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1. ABSTRACT

Nicotinamide Adenine Dinucleotide (NAD+) 
is known mainly as coenzyme of redox reactions for 
energy transduction and is consumed as substrate 
in regulatory reactions removing nicotinamide and 
producing ADP-ribose. Several families of ADP-
ribose synthesizing enzymes use NAD+ as substrate 
and control processes like DNA repair, replication 
and transcription, chromatin structure, the activity 
of G-proteins and others. Since NAD+-dependent 
reactions involve degradation of the dinucleotide, a 
constant supply of the pyridinic substrate is required 
for its homeostasis. NAD+-dependent signaling 
reactions include protein deacetylation by sirtuins, 
intracellular calcium signaling and mono-/poly-ADP-
ribosylation. In the context of all NAD+-dependent 
reactions leading to ADP-ribose synthesis, this 
review focuses mainly on both the central role 
played by sirtuins and poly-ADPribose polymerases 
as cellular NAD+ consumers and their crosstalk in 
signaling pathways.

2. INTRODUCTION

Nicotinamide Adenine Dinucleotide 
(NAD+) plays a major role in all cells as cofactor 
in metabolic redox reactions and as substrate 
for signal transduction that is regulated by NAD+ 
concentration (1-5). The cleavage of NAD+ leads 
to the synthesis of poly-, mono-, cyclic- and 
O-acetyl-(ADP-ribose) structures in reactions that 
control processes such as DNA repair, chromatin 
structure, telomere stability, chromosome sorting, 
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G-protein activity and neuronal calcium signaling, 
widely described elsewhere (6-9). A decrease of 
NAD+ levels can have severe consequences. NAD+ 
deprivation has been associated with major human 
diseases such as age- and diet-induced disorders, 
neurodegeneration and cancer (10-14). This review 
focuses on both the central role played by sirtuins 
and poly-ADPribose polymerases as main cellular 
NAD+ consumers and their crosstalk in signaling 
pathways.

Sirtuins are a family of NAD+-dependent 
protein deacetylases widely distributed in all phyla of 
life. The use of NAD+ as a co-substrate distinguishes 
sirtuins from other classes of protein deacetylases. 
Accumulating evidence indicates that sirtuins are 
important regulators of organism life span (10, 15, 16). 
Still debated is the ADP-ribosyltransferase activity of 
some sirtuins (10).

 Protein ADP-ribosyltransferases catalyze 
the transfer of adenosine diphosphate ribose (ADP-
ribose) from nicotinamide adenine dinucleotide 
(NAD) onto specific target proteins (9). The activity 
of PARP family members is involved in cellular 
signalling pathways through a complex response 
that is driven by mono- (MAR) and poly(ADP-ribose) 
(PAR) (8, 17-20). Removal of ADP-ribose units from 
PARP-1 and other proteins is mediated by PARG (21) 
and ARH3 (22, 23) which promote rapid degradation 
and turnover of PAR polymers. The cross-talk among 
different PARPs suggests specific functions for each 
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PARP family member (17, 19, 20). The increase of 
these members in the evolutionary scale up to 17 
enzymes in mammals, accounts for specialized 
roles. These functions are further diversified by the 
expression and localization patterns of individual 
PARPs (9). 

Cross-talking has been described between 
sirtuins and PARPs too (24, 25). New information are 
available regarding PARP-1 and sirtuins regulating 
various physiological processes as well as cell 
death and ischemic brain damage (25). All together 
these findings support the hypothesis that NAD+ 
metabolism, PARP-1 and sirtuins play fundamental 
roles and are involved in metabolism, oxidative 
stress and ageing (10, 25).

This review is a survey of the most recent 
findings on the interplay of sirtuins, particularly SIRT 
1, and PARPs, mainly PARP 1 and 2, mediated by 
cellular NAD+ concentration. 

3. THE FAMILY OF SIRTUINS

Sirtuins are highly conserved NAD+-
dependent protein deacetylases and/or ADP-
ribosyltransferases that can extend the lifespan 
of several lower model organisms including 
yeast, worms and flies (10, 26). Yeast SIR2 was 
the first discovered NAD+-dependent histone 

