVo cells
exposed to 25 M MNNG for 60 min in the presence or absence of
0.4 M BZ3, BZ5, BZ6 (f), TI1 or TI4 (䡺). Data, calculated as
percentage of untreated control, are mean of three independent experiments; bars, ⫾SD.

Fig. 5 Effect of PD128763 and TI3 on the body temperature of
PARP-1 wild-type and knockout mice. PARP-1 wild type (f, ‚) and
knockout mice (f, Œ; n ⫽ 3/group) were treated with either TI3
(50 mg/kg i.p.) (䡺, f) or PD128763 (50 mg/kg i.p.; ‚, Œ), and body
temperatures monitored up to 24 h after treatment; bars, ⫾SD.

Fig. 4 Tissue distribution of selected PARP-1 inhibitors. Plasma and
tissue concentrations of NU1085, BZ5, TI1, and TI3 were determined in
LoVo xenograft bearing CD-1 nude mice at (A) 30 and (B) 60 min after
treatment. Doses were 50 mg/kg i.p. (BZ5, TI1, and TI3) or 40 mg/kg
i.p. (NU1085). Data presented as mean (n ⫽ 4 animals/time point); data
for NU1085 have been normalized to a dose of 50 mg/kg to allow
comparison; bars, ⫾SE.

ylaminomethyl substituted benzimidazole BZ5 was 4-fold
higher than achieved with NU1085 despite lower plasma concentrations than NU1085, although there was no improvement
in distribution into brain tissue. The 4⬘-fluorinated tricyclic
lactam indole, TI3, and its parent compound, TI1, both showed
extensive distribution into tumor and brain at 30 min. Tissue:
plasma ratios (Table 2) suggested retention of all of the com-

pounds within tumor tissue over the period of the study. At 60
min after administration, the tumor concentrations of BZ5, TI1,
and TI3 were 9.0, 12.9, and 36.9 M, respectively, from a 50
mg/kg dose. This represents tumor concentrations 22–93-fold
greater than that required for chemopotentiation in vitro
(0.4 M).
Acute Toxicity. In the tissue distribution studies all of
the compounds studied were well tolerated at the doses used.
Potential acute toxicity was additionally evaluated using
PARP-1 knockout and wild-type mice in direct comparison
with the isoquinolinone PARP-1 inhibitor PD128763 (Fig. 5;
Table 3). The acute toxic sequela of PD128763 administration
was profound hypothermia, at doses of 25 and 50 mg/kg. Equivalent toxicity was observed in wild-type and PARP-1 knockout
animals indicating the toxicity to be a PARP-1 independent
event. The tricyclic lactam indoles TI1, TI3, and TI5, which are
10 times more potent PARP-1 inhibitors than PD128763 (Ki ⫽
85 nM) were much less toxic despite administration of molar
doses equivalent to, or in excess of, PD128763.
In Vivo Chemosensitization. Compound TI3 was selected for in vivo chemosensitization studies by virtue of its lack
of toxicity (Fig. 5), and its good tumor and brain penetration and
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Table 3 Summary of nadir body temperature measurements after
treatment of PARP-1 wild-type and knockout mice with selected
PARP-1 inhibitors
Body temperature measured at 25-min intervals for the first 5 h and
60-min intervals thereafter i.p. administration of PARP-1 inhibitor at
doses presented as both mg/kg and {mol/kg}. Representative data for
TI3 and PD128763 are shown in Fig. 5. Temperatures are presented as
mean ⫾ SD (n ⫽ 3 animals per group).

Compound
Control
PD128763
TI1
TI3
TI4

Dose (mg/kg)
{mols/kg}
⫺
25 {155}
50 {310}
50 {190}
100 {380}
50 {178}
100 {312}

Nadir body temp
(°C) (mean ⫾ SD)

Nadir time
(min)

⫹/⫹

⫺/⫺

⫹/⫹

⫺/⫺

37 ⫾ 1
32 ⫾ 1
27 ⫾ 2
33 ⫾ 1
30 ⫾ 1
36 ⫾ 1
34 ⫾ 1

37 ⫾ 1
31 ⫾ 1
28 ⫾ 1
34 ⫾ 1
30 ⫾ 1
35 ⫾ 2
33 ⫾ 1

⫺
120
120
20
50
50
25

⫺
120
120
20
50
25
25

retention (Fig. 4). Nude mice bearing LoVo xenografts received
either TI3 (50 mg/kg i.p.) or TM (68 mg/kg p.o.) alone or in
combination daily for 5 days. Neither TI3 or TM alone significantly inhibited tumor growth (median times to RTV3 of 5 days
for both treatments). However, combination of the two agents
significantly (P ⬍ 0.01) increased the time to reach RTV3 to a
median of 9 days (Fig. 6).

