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ABSTRACT

Poly(ADP-ribosyl)ation is a posttranslational modification of proteins, which is mainly catalyzed by
poly(ADP-ribose) polymerase-1 (PARP-1) by using NAD" as substrate and is directly triggered by DNA
strand breaks. Under mild genotoxic stress poly(ADP-ribose) (PAR) formation plays an important role in
DNA repair whereas severe genotoxic stress and the ensuing overactivation of PARP-1 induce cellular
NAD™ depletion, energy failure and ultimately cell death. We are interested in studying the consequences
of moderately enhanced enzymatic activity under conditions of DNA damage. Here we chose
supplementation of cells with the NAD" precursor nicotinic acid (NA) as a strategy. In order to reliably
assess PAR accumulation in living cells we first developed a novel, sensitive flow-cytometric method for
the rapid analysis of poly(ADP-ribose) accumulation (RAPARA). Our data showed that ex vivo
supplementation of human peripheral blood mononuclear cells (PBMC) with low concentrations of NA
significantly raised cellular NAD" levels by 2.1-fold. Upon X-irradiation or exposure to hydrogen
peroxide or N-methyl-N'-nitro-N-nitrosoguanidine, PAR accumulation was significantly increased and
sustained in NA-supplemented cells. Furthermore, NA-supplemented PBMC displayed significantly
higher cell viability due to a lower rate of necrotic cell death. In summary, ex vivo supplementation of
human PBMC with NA increases cellular NAD" levels, boosts the cellular poly(ADP-ribosyl)ation

response to genotoxic treatment, and protects from DNA-damage-induced cell death.

© 2010 Published by Elsevier Inc.

1. Introduction

Poly(ADP-ribosyl)ation is a reversible posttranslational modifi-
cation of cellular proteins, which is greatly induced after DNA
damage [1]. The reaction is catalyzed by poly(ADP-ribose)
polymerases (PARPs), a family of enzymes encoded by 17 different
genes in the human genome [2,3]. PARP-1 is the best studied family
member and is responsible for about 90% of cellular poly(ADP-
ribose) (PAR) formation after genotoxic stress [4]. PAR formation has
been implicated in several cellular processes including DNA repair
[5], transcription, chromatin remodeling, and maintenance of
genomic stability [6]. After infliction of DNA damage, PARP-1 binds
via its zinc finger motifs to DNA single and double strand breaks [7]
and synthesizes long polymers of up to 200 units of ADP-ribose on
different target proteins, mainly PARP-1 itself, using NAD" as
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substrate [8]. The negatively charged polymers have been shown to
recruit different DNA repair proteins of the base excision repair
(BER) pathway like XRCC I, DNA polymerase [3 and DNA ligase III
[9,10]. Probably due to charge repulsion, automodified PARP-1 is
released from DNA breaks, allowing repair to proceed [11]. PARP
activity is counteracted by the enzyme poly(ADP-ribose) glycohy-
drolase (PARG), of which several splice variants are expressed. PARG
possesses exonucleolytic as well as endonucleolytic degrading
activity against PAR [12,13]. Thus, the polymer level detectable in
live cells represents a steady state of anabolic and catabolic activity.
However, excessive activation of PARP-1 under circumstances of
massive DNA damage induces (i) the depletion of the cellular NAD*
pool, resulting in energy failure concomitant with necrotic cell death
[14], or (ii) PAR-dependent release of apoptosis inducing factor (AIF)
from mitochondria, thus triggering a caspase-independent form of
apoptosis [15]. Inmammalian cells, NAD" can be synthesized de novo
from tryptophan and in the so-called salvage pathway either from
nicotinic acid (NA) or nicotinamide, collectively termed niacin or
vitamin B3 [16], or from nicotinamide riboside [17]. Cellular
supplementation with NA increases the NAD* pool, thus preventing
the extensive loss of NAD* [18]. Cells growing in medium without
nicotinamide have much lower NAD" content and as a consequence,
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DNA repair is negatively affected when such cells are exposed to
genotoxic agents [19]. In vivo studies on the influence of niacin
deficiency [20-22] revealed a decrease in NAD" levels in cells of
different tissues accompanied with an impaired PAR content under
these conditions. On the other hand, additional intake of NA in vivo
increases bone marrow cell NAD" levels as well as poly(ADP-
ribosyl)ation [22]. However, those studies measured PAR content
several hours after the treatment with alkylating agents, when
cellular response to genotoxic agent could already have influenced
other processes. Therefore, it was not defined when and to what
extent PARP-1 has been activated initially, as the DNA damage was
caused over a longer period of time. But it is important to know if NA
supplementation, either in the short term or in the long term, has an
impact on the immediate response to DNA damage concerning the
duration or intensity of PAR production, as PARP-1 (over)activation
is relevant in the pathophysiology of inflammatory or neurodegen-
erative diseases. The modulation of NAD*/PAR metabolism by
pharmacological NA supplementation could be an alternative
application for pharmacological intervention by altering the activity
of PARP-1 and preserving cellular NAD" levels to reduce inflamma-
tory responses. To gain a more detailed insight into the sequence of
events leading to DNA damage-driven poly(ADP-ribosyl)ation, a
higher time resolution and improved detection method is needed. To
our knowledge, no study has been published that shows direct
consequences of NA supplementation on the duration and intensity
of the poly(ADP-ribosyl)ation response to genotoxic treatment and
to survival in normal human cells.

Therefore, the goal of our study was to determine the short-term
effect of NA supplementation in freshly isolated human peripheral
blood mononuclear cells (PBMC) exposed to DNA damaging
treatment ex vivo. We addressed the question if increased
availability of NAD* can lead to an enhanced cellular poly(ADP-
ribosyl)ation response to DNA damage and, as a consequence, to
improved cell viability as a long-term effect. To investigate PAR
formation in intact cells, a new flow cytometric assay for the
detection of cellular PAR in human PBMC had to be established.
Using this method termed RAPARA (rapid analysis of poly[ADP-
ribose] accumulation), we could show that supplementation with
NAindeed leads toaincreased and sustained poly(ADP-ribosyl)ation
after X-irradiation, hydrogen peroxide or MNNG treatment in PBMC,
further demonstrating that the cellular NAD"* content is a critical
determinant for the level of PAR formation. In addition, the
supplemented cells showed a higher viability after DNA damage.

2. Materials and methods
2.1. Cells

Blood samples (collected in citrate S-Monovettes from Sarstedt,
Niimbrecht, Germany) were obtained from healthy male or female
donors aged 20-45. The research was conducted in accordance
with the Declaration of Helsinki, and ethical clearance was
obtained from the University of Konstanz Ethics Committee. For
all experiments freshly isolated PBMC were used. These were
cultured between 5 h and 1 day in RPMI containing 10% FCS, 100 U/
ml penicillin and 100 pg/ml streptomycin at 37 °C and 5% CO, in a
humidified atmosphere. Medium and supplements were pur-
chased from Invitrogen (Darmstadt, Germany), FCS from Biochrom
(Berlin, Germany).

2.2. Isolation of PBMC

Ten ml freshly obtained peripheral venous blood was diluted
with 20 ml phosphate buffered saline (PBS; 137 mM NaCl [Carl Roth,
Karlsruhe, Germany], 3 mM KH,PO,, 10 mM Na,HPO, pH 7.4
[Sigma-Aldrich, Munich, Germany]), placed on top of 15 ml Biocoll

(Biochrom) in a 50-ml conical tube and centrifuged without brake at
800 x g for 10 min at room temperature. The PBMC recovered were
washed twice with PBS and used for the experiments or kept in
culture [23].

2.3. Supplementation of PBMC with nicotinic acid

For each experiment, one half of the freshly isolated PBMC were
supplemented with 15 M NA (Merck, Darmstadt, Germany) for at
least 5 h. The other half was incubated in the culture medium
without NA supplementation as a control.

2.4. PARP inhibition

Cells were incubated with PARP inhibitor PJ-34 (Enzo Life
Sciences, Lorrach, Germany) for at least 5 h at final concentrations
of 0.03, 0.3 or 3 wM before and during genotoxic exposure.

2.5. Determination of PARP-1 activity in intact PBMC by flow
cytometry

Aliquots of 5 x 10°-1 x 10° cells resuspended in 80 .l PBS
were placed into each well of a 96-well v-bottom plate (Sarstedt).
Cells were X-irradiated (RT 100, Miiller, Hamburg, Germany) on ice
at doses between 0 and 25 Gy, incubated at 37 °C for the time
periods indicated and subsequently fixed and permeabilized with
180 pl methanol (Sigma-Aldrich)/acetic acid (3 + 1) (Carl Roth) for
5 min at room temperature. Alternatively, cells were treated with
hydrogen peroxide (Merck) at final concentrations as indicated for
3 min at 37 °C or with MNNG (Sigma-Aldrich) for 10 min at room
temperature to induce PAR synthesis. Both chemicals were
removed by centrifugation, 200 x g for 3 min, and a further
washing step with PBS. Cell pellets were resuspended with 80 .l
PBS and subsequently fixed as described.

Cells were centrifuged at 1180 x g, washed twice with FACS
buffer (PBS; 0.5% FCS; 2 mM NaNs3 [Merck]) and incubated with
100 ! primary antibody 10H (5 wg/ml) recognizing PAR [24] for
1 h at room temperature. Cells were centrifuged at 1180 x g and
washed twice with 200 wl FACS buffer before incubated with the
Alexa488-labeled goat-anti-mouse secondary antibody (Invitro-
gen) for 1 h at room temperature. Finally, cells were centrifuged at
1180 x g, washed twice with FACS buffer and kept on ice until flow
cytometric analysis was performed (FACS Calibur II or LSR II,
Becton Dickinson, Heidelberg, Germany). A total of 10,000 events
for each sample were acquired and analyzed using Flow]Jo V7
software (Tree Star Inc., Ashland OR, USA).

2.6. Assessment of cell viability by flow cytometry

Cell viability was determined using Annexin V staining (Enzo Life
Sciences) according to the manufacturer’s protocol. Cells were
irradiated with O or 5 or 25 Gy. After 24 h, cells were washed with
PBS and 10° cells were resuspended 1 ml binding buffer (140 mM
NaCl [CarlRoth], 10 mM HEPES and 2.5 mM CaCl, [both from Sigma-
Aldrich], pH 7.4). For each treatment 100 pl of the cell suspension
was mixed with 5l annexin V and propidium iodide (final
concentration 1 pug/ml; Sigma-Aldrich) and incubated in the dark at
room temperature. After 15 min, 400 .l of binding buffer was added
to each sample and flow cytometric analysis was performed (FACS
Calibur Il or LSR1I, BD). A total of 10,000 events for each sample were
acquired and analyzed using Flow]o V7 software (Tree Star).

2.7. Quantification of cellular NAD" content

The cellular NAD* content was determined using a modified
NAD" cycling assay [25]. For each treatment 3-5 x 10° cells were
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Fig. 1. Evaluation of RAPARA for the detection of poly(ADP-ribosyl)ation in intact PBMC in response to X-irradiation. Single-parameter histograms of poly(ADP-ribose)-
associated mean fluorescence intensities and quantitative evaluation are displayed. (A) Cells were treated with 25 Gy and incubated at 37 °C for different time periods. PAR
level is increased up to 4 min after damage; thereafter the PAR-degrading activity of PARG exceeds PAR synthesis. A significant increase is detectable from 1 min on (*p < 0.05,
repeated measures ANOVA). Control represents non-irradiated cells. (B) Cells were treated with different doses of X-irradiation and incubated at 37 °C for 4 min. There is
already a noticeable increase in polymer formation after an irradiation dose of 0.5 Gy and a significant increase after a dose of 2 Gy (*p < 0.05 repeated measures ANOVA), thus
highlighting the high sensitivity of the new assay. Histograms are representative of one out of 3 measurements of one donor. Each bar represents triplicate analysis of PBMC

from one donor and is expressed as mean + S.D.

resuspended in 500 wl PBS, X-irradiated as indicated (0-25 Gy)
and incubated at 37 °C for different time periods (0-15 min). If
treated with H,0, or MNNG, the cells were subsequently
centrifuged, washed and resuspended in 500 w1 PBS. Thereafter,
cells were precipitated with 0.5 M HCIO4 on ice. After 15 min
samples were centrifuged at 1500 x g for 10 min and the
supernatant was combined with 350 ul of 1M KOH, 0.33 M
K;HPO,4, 0.33 M KH,PO4 followed by incubation on ice for 10 min.
All chemicals were from Sigma-Aldrich. Cells were centrifuged at
1500 x g for 10 min and the supernatant was frozen at —20 °C
before NAD* determination by an enzymatic cycling assay [25].

2.8. Statistical analysis

All statistical analyses were done with Prism or InStat
(GraphPad Inc., La Jolla, CA, USA). If two groups were compared,
a two-tailed paired t-test was performed. For the comparison of
more than two groups, analysis of variance (ANOVA) was used. A p-
value <0.05 was considered significant.

3. Results

3.1. Establishing a new method to detect PARP activity and
determination of cellular PAR contents in intact cells

To determine cellular PAR accumulation in intact cells, a new
flow-cytometry based assay termed RAPARA (rapid analysis of
poly[ADP-ribose] accumulation) was established.

Using this new assay, it is possible to closely monitor the time-
dependent (Fig. 1A) as well as dose-dependent (Fig. 1B) cellular
polymer formation after irradiation with high resolution. Upon
irradiation with 25 Gy we detected significant induction of PAR
formation already after 1 min of incubation at 37 °C (p < 0.05)
(Fig. 1A). At the time of highest PAR accumulation (i.e., between 3
and 5 min after irradiation), we were able to measure induction of
PARP activity already after a dose of 0.5 Gy. PARP activity was
significant different from control when irradiated with 2 Gy
(p < 0.05) or higher doses (Fig. 1B). The results confirm that
poly(ADP-ribosyl)ation is a very fast response to DNA damage in
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PBMC, as there is a detectable increase even after 1 min of
incubation, and maximum PAR accumulation can be observed
already after 3-5 min in this cell type. For comparison, Supple-
mentary Fig. S1 shows a western blot analysis of whole cell lysates
of cells treated with X-irradiation. With this standard technique
PAR formation is clearly detectable after high dose irradiation, but
compared to the RAPARA assay lacks sensitivity in the low dose
range.

3.2. Effect of nicotinic acid supplementation on cellular NAD" level

NA is a precursor of the PARP substrate NAD*. Supplementation
with NA was done immediately, if not indicated otherwise, after
PBMC isolation in culture medium for 5h, in order to ensure
efficient uptake and metabolism of NA. To determine which
concentrations of supplemental NA can induce increased biosyn-
thesis of NAD* and therefore boost the NAD* pool, a range of
concentrations were tested. Addition of increasing concentrations
of NA to routine culture medium, which usually contains about
8.2 LM NA, elevated total cellular NAD" levels in PBMCs in a
concentration-dependent manner (Supplementary Fig. S2). Signifi-
cant increase was observed above 5 WM. Robust and effective
augmentation was achieved with a concentration of 15 uM NA
(Table 1), which was therefore used for all subsequent experiments.
An increase in NAD" level was recorded in the cells from 13/13
donors, regardless if freshly isolated or 1 day cultured cells (labeled
with asterisk) were supplemented. Amongst the donors, there was
no significant gender effect detectable with regards to basal NAD"
levels or the effect of supplementation. Furthermore, supplemen-
tation had no effect on cell volume (200 pm?> on average).

3.3. Effect of nicotinic acid supplementation on PAR accumulation

To induce cellular poly(ADP-ribosyl)ation, PBMC were
X-irradiated with doses from 1 to 25 Gy and further incubated
for different time periods. PAR accumulation was determined by
RAPARA. For the dose-response experiments (Fig. 2A and B), cells
were incubated for 3 min after irradiation to measure the peak of
cellular poly(ADP-ribosyl)ation, as was determined in Fig. 1A. Our
data revealed that the NA- dependent increase of NAD" levels also
increased cellular PAR formation in PBMC, which was significant
when treated with doses of 5 Gy and above (Fig. 2A). The dose-
dependent increase in poly(ADP-ribosyl)ation was enhanced when
cells were supplemented with NA, with the strongest effect being

Table 1

Inter-individual variation in cellular NAD* concentration in human PBMC
supplemented or not with NA. m, male; f, female; asterisks indicate that cells
were cultured for 1 day before NA supplementation. Two-tailed paired t-test was
used for statistical evaluation.

Donor Gender Intracellular NAD* Intracellular NAD* Fold
concentration concentration increase
[M] without NA [\M] with NA
supplementation supplementation
01 m 194.6 295.5 1.5
02 m 170.0 307.3 1.8
03 m 174.9 382.5 21
04 f 181.8 380.4 2.1
05 f 190.0 489.0 2.6
06* f 215.1 490.7 2.2
07* f 239.5 579.1 24
08* f 134.9 329.1 24
09* f 230.9 560.3 24
10 f 202.4 390.7 1.9
11* m 249.3 383.1 1.5
12 m 173.1 370.3 2.1
13 f 202.6 487.6 24
Mean +S.D. 2.1+03

apparent at the highest dose tested (25 Gy). In contrast, there was
no change in the basal activity of PARP-1 by NA supplementation
(Fig. 2A). Concomitant with the increased poly(ADP-ribosyl)ation
observed at higher irradiation doses, there was a decrease of
cellular NAD" level, which was mitigated in cells supplemented
with NA (Fig. 2B). The results from the time-course experiments
are perfectly in line with this observation (Fig. 2C and D).

The response of PARP-1 to DNA damage is time-dependent,
showing a very fast maximum within the first minutes, before PAR
becomes degraded (Fig. 2C). In PBMC the highest level of PAR can
always be detected at the same time point, ie. 1 min after
irradiation, independent of the available NAD". Cellular NAD*
levels dropped simultaneously within the first minutes after
irradiation (Fig. 2D). The total amount of both, PAR and NAD* was
much higher at all time points with NA supplementation than
without. It is also apparent that the increased PAR level persisted
longer in NA-supplemented cells.

Additionally we monitored PAR formation and cellular NAD*
depletion in response to oxidant or alkylation-induced DNA
damage. The DNA-damaging compounds used, HO, and MNNG,
led to an increase of polymer formation (Fig. 3A and C) with
significantly higher levels in NA-supplemented cells. The effect on
cellular NAD* consumption (Fig. 3B and D) was comparable with
that in Fig. 2B, where DNA damage was induced by irradiation,
showing that NAD" pools decline gradually with increasing PAR
formation and independent of the DNA-damaging agent applied.

We used PARP inhibitor PJ-34 in a range of concentrations in
order to monitor the impact on PAR formation and NAD"* depletion
(Fig. 4). In response to 25Gy X-irradiation the cells show
concentration-dependent inhibition of PAR formation (Fig. 4A).
At the lowest concentration of PJ-34 the PAR level of NA-
supplemented cells was still higher compared to control, but
further increasing PJ-34 concentration led to a complete block of
PAR formation. The drop of NAD" level after irradiation with 25 Gy
was reduced as a function of PJ-34 concentrations (Fig. 4B). Low
concentrations of PJ-34 attenuated the consumption of NAD*
partially, whereas PARP inhibition with 3 wM PJ-34 totally
prevented NAD" loss, due to the inability of cells to produce PAR.

3.4. Effect of NA on cell viability

As the strand break-stimulated PARP-1 activity can consume
large amounts of NAD", it was important to investigate if the
increased NAD" concentration and enhanced poly(ADP-ribosyl)a-
tion after NA supplementation is linked with an increase in cell
viability after DNA damage. To analyze the impact of NA
supplementation on apoptosis and necrosis, supplemented and
non-supplemented cells were irradiated with 0 or 5 or 25 Gy and
incubated in culture medium (—/+ NA) for 24 h at 37 °C, followed
by annexin V and propidium iodide staining. Ionizing radiation
induced a dose-dependent increase in cell death (Fig. 5A). In
undamaged cells, there was no difference in cell viability between
NA-supplemented and non-supplemented cells. We calculated the
ratio of total and necrotic cell death of non-supplemented or NA-
supplemented PBMCs to unirradiated controls (Fig. 5B). Upon
irradiation, there was a decrease in cell death rates in NA-
supplemented cells by 30% (4.2-fold induction without NA vs. 3-
fold induction with NA). This was mainly the result of a reduced
rate of necrosis, which dropped by 45% after NA supplementation
compared to non-supplemented cells. Thus, under conditions of
higher PARP-1 activity and an increased NAD" concentration, cells
are more resistant to DNA damage.

To test if the observed effect on cell death is a direct
consequence of the increased PARP-1 activity or only correlated
to it, we inhibited PARP with PJ-34 (Fig. 6). Total cell death after 5
or 25 Gy irradiation was diminished in NA-supplemented cells in
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Fig. 2. Effect of NA supplementation on PAR accumulation and the cellular NAD" level. Poly(ADP-ribosyl)ation and NAD* was measured upon X-irradiation of PBCM. The cells
were irradiated with doses as indicated and incubated for 3 min at 37 °C (A and B) or PBMC were irradiated with 25 Gy and incubated at 37 °C for different time points as
indicated (C and D). Each bar represents the mean of triplicate measurements from three donors, respectively, and is expressed in % (+SEM). (A) Dose-dependent response of
PARP-1 activity in NA-supplemented compared with non-supplemented controls. A significant difference was detected at 10 Gy or above (**p < 0.01; ***p < 0.001, repeated
measures ANOVA). (B) Effect of NA supplementation on the cellular NAD* concentration compared with non-supplemented controls after different irradiation doses. (C) Time-
dependent response of PARP-1 activity in non-supplemented and NA-supplemented cells. (D) Time-dependent effect of NA supplementation on the cellular NAD* concentration
compared with non-supplemented controls.

Fig. 3. Effect of NA supplementation on PAR accumulation and the cellular NAD" level in response to oxidative stress (A and B) or alkylating agents (C and D). Each bar
represents the mean of triplicate measurements from four donors, respectively, and is expressed as % (+SEM). (A, C) PAR levels induced by different concentration of H,0, (A) or
MNNG (C) were significantly higher for NA-supplemented cells as indicated (**p < 0.01; ***p < 0.001, repeated measures ANOVA). (B, D) Cellular NAD* levels decreased in a
concentration-dependent manner after treatment with hydrogen peroxide (B) or MNNG (D).
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Fig. 4. Effect of PJ-34 on PAR accumulation and NAD" levels after X-irradiation. PBMCs were treated with PJ-34 as indicated and assayed for PAR formation and cellular NAD*
concentration 3 min after irradiation with 25 Gy. Each bar represents the mean of triplicate measurements from four donors, respectively, and is expressed as % (+=SEM). (A)
Impact of increasing concentrations of P]-34 on PAR levels in non-supplemented and NA-supplemented cells. (B) Impact of increasing concentrations of PJ-34 on cellular NAD* levels

in NA-supplemented cells compared to non-supplemented controls.

contrast to non-supplemented (Fig. 6A and B). This was indepen-
dent of the addition of P]-34. The frequency of necrotic cell death
significantly decreased at concentrations of 0.3 and 3 wM PJ-34 in
NA or non-supplemented PBMC (Fig. 6C and D). By contrast,
increasing concentrations of the PARP inhibitor led to an increase
in the apoptotic fraction after irradiation with 5 or 25 Gy (Fig. 6E
and F).

4. Discussion

In this study we focused on the consequences of elevated NAD*
levels regarding PARP-1 activation after DNA damage induction by
ionizing irradiation, HO, or MNNG treatment. Intracellular NAD"
levels of human PBMC were raised by ex vivo supplementation of
culture medium with low concentrations (15 wM) of NAD*
precursor NA. We found a strong and robust increase in cellular
NAD" levels, with the basal NAD* status being increased 2.1-fold on
average. This concentration of the precursor is much higher than
fasting levels of NA in human blood plasma, which is approxi-
mately 0.08 wM [26] or barely detectable, because NA is largely
converted to NAD" and therefore does not persist in circulating
blood.

As non-supplemented cells were kept in culture medium,
whose components are designed to maximize cell growth and
survival rather than to perfectly model in vivo conditions, controls
were also exposed to NAD* precursors due to the routine media
supplements [27]. However, this led only to a slight increase of
basal NAD" pools after incubation of 5h (medium control,
Supplementary Fig. S2) or longer (24 h, marked with asterisk,
Table 1). Nevertheless, we decided to use the shorter (5h)
incubation period in order to avoid non-physiological conditions.

We then monitored the immediate impact on PAR formation in
response to DNA damage using the newly developed RAPARA. We
could track the time and dose-dependent PAR formation after PARP
activation with high resolution. Next, we analyzed cell viability,
since PARP-1 is implicated in cell death processes by excessive
consumption of NAD". We found that cell death in NA-supple-
mented cells was reduced after irradiation due to effective
protection from necrotic cell death.

RAPARA enabled us to assess PAR levels in intact living primary
cells under physiological conditions. Using this new approach we
can detect PAR levels and the direct impact on PAR formation after
addition of nutritional factors like NA, the effect of DNA-damaging
agents (Figs. 2 and 3) or PARP inhibitors (Fig. 4). It should be noted
that there are several types of PARP activity assays available, but
most of them can only be used for measurements in permeabilized
cells [28,29] or in cell lysates [30]. For example, another flow
cytometric PAR assay we have published previously (Kunzmann,
2006) comprises permeabilization of cells and postincubation of

the cell “ghosts” with saturating concentrations of exogenous
NAD" and an PARP activator oligonucleotide in order to assess total
cellular poly(ADP-ribosyl)ation capacity [28]. On the other hand
the determination of PARP-1 activity in intact cells, i.e. the PAR
detected being produced by the living cell, as a function of its PARP
activation status, endogenous NAD® pools and perhaps other
factors, was so far restricted to either biochemical extraction of
PAR followed by HPLC-based quantitative detection of enzymatic
digestion products [31,32], which is sensitive and accurate but
requires large cell numbers, or immunofluorescence microscopy
[33], which is neither quantitative nor useful for the comparison of
large sets of samples.

In contrast, RAPARA is very sensitive as we are able to detect
routinely PAR formation even after low-level genotoxic stimuli
application, which escape detection by the current gold standard,
i.e. western blotting (Fig. S1). A slight increase, though not
statistically significant, in PAR levels can be detected by RAPARA
after X-irradiation with as little as 0.5 Gy or H,0, addition of 5 uM
compared to controls. Significantly increased levels were observed
after 2 Gy irradiation or 25 uM H,0,, which was not achieved
using the western blot technique (Fig. S1). Furthermore with
RAPARA it is possible to determine PARP activity conveniently and
with high temporal resolution (Fig. 1A). The apparent difference in
the maximal PAR accumulation between Fig. 1A and Fig. 2D can be
explained by the inter-individual variability of PAR formation in
response to DNA damage [28]. As RAPARA is able to yield results
quickly and with high sensitivity, it holds great opportunity for
measuring PARP-1 activity in intact PBMC. This is an enormous
advantage in studies where PARP-1 activity is, for example, used as
a biomarker, as it has already been done in permeabilized PBMC
[34].

In the present work we used RAPARA to assess the effect of
elevated intracellular NAD" levels on PAR formation after DNA
damage induced by genotoxic agents, and we could confirm that
the higher availability of NAD* positively affects cellular poly(ADP-
ribosyl)ation, which is in agreement with other studies [18,35].
Moreover we showed that the same amount of DNA damage leads
to a higher level of poly(ADP-ribosyl)ation in NA-supplemented
cells, even after low-dose irradiation when the availability of NAD*
is not limited. We also used hydrogen peroxide and MNNG, two
DNA-damaging substances triggering PARP activity, to show that
the observed effects concerning NAD* and PAR formation after NA-
supplementation are independent of the type of DNA damage. In
NA-supplemented cells, PAR persists for extended time periods
(Fig. 2D). It has been shown in vitro that NAD" concentration can
affect length and frequency of branching sites of PAR chains [36].
Thus, the higher NAD* concentration may possibly lead to higher
amount of branched polymer, which was reported to be degraded
more slowly by PARG [37]. Also, the increased availability of NAD*
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Fig. 5. Effect of NA on cell viability. NA-supplemented and non-supplemented cells were irradiated with 5 or 25 Gy, and after 24 h cell viability, apoptosis and necrosis was
determined by flow cytometry using annexin V and propidium iodide staining. (A) Flow cytometric analysis. Viable cells (annexin V-negative/PI-negative), apoptotic cells
(annexin V-positive) and cells in the necrotic stage (annexin V-positive/PI-positive) were expressed as percent. Data are representative of one out of tree measurements of one
donor. (B) Comparison of the fold induction of total cell death (apoptotic and necrotic cells) between non-supplemented and supplemented cells. A significant difference was
observed in irradiated cells between non-supplemented and supplemented PBMC (*p < 0.05; **p < 0.01, repeated measures ANOVA). Each bar represents the mean
value + SEM of duplicate measurements of three different donors, respectively.
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Fig. 6. Effect of PARP inhibition on cell death. PBMCs were treated with different concentrations of PJ-34 as indicated and analyzed for total cell death (A and B), necrosis (C and
D) and apoptosis (E and F) after irradiation with 5 Gy (A, C, E) or 25 Gy (B, D, F). (A, B) A significant difference in fold-induction of total cell death was observed in irradiated
cells between non-supplemented and supplemented PBMC (*p < 0.05, Wilcoxon matched pairs test). (C, D, E, F) A significant decrease of the necrotic fraction with increasing
concentrations of PJ-34 was detected within non-supplemented or within NA-supplemented, respectively (*p < 0.05, repeated measures ANOVA), or between non-
supplemented compared to NA-supplemented (*p < 0.05, repeated measures ANOVA). Each bar represents the mean value + SEM of triplicate measurements of six different

donors.

could extend the time span of high PARP-1 activity so that
equilibrium with the catabolic activity of PARG be maintained for a
longer period of time, i.e. between 1 and 7 min. Diminished PARP-1
activity can be brought about either by resealing DNA strand
breaks or, if increased damage persists, by depletion of the NAD*
pool. Thereafter, degradation of the polymer can be observed. In
the non-supplemented cells it is likely that the restricted NAD*
content is not able to maintain PARP-1 in a fully active state. Thus,
the activity of PARG becomes dominant, resulting in rapid
degradation of PAR. If the polymer is degraded before the repair
process can start properly, the DNA repair process will fail, leading
to mutations or apoptosis.

There are few studies in which the effect of NA on poly(ADP-
ribosyl)ation and the cellular consequences were investigated;
most of them, however, refer to correction of established NAD*
deficiency [20,21]. Nevertheless, those studies showed that PARP
activity is negatively influenced by decreased cellular NAD*
concentration. In an in vivo study in rats, it was shown that

supplementation of NA increases the NAD" content as well as
poly(ADP-ribosyl)ation in bone marrow cells when treated with
the alkylating agent ethylnitrosurea (ENU) [22]. The authors
investigated the effect of NA on PAR levels 3 h post-treatment,
when ENU starts to induce DNA damage, measured by western blot
technique. However in the present study we investigated the
immediate response of PARP-1 to DNA damage with the addition of
cell viability analysis as readout. As overactivation of PARP-1
caused by severe DNA damage leads to depletion of NAD", and
consequently of ATP, which results in cellular dysfunction, necrosis
and inflammatory response of tissue, we investigated if PBMC can
be rescued from energy-loss dependent cell death by supplemen-
tation with NA. Indeed we observed increased cell viability in NA-
supplemented cells after exposure to ionizing radiation (Fig. 5),
which was caused by a 50% reduction in the fraction of necrotic
cells. It may also be that the higher NAD"* content influences other
pathways such as sirtuin function, leading to higher cell viability
[38,39]. In order to test if this effect was a direct consequence of the
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increased PARP-1 or only correlated to it, we inhibited PARP activity
with the potent competitive inhibitor PJ-34. The rates of necrotic cell
death of NA-supplemented and non-supplemented PBMCs were
comparable at low levels when PARP-1 activity was fully inhibited
by high inhibitor concentrations, but significantly different in the
absence or at low concentrations of PJ-34 (Fig. 6D). This was also
reflected in the levels of PAR formation detected in response to DNA
damage (Fig. 4B). We propose that preserved NAD" levels even under
circumstances of high PARP-1 activity after DNA damage is
responsible for prevention of necrotic cell death. The increased
NAD" content allows for higher PARP-1 activity, which possibly
supports DNA repair by avoiding the depletion of the NAD" pool and
the subsequent cellular energy failure. Our data are in line with other
studies, showing that early inhibition of PARP activity can induce a
switch in the mechanism of cell death in lymphocytes [40].
Moreover, we could show that combined incubation of NAD"
precursor NA and PARP inhibitor PJ-34 leads to an additive effect,
pushing cells from pro-inflammatory necrosis to less inflammatory
apoptosis, which may be therapeutically useful.

In conclusion, our data show that keeping the NAD* pool high
by supplementation of NA leads to significantly increased
poly(ADP-ribosyl)ation in response to DNA damage, even at doses
where NAD" is not a limiting factor for the reaction. This results in
preservation of the NAD* pool and decreases potentially harmful
necrosis, comparable with the effect of PARP inhibitors. Interest-
ingly, PAR-mediated release of apoptosis-inducing factor (AIF)
from mitochondria, which leads to caspase-independent cell death
[15], is not a dominant mechanism in this system, as the excessive
PAR formation by nicotinic acid supplementation is not associated
with increased cell death, but, on the contrary, with increased cell
survival. Therapies that augment NAD* pools may be alternative
pharmacological approaches to treat diseases, where PARP is
pathophysiologically implicated. The consequences related with
PARP-mediated reactions analyzed in this study concentrate on
cell death, but the effect on DNA repair is barely understood.
Further studies will address the underlying mechanisms.
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