deacetylase (27, 28). Thereafter seven sirtuins 
(SIRT 1-7) were identified in mammals, with 
mammalian SIRT1 evolutionarily the closest to yeast 
Sir2 (29, 30). The mammalian sirtuins have been 
connected to various activities from cellular stress 
resistance and genomic stability, to tumorigenesis 
and energy metabolism (10). All mammalian sirtuins 
are in various cell compartments, have a conserved 
NAD+-binding and catalytic domain (sirtuin core 
domain), have different N- and C-terminal domains, 
and differ for substrate specificity (histones and non-
histones), and biological functions (Table I) (26). 
Yeast and mammalian sirtuins catalyze the same 
reaction, NAD+-dependent histone deacetylation 
(Figure 1) (31, 32). The two-step deacetylation 
reaction of sirtuins starts with the cleavage of 
NAD+ at the beta-N glycosidic linkage to remove 
nicotinamide (NAM), followed by the transfer of 
the acetyl group from the substrate to the ADP-
ribose moiety to form O-acetyl-ADP ribose and the 
deacetylated substrate (33, 34). Despite different 
subcellular localizations and a broad range of 
substrate specificities, the activity of all sirtuins is 
directly controlled by cellular NAD+ levels, which are 
an indicator of cellular metabolic status. The activity 
of these enzymes is also inhibited by their common 
enzymatic product, nicotinamide (35).

The seven mammalian sirtuins, SIRT1 to 
SIRT7, have emerged as key metabolic sensors that 

Table 1. Mammalian sirtuins
Sirtuin Enzyme Activity Main Substrates Role in Cell localization

SIRT1 Deacetylase p53, Foxo1, Foxo3, Bax, Hif-1 alpha, Hif-2a, HSF1, 
Ku70, b-catenin, E2F1, Myc, STAT3, PGC-1 alpha, 
NF-kB, TORC2, LXR, FXR, SREBP, PER2, CLOCK

Energy metabolism, stress 
response

Nucleus 
Cytoplasm

SIRT2 Deacetylase Tubulin, PEPCK, Foxo1, PAR3 Cell cycle Cytoplasm

SIRT3 Deacetylase Oxidative P-rylation complex I, AceCS2, LCAD, 
HMG-CoA synthase 2, IDH2, MnSOD, SOD2

ATP synthesis, anti-oxidativestress, 
thermogenesis

Mitochondria

SIRT4 ADPR-transferase GDH Insulin secretion, fatty acid oxidation Mitochondria

SIRT5 Deacetylase CPS1 Urea cycle Mitochondria

SIRT6 Deacetylase/
ADPR-transferase

H3K9, H3K56, CtIP, SIRT6 DNA repair, metabolism, 
inflammation

Nucleus

SIRT7 Deacetylase? p53? rDNA transcription Nucleolus

CLOCK, Circadian Locomotor Output Cycles Kaput; CPS1, carbamoyl phosphate synthetase 1; FOXO, forkhead box O; FXR, farnesoid 
X receptor; GDH, glutamate dehydrogenase; HIF1alpha, hypoxia-inducible factor 1α; HMGCS2, 3-hydroxy-3-methylglutaryl CoA synthase 
2; IDH2, isocitrate dehydrogenase 2; LCAD, long-chain acyl CoA dehydrogenase; LXR, liver X receptor; NF-kB, nuclear factor-kB; 
OXPHOS, oxidative phosphorylation; PAR3, partitioning defective 3 homologue; PEPCK, phosphoenolpyruvate carboxykinase; PER2, 
PERiod circadian protein homolog 2; PGC1alpha, peroxisome proliferator-activated receptor-γ co-activator 1alpha; SIRT, sirtuin; SOD2, 
superoxide dismutase 2; SREBP1c, sterol-response element-binding protein 1c; TORC2, Transducer Of Regulated CREB 2
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directly link environmental signals to mammalian 
stress response and metabolic homeostasis (35, 36). 
The fact that sirtuins require NAD+ for their enzymatic 
activity links directly the activity of sirtuins to the 
metabolic state in the cell and crosses metabolism 
with aging and aging-related diseases (cancer, 
neurodegeneration, cardiovascular disease) (37). 
Recent work suggests that sirtuins can modulate 
ROS levels notably during a dietary regimen known as 
Calorie Restriction (CR) which enhances lifespan for 
several organisms (38-39). The most direct indication 
that sirtuins play an important role in the physiological 
adaptation to CR comes from a more detailed analysis 
of their substrates and physiological effects (40, 41). 
The effects of CR must be a coordinated, systemic 
response, involving various tissues and the way they 
interact (41). The hallmarks of CR are metabolic 
adaptation to oxidative metabolism in order to produce 
as much as possible energy from available sources, 

and resistance to stress, particularly oxidative 
stress (40-43). Although both sirtuins and ROS have 
been implicated in the aging process, their precise 
roles remain almost unknown. 

SIRT1 plays a central role in inducing 
stress resistance, mitochondrial biogenesis, and 
fat metabolism (43, 44). This sirtuin deacetylates 
PGC-1alpha (45, 46), FOXO1(47, 48), and 
PPARalpha (49). Moreover, SIRT1 activity is tightly 
linked to AMP kinase (AMPK) (50, 51), since AMPK 
regulates expression of the NAD synthetic enzyme 
NAMPT (52), and SIRT1 was shown to deacetylate 
and to activate the AMPK activator kinase LKB1 (53) 
although the latter has been recently attributed 
to SIRT3 (54). At the same time, SIRT1 turn off 
glycolytic metabolism by deacetylating glycolytic 
enzymes (55) and one of their key transcriptional 
inducers, HIF-1alpha (56). The metabolic shift 

Figure 1. The reactions of NAD+-dependent ADP-ribose synthesis by Sirtuins and ADP-ribosyl transferases. Sirtuins transfer the acetyl group 
from a substrate protein to ADP-ribose. ADP-ribosyl transferases transfer ADP-ribose to an acceptor protein. mARTs, mono- ADP-ribosyl 
transferases; PARPs, poly- ADP-ribosyl transferases. 



The Interplay of Sirtuins and Poly(ADP-ribose) polymerases

 461 © 1996-2015

from glycolysis toward mitochondria processes, 
and the derived stress tolerance are sustained by 
the activity of SIRT3 and SIRT5 that deacetylates 
and desuccinylates mitochondrial proteins 
respectively (57-59). Mitochondrial superoxide 
dismutase 2 and metabolic enzymes of fatty acid 
oxidation, the urea cycle, and acetate metabolism 
are main targets of these sirtuins (43, 60-66). SIRT3 
reduces reactive oxygen species (ROS) production 
by mitochondria, thus blocking HIF-1alpha induction 
and reducing the ROS charge to cells (67, 68). 
SIRT6 deacetylates histones at HIF-1alpha loci 
corepressing HIF-1alpha target (69). 

As opposite to SIRT3 and SIRT5, the 
expression of the third mitochondrial sirtuin, 
SIRT4, decreases in CR. This is explainable as 
SIRT4 ADP-ribosylates and represses glutamate 
dehydrogenase (70), a key enzyme allowing 
glutamine and glutamate to enter Krebs’ cycle 
and central metabolism to provide energy during 
CR. This co-involvement of SIRT1, SIRT3, SIRT4, 
and SIRT6 is relevant to the Warburg effect, in 
which cancer cells show a massive increase of 
glycolysis and glutaminolysis, leading to possible 
tumor suppressor functions (71). Supporting this 
hypothesis are the findings that in many tumors 
loss of SIRT3 or SIRT6 (increase of glycolysis), 
or loss of SIRT4, inducing glutaminolysis, 
have been measured (69, 71-73). Moreover, 
SIRT4 is mostly increased in DNA damage and 
blocks glutamine entry into metabolism (72). 
As a consequence it might be possible a tumor 
suppressor role by a “glutamine checkpoint” that 
limits growth of precancerous cells to allow repair 
of damage (71, 72). The involvement of SIRT4 in 
cancer suppression is supported by another study 
where the levels of this sirtuin are regulated by 
mTORC1, a protein complex that functions as a 
nutrient/energy/redox sensor and controls protein 
synthesis (74). Some observations about sirtuin 
functioning in tumors go to different direction. 
For instance for SIRT1, there is evidence for 
both a tumor prevention function (75) and tumor 
enhancement function in established tumors (76).

In synthesis sirtuins with the nutrient 
sensors cited above, (AMPK, mTOR, FOXO, etc.) are 
considered very important in linking diet, metabolism, 
aging and diseases (reviewed in 38, 40, 41). This 
view supports the initial hypothesis made by 
Guarente that nutrient-sensing regulators mediate 
the effects of diet on aging and diseases (28). 
He based it only on the findings that sirtuins were 

NAD+-dependent protein deacetylases and known 
to contrast aging in yeast. At present, more than a 
decade later, many data from mammals suggest 
an elaborate set of physiological adaptations to 
caloric intake mediated by sirtuins. The interactions 
of sirtuins and all nutrient sensors are summarized 
in a very recent and interesting review reporting an 
emerging concept, the mitohormesis, explaining 
the way ROS not only do cause oxidative stress, 
but rather may function as signaling molecules that 
promote health by preventing or delaying a number 
of chronic diseases, and ultimately extend lifespan 
(77). Therein is discussed that while high levels 
of ROS are generally accepted to cause cellular 
damage and to promote aging, low levels of these 
radicals may rather improve systemic defense 
mechanisms by inducing an adaptive response (77).

In the light of the present knowledge, 
sirtuins, belonging to class III histone deacetylase 
family, are considered as epigenetic regulators of 
metabolism as well as other cellular processes 
and seem ideal targets of future therapeutical 
interventions (78, 79). The finding that SIRT1 is 
activated by small molecules, like resveratrol, able 
to alter their activities (SIRT1-activating compounds, 
STACs ) through an allosteric mechanism (78), 
allows to hypothesize that small molecules that bind 
to the SIRT1 allosteric site might be like natural 
endogenous compounds that regulate the enzyme 
under certain physiological conditions, for instance in 
CR (40, 41). The synthesis of analogs of these small 
molecules with regulatory functions might open new 
frontiers for pharmacological interventions.

4. THE FAMILY OF PARPS

In the last 20 years studies on ADP-
ribosylation reactions focused on two classes of 
NAD+-dependent enzymes, PARP1 and the ecto- /
endo cellular mono-ADP-ribosyltransferases 
(mARTs). A wide and detailed literature is available 
on these topics (reviewed in 6-8, 80- 82). Now 
it is known that several enzymes defined as 
poly-ADP-ribose-polymerases on the basis of a 
highly conserved catalytic domain, may function 
exclusively as a family of endogenous mono-ADP-
ribosyltransferases, providing new perspectives 
about their functions (80, 81).

Poly(ADP-ribose) polymerases (PARPs) 
are enzymes that transfer ADP-ribose groups to 
target proteins and thereby affect various nuclear and 
cytoplasmic processes, Fig 1 (81, 82). In eukaryotic 
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cells a family of enzymes termed poly(ADP-ribose) 
polymerases (PARPs) occurs and in the human 
genome, 17 different genes have been identified 
encoding all PARP family members, Table 2 (8, 81). 
PARPs participate in regulating not only cell survival 
and cell death programs, but also other biological 
functions exhibited by novel members of the 
PARP family (8, 81, 82). Among such functions 
are transcription regulation, telomere cohesion, 
mitotic spindle formation during cell division, and 
intracellular energy metabolism (8).

The activities and functions of the other 
PARPs have not been studied to the same extent as 
PARP-1, although roles for some of the PARP family 
members have been emerging, discussed in more 
detail elsewhere (83-85).

Here we focus on the nuclear poly-ADP-
ribose-polymerases (mainly PARP 1 and 2) and 
their product, poly-ADP-ribose (PAR). PAR is 
heterogeneous with respect to length (as many 
as 200 ADP-ribose units in vitro) and extent of 
branching (approximately one branch per 20-50 
ADP-ribose units) (86). The significance of this 

heterogeneity in PAR function is unknown, but it 
could play a role in determining specific functional 
outcomes in vivo (81, 82). PAR may alter protein 
activity by functioning as a site-specific covalent 
modification, a protein-binding support, or a steric 
hindrance structure (86, 87). 

Poly ADP-ribose glycohydrolase (PARG) 
and ADP-ribosyl hydrolase 3 (ARH3) catalyze 
the hydrolysis of PAR producing free mono and 
oligo(ADP-ribose) (21-23). ADP-ribosyl protein 
lyase cleaves the final remaining ADP-ribose 
monomer from the target protein, releasing ADP-3″-
deoxypentose-2″-ulose (ADP-DP) (88). 

The central role of PARPs, mainly 
PARP- 1 and -2, is to contribute repairing DNA 
damage raised from excessive oxidative stress. 
Accumulation of DNA damage can lead to cell 
cycle arrest or genomic instability, occurring in the 
aging process. A common feature of PARP-1 and 
PARP-2 in DNA repair is automodification (86). 
PARP-1 and PARP-2 can heterodimerize and 
ADP-ribosylate each other, which may play a role 
in mediating efficient base excision DNA repair. 
How the heterodimerization and cross-modification 
occurs, as well as their exact function in vivo, are 
still largely unclear. 

While PARP-1 function is known to be 
critical for the long-term maintenance of genomic 
stability through the regulation of chromatin 
structure, cell cycle arrest, DNA repair and 
apoptosis (89-91), PARP-2 was originally described 
in connection to DNA repair and in physiological 
and pathophysiological processes associated 
with genome maintenance (e.g., centromere and 
telomere protection, spermiogenesis, thymopoiesis, 
azoospermia, and tumorigenesis) (92-95). Recent 
reports have identified important rearrangements in 
gene expression upon the knockout of PARP-2 (96).

Recruitment of PARPs during the DNA 
repair process can lead to widespread metabolic 
changes These results have identified novel 
metabolic responses in cancer cells following DNA 
damage and on inhibiting activity of proteins involved 
in DNA repair processes (97).

It is known that PARP-1 activity participates 
directly in necrotic or apoptotic cell death and 
enhances inflammatory signalling and secondary 
damage (98). It is widely documented that PARP-1 and 
PAR respond to a wide variety of signals raised from 

Table 2. Mammalian ADP-ribosyltransferases (81)
New nomenclature Old nomenclature Amino acid number

ARTD1 PARP1 1014

ARTD2 PARP2 583

ARTD3 PARP3 540

ARTD4 PARP4 (vault-PARP) 1724

ARTD5 PARP5 (tankyrase-1) 1327

ARTD6 PARP6 (tankyrase-2) 1166

ARTD7 PARP15 (BAL3) 776

ARTD8 PARP14 (BAL2) 1801

ARTD9 PARP9 (BAL1) 854

ARTD10 PARP10 1025

ARTD11 PARP11 334

ARTD12 PARP12 701

ARTD13 PARP13 902

ARTD14 PARP7 657

ARTD15 PARP16 322

ARTD16 PARP8 854

ARTD17 PARP17 631
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oxidative, nitrosative, genotoxic, oncogenic, thermal, 
inflammatory, and metabolic stresses (99). The 
consequences of stress conditions are pathologies, 
including cancer, inflammation-related diseases, and 
metabolic dysregulation (98-100). From recent data 
the originally described DNA damage repair PARP 
1 and 2, seem to play a role in metabolic regulation 
by influencing mitochondrial function and oxidative 
metabolism, with a major impact on metabolism and 
its alterations (101). 

Key roles for PARP-1 and PARP-2 in 
metabolic stress and homeostasis have been 
proposed (101). Insufficient or excessive nutrients 
induce cells to rearrange their metabolism, energy 
stores/expenditure. Such rearrangements heavily 
impact inflammation. Lifestyle and dietary changes 
may affect modulation of PARP-1 function to 
improve health (101). The adaptation ability of cells 
towards metabolic stress drives the physiological 
or pathological states, as metabolic- or age-related 
diseases (obesity, diabetes, cancer) (102). Some 
of the effects of PARP-1 on adipogenesis are 
due to direct effects on PPARgamma-dependent 
adipogenic gene expression in fat cells (103). The 
nuclear receptors, peroxisome proliferator-activated 
receptors (PPARs), have well-documented roles in 
lipid and glucose metabolism (104).

5. THE INTERPLAY OF SIRTUINS AND 
PARPS

The scenario emerging from the previous 
sections prompted researchers to hypothesize 
an interplay between PARPs and sirtuins: highly 
conserved in eukaryotes, share NAD+ as a common 
substrate, produce nicotinamide (NAM) and ADP-
ribose (105).

PARP-1 is a major NAD+ consumer in the 
cellular processes, in which the ADP-ribose moiety 
is not transferred to an acetyl group, as sirtuins do, 
but to acceptor proteins in order to build ADP-ribose 
polymers, Fig 1 (81, 82). On this basis, cellular 
NAD+ levels may mediate the functional interplay 
between PARP-1 and SIRT1 and determine the 
final cell fate. Hyperactivation of PARP-1 upon 
severe oxidative damage causes rapid depletion 
of intracellular NAD+ levels because PARP-1 uses 
NAD+ as the endogenous substrate for poly-ADP-
ribosylation (81, 82). PARP1 becomes activated by 
binding to DNA breaks and as a result the ADP-
ribosylation activity of PARP1 increases 10–500 
fold. Therefore, SIRT1 activity is down-regulated 

during PARP-1 hyperactivation. These observations 
indicate that PARP-1 and SIRT1 activity are inter-
dependent as they compete for the same pool of 
cellular NAD+ (105). Moreover, excessive NAD+ 

consumption by PARP-1 hyperactivation depletes 
intracellular ATP levels leading to the release of 
apoptosis-inducing factors (AIF) and consequent 
cell death due to energy reduction (105, 106). 
Inhibiting PARP-1, SIRT1 activity increases, 
perhaps through increased NAD+ availability (105).

SIRT1 acts as an intracellular NAD+ 
sensor that translates changes of the metabolic/
redox state of the cell into adaptive transcriptional 
responses (105-107). NAD+ levels control SIRT1 
activity; they can rate-limit SIRT1, that has a 
Km

NAD+ close to the physiological concentration 
of NAD+ (105). Moreover nicotinamide, one of the 
PARP and sirtuin reaction products, is an allosteric 
inhibitor of SIRT1 activity (108).

The competition of SIRT1 and PARP1 for 
NAD+ is only one feature of their interaction. PARP-1 
activity decreases after deacetylation by SIRT1 and 
enzyme expression is reduced by SIRT1 regulation 
of PARP-1 gene promoter (109). 

One can hypothesize that a fine regulation 
of PARP activity through NAD+ levels and SIRTs may 
be essential to prevent the development of several 
age-related pathological disorders, where the 
oxidant-mediated cell injury is dependent on PARP 
activation. To this regard Bai laboratory reported 
that oxidative stress of cells by exposure to H2O2, 
induces PARP-1 activation and SIRT1 inhibition, as 
PARP-1 highly consumes the available NAD+, in 
competition with SIRT1 (110).

On the other hand a negative transcriptional 
regulation of SIRT1, independent on cellular NAD+ 
levels, is mediated by PARP-2, that localizes to the 
SIRT1 promoter (111). Depleting PARP2 SIRT1 
activity increases and allows to deacetylate SIRT1 
targets, as PGC-1a, a transcriptional coactivator of 
nuclear encoded mitochondrial genes (110, 111). As 
a consequence, mitochondrial biogenesis and fat 
oxidation are promoted, meanwhile the onset of diet-
induced obesity is counteracted (111). Thus PARPs 
influence SIRT1 both by limiting NAD+ availability 
(PARP-1) and by regulating transcriptionally SIRT1 
expression (PARP-2) (110, 111). Their actions, even 
different, link DNA damage levels (physiological to 
excessive) with mitochondrial oxidative processes 
and energy metabolism, and suggest strong 
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metabolic implications and possible physiological 
outcomes in response to metabolic stress.

A hypothesized mechanism regards 
the Warburg effect, the anaerobic glycolysis, a 
key process for malignant transformation. PARP 
inhibitors have been proposed as anti-Warburg 
agents stimulating oxidative metabolism (112). Being 
able to act on both PARP-1 and PARP-2, they might 
contribute to potentiate SIRT1 function (depending 
on PARP-1 inhibition and increase of NAD+ levels), 
and to regulate the transcriptional induction of 
SIRT1 expression following PARP-2 inhibition. This 
mechanism might work also in impaired oxidative 
processes occurring in mitochondrial diseases.

An interesting finding opposite to the 
transcriptional inhibition of SIRT1 expression 
regards PARP-2 as a transcriptional enhancer of 
PPARgamma. PPARs act as lipid sensors, being 
differently stimulated by lipid species (104), and 
themselves control SIRT1 activity. PPARgamma 
is related to lipid anabolism, inhibiting SIRT1 
expression, while PPARalpha and PPARbeta/delta, 
both linked to fatty acid oxidation, increase SIRT1 
mRNA levels. By considering that PPARgamma is 
regulated by PARP-1 too, and that PARP-2 deletion/
inhibition leads to SIRT1 activation, enhancing 
oxidative metabolism and protection against diet-
induced obesity and insulin resistance (113, 114), 
the link PARP, sirtuins, metabolism is evident. 
Interestingly, PARP inhibition enhances the activity 
of SIRT1, but not that of SIRT2 or SIRT3. The 
major difference between these three sirtuins is 
their subcellular localization, as, amongst them, 
only SIRT1 is a nuclear sirtuin. This suggests the 
existence of compartment-specific NAD+ pools in the 
cell. Supporting this possibility, elegant studies by the 
Sinclair lab showed the existence of independently 
regulated NAD+ pools (115).

SIRT1 and PARP1 play also a common 
role responding to DNA damage and the lack of 
either of these proteins may lead to DNA damage 
sensitization. Novel interconnections between 
DNA repair, metabolism, and circadian rhythms 
have been proposed and seem to involve both 
SIRT1 and PARP1 (116, 117). The core circadian 
complex involves a transactivating CLOCK/BMAL1 
heterodimer, which induces the transcription of a 
large number of genes, including the cryptochrome 
(CRY1 and CRY2) and period (PER1, PER2, 
PER3) genes that form a complex that leads to 
a negative feedback loop suppressing CLOCