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ABSTRACT
Poly (ADP-ribose)polymerase 1 (PARP 1) inhibitors are entering clinical trials improving efficacy of chemotherapeutic treatment in
cancer therapy and their employment tend to increase in time. It is considered that therapeutic endpoint of PARP 1 inhibitors is
suppression of PARP 1 activity in cells. However, the data regarding PARP 1 activity in the cells of intact organisms, which underwent
treatment with PARP 1 inhibitors are poor and controversial. In present study we evaluated the possible link between the treatment
of hall organism with BA, intranuclear NAD+ content and condensation of chromatin in rat liver nuclei. Benzamide is bona fide PARP
1 inhibitor in the in vitro systems. In contrast to this well recognized role, we observed that BA elicited stimulation of PARP 1 activity
in liver cell and thymocyte nuclei of rats when administrated to hall animals and this effect tend to increase in time. The data
presented here come to show that stimulation of PARP 1 in liver cell and thymocyte nuclei isolated from BA treated rats can be
linked to elevation of NAD+ content. Here we determined that increased availability of NAD+ induced by administration of BA to rats
could modulate chromatin condensation in liver cell nuclei.
Keywords: poly(ADP-ribose)polymerase 1, benzamide, DNA internucleosomal fragmentation, chromatin condensation.

INTRODUCTION

P

oly (ADP-ribose) polymerase 1 (PARP 1) is a
chromatin-associated
enzyme
which
has
fundamental functions in many physiological and
pathological processes. PARP 1 is defined as a main player
in recognition and DNA damage repair in eukaryotic cells1.
Activation of the enzyme is stimulated by allosteric
influence of regulatory domains which form contacts with
damaged DNA. PARP 1 protein binds to DNA through Zn1
and Zn2 fingers and regulatory domain interfaces (Zn3,
WRG), which are critical for the enzyme activity. The
binding to damaged DNA supports PARP 1 activity
through unfolding of helical domains localized to catalytic
domain (CAT) of the enzyme.
PARP 1 inhibitors are recognized as potential therapeutic
agents, which can be clinically used not only for
monotherapy
in
treatment
of
BRCA-deficient
malignancies but also as adjuvant therapy to enhance
curative potential of antineoplastic drugs2. Pharmacologic
endpoint of PARP inhibitors that enter into clinical trials is
PARP 1 inhibition in cells. The vast majority of reported
inhibitors belong to the competitive inhibitors containing
nicotinamide as pharmacophore. From the other hand,
PARP 1 can be inhibited by the mechanism ensuring the
trapping of the enzyme to DNA 3, 4. This mechanism
involves auto-poly(ADP-ribos)ylation (auto-PARylation) of
the enzyme molecule and occurs at PARP 1 regulatory
domain. Extensive auto-PARylation of PARP 1 facilitates
its dissociation from DNA due to high negative charge of
poly(ADP-ribose). This event is necessary for stimulating
of PARP 1 activity and the completion of DNA repair 5, 6.
DNA binding properties of PARP 1 greatly influence
chromatin structure and modulate the character of DNA

fragmentation in nuclei 7. Benzamide (BA) is well known
first generation PARP 1competitive inhibitor and is widely
exploited pharmacophore in wide range of drugs. In
present study we attend to examine whether BA can
affect chromatin structure in liver cell nuclei, when BA is
administrated to hall animals. Chromatin condensation
was assessed according to Hughes and Cidlowski and by
DNase1 accessibility assay 8.
MATERIALS AND METHODS
Animals
Animals were handled in accordance with protocols
approved by Committee for Bioethics of Yerevan State
University. Animals were obtained from the stock of
animal house of faculty of Biology, Yerevan State
University. Rats were housed in laboratory conditions in
o
polypropelene cages at standard conditions (22±2 C) with
a 12 light/dark cycle. Animals were fed with commercial
rat feed ad libitum and were given access to water. The
procedures were approved by the National Centre of
Bioethics (Yereavan, Armenia) and performed according
to the International Recommendations (CIOMS, 1985)
guidelines.
Albino inbred male rats (6 week old) were used
throughout all experiments. The animals were
standardized by weight (to 100g). BA and other
reagents were purchased from Sigma-Auldrich. Vehicle
(saline) and BA (25 mg/kg weight), were injected
intraperitoneal. Animals were sacrificed under light
ether anesthesia by decapitation after 24 and 48 h
treatment with BA.
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DNA fragmentation assay
9

Nuclei were isolated according to Hewish and Burgoyne .
Sucrose solutions utilized throughout the nuclei isolation
procedure were buffered with 20 mM Tris containing 15
mM NaCl, 60 mMKCl, 0,15mM spermine and 0.5mM
spermidine, pH 7,4.
PARP 1 assay
The enzymatic assay for PARP 1 activity was performed
according to the original method based on estimation of
+
residual NAD concentration in PARP assay mix adapted
by us to quantify NAD+ consumed by isolated nuclei 10.
Briefly, nuclei were gently suspended in PARP assay
buffer containing 20mM Tris, 6mM MgCl2, 1 mM CaCl2, pH
7.4. Density of nuclear suspension was normalized to
1mg DNA/ml. PARP reaction was initiated by addition of
+
NAD stock solution to 1000 µl aliquot of nuclear
suspension (500 µM NAD+ final concentration). The
0
reaction was carried out for 10 min at 37 C followed by
o
centrifugation at 13 000g, 4 C for 2 min to discard
nuclear pellet. 50µl aliquot samples of supernatant were
transferred to the Falcon UV-Vis transparent 96-well
plate. NAD+ quantification was performed by sequential
addition of 2M KOH, acetophenone (20% in EtOH) and
88% formic acid, in accordance with the original assay.
+
Absorbance of PARP assay mix containing 0,5mM NAD
+
was measured at 378 nm. The amount of NAD was
determined by using NAD+ calibration curve and PARP 1
activity was defined as NAD+ consumed by nuclei in 10
min per mg of DNA.

100 μl aliquot samples of nuclear suspension normalized
to1000 μg/ml DNA were transferred to the Eppendorf
tubes and 60mM MgCl2 and 10mM CaCl2 were added to
yield final concentrations of 6mM MgCl2 and 1mM CaCl2
in aliquot probes. The ions were added to activate
endogenous Mg+2 - and Ca+2 /Mg+2 -dependent nuclear
endonucleases, which initiated internucleosomal DNA
cleavage 12. DNA isolation was performed according to
13
standard protocol .
Nuclear DNA was subjected to electrophoresis in 1,8 %
agarose gels (8v/cm). DNA was visualized by ethidium
bromide staining and DNA fragmentation was assessed
after gel densitometry using Fuji Film Image Gauge
ver.3.12 program for determination of relative content
of DNA fragments.
Statistics
All results were expressed as M ± S.D. Statistical
differences in the results between groups were evaluated
by the Student’s t-test. A probability (P) value of < 0.05
was considered significant.
RESULTS AND DISCUSSION

DNase I assay

PARP 1 inhibitors are entering clinical trials improving
efficacy of DNA-damaging agents in cancer therapy. Their
exploitation tends to increase in time though the
knowledge of mechanisms responsible for differences in
curative potential are poorly understood 4. BA represents
a broad spectrum of NAD+-competing inhibitors designed
as benzamide derivates and employed in clinical trials 14.
In present study we attempt to describe a link between
PARP-1 activation, nuclear NAD+ content and chromatin
condensation. Though we realize that fractionation of
nuclei take considerable time which could lead to NAD+
degradation, we consider that the standard procedure
utilized for nuclei isolation from BA treated and control
group animals minimized the risk of uncontrolled
fluctuations in estimated NAD+ content.

Chromatin was isolated by subsequent washing of
isolated nuclei in 150 mM NaCl; 75 mM NaCL, 24 mM
EDTA in 25 mMTris-HCl pH 8 and several washings in 10
mM and 5mM Tris-HCl pH 7,4. Chromatin was digested
for indicated time intervals with 10units/A260 DNase I.
1000 μl aliquots were removed from chromatin
suspensions and placed in test tubes. The tubes were
heated to 37⁰C and 100 μl DNase I stock solution was
added (to final concentrations 10 Kunitz/ml
correspondingly). DNase I stock solution was prepared in
25 mM Tris, pH 7,5, 3mM MgCl2). At the end of
incubation the tubes were chilled on ice and perchloric
acid was added to final concentration 5% and chilled for
additional 10 minutes. To determine the amount of acidsoluble nucleotides released from chromatin by DNase I
digestion the insoluble material was sediment (9000 g,15
min). Supernatants were removed and absorption in 260
nm was measured.

Our data come to show that in the case, when liver and
thymocyte nuclei were treated with BA after isolation
from animals of control group we observed
concentration-dependent PARP 1 inhibition in liver nuclei,
whereas enzyme activity in thymocyte nuclei was
unaffected (fig.1, A). In contrast, in experimental settings
when liver and thymocyte nuclei were isolated after
treatment of rats with BA, nuclei displayed elevated PARP
1 activity. Stimulation of PARP 1 activity in liver nuclei of
BA treated rats was apparent in 24 hours and increased
nearly two-fold during next 24h after BA injection (48h of
BA injection to rats) (fig.1, B). Marked PARP 1 activation in
thymocyte nuclei was detected only in 48 h of treatment
with inhibitor. Coming from this, we consider that PARP 1
activity in thymocyte nuclei was less affected by
administration of BA to rats. However, we observed
unexpected outcomes of the in vivo treatment of rats
with BA. The impact of inhibitor on PARP 1 activity in

NAD+ assay
The nuclei were pellet from suspension (13000g, 15 min,
1o C). Extraction of NAD+ from nuclei was performed
according to Alano et al 11. NAD+ was determined by Putt
K and Hergenrother 10. NAD+ standards were used to
quantify NAD+ in samples, which were normalized to
1mg/ml DNA.
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nuclei of BA-treated rats was opposite to effect that
elicited BA on PARP 1 activity in nuclei isolated from
control group animals.

Figure 1: A-inhibition of PARP 1 by BA in liver and
thymocyte nuclei isolated from the animals of control
group. BA was added into nuclei incubation media 15 min
prior to initiation of PARP 1 reaction. B-stimulation of
PARP 1 activity in liver and thymocyte nuclei of rats
treated in vivo with BA. Constitutive activity of PARP 1
was set as 100%, *P<0.05.
Coming from the knowledge that intracellular NAD +
content plays prominent role in regulation of PARP 1
activity we hypothesized that PARP 1 stimulation can be
determined by elevated NAD+ content in liver and
thymocyte nuclei of BA treated rats 15, 11, 16. Previously it
was shown that BA could significantly increase NAD+ level
17, 18
in cells
. Here we found that liver nuclei contained
more NAD+ that their thymocyte counterparts. In this
study we show that BA administration to rats led to
dramatic increase in NAD+ in liver and thymocyte nuclei
(nearly two-fold) (fig.2, A). This data supported
hypothesis that PARP 1 activation in liver cell and
thymocyte nuclei of rats treated with BA could resulted
+
from increased NAD content .

Figure 2: A-NAD+ content in liver and thymocyte nuclei of
rats from control and BA treated groups. B-Effect of
exogenously applied NAD+ on DNA internucleosomal
fragmentation in rat liver nuclei. 1-DNA isolated from
nuclei incubated 60 min in isolation media, 2- DNA
isolated from nuclei incubated 60 min with Ca+2 and Mg+2
ions, 3- DNA isolated from nuclei incubated in with 100
μM NAD+ and Ca+2, Mg+2 ions, 4- DNA isolated from nuclei
incubated with 500 μM NAD+ and Ca+2, Mg+2 ions. NAD+
was added into nuclei incubation media 15 prior to
addition of divalent ions,* P<0.05.
Coming from our results we concluded that increased
availability of NAD+ in liver nuclei stimulated PARP 1
activity and excessive PARylation shielded chromatin
areas adjacent to enzyme from nucleolytic attacks.
Next we examined whether BA administration to intact
rats could alter chromatin condensation in rat liver nuclei.
DNase 1 accessibility of chromatin was examined in nuclei
isolated from rats from control and BA treated groups.
Our data come to show that BA administration to intact
rats modulated the dynamics of DNase 1 digestion in liver
nuclei. We revealed that DNase 1 accessibility of
chromatin in nuclei isolated from BA treated rats was
reduced (fig. 3).

Since poly(ADP-ribos)ylation (PARylation) of chromatin
proteins plays prominent role in chromatin structure
formation 19, we anticipated that increased availability of
NAD+ and PARP 1 stimulation can alter chromatin
structure in liver nuclei. We employ chromatin structuredependent assay, utilizing artificial activation of
+2
+2
endogenous nuclear Ca /Mg - dependent apoptotic
20
endonuclease to perform chromatin cleavage .
The data derived from chromatin-structure assay
revealed that NAD+ is capable to suppress DNA
internucleosomal fragmentation in isolated nuclei in
dose-dependent manner and 500 μM NAD+ completely
suppressed cleavage of DNA (fig.2, B).

Figure 3: Dynamics of DNase I digestion of rat liver
chromatin. 1- chromatin isolated from liver nuclei of
control group rats, 2- chromatin isolated from liver nuclei
of rats treated with BA (48h).
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The results of chromatin-structure assay come to show
that in vivo treatment of rats with BA augmented the
content of high molecular weight DNA fragments (fig.4,
table 1) and reduced the relative content of low-weight
fragments.
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Table 2: Relative content (%) of different length DNA
fragments in nuclei incubated with BA. DNA content per
lane in gel was set as 100%.

Chromatin structure-dependent assay and modulation of
different length DNA fragments content in concert with
DNase digestion assay indicated on chromatin
condensation in liver nuclei of BA treated rats.

Figure 4: DNA fragmentation in nuclei isolated from liver.
1-nuclei from control group incubated 60 min in isolation
+2
media, 2- nuclei from control group incubated with Ca ,
+2
Mg ions for 60 min, 3- nuclei isolated from the liver of
rats treated with BA for 24h and incubated 60 min in
isolation media, 4- nuclei isolated from the liver of rats
treated with BA for 24h and incubated 60 min in the
presence of Ca+2 and Mg+2 ions, 5- nuclei isolated from
the liver of rats treated with BA for 48h and incubated 60
min in isolation media, 6- nuclei isolated from the liver of
rats treated with BA for 48h and incubated 60 min in the
presence of Ca+2 and Mg+2 ions.
Table 1: Relative content (%) of different length DNA
fragments in nuclei isolated from liver of rats treated with
BA. DNA content per lane in gel was set as 100%. *P<0,05

Figure 5: The effect of BA on DNA internucleosomal
fragmentation in naked liver nuclei isolated from rats of
control group. 1- DNA from nuclei incubated 60 min in
isolation media, 2-DNA from nuclei incubated 60 min in
the presence of Ca+2 and Mg+2 ions, 3-DNA from nuclei
incubated 60 min in the presence of 20mM BA, 4- DNA
from nuclei incubated 60 min in the presence of BA and
Ca+2,Mg+2 ions. BA was added into incubation media 15
2+
2+
minutes prior to addition of Ca ,Mg ions.
CONCLUSION

In purpose to investigate whether chromatin
condensation in liver nuclei of rats resulted from direct
impact of BA or emerged from BA-induced modulations in
biochemical chain of reactions elicited by pharmacologic
effect of inhibitor in hall organism, we study the effect of
BA on chromatin condensation in naked nuclei isolated
from liver of rats from control group. The data obtained
in this set of experiments demonstrated, that BA did not
affect chromatin condensation in isolated liver nuclei (fig.
5) and did not alter intensity of DNA internucleosomal
fragmentation (table 2).

Our results suggest that BA, which is well recognized
PARP 1 inhibitor in vitro can display paradoxical PARP 1
stimulating role, when is administrated to intact rats in
the in vivo experimental settings. This effect could result
from increase of NAD+ content in liver cell and thymocyte
nuclei of animals which underwent in vivo treatment with
BA. We suppose that capability of BA for paradoxical
activation of PARP 1 and modulation of chromatin
structure in cell nuclei should be taken into account from
the viewpoint of drug superposition in combined
therapeutic regimens.
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