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The NAD* precursor nicotinic acid improves genomic integrity in
human peripheral blood mononuclear cells after X-irradiation
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ABSTRACT

NAD" is an essential cofactor for enzymes catalyzing redox-reactions as well as an electron carrier in
energy metabolism. Aside from this, NAD* consuming enzymes like poly(ADP-ribose) polymerases and
sirtuins are important regulators involved in chromatin-restructuring processes during repair and epige-
netics/transcriptional adaption. In order to replenish cellular NAD* levels after cleavage, synthesis starts
from precursors such as nicotinamide, nicotinamide riboside or nicotinic acid to match the need for this
essential molecule. In the present study, we investigated the impact of supplementation with nicotinic
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(PBMC) processes.

NAD* We observed that nicotinic acid supplementation increased NAD"* levels as well as DNA repair efficiency
DNA repair and enhanced genomic stability evaluated by micronucleus test after x-ray treatment. Interestingly, rest-

ing cells displayed lower basal levels of DNA breaks compared to proliferating cells, but break-induction
rates were identical. Despite similar levels of p53 protein upregulation after irradiation, higher NAD*
concentrations led to reduced acetylation of this protein, suggesting enhanced SIRT1 activity. Our data
reveal that even in normal primary human cells cellular NAD* levels may be limiting under conditions of
genotoxic stress and that boosting the NAD* system with nicotinic acid can improve genomic stability.

Genomic stability
Micronucleus formation
Nicotinic acid

ing drug displaying atheroprotective effects [4,5]. However, this
treatment was accompanied by unwanted side effects (reviewed
in [5]), most prominently prostaglandin-dependent vasodilation in
the skin (flushing) [6] and hepatotoxicity [7] (for review, see [8]),

1. Introduction

1.1. NAD* supplementation

Several studies have reported that administration of NAD*
precursors such as nicotinamide, nicotinic acid (niacin, NA) or
nicotinamide riboside can increase the intracellular NAD* concen-
tration in various tissues or cellular compartments in vitro and
in vivo [1-3]. In the past, nicotinic acid has been in clinical use,
at millimolar concentrations in the tissue, as a cholesterol lower-
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with the latter becoming negligible by applying niacin in a differ-
ent formulation [9] (reviewed in [10]). Nevertheless, high niacin
dosing can result in discomforting flushes [11], but niacin is still in
use [12,13] and also marketed as a food supplement. Several stud-
ies showed protective effects of high NAD* levels in model systems
as well as in humans under certain pathological conditions or in
the context of the aging process, possibly due to preserving energy
production in mitochondria [14-20]. Apart from the important
function of intracellular NAD* in mitochondrial respiration or as
coenzyme in a vast range of redox-reactions, NAD* also participates
in DNA repair and maintenance of genomic stability. J.B. Kirkland’s
group demonstrated the relevance of niacin status on genomic
integrity, DNA repair and protection from carcinogenesis using ani-
mal models focusing on niacin deficiency [21-23]. The importance
of NAD* in this context was highlighted in reports showing that
NA deficiency results in increased chromosomal instability [24]
and higher cancer incidence [25]. Likewise, high concentrations of
nicotinamide or NA delayed carcinogenesis [26], improved repair
capacity after y-irradiation above 40 Gy in mouse melanoma cells
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[27] and facilitated recovery of neuronal functions after hypoxia
[28]. There is also increasing evidence that micronutrients have an
important impact on the maintenance of gross genomic stability.
In a study by Fenech et al. it was shown that low intake of nicotinic
acid was associated with an increased micronucleus frequency [29],
a widely accepted measure of genomic stability [30].

1.2. Consumers of NAD*: poly(ADP-ribose) polymerases and
sirtuins

Immediately after a genotoxic insult cells activate various
responses that contribute to cell survival or death. One of the first
reactions is poly(ADP-ribosyl)ation (PARylation) of proteins medi-
ated by nuclear poly(ADP-ribose) polymerases (PARPs) [31,32]. The
most active enzyme in this regard is PARP1 (and to a lesser extent
PARP2 [33]), which covalently attaches units of ADP-ribose in a
stepwise fashion to target proteins including itself, synthesizing a
negatively charged polymer by using NAD* as substrate. Depend-
ing on the level of DNA damage and intracellular NAD* status,
PARP1 and its product poly(ADP-ribose) (PAR) mediate the recruit-
ment of DNA repair factors to sites of lesions, facilitate DNA repair
and help maintain genomic integrity under conditions of moder-
ate stress [34,35]. In this scenario a tolerable proportion of total
cellular NAD" is used for polymer synthesis. In contrast, drastic
and irreversible NAD* depletion [36] as a result of hyperactiva-
tion of PARP1 under severe genotoxic stress conditions can lead
to cell death [37,38]. This paradigm is also apparent in inflamma-
tory diseases and neurodegenerative disorders [39,40] (reviewed
in[41]). One parameter determining the cellular response to stress
is the level of available NAD*, which is crucial not only for PAR
synthesis [42], but also for the enzymatic action of sirtuins (SIRTs)
[43,44]. We could show that supplementation of human periph-
eral blood mononuclear cells (PBMC) with NA not only raises NAD*
levels, but enhances PAR formation after genotoxic stress and pro-
tects from damaged-induced necrotic cell death [45]. Conversely,
NA deficiency results in impaired PARP1 functions in rats [46,47].

Sirtuins are homologues of the yeast enzyme Sir2 [43,48] and
have important functions in regulating cellular responses to partic-
ular types of signals and stressors [49,50]. They use NAD" in order
to de-acetylate proteins, forming 2’'O-acetyl-ADP-ribose as prod-
uct [51]. Both PARPs and SIRTs have been implicated in genome
stabilization [49,52-55] and crosstalk between members of the
two enzyme families has been published [56-58], as was proposed
already ten years ago [55]. For example, abrogation of cellular PAR
formation by Parp1 gene deletion, silencing or PARP inhibitors is
known to sensitize cells to many genotoxic agents and to increase
genomic instability [34]. In contrast, PARP1 overexpression leads to
the suppression of DNA damage-induced genomic instability [59].
It was demonstrated that SIRT1 and PARP1 share some important
tasks, i.e. both are regulating chromatin structure [52,60-63] and
repair [64,65], and both dampen the activity of the transcription
factor and stress response protein p53, SIRT1 by de-acetylation [66]
and PARP1 by covalent and non-covalent modification by PARyla-
tion [67-69], although the impact of this modification is less well
understood. Interestingly, it has been reported that also SIRT6 and
PARP1 cooperate in DNA repair [70].

1.3. Mononuclear blood cells as a model system

Human PBMC are primary cells proficient in DNA damage
response cascades and repair pathways and therefore an ideal
model for DNA repair studies and most relevant to the under-
standing of biochemical and molecular mechanisms in human
physiology [71-73]. Furthermore, they are widely used in epidemi-
ological studies to investigate the correlation of various parameters
including DNA repair capacity and cancer risk [74]. As DNA repair

13

might vary throughout the cell cycle, analyzing resting and pro-
liferating PBMC might yield different results. But quiescent PBMC
in Go phase can be easily stimulated for proliferation by treat-
ment with phytohemagglutinin (PHA-L) [75]. In this way, cells from
the same donor can be monitored for their response to diverse
treatments in the resting and the proliferating state, thus exclud-
ing inter-individual variations. PBMC have been reported to utilize
supplemented NAD* precursors [76,77] and express nicotinate
phosphoribosyltransferase as well as nicotinamide phosphoribo-
syltransferase, making this cell type a suitable model for our
approach.

1.4. Aim

In the present work, we wanted to study whether increased
cellular levels of NAD* can influence cellular responses after
genotoxic treatment in PBMC from healthy, non-niacin-deficient
subjects, as there is a lack of human data addressing this issue.
We focused on the biological consequences of elevated NAD* lev-
els in human PBMC regarding PARP1/SIRT activities or downstream
effects related with genomic integrity. To assess how modulated
NAD* levels may contribute to physiological or pathophysiological
outcomes we set out to investigate various end points including (i)
DNA damage, (ii) DNA repair, (iii) the influence on genomic stability
and (iv) sirtuin-1 (SIRT1) activity after treatment with ionizing radi-
ation (IR) using varying doses. It was of particular interest to find
out whether supplementation of nicotinic acid at pharmacologi-
cally relevant concentrations is able to improve the cellular status
in the context of DNA damage in normal human cells from healthy
donors.

2. Materials and methods
2.1. Chemicals and reagents

Biocoll separating solution and fetal calf serum (FCS) were
purchased from Biochrom (Berlin, Germany). Antibiotics and
RPMI 1640 culture medium were from Invitrogen (Darmstadt,
Germany), standard chemicals from Roth (Karlsruhe, Germany),
Sigma-Aldrich (Munich, Germany) or Merck (Darmstadt, Germany)
if not stated otherwise.

2.2. Isolation of peripheral blood mononuclear cells [45]

Blood sampling was carried out in accordance with the Decla-
ration of Helsinki and with approval of the University of Konstanz
Ethics Committee, from healthy donors aged 24-45 years giving
informed consent. Venous blood was obtained using the S-Citrate-
Monovette blood collection system from Sarstedt (Niimbrecht,
Germany). Cells were separated via Biocoll gradient centrifugation.
Briefly, the freshly drawn blood was mixed with an equal volume
of PBS (137 mM sodium chloride; 10 mM disodium hydrogen phos-
phate; 3 mM potassium dihydrogen phosphate; pH 7.4) and layered
on 15 ml of Biocoll separating solution, followed by centrifugation
at 800 x g for 15 min at room temperature. The PBMC layer was col-
lected and washed twice with PBS. Isolated cells were incubated in
standard culture medium (RPMI 1640 medium supplemented with
10% FCS, 100 U/ml penicillin and 100 p.g/ml streptomycin) at 37 °C
with 5% CO, in a humidified atmosphere. NA was added to the
culture medium at a final concentration of 15 wM and cells were
incubated 5 h before DNA damage induction.

2.3. Mitogen stimulation of cells

Toinvestigate NAD* levels and DNA strand break repair at differ-
ent cell cycle stages we challenged cells with X-irradiation, either
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in Gg phase or 44 h after mitogenic stimulation with leucoagglu-
tinin (PHA-L; Roche, Mannheim, Germany)[78].5 pg/ml PHA-L was
added to cell cultures in all assays as recommended by the man-
ufacturer, except for micronucleus induction tests (20 p.g/ml) to
ensure maximum number of binucleated cells after cytochalasin
block according to a well-established protocol by Fenech et al. [79].

2.4. Flow cytometric analysis of cell cycle

Methanol fixed cells (105/m]) were washed in PBS and incubated
with 100 pg/ml RNase A for 1h at room temperature. 10 pg/ml
Propidium iodide was added. Samples were analyzed with LSR II
(Beckton Dickinson, Heidelberg, Germany) and cell cycle distri-
bution was quantified using Flow]Jo Software (Tree Star, Ashland,
USA).

2.5. Detection of intracellular NAD* levels

Cellular NAD* concentration of proliferating cells was deter-
mined by an enzymatic cycling assay adapted from Jacobson et al.
[80]. 5 x 10°-1 x 106 cells per sample were irradiated with doses
as indicated (2.5/5/10/25 Gy) in 500 w1 PBS, incubated for 10 min
at 37 °C to allow for PARP1 activity, and precipitated with ice-cold
perchloric acid (0.5 M). After centrifugation at 1500 x g for 10 min,
the NAD* containing supernatant was processed for cycling assay.
Briefly, supernatant was mixed with 350 .l of 0.33 M K;HPO,4 (pH
7.5), centrifuged, and frozen at —20°C. After thawing and centrifu-
gation, 40 .l of each sample was transferred to a 96 well plate,
mixed with 160 pl of buffer A (0.25M H3P04, 0.5M NaOH) and
100 pl of buffer B (0.34M bicine-NaOH pH 8.0, 2.9 mg/ml BSA,
14.3 mM EDTA, 1.4 mM MTT, 1.7 M EtOH, 5.7 mM phenazine etho-
sulfate, 0.14 mg/ml alcohol dehydrogenase) and incubated at 30°C
for 30 min. Absorption was measured at 550 nm (with 690 nm as
a reference wavelength) in a 96-well-plate ELISA reader. Intracel-
lular NAD* concentration was calculated based on defined NAD*
standards analyzed in parallel.

2.6. Automated fluorimetric alkaline DNA unwinding (FADU)
assay

For assessment of DNA strand breakage and repair, cell num-
ber was adjusted to 4 x 10° cells/ml suspended in culture medium.
Aliquots of 100wl were irradiated on ice (dose rate 8 Gy/min;
energy 70keV; 1.25mm aluminum filter) using an X-ray source
(RT 100; Miiller, Hamburg, Germany). Subsequently, samples were
incubated for DNA repair at 37 °C for the time periods indicated and
then kept on ice until analysis by FADU. A modified and automated
version of the FADU method was used for the assessment of induced
DNA damage and repair as previously described [81]. Briefly, 900 .
of suspension buffer (0.25 M meso-inositol; 10 mM sodium phos-
phate, pH 7.4; 1mM magnesium chloride) was mixed with each
cell sample and 70 pl per well was transferred in triplicates onto a
96-well plate. The subsequent automated steps included cell lysis,
alkaline DNA unwinding and neutralization of the samples, fol-
lowed by addition of fluorescent dye SybrGreen (Invitrogen) to
monitor the amount of DNA remaining double-stranded. T val-
ues represent SybrGreen fluorescence in samples without alkaline
unwinding (total amount of double stranded DNA). Py values reflect
the basal level of breaks in genomic DNA after alkaline unwinding
in untreated controls. Px values represent DNA strand breaks after
irradiation of cells and indicated time of repair, expressed as% of
Py. Data are plotted on a logarithmic scale.

2.7. Western blot analysis of p53 and ac-p53 status

Cells were supplemented with NA for 5h and with 1 uM tri-
chostatin A (Enzo Life Science, Lérrach, Germany) for 1h before
irradiation. Trichostatin A inhibits class I/II histone deacetyases
(HDAGCs), but not sirtuins (class [l HDACs), thus ensuring the exclu-
sive detection of SIRT related deacylase activity on p53. At distinct
time points after DNA damage, cells were collected, washed in
PBS and cell number was adjusted to 5 x 10° cells per sample.
For cell lysis an appropriate volume of preheated 5x SDS sample
buffer (100 mM Tris-HCI pH 8.0, 25% 2-mercaptoethanol, 5% glyc-
erol, 12.5% SDS, 0.01% bromophenol blue) was added to the cell
suspension and incubated for 5min at 95 °C. Extracts were soni-
cated with 3-4 bursts of 15s each. Proteins were separated on a
10% SDS-PAGE gel, transferred to a nitrocellulose membrane and
probed with the anti-p53 antibody (Calbiochem, Merck, Darmstadt,
Germany) or anti-acp53 (Epitomics, Biomol, Hamburg, Germany).
An ImageQuant LAS 4000 system was used for quantitative imag-
ing of blots by Amersham ECL chemiluminescence (both from GE
Healthcare, Munich, Germany).

2.8. In vitro cytokinesis-blocked micronucleus test

The induction of micronuclei was performed according to a
protocol from Fenech with slight modifications [79]. Aliquots of
7.5 x 10° cells in 750 pl were irradiated in Gy phase and then stim-
ulated with 20 pg/ml PHA-L. X-irradiation of proliferating cells was
44 h after PHA-L stimulation. Cytochalasin B was added at a final
concentration of 6 wg/ml at 44 h post-irradiation (Fig. 1A) or 48 h
(1B). 72 h later, cells were transferred to glass slides by cytospin
at 500 x g for 3 min. After methanol fixation (10 min) cells were
stained with Giemsa solution (Merck) diluted in S6érensen buffer
(pH 6.8) (3:1) for 5min. After drying, the cells were embedded
with Mowiol. Micronuclei were scored in 500-1000 binucleated
cells (BN) per sample. Micronucleus frequencies were calculated
by dividing the total number of MN by the total number of BN cells
scored.

2.9. Data presentation and statistical analysis

Data represent the mean +SEM of the number of donors indi-
cated, with each donor contributing one data point per condition.
Every such data point is the mean of several replicates for each
donor within one experiment. For statistical analysis, data were
compared by two-way analysis of variances (ANOVA) and Bonfer-
roni post-test using GraphPad Prism 7 (La Jolla, USA), if not stated
otherwise. Where applicable, samples were analyzed by paired test
to normalize for inter-individual variations. P-values <0.05 were
considered significant (*), other P-values were labeled accordingly
**P<0.01, ** P<0.001.

3. Results and discussion

We have previously shown that NA supplementation reduces
cell death 24 h after genotoxic stress in freshly isolated human
PBMC and also causes a shift from necrosis to less harmful apopto-
sis, which was similar to PARP1 inhibitor treatment and correlated
with the level of NAD* preservation [45]. In order to get deeper
insight into the protective effect of NA supplementation, we
determined its impact on DNA repair and genomic stability, i.e.
micronucleus formation, after treatment with ionizing radiation,
and we analyzed the impact of proliferation vs. quiescence on the
respective parameters. For clarity, the general treatment schedule
including the time points of NA supplementation, PHA-L stimula-
tion to induce proliferation and irradiation is summarized in Fig. 1.
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Fig. 1. Experimental treatment schedule.
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Human PBMC were either exposed to ionizing radiation as unstimulated cells (A) or (B) 44 h after PHA-L addition and analyzed or cultured for the assays indicated. Cells
were supplemented 5 h before irradiation with 15 wM nicotinic acid (NA) as indicated. For further details see Materials and Methods.

3.1. Cell cycle distribution and NAD* content of unstimulated and
PHA-L-stimulated PBMC

We used flow cytometry to monitor cell cycle distribution of
PBMC. As depicted in Fig. 2, freshly isolated PBMC display a dis-
tinct peak representing the DNA content of cells in Go/G1 phase, as
expected. After 44 h of stimulation with PHA-L, cells are found in
all cell cycle phases, with 65-75% in Go/Gq and 20-30% in S/G, /M,
independent of supplementation. Thus, NA did not influence the
cell cycle profile of PBMC during the time period of examination.

We tested PHA-L-stimulated samples for their physiological
NAD* concentration (Table 1). The mean NAD" level in prolifer-
ating cells was approximately 280 M, which could be raised by
15 M NA supplementation to up to 390 wM, i.e. a nearly 1.4-fold
increase within 5h incubation (p=2.1 x 10~3). The basal cellular
NAD* status in unstimulated PBMC was increased 2-fold on aver-
age, as we have previously reported [45], reflecting a higher gain
than in PHA-stimulated cells. This could be due to the prolonged
time of maintaining the PBMCs in standard culture medium, which
contains itself the NAD* precursor niacin, and may also be responsi-
ble for the generally higher NAD* concentration in stimulated PBMC
compared to unstimulated PBMC [45].

3.2. Baseline DNA damage in unstimulated versus
PHA-L-stimulated PBMC and the effect of NA supplementation

To estimate whether stimulation with PHA-L or NA supplemen-
tation per se influences baseline damage of the genome we analyzed
our experimental FADU data by comparing the Py values (double-
stranded DNA with physiological breaks) from PBMC of 6 different
donors (Fig. 3).

In unstimulated cells (Go phase) the Py levels corresponded
to approximately 85% of total double-stranded DNA. Proliferating
cells exhibited higher amounts of endogenous strand breaks, with
the mean Py values reaching only 67% of the respective T values.

This is in line with other studies showing that the basal levels of
strand breaks vary at different stages of the cell cycle, with highest
levels observed during S phase [82] due to replication, which was
also reported by Mayer and colleagues using the comet assay [83].
Our data reveal that NA supplementation changes the respective
baseline Py values neither in unstimulated nor in stimulated PBMC.
Therefore, whereas proliferation induced higher levels of physio-
logical DNA-strand breaks, NA supplementation had no effect.

3.3. Effect of NA supplementation and proliferation on DNA
damage induction and repair

To test if elevated NAD* levels can contribute to altered DNA
repair in human PBMC of healthy subjects we damaged cells with
different doses of IR after 5 h of NA pre-incubation and monitored
DNA damage and DNA repair characteristics.

3.3.1. DNA damage induction is not affected by cell cycle

As expected, IR caused an identical dose-dependent induction
of DNA strand breakage in both stimulated and unstimulated cells
(Fig.4), despite the fact that proliferating cells had a higher baseline
level of strand breaks (Fig. 3). Thus, proliferation did not influ-
ence the ability of X-rays to inflict DNA breaks, leading to the same
damage ratio.

3.3.2. Niacin supplementation maintains NAD* concentration at
high levels after IR

Of note, NAD" levels are strongly affected by massive DNA dam-
age and subsequent PARP1 hyperactivation, as we have shown
in freshly isolated PBMC [45], but NAD* levels and PARP1 activ-
ity both vary during the cell cycle with NAD* levels being lowest
during S/G2 phase, possibly due to PARP1 activated by natu-
rally occurring strand breaks during replication [84]. To test the
effects of IR on NAD" levels in proliferating PBMC, we analyzed the
intracellular NAD* concentration in PHA-L stimulated cells after
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Flow cytometric analysis of cell cycle distribution without (A/C) and after PHA-L (B/D) stimulation. Unstimulated PBMC rested in G;/Go and PHA-L treated PBMC grew asyn-
chronously 44 h after stimulation. NA supplementation has no influence on cell cycle distribution. DNA content is plotted against the cell count; histograms are representative
of a single donor. Inserted percentages indicate mean values from three donors in independent experiments.

Table 1
Intracellular NAD* levels in [uM] of PBMC 44 h after PHA-L stimulation.
Donor # NAD* concentration (without NA) NAD* concentration+15 wM NA Fold increase
1 241.2 342.7 1.42
2 275.8 410.7 1.49
3 189.0 299.0 1.58
4 162.2 211.6 1.30
5 274.4 356.4 1.30
6 329.0 4733 1.44
7 378.5 496.6 1.31
8 404.13 512.5 1.29
Mean + SEM 281.8+30.2 387.8+37.1% 1.39+0.039

a P=2.1x 10° by paired T-test.

increasing doses of X-rays. Similar to our results in resting PBMC,
the immediate and rapid cellular consumption of NAD* was dose-
dependent and most pronounced after 25 Gy irradiation (Fig. 5),
with loss of 53% of total NAD" in non-supplemented and 40% in NA-

supplemented cells within the first 10 min after damage induction
[45]. Independent of the irradiation dose applied, the supple-
mented cells always displayed significantly higher NAD* levels
compared to non-supplemented PBMC. Thus, NA-supplementation
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Fig. 5. Intracellular NAD* levels after IR with and without NA supplementation.
Cells supplemented with NA (+NA) or not (-NA) were irradiated as indicated and
incubated at 37 °C for 10 min to allow for poly(ADP-ribosyl)ation before NAD* con-
centration analysis. Data represent independent experiments using four different
donors. Numbers indicate the remaining NAD* as percentage compared to non-
irradiated controls. Asterisks indicate significant differences to controls.

was able to preserve intracellular NAD* at high concentrations also
in proliferating cells, with absolute numbers at 25 Gy matching
those of non-supplemented PBMC at 5 Gy. Supplementation with
NAD* precursors rescued decreasing NAD* levels also in other set-
tings like enhanced basic DNA damage in mice with mutated CSB
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(Cockayne Syndrome group B) protein [85] and human cells with
mutated XPA (Xeroderma pigmentosum complementation group
A) protein [86], and in human myocytes from patients with heart
failure [87]. Likewise, inhibition of PARP1 during DNA damage in
resting human PBMC [45] or fibroblasts [88] also preserved NAD*
levels. We conclude that intracellular NAD* concentration can be
maintained at higher levels by low-dose supplementation of NA
even after massive DNA damage compared to non-supplemented
PBMC.

3.3.3. NA supplementation diminishes acetylation of induced p53
after IR

As NAD* serves as substrate for both PARPs and sirtuins, we
analyzed deacetylation activity of SIRT1 on its classical target p53
[66]. Upon cellular stressors such as DNA damage, p53 is stabi-
lized and acts as transcriptional regulator [89]. Deacetylation of
p53 by SIRT1 reduces its activity and renders cells less susceptible
to apoptotic stimuli [90]. As displayed in Fig. 6, NA supplementation
of PBMC did not influence p53 accumulation after low-dose irra-
diation, but reduced its acetylation. A similar finding on p53 has
been reported for AROS, a stimulator of SIRT1 activity [91]. Thus
maintained NAD* levels in our supplementation experiments also
induced higher SIRT1 activity, at least as deduced from reduced lev-
els of acetylated p53, a classical target of SIRT1. This observation has
also been reported for application of PARP1 inhibitors, which abol-
ish the consumption of NAD* by PARP1. Thus, maintained NAD*
levels in our supplementation experiments probably also induce
higher SIRT1 activity, a fact that has been reported for application
of PARP1 inhibitors, which abolish the consumption of NAD* by
PARP1 [55,58].

Although total cellular level of NAD* is still about 50% after high-
dose irradiation (Fig. 5), which correlates to about 140 WM NAD" in
non-supplemented cells (Table 1), concentrations in specific cellu-
lar compartments can be lower than that. Whereas mitochondria
have a high NAD* content (about 400 wM) ([92]), which can sum
up to 70% of total NAD* [93], cytosolic as well as nuclear NAD*
concentrations reach only 100-150 wM. The latter two compart-
ments display identical NAD* levels as there is free exchange of
this molecule across the nuclear pore. In contrast, mitochondrial
NAD™* seems to be completely separated from the other pools, at
least in humans [94]. The reported ky; value of human PARP1 is
about 30-60 wM [95], whereas the ky; of SIRT1 is 150-200 wM
(reviewed in [96]), which corresponds to NAD* concentrations just
at limiting conditions for SIRT1 activity even in nuclei of undis-
turbed cells. In case of even rather low DNA damage, PARP1 may
readily deplete the locally available nuclear pools of NAD*, prevent-
ing SIRT1 from fulfilling its function as transcriptional regulator
and chromatin organizer, and may also decrease SIRT1 expres-
sion by a so far unknown mechanism [85]. In line with this, it
has been reported that cells challenged by DNA damaging agents
[88], under pathophysiological conditions [85-87] or during aging
[97] display high PAR levels, a lower NAD* content and decreased
SIRT1 activity. Importantly, this can be rescued by PARP1 inhibi-
tion or replenishing the cellular NAD* pool by supplementation
with NAD* precursors. Of note, acetylation of p53 in response to
PARP1 inhibition or NAD* supplementation is reduced compared
to situations with low NAD* content [87,88], suggesting that pre-
serving sufficiently high NAD* concentration is a prerequisite for
SIRT1-mediated de-acetylation of p53. Our results in human PBMC
are in support of these data.

3.3.4. NA supplementation enhances DNA repair efficiency
independent of proliferation

Having shown that NA supplementation preserves overall NAD*
levels and enhances SIRT1 activity after irradiation, we set out to
monitor the impact of NA on DNA repair after exposure of PBMC
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PBMC were pre-treated —/+ NA, TSA and irradiated with 10Gy. Levels of p53 and ac-p53 were analyzed in whole cell lysates via immunoblot analysis at indicated time
points after irradiation. A representative blot is shown in (A) and quantitative analysis of band intensities for normalized acetylated p53 levels were shown for 6 independent
experiments in (B). A significant decrease of p53-acetylation level is detectable at 3 h in NA-supplemented cells compared to control-irradiated cells.

to increasing doses of X-ray. As expected, in unstimulated cells
2.5 Gy induced moderate damage to DNA (Fig. 7A), whereas massive
strand break induction was achieved with high-dose irradiation
(25 Gy; Fig. 7D). Within 40 min repair time, rejoining of DNA breaks
was evident from the partial recovery of fluorescent signals in
PBMC from all donors tested. Strand break formation in supple-
mented PBMC was very similar compared to non-supplemented
cells (Fig. 7A-D, compare values at 0 min), but interestingly, repair
of strand breaks was slightly more efficient in supplemented cells
compared to cells without additional NA treatment in a dose- and
time-dependent manner already after application of 2.5 Gy.

In order to study the role of cell cycle progression in DNA dam-
age formation and repair, we stimulated cells for 44 h with PHA-L
and induced DNA damage by IR in these proliferating PBMC (Fig. 8),
identical to the experimental setup in Fig. 7. The data obtained from
PHA-stimulated cultures displayed a very similar picture as quies-
cent PBMC. Again, NA supplementation slightly, but significantly
improved DNA repair in correlation to the applied dose and time of
repair, although the difference was less pronounced compared to
resting cells, i.e. reaching significance at 5 Gy or higher.

In summary, using the automated FADU assay [81] we were
able to show that PHA-stimulation induced proliferation led to
higher basal levels of strand breaks and NA-supplementation
did not impact on this. NA-supplementation increased consis-
tently the NAD* concentration in cells and maintained it at high
levels even at the supralethal dose of 25Gy irradiation com-
pared to non-supplemented PBMC. These results are similar to
data obtained from quiescent PBMC [45]. Most interestingly, NA
treatment enhanced efficiency of DNA repair independent of pro-
liferation status, but was slightly more effective in quiescent cells.
This may be due to the fact that proliferating cells are more prone
to cell death induction if challenged by IR [82,83] independent of
NAD* pools. As a consequence, severely affected cells do not repair
the damage anymore and die, whereas quiescent cells are less likely
to induce apoptosis under these conditions. The overall mild stimu-

lation of repair by NA-supplementation cannot be solely dependent
on maintaining NAD" at high levels despite PARP1 activity, as low
doses that do not hyperactivate PARP1, i.e. 2.5 and 5 Gy, display only
a moderate reduction in NAD* as expected, but respective samples
still show a significant increase in efficiency. This could be due to
different mechanisms:

The structure of PAR synthesized by PARP1 can vary dependent
on severity of DNA-damage [98,99], on the respective interaction
partner [69,100], and also on the local NAD* concentration [100].
Whereas severity of damage (see Fig. 4) is the same, NAD* levels
differ between NA-supplemented and non-supplemented cells by
the factor of 1.4 (Table 1). Therefore subtle changes in the resulting
PAR-structure (length, branching) may recruit repair factors with a
different efficiency, leading to the observed differences in repair.

Sirtuins regulate a multitude of pathways, with SIRT1 involved
in chromatin restructuring and regulation of repair [49], directly
by targeting histones and indirectly by inactivating other regu-
lator proteins such as p53 or p300, the acetylase targeting p53
[101,102]. P53 is the central transcription factor in stress-response
[90,103-105]. In our experimental setup, p53 is induced after IR as
expected. High levels of p53 not only stop the cell cycle to orches-
trate repair, but can also induce apoptosis [106,107]. SIRT1 reduces
the acetylated form of p53, thus dampen the adverse effects of high
p53 activation [87,88].

Alternatively, restructured chromatin due to a different acety-
lation pattern may more susceptible to recognition and/or repair
of damage. Although general chromatin acetylation is implicated
in repair, there are also some reports about involvement of HDAC
in early steps of DNA repair (reviewed in [108]). Whether this
is relevant for our approach, and whether SIRT1 or other sirtu-
ins are involved remains to be determined. In addition, chromatin
is organized by PARylation (reviewed in [61,62]). DNA breakage
is an immediate trigger of PARP1 activity, which leads to com-
plex re-structuring of the chromatin at sites of damage, facilitating
recruitment of repair proteins and activation of signaling cas-
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cades (for review, see [109]). A faster opening of the chromatin
with quicker recruitment of repair enzymes due to locally higher
availability of NAD* and therefore differently structured PAR may
account to the slight increase in DNA break resealing we observed.

3.4. Effect of NA supplementation on genomic stability

Studies have demonstrated a positive role of poly(ADP-
ribosyl)ation in the maintenance of genomic integrity [59] and a
negative influence by niacin deficiency [24]. Therefore we inves-
tigated the impact of NA supplementation on the formation of
micronuclei in the low dose range of IR (1-5Gy). The basal
micronucleus frequency in undamaged cells was low, but MN
frequency clearly increased in response to DNA damage (Fig. 9).
Non-irradiated control cells displayed MN frequencies of 0.7% and
0.5% (Fig. 9A unstimulated/0 Gy, £NA) and 1.5% and 1.1% (Fig. 9B
stimulated/0 Gy, +£NA). Irradiation of cells in Gg induced higher
MN frequencies compared to cells damaged during proliferation.
NA-treatment reduced MN frequency in proliferating as well as
quiescent cells compared to non-supplemented PBMC, but this was
more pronounced in proliferating cells. For example, MN frequency
was not affected by NA supplementation in resting PBMC at 3 Gy,
but was significantly reduced from 24% to 20% in PHA-L stimulated
cells. At 5 Gy, NA supplementation reduced MN frequency for both
conditions, from nearly 70% to 60% in cells in Gg, and from 36% to
30% in proliferating PBMC. These results are in line with the data
obtained from our DNA break resealing measurements. As repair is

more efficient in supplemented cells MN formation is slightly but
significantly reduced.

Although there was no significant difference in basal MN forma-
tion or after 1 Gy irradiation, at doses >3 Gy lower MN frequencies
were observed in cells damaged during proliferation compared to
PBMC irradiated in Gg. This finding has been described for cells
damaged during a distinct cell cycle phase [110] or with doses of IR
leading to mitotic arrest [111]. Both conditions delay the appear-
ance micronuclei, as these cells undergo a (temporary) division
block and are therefore not included in the scoring of binucleated
cells. The degree of IR induced division delay is dependent on the
cell cycle position at the time of irradiation, with IR damage in S/G2
phase leading to a stronger delay [112,113] and generally resulting
in lower MN frequencies, which is also apparent in our study. This
effect was also reported for DNA damage induction in combina-
tion with PARP inhibitors, showing that resting cells were much
less affected in comparison to proliferating cells [114]. The latter
displayed reduced mutation rates but higher toxicity.

4. Conclusion

Niacin supplementation is generally thought to be beneficial
in conditions of pathologies and aging with the ability to pre-
serve mitochondrial energy production [16,17] with some caveats
regarding side-effects of high-dose regimens. In addition, there are
several reports on positive effects on genome stability or negative
impact of NAD* deficiency [26-28]. In this study, we addressed the
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question of whether DNA repair is also affected by NA supplemen-
tation in normal human PBMC. Based on an automated version of
the FADU technique [81] we monitored DNA strand break forma-
tion in PBMC after IR and the early phase of DNA repair after damage
to discover immediate effects. Although the FADU assay cannot dis-
criminate between single and double strand breaks, the former are
known to be several fold more frequent than the latter after irradi-

ation [115]. Our data indicate that even a short treatment with low
doses of niacin (15 wM) is able to increase NAD" levels in prolifer-
ating PBMC similar to resting PBMC [45]. We could not observe
any influence of NA-supplementation on the rate of DNA dam-
age inflicted by irradiation. Interestingly, repair rates were slightly
but significantly enhanced if NAD* levels were increased in rest-
ing as well as in proliferating PBMC. Accordingly, micronucleus



formation was marginally reduced after NA supplementation, sug-
gesting a slightly better preservation of overall genomic stability.
This slight difference could be based on the lower NAD* levels avail-
able in S-phase, which constrains the repair activity of proliferating
cells. The observed results most likely depend on the availability of
NAD* as substrate for two pathways, i.e. poly(ADP-ribosyl)ation,
which is the main consumer of NAD* after genotoxic stress, and
sirtuin-dependent protein de-acetylation. These enzymatic reac-
tions regulate the DNA repair machinery and chromatin structure
[63,64,85]. Especially PARPs and PAR have a pivotal role in preserv-
ing the genomic integrity as they regulate DNA repair processes
and telomere length and can be detected at centrosomes and cen-
tromeres, thus ensuring correct distribution of the genetic material
during cell division [116]. But there is ample evidence that also
SIRT1 is involved in maintaining chromatin integrity by regulating
different targets (reviewed in [117]). In line with this, knockout of
SIRT1 and/or PARP1 led to changes in chromatin structure and alter-
ations of histone marks [63]. In our study, the non-supplemented
cells were not deficient in NAD*, so it is unlikely that a general
restructuring of chromatin took place in supplemented PBMC. It
can be speculated that the higher availability of NAD* at the time of
damage facilitates specific remodeling of the chromatin at the site
of damage and thus leads to enhanced repair. In non-supplemented
PBMC, PARP1 consumes substantial amounts of NAD* present in
the nucleus after break induction, still working effectively even
at concentrations of NAD* that disfavor SIRT1 activity [96]. PARP1
activity limits by this process the substrate availability for SIRT1,
blocking de-acetylation of target proteins. In line with this, we pro-
vide evidence that NA-supplementation preserves SIRT1 enzymatic
activity also in normal human PBMC as indicated by reduced levels
of acetylated p53. So it can be speculated that maintaining activity
of SIRT1 is improving repair efficiency, i.e. also by enhancing sur-
vival [87]. As it was shown in mice that inactivation of PARP1 leads
to acceleration of aging, shortened life span and increased sponta-
neous carcinogenesis [ 118], it can be hypothesized that maintained
PAR formation by NA supplementation is a potential strategy to
counteract these effects. Notably, we monitored no adverse impact
on the investigated parameters when NAD* levels were modu-
lated. Based on our data, further usage of NA could be conceivable,
as we showed that application of a low concentration (15 wM)
NAD* precursor has a positive effect on genome integrity in our
setting. NAD" dependent enzymes PARP and SIRT both influence
genomic stability and metabolism, and adequate NAD* availabil-
ity is likely to preserve their activities and functions. This could be
favorable for human subjects with decreased PARP activity or low
basal NAD* levels, which occurs during the aging process [119],
in the pathogenesis of diseases [120] or cancer therapy [121,122].
High cellular NAD* levels as achieved by NA supplementation to
maintain poly(ADP-ribosyl)ation and sirtuin activity thus have a
plethora of positive effects, including enhanced repair and chro-
mosomal stability.

Conflict of interest statement

The authors declare that there are no conflicts of interest.

Acknowledgements

This work was supported by the Deutsche Forschungsgemein-
schaft through the Research Training Group 1331 (fellowship
awarded to K.W.). We thank Anja Goder for her assistance in
determining NAD" levels and Prof. Christof R. Hauck, University of
Konstanz, for kindly giving us access to the flow cytometer.

21

References

[1] K.L. Bogan, C. Brenner, Nicotinic acid, nicotinamide, and nicotinamide
riboside: a molecular evaluation of NAD+ precursor vitamins in human
nutrition, Annu. Rev. Nutr. 28 (2008) 115-130, http://dx.doi.org/10.1146/
annurev.nutr.28.061807.155443.

T.M. Jackson, ].M. Rawling, B.D. Roebuck, ].B. Kirkland, Large supplements of

nicotinic acid and nicotinamide increase tissue NAD+ and poly(ADP-ribose)

levels but do not affect diethylnitrosamine-induced altered hepatic foci in

Fischer-344 rats, J. Nutr. 125 (6) (1995) 1455-1461.

A.B. Weitberg, D. Corvese, Niacin prevents DNA strand breakage by

adenosine deaminase inhibitors, Biochem. Biophys. Res. Commun. 167 (2)

(1990) 514-519.

[4] R. Altschul, A. Hoffer, J.D. Stephen, Influence of nicotinic acid on serum
cholesterol in man, Arch. Biochem. Biophys. 54 (2) (1955) 558-559.

[5] D.M. Capuzzi, ].M. Morgan, O.A. Brusco Jr., C.M. Intenzo, Niacin dosing:
relationship to benefits and adverse effects, Curr. Atheroscler. Rep. 2 (1)
(2000) 64-71.

[6] J.D. Morrow, W.G. Parsons 3rd, L.J. Roberts 2nd, Release of markedly
increased quantities of prostaglandin D2 in vivo in humans following the
administration of nicotinic acid, Prostaglandins 38 (2) (1989) 263-274.

[7] T.A. Dalton, R.S. Berry, Hepatotoxicity associated with sustained-release
niacin, Am. J. Med. 93 (1) (1992) 102-104.

[8] J.I. Rader, R.J. Calvert, J.N. Hathcock, Hepatic toxicity of unmodified and
time-release preparations of niacin, Am. J. Med. 92 (1) (1992) 77-81.

[9] J.M. Morgan, D.M. Capuzzi, ].R. Guyton, A new extended-release niacin
(Niaspan): efficacy, tolerability, and safety in hypercholesterolemic patients,
Am. ]. Cardiol. 82 (12A) (1998) 29U-34U, discussion 39U-41U.

[10] E.K. Gupta, M.K. Ito, Lovastatin and extended-release niacin combination
product: the first drug combination for the management of hyperlipidemia,
Heart Dis. 4 (2) (2002) 124-137.

[11] T.Rhodes, J.M. Norquist, C.M. Sisk, K. McQuarrie, A. Trovato, J. Liao, T. Miller,
D. Maccubbin, D.J. Watson, The association of flushing bother, impact,
treatment satisfaction and discontinuation of niacin therapy, Int. J. Clin.
Pract. 67 (12) (2013) 1238-1246, http://dx.doi.org/10.1111/ijcp.12213.

[12] M.O. Chaffman, W.B. Webster, ].T. Winiecki, Efficacy and safety evaluation of
a large niacin therapeutic interchange program, Ann. Pharmacother. 47 (5)
(2013) 657-664, http://dx.doi.org/10.1345/aph.1R736.

[13] O.A. Galescu, M.K. Crocker, A.M. Altschul, S.E. Marwitz, S.M. Brady, J.A.
Yanovski, A pilot study of the effects of niacin administration on free fatty
acid and growth hormone concentrations in children with obesity, Pediatr.
Obes. (2016) 1-8, http://dx.doi.org/10.1111/ijpo.12184, epub ahead of print.

[14] B.A. Harlan, M. Pehar, D.R. Sharma, G. Beeson, C.C. Beeson, M.R. Vargas,
Enhancing NAD+ salvage pathway reverts the toxicity of primary astrocytes
expressing amyotrophic lateral sclerosis-linked mutant superoxide
dismutase 1 (SOD1), J. Biol. Chem. 291 (20) (2016) 10836-10846, http://dx.
doi.org/10.1074/jbc.M115.698779.

[15] C.C. Zhou, X. Yang, X. Hua, J. Liu, M.B. Fan, G.Q. Li, . Song, T.Y. Xu, Z.Y. Li, Y.F.
Guan, et al., Hepatic NAD(+) deficiency as a therapeutic target for
non-alcoholic fatty liver disease in ageing, Br. J. Pharmacol. 173 (15) (2016)
2352-2368, http://dx.doi.org/10.1111/bph.13513.

[16] R. Felici, A. Lapucci, L. Cavone, S. Pratesi, R. Berlinguer-Palmini, A. Chiarugi,
Pharmacological NAD-boosting strategies improve mitochondrial
homeostasis in human complex I-mutant fibroblasts, Mol. Pharmacol. 87 (6)
(2015) 965-971, http://dx.doi.org/10.1124/mol.114.097204.

[17] M.F. Goody, M.W. Kelly, C.J. Reynolds, A. Khalil, B.D. Crawford, C.A. Henry,
NAD+ biosynthesis ameliorates a zebrafish model of muscular dystrophy,
PLoS Biol. 10 (10) (2012) e1001409, http://dx.doi.org/10.1371/journal.pbio.
1001409.

[18] C. Canto, R.H. Houtkooper, E. Pirinen, D.Y. Youn, M.H. Oosterveer, Y. Cen, P.J.
Fernandez-Marcos, H. Yamamoto, P.A. Andreux, P.A. Cettour-Rose, et al., The
NAD(+) precursor nicotinamide riboside enhances oxidative metabolism
and protects against high-fat diet-induced obesity, Cell Metab. 15 (6) (2012)
838-847, http://dx.doi.org/10.1016/j.cmet.2012.04.022.

[19] M.K. Jacobson, H. Kim, W.R. Coyle, M. Kim, D.L. Coyle, R.L. Rizer, E.L.
Jacobson, Effect of myristyl nicotinate on retinoic acid therapy for facial
photodamage, Exp. Dermatol. 16 (11) (2007) 927-935, http://dx.doi.org/10.
1111/j.1600-0625.2007.00616.x.

[20] E.Verdin, NAD(+) in aging, metabolism, and neurodegeneration, Science 350
(6265) (2015) 1208-1213, http://dx.doi.org/10.1126/science.aac4854.

[21] A.C. Boyonoski, ].C. Spronck, L.M. Gallacher, R.M. Jacobs, G.M. Shah, G.G.
Poirier, Niacin deficiency decreases bone marrow poly(ADP-ribose) and the
latency of ethylnitrosourea-induced carcinogenesis in rats, J. Nutr. 132 (1)
(2002) 108-114.

[22] J.C. Spronck, J.B. Kirkland, Niacin deficiency increases spontaneous and
etoposide-induced chromosomal instability in rat bone marrow cells in
vivo, Mutat. Res. 508 (1-2) (2002) 83-97.

[23] ].C. Spronck, J.L. Nickerson, J.B. Kirkland, Niacin deficiency alters p53
expression and impairs etoposide-induced cell cycle arrest and apoptosis in
rat bone marrow cells, Nutr. Cancer 57 (1) (2007) 88-99, http://dx.doi.org/
10.1080/01635580701268337.

[24] L.M. Kostecki, M. Thomas, G. Linford, M. Lizotte, L. Toxopeus, A.P. Bartleman,
J.B. Kirkland, Niacin deficiency delays DNA excision repair and increases
spontaneous and nitrosourea-induced chromosomal instability in rat bone

2

3



22

marrow, Mutat. Res. 625 (1-2) (2007) 50-61, http://dx.doi.org/10.1016/j.
mrfmmm.2007.05.008.

[25] A.P.Bartleman, R. Jacobs, ].B. Kirkland, Niacin supplementation decreases
the incidence of alkylation-induced nonlymphocytic leukemia in
Long-Evans rats, Nutr. Cancer 60 (2) (2008) 251-258, http://dx.doi.org/10.
1080/01635580701649628.

[26] A.C. Boyonoski, ].C. Spronck, R.M. Jacobs, G.M. Shah, G.G. Poirier, J.B.
Kirkland, Pharmacological intakes of niacin increase bone marrow
poly(ADP-ribose) and the latency of ethylnitrosourea-induced
carcinogenesis in rats, J. Nutr. 132 (1) (2002) 115-120.

[27] E.Riklis, R. Kol, R. Marko, Trends and developments in radioprotection: the
effect of nicotinamide on DNA repair, Int. ]. Radiat. Biol. 57 (4) (1990)
699-708.

[28] P.K. Shetty, F. Galeffi, D.A. Turner, Nicotinamide pre-treatment ameliorates
NAD(H) hyperoxidation and improves neuronal function after severe
hypoxia, Neurobiol. Dis. 62 (2014) 469-478, http://dx.doi.org/10.1016/j.nbd.
2013.10.025.

[29] M. Fenech, P. Baghurst, W. Luderer, ]. Turner, S. Record, M. Ceppi, S. Bonassi,
Low intake of calcium, folate, nicotinic acid, vitamin E, retinol, beta-carotene
and high intake of pantothenic acid, biotin and riboflavin are significantly
associated with increased genome instability-results from a dietary intake
and micronucleus index survey in South Australia, Carcinogenesis 26 (5)
(2005) 991-999, http://dx.doi.org/10.1093/carcin/bgi042.

[30] J.A. Heddle, A rapid in vivo test for chromosomal damage, Mutat. Res. 18 (2)
(1973) 187-190.

[31] J.C. Ame, C. Spenlehauer, G. de Murcia, The PARP superfamily, Bioessays 26
(8) (2004) 882-893.

[32] V. Schreiber, F. Dantzer, ].C. Ame, G. de Murcia, Poly(ADP-ribose): novel
functions for an old molecule, Nat. Rev. Mol. Cell Biol. 7 (7) (2006) 517-528.

[33] J.C. Ame, V. Rolli, V. Schreiber, C. Niedergang, F. Apiou, P. Decker, S. Muller, T.
Hoger, ]. Menissier-de Murcia, G. de Murcia, PARP-2, a novel mammalian
DNA damage-dependent poly(ADP-ribose) polymerase, J. Biol. Chem. 274
(25)(1999) 17860-17868.

[34] D. D’Amours, S. Desnoyers, 1. D'Silva, G.G. Poirier, Poly(ADP-ribosyl)ation
reactions in the regulation of nuclear functions, Biochem. J. 342 (Pt 2) (1999)
249-268.

[35] A.Biirkle, Poly(ADP-ribose). The most elaborate metabolite of NAD+, FEBS J.
272 (18) (2005) 4576-4589.

[36] LU. Schraufstatter, D.B. Hinshaw, P.A. Hyslop, R.G. Spragg, C.G. Cochrane,
Oxidant injury of cells. DNA strand-breaks activate polyadenosine
diphosphate-ribose polymerase and lead to depletion of nicotinamide
adenine dinucleotide, ]. Clin. Invest. 77 (4) (1986) 1312-1320, http://dx.doi.
org/10.1172/jci112436.

[37] N.A. Berger, Poly(ADP-ribose) in the cellular response to DNA damage,
Radiat. Res. 101 (1) (1985) 4-15.

[38] N.A. Berger, J.L. Sims, D.M. Catino, S.J. Berger, Poly(ADP-ribose) polymerase
mediates the suicide response to massive DNA damage: studies in normal
and DNA-repair defective cells, Princess Takamatsu Symp. 13 (1983)
219-226.

[39] M.J. Eliasson, K. Sampei, A.S. Mandir, P.D. Hurn, R.J. Traystman, J. Bao, A.
Pieper, Z.Q. Wang, T.M. Dawson, S.H. Dawson, et al., Poly(ADP-ribose)
polymerase gene disruption renders mice resistant to cerebral ischemia,
Nat. Med. 3 (10) (1997) 1089-1095.

[40] C. Szabo, B. Zingarelli, M. O’Connor, A.L. Salzman, DNA strand breakage,
activation of poly (ADP-ribose) synthetase, and cellular energy depletion are
involved in the cytotoxicity of macrophages and smooth muscle cells
exposed to peroxynitrite, Proc. Natl. Acad. Sci. U. S. A. 93 (5) (1996)
1753-1758.

[41] S.Beneke, Poly(ADP-ribose) polymerase activity in different pathologies-the
link to inflammation and infarction, Exp. Gerontol. 43 (7) (2008) 605-614.

[42] C]J. Skidmore, M.I. Davies, P.M. Goodwin, H. Halldorsson, P.J. Lewis, S. Shall,
A.A. Zia’ee, The involvement of poly(ADP-ribose) polymerase in the
degradation of NAD caused by gamma-radiation and
N-methyl-N-nitrosourea, Eur. J. Biochem. 101 (1) (1979) 135-142.

[43] S.Imai, C.M. Armstrong, M. Kaeberlein, L. Guarente, Transcriptional silencing
and longevity protein Sir2 is an NAD-dependent histone deacetylase, Nature
403 (6771) (2000) 795-800, http://dx.doi.org/10.1038/35001622.

[44] W. Kupis, ]. Palyga, E. Tomal, E. Niewiadomska, The role of sirtuins in cellular
homeostasis, J. Physiol. Biochem. (2016), http://dx.doi.org/10.1007/s13105-
016-0492-6, epub ahead of print.

[45] K. Weidele, A. Kunzmann, M. Schmitz, S. Beneke, A. Biirkle, Ex vivo
supplementation with nicotinic acid enhances cellular
poly(ADP-ribosyl)ation and improves cell viability in human peripheral
blood mononuclear cells, Biochem. Pharmacol. 80 (7) (2010) 1103-1112,
http://dx.doi.org/10.1016/j.bcp.2010.06.010.

[46] ].M. Rawling, T.M. Jackson, E.R. Driscoll, ].B. Kirkland, Dietary niacin
deficiency lowers tissue poly(ADP-ribose) and NAD+ concentrations in
Fischer-344 rats, J. Nutr. 124 (9) (1994) 1597-1603.

[47] ]J.Z. Zhang, S.M. Henning, M.E. Swendseid, Poly(ADP-ribose) polymerase
activity and DNA strand breaks are affected in tissues of niacin-deficient
rats, J. Nutr. 123 (8) (1993) 1349-1355.

[48] S.Imai, F.B. Johnson, R.A. Marciniak, M. McVey, P.U. Park, L. Guarente, Sir2:
an NAD-dependent histone deacetylase that connects chromatin silencing,
metabolism, and aging, Cold Spring Harb. Symp. Quant. Biol. 65 (2000)
297-302.

[49] L. Bosch-Presegue, A. Vaquero, Sirtuins in stress response: guardians of the
genome, Oncogene 33 (29) (2014) 3764-3775, http://dx.doi.org/10.1038/
onc.2013.344.

[50] S.Imai, L. Guarente, NAD+ and sirtuins in aging and disease, Trends Cell Biol.
24 (8)(2014) 464-471, http://dx.doi.org/10.1016/j.tcb.2014.04.002.

[51] G.G. Liou, J.C. Tanny, R.G. Kruger, T. Walz, D. Moazed, Assembly of the SIR
complex and its regulation by O-acetyl-ADP-ribose, a product of
NAD-dependent histone deacetylation, Cell 121 (4) (2005) 515-527.

[52] R.H. Wang, K. Sengupta, C. Li, H.S. Kim, L. Cao, C. Xiao, S. Kim, X. Xu, Y. Zheng,
B. Chilton, et al., Impaired DNA damage response, genome instability, and
tumorigenesis in SIRT1 mutant mice, Cancer Cell 14 (4) (2008) 312-323,
http://dx.doi.org/10.1016/j.ccr.2008.09.001.

[53] P.O. Hassa, M.O. Hottiger, The diverse biological roles of mammalian PARPS,
a small but powerful family of poly-ADP-ribose polymerases, Front. Biosci.
13 (2008) 3046-3082, D.0.1.: 2909 [pii].

[54] A.Burkle, PARP-1: a regulator of genomic stability linked with mammalian
longevity, Chembiochem 2 (10) (2001) 725-728.

[55] M. Kruszewski, . Szumiel, Sirtuins (histone deacetylases III) in the cellular
response to DNA damage-facts and hypotheses, DNA Repair (Amst.) 4 (11)
(2005) 1306-1313, http://dx.doi.org/10.1016/j.dnarep.2005.06.013.

[56] C. Canto, A.A. Sauve, P. Bai, Crosstalk between poly(ADP-ribose) polymerase
and sirtuin enzymes, Mol. Asp. Med. 34 (6) (2013) 1168-1201, http://dx.doi.
org/10.1016/j.mam.2013.01.004.

[57] S.B.Rajamohan, V.B. Pillai, M. Gupta, N.R. Sundaresan, K.G. Birukov, S.
Samant, M.O. Hottiger, M.P. Gupta, SIRT1 promotes cell survival under stress
by deacetylation-dependent deactivation of poly(ADP-ribose) polymerase 1,
Mol. Cell Biol. 29 (15) (2009) 4116-4129, http://dx.doi.org/10.1128/MCB.

00121-09, MCB. 00121-09 [pii].

[58] P. Bai, C. Canto, H. Oudart, A. Brunyanszki, Y. Cen, C. Thomas, H. Yamamoto,
A. Huber, B. Kiss, R.H. Houtkooper, et al., PARP-1 inhibition increases
mitochondrial metabolism through SIRT1 activation, Cell Metab. 13 (4)
(2011) 461-468, http://dx.doi.org/10.1016/j.cmet.2011.03.004.

[59] R. Meyer, M. Miiller, S. Beneke, J.H. Kiipper, A. Biirkle, Negative regulation of
alkylation-induced sister-chromatid exchange by poly(ADP-ribose)
polymerase-1 activity, Int. ]. Cancer 88 (3) (2000) 351-355.

[60] P. Oberdoerffer, S. Michan, M. McVay, R. Mostoslavsky, J. Vann, S.K. Park, A.
Hartlerode, J. Stegmuller, A. Hafner, P. Loerch, et al., SIRT1 redistribution on
chromatin promotes genomic stability but alters gene expression during
aging, Cell 135 (5) (2008) 907-918, http://dx.doi.org/10.1016/j.cell.2008.10.
025.

[61] S. Beneke, Regulation of chromatin structure by poly(ADP-ribosyl)ation,
Front. Genet. 3 (2012) 169, http://dx.doi.org/10.3389/fgene.2012.00169.

[62] M.O. Hottiger, Nuclear ADP-ribosylation and its role in chromatin plasticity,
cell differentiation, and epigenetics, Annu. Rev. Biochem. 84 (2015)
227-263, http://dx.doi.org/10.1146/annurev-biochem-060614-034506.

[63] R. El Ramy, N. Magroun, N. Messadecq, L.R. Gauthier, F.D. Boussin, U.
Kolthur-Seetharam, V. Schreiber, M.W. McBurney, P. Sassone-Corsi, F.
Dantzer, Functional interplay between Parp-1 and SirT1 in genome integrity
and chromatin-based processes, Cell Mol. Life Sci. 66 (19) (2009)
3219-3234, http://dx.doi.org/10.1007/s00018-009-0105-4.

[64] C.A. Benavente, S.A. Schnell, E.L. Jacobson, Effects of niacin restriction on
sirtuin and PARP responses to photodamage in human skin, PLoS One 7 (7)
(2012) e42276, http://dx.doi.org/10.1371/journal.pone.0042276.

[65] U. Kolthur-Seetharam, F. Dantzer, M.\W. McBurney, G. de Murcia, P.
Sassone-Corsi, Control of AIF-mediated cell death by the functional
interplay of SIRT1 and PARP-1 in response to DNA damage, ABBV Cell Cycle
5(8)(2006) 873-877.

[66] H. Vaziri, S.K. Dessain, E. Ng Eaton, S.I. Imai, R.A. Frye, T.K. Pandita, L.
Guarente, R.A. Weinberg, hSIR2(SIRT1) functions as an NAD-dependent p53
deacetylas, Cell 107 (2) (2001) 149-159.

[67] H. Mendoza-Alvarez, R. Alvarez-Gonzalez, Regulation of p53
sequence-specific DNA-binding by covalent poly(ADP-ribosyl)ation, J. Biol.
Chem. 276 (39) (2001) 36425-36430.

[68] M. Malanga, .M. Pleschke, H.E. Kleczkowska, F.R. Kleczkowska,
Poly(ADP-ribose) binds to specific domains of p53 and alters its DNA
binding functions, J. Biol. Chem. 273 (19) (1998) 11839-11843.

[69] ]. Fahrer, R. Kranaster, M. Altmeyer, A. Marx, A. Biirkle, Quantitative analysis
of the binding affinity of poly(ADP-ribose) to specific binding proteins as a
function of chain length, Nucl. Acids Res. 35 (21) (2007) e143.

[70] Z. Mao, C. Hine, X. Tian, M. Van Meter, M. Au, A. Vaidya, A. Seluanov, V.
Gorbunova, SIRT6 promotes DNA repair under stress by activating PARP1,
Science 332 (6036) (2011) 1443-1446, http://dx.doi.org/10.1126/science.
1202723.

[71] A. Munoz, M. Costa, Nutritionally mediated oxidative stress and
inflammation, Oxid. Med. Cell Longev. 2013 (2013) 610950, http://dx.doi.
org/10.1155/2013/610950.

[72] S. Shelke, B. Das, Dose response and adaptive response of non-homologous
end joining repair genes and proteins in resting human peripheral blood
mononuclear cells exposed to gamma radiation, Mutagenesis 30 (3) (2015)
365-379, http://dx.doi.org/10.1093/mutage/geu081.

[73] S.M. Toprani, B. Das, Role of base excision repair genes and proteins in
gamma-irradiated resting human peripheral blood mononuclear cells,
Mutagenesis 30 (2) (2015) 247-261, http://dx.doi.org/10.1093/mutage/
geu065.



[74] M. Berwick, P. Vineis, Markers of DNA repair and susceptibility to cancer in
humans: an epidemiologic review, J. Natl. Cancer Inst. 92 (11) (2000)
874-897.

[75] P.S. Basu, M.K. Ray, T.K. Datta, On characterization of Phaseolus vulgaris
lectin (PHA) & separation of homogeneous leucoagglutinin (L-PHA), Indian J.
Exp. Biol. 18 (9) (1980) 931-934.

[76] M. Pittelli, L. Cavone, A. Lapucci, C. Oteri, R. Felici, E. Niccolai, A. Amedei, A.
Chiarugi, Nicotinamide phosphoribosyltransferase (NAMPT) activity is
essential for survival of resting lymphocytes, Immunol. Cell Biol. 92 (2)
(2014) 191-199, http://dx.doi.org/10.1038/icb.2013.85.

[77] S. Sestini, G. Jacomelli, M. Pescaglini, V. Micheli, G. Pompucci, Enzyme
activities leading to NAD synthesis in human lymphocytes, Arch. Biochem.
Biophys. 379 (2) (2000) 277-282, http://dx.doi.org/10.1006/abbi.2000.1888.

[78] P.E. Crossen, W.F. Morgan, Occurrence of 1 st division metaphases in human
lymphocyte cultures, Hum. Genet. 41 (1) (1978) 97-100.

[79] M. Fenech, Cytokinesis-block micronucleus cytome assay, Nat. Protoc. 2 (5)
(2007) 1084-1104, http://dx.doi.org/10.1038/nprot.2007.77.

[80] E.L.Jacobson, M.K. Jacobson, Pyridine nucleotide levels as a function of
growth in normal and transformed 3T3 cells, Arch. Biochem. Biophys. 175
(2)(1976) 627-634.

[81] M. Moreno-Villanueva, R. Pfeiffer, T. Sindlinger, A. Leake, M. Muller, T.B.
Kirkwood, A. Burkle, A modified and automated version of the ‘Fluorimetric
Detection of Alkaline DNA Unwinding’ method to quantify formation and
repair of DNA strand breaks, BMC Biotechnol. 9 (2009) 39, http://dx.doi.org/
10.1186/1472-6750-9-39.

[82] D.G. McArt, G. McKerr, K. Saetzler, C.V. Howard, C.S. Downes, G.R. Wasson,
Comet sensitivity in assessing DNA damage and repair in different cell cycle
stages, Mutagenesis 25 (3) (2010) 299-303, http://dx.doi.org/10.1093/
mutage/geq006.

[83] C. Mayer, O. Popanda, O. Zelezny, M.C. von Brevern, A. Bach, H. Bartsch, P.
Schmezer, DNA repair capacity after gamma-irradiation and expression
profiles of DNA repair genes in resting and proliferating human peripheral
blood lymphocytes, DNA Repair (Amst.) 1 (3) (2002) 237-250.

[84] Y.F.Dai, Y.N. Yu, X.R. Chen, The cell-cycle dependent and the DNA-damaging
agent-induced changes of cellular NAD content and their significance,
Mutat. Res. 191 (1) (1987) 29-35.

[85] M. Scheibye-Knudsen, S.J. Mitchell, E.F. Fang, T. lyama, T. Ward, ]. Wang, C.A.
Dunn, N. Singh, S. Veith, M.M. Hasan-Olive, et al., A high-fat diet and NAD(+)
activate Sirt1 to rescue premature aging in cockayne syndrome, Cell Metab.
20 (5) (2014) 840-855, http://dx.doi.org/10.1016/j.cmet.2014.10.005.

[86] E.F. Fang, M. Scheibye-Knudsen, L.E. Brace, H. Kassahun, T. SenGupta, H.
Nilsen, J.R. Mitchell, D.L. Croteau, V.A. Bohr, Defective mitophagy in XPA via
PARP-1 hyperactivation and NAD(+)/SIRT1 reduction, Cell 157 (4) (2014)
882-896, http://dx.doi.org/10.1016/j.cell.2014.03.026.

[87] ].B. Pillai, A. Isbatan, S. Imai, M.P. Gupta, Poly(ADP-ribose)
polymerase-1-dependent cardiac myocyte cell death during heart failure is
mediated by NAD+ depletion and reduced Sir2alpha deacetylase activity, J.
Biol. Chem. 280 (52) (2005) 43121-43130, http://dx.doi.org/10.1074/jbc.
M506162200.

[88] A.Furukawa, S. Tada-Oikawa, S. Kawanishi, S. Oikawa, H202 accelerates
cellular senescence by accumulation of acetylated p53 via decrease in the
function of SIRT1 by NAD+ depletion, Cell Physiol. Biochem. 20 (1-4) (2007)
45-54, http://dx.doi.org/10.1159/000104152.

[89] M. Oren, Decision making by p53: life, death and cancer, Cell Death Differ.
10 (4) (2003) 431-442, http://dx.doi.org/10.1038/sj.cdd.4401183.

[90] S.Kume, M. Haneda, K. Kanasaki, T. Sugimoto, S. Araki, M. Isono, K. Isshiki, T.
Uzu, A. Kashiwagi, D. Koya, Silent information regulator 2 (SIRT1) attenuates
oxidative stress-induced mesangial cell apoptosis via p53 deacetylation,
Free Radic. Biol. Med. 40 (12) (2006) 2175-2182, http://dx.doi.org/10.1016/
j.freeradbiomed.2006.02.014.

[91] E.J. Kim, J.H. Kho, M.R. Kang, S.]. Um, Active regulator of SIRT1 cooperates
with SIRT1 and facilitates suppression of p53 activity, Mol. Cell 28 (2) (2007)
277-290, http://dx.doi.org/10.1016/j.molcel.2007.08.030.

[92] F. Koch-Nolte, S. Fischer, F. Haag, M. Ziegler, Compartmentation of
NAD+-dependent signalling, FEBS Lett. 585 (11) (2011) 1651-1656, http://
dx.doi.org/10.1016/j.febslet.2011.03.045.

[93] A. Nikiforov, V. Kulikova, M. Ziegler, The human NAD metabolome:
functions, metabolism and compartmentalization, Crit. Rev. Biochem. Mol.
Biol. 50 (4) (2015) 284-297, http://dx.doi.org/10.3109/10409238.2015.
1028612.

[94] M.R. VanLinden, C. Dolle, L.K. Pettersen, V.A. Kulikova, M. Niere, G. Agrimi,
S.E. Dyrstad, F. Palmieri, A.A. Nikiforov, KJ. Tronstad, et al., Subcellular
distribution of NAD+ between cytosol and mitochondria determines the
metabolic profile of human cells, J. Biol. Chem. 290 (46) (2015)
27644-27659, http://dx.doi.org/10.1074/jbc.M115.654129.

[95] S. Beneke, A.L. Scherr, V. Ponath, O. Popp, A. Biirkle, Enzyme characteristics
of recombinant poly(ADP-ribose) polymerases-1 of rat and human origin
mirror the correlation between cellular poly(ADP-ribosyl)ation capacity and
species-specific life span, Mech. Ageing Dev. 131 (5) (2010) 366-369, http://
dx.doi.org/10.1016/j.mad.2010.04.003.

[96] R.H. Houtkooper, C. Canto, R.J. Wanders, ]J. Auwerx, The secret life of NAD+:
an old metabolite controlling new metabolic signaling pathways, Endocr.
Rev. 31 (2) (2010) 194-223, http://dx.doi.org/10.1210/er.2009-0026.

23

[97] ].S. Mohamed, ].C. Wilson, M.J. Myers, K.J. Sisson, S.E. Alway, Dysregulation
of SIRT-1 in aging mice increases skeletal muscle fatigue by a
PARP-1-dependent mechanism, Aging (Albany N.Y.) 6 (10) (2014) 820-834,
http://dx.doi.org/10.18632/aging.100696.

[98] R. Martello, A. Mangerich, S. Sass, P.C. Dedon, A. Burkle, Quantification of
cellular poly(ADP-ribosyl)ation by stable isotope dilution mass
spectrometry reveals tissue- and drug-dependent stress response dynamics,
ACS Chem. Biol. 8 (7) (2013) 1567-1575, http://dx.doi.org/10.1021/
cb400170b.

[99] C.C.Kiehlbauch, N. Aboul-Ela, E.L. Jacobson, D.P. Ringer, M.K. Jacobson, High
resolution fractionation and characterization of ADP-ribose polymers, Anal.
Biochem. 208 (1) (1993) 26-34.

[100] F. Berger, C. Lau, M. Ziegler, Regulation of poly(ADP-ribose) polymerase 1
activity by the phosphorylation state of the nuclear NAD biosynthetic
enzyme NMN adenylyl transferase 1, Proc. Natl. Acad. Sci. U. S. A. 104 (10)
(2007) 3765-3770, http://dx.doi.org/10.1073/pnas.0609211104.

[101] W. Gu, R.G. Roeder, Activation of p53 sequence-specific DNA binding by
acetylation of the p53 C-terminal domain, Cell 90 (4) (1997) 595-606.

[102] K. Sakaguchi, J.E. Herrera, S. Saito, T. Miki, M. Bustin, A. Vassilev, CW.
Anderson, E. Appella, DNA damage activates p53 through a
phosphorylation-acetylation cascade, Genes Dev. 12 (18) (1998) 2831-2841.

[103] A.B. Williams, B. Schumacher, p53 in the DNA-Damage-Repair Process, Cold
Spring Harb. Perspect. Med. 6 (5) (2016), http://dx.doi.org/10.1101/
cshperspect.a026070.

[104] S.M. Joruiz, ].C. Bourdon, P53 isoforms: key regulators of the cell fate
decision, Cold Spring Harb. Perspect. Med. 6 (8) (2016), http://dx.doi.org/10.
1101/cshperspect.a026039.

[105] J. Zhang, L. Shen, L.Q. Sun, The regulation of radiosensitivity by p53 and its
acetylation, Cancer Lett. 363 (2) (2015) 108-118, http://dx.doi.org/10.1016/
j.canlet.2015.04.015.

[106] K. Kuribayashi, W.S. El-Deiry, Regulation of programmed cell death by the
p53 pathway, Adv. Exp. Med. Biol. 615 (2008) 201-221, http://dx.doi.org/10.
1007/978-1-4020-6554-5_10.

[107] K. Kuribayashi, N. Finnberg, W.S. El-Deiry, Studying p53-dependent cell
death in vitro and in vivo, Methods Enzymol. 446 (2008) 159-173, http://dx.
doi.org/10.1016/S0076-6879(08)01609-1.

[108] N.C.House, M.R. Koch, C.H. Freudenreich, Chromatin modifications and DNA
repair: beyond double-strand breaks, Front. Genet. 5 (2014) 296, http://dx.
doi.org/10.3389/fgene.2014.00296.

[109] K. Martin-Hernandez, ].M. Rodriguez-Vargas, V. Schreiber, F. Dantzer,
Expanding functions of ADP-ribosylation in the maintenance of genome
integrity, Semin. Cell Dev. Biol. (2016), http://dx.doi.org/10.1016/j.semcdb.
2016.09.009, epub ahead of print.

[110] H. Barbason, Influence of X-irradiation on the different stages of the cell
cycle in regenerating rat liver, Virchows Arch. B Cell Pathol. 16 (4) (1974)
363-369.

[111] W.U. Muller, A. Rode, The micronucleus assay in human lymphocytes after
high radiation doses (5-15 Gy), Mutat. Res. 502 (1-2) (2002) 47-51.

[112] I Tallon, L. Verschaeve, M. Kirsch-Volders, Cell cycle dependent aneuploidy
induction by X-rays in vitro in human lymphocytes, Microsc. Res. Tech. 40
(5) (1998) 344-353, http://dx.doi.org/10.1002/(SIC)1097-
0029(19980301)40:5<344:AID-JEMT2>3.0.CO;2-R.

[113] CK.Yu, WK. Sinclair, Mitotic delay and chromosomal aberrations induced
by X rays in synchronized Chinese hamster cells in vitro, J. Natl. Cancer Inst.
39 (4)(1967) 619-632.

[114] V. Nunbhakdi, E.L. Jacobson, Effects of a poly(ADP-ribose) polymerase
inhibitor on mutation frequencies in dividing and quiescent C3H10T1/2
cells, Mutat. Res. 180 (2) (1987) 249-256.

[115] R. Roots, W. Holley, A. Chatterjee, E. Rachal, G. Kraft, The influence of
radiation quality on the formation of DNA breaks, Adv. Space Res. 9 (10)
(1989) 45-55.

[116] M.L. Meyer-Ficca, R.G. Meyer, E.L. Jacobson, M.K. Jacobson, Poly(ADP-ribose)
polymerases: managing genome stability, Int. ]. Biochem. Cell Biol. 37 (5)
(2005) 920-926.

[117] P. Martinez-Redondo, A. Vaquero, The diversity of histone versus
nonhistone sirtuin substrates, Genes Cancer 4 (3-4) (2013) 148-163.

[118] T.S. Piskunova, M.N. Yurova, A.l. Ovsyannikova, A.V. Semenchenko, M.A.
Zabezhinski, .G. Popovich, Z.-Q. Wang, V.N. Anisimov, Deficiency in
Poly(ADP-ribose) Polymerase(PARP-1) accelerates aging and spontaneous
carcinogenesis in mice, Curr. Gerontol. Geriatr. Res. 2008 (2008) 1.

[119] K. Grube, A. Biirkle, Poly(ADP-ribose) polymerase activity in mononuclear
leukocytes of 13 mammalian species correlates with species-specific life
span, Proc. Natl. Acad. Sci. U. S. A. 89 (24) (1992) 11759-11763.

[120] A. Burkle, Physiology and pathophysiology of poly(ADP-ribosyl)ation,
Bioessays 23 (9) (2001) 795-806, http://dx.doi.org/10.1002/bies.1115.

[121] S. Dreizen, K.B. McCredie, M.]. Keating, B.S. Andersson, Nutritional
deficiencies in patients receiving cancer chemotherapy, Postgrad. Med. 87
(1)(1990) 163-167, 170.

[122] ].B. Kirkland, Niacin status and treatment-related leukemogenesis, Mol.
Cancer Ther. 8 (4) (2009) 725-732, http://dx.doi.org/10.1158/1535-7163.
MCT-09-0042.