DISCUSSION
PARP-1 is an important target for therapeutic intervention
in common human disorders such as cancer, diabetes, stroke,
and other ischemia-reperfusion injury (45). However, the preclinical development of PARP-1 inhibitors as potential adjuvants to anticancer therapy has been limited by lack of potency
and favorable pharmacological properties (27). Selected potent
novel benzimidazole and tricyclic lactam indole PARP-1 inhibitors, developed using crystal-based drug design, were evaluated
in vitro and in vivo in the current study. In addition, the Nmethyl substituted negative control compound, BZ1, was synthesized and shown to be inactive as a PARP-1 inhibitor and
chemopotentiator, confirming that hydrogen bonding to Gly863 is important to activity as proposed previously (27). Several
modifications, predicted from earlier studies to be associated
with potent PARP-1 inhibition (38), were made to the pendant
phenyl ring to investigate chemopotentiation, solubility, and
tissue distribution. The compounds varied in their ability to
increase the activity of the cytotoxic agents TM and TP against
LoVo human colon cancer cells in vitro, with BZ5, TI4 and TI5
being particularly active. In general, a greater potentiation of
TM was observed compared with TP in this tumor cell line.
There was no clear correlation between the activity of the
compounds as inhibitors of purified PARP-1 and their ability to
potentiate TM- or TP-induced growth inhibition in the cell lines
studied. Hence, other factors, notably cellular uptake and retention, may be significant determinants of cellular activity. To
confirm that the whole cell activity of these novel compounds
was related to inhibition of PARP-1, prevention of NAD⫹
depletion induced by the potent methylating agent MNNG was
used as a surrogate marker for PARP-1 activity. All of the

Fig. 6 Antitumor activity of TI3 in combination with TM. CD-1 nude
mice bearing LoVo colorectal cancer xenografts s.c. (n ⫽ 5/group) were
treated when tumors were palpable (10 –12 days after implantation). TM
(68 mg/kg/day p.o.) or TI3 (50 mg/kg/day i.p.) were administered either
alone or in combination (days ⫻ 5). Control animals were treated with
normal saline (days ⫻ 5). Two-dimensional caliper measurements were
made and RTV calculated; bars, ⫾SD.

compounds studied (BZ3, BZ5, BZ6, TI1, and TI4) attenuated
the depletion of cellular pools of NAD⫹ confirming PARP-1
inhibition in viable cells. Notably, TI4, one of the compounds
with the greatest activity in the chemosensitization assays, produced the greatest inhibition of NAD⫹ depletion.
The growth inhibitory activity of the tricyclic indoles alone
was about 3– 4-fold greater than that of the benzimidazoles,
despite equivalent PARP-1 inhibitory potency and TM or TP
potentiation, suggesting a compound class effect rather than a
PARP-1-mediated effect. Notably, the inactive control BZ1 was
more growth inhibitory than the active benzimidazole inhibitors
(NU1085 and BZ2– 6) suggesting that weak growth inhibition
can be observed with this structural class but that PARP-1
inhibition is not the underlying mechanism. Importantly, maximum potentiation of a low concentration of TM by BZ5 and
TI4 was observed at PARP-1 inhibitor concentrations of 1 M or
less, ⬍5% of the GI50 for these PARP-1 inhibitors alone. As
such, chemosensitization was achieved at concentrations that are
nontoxic, an important criterion to be satisfied by resistancemodifying agents.
The promising activity of a number of these compounds in
vitro prompted additional investigation in vivo. To date, the in
vivo evaluation of inhibitors of PARP-1 has been limited, particularly in the field of anticancer therapeutics. Initial investigations in vivo with PD128763 have not been pursued, possibly
because of adverse toxicity and pharmacological properties,
notably hypothermia. The tricyclic lactam indole compounds
investigated here caused only modest acute toxic effects (hypothermia) that were similar in both wild-type and PARP-1 knockout animals. Together with the observation that the compounds
were ⬎10 times more potent PARP-1 inhibitors than PD128763,
yet at equimolar concentrations caused less toxicity, these data
demonstrate that hypothermia is not PARP-1 inhibition related.
Incorporation of solublizing substitutions into both the
benzimidazole and tricyclic lactam indole classes of PARP-1
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inhibitors improved aqueous solubility without compromising
their potency against the target enzyme or in vitro activity.
Furthermore, in the tricyclic lactam series, the 4⬘F derivative,
TI3, gave excellent and sustained tumor and brain drug concentrations.
In vivo chemopotentiation of TM in the refractory LoVo
tumor xenograft by TI3, selected because of its good tumor
penetration and lack of acute toxicity, was significant but modest, and additional analogue development is continuing with the
aim of combining good pharmacological properties with potent
in vitro chemosensitizing activity (46)
In conclusion, potent novel PARP-1 inhibitors have been
identified that significantly increase the growth inhibitory activity of TM and TP in human colon cancer cell lines in vitro at
nM concentrations that are nontoxic per se. Administration of
the inhibitors to mice resulted in tumor levels that should, on the
basis of in vitro data, be active in combination studies with
anticancer chemotherapeutics. Moreover, no acute toxicity was
observed with these compounds. These encouraging data are
being used to drive additional analogue development for in vivo
antitumor studies in combination with clinically relevant antitumor therapies.
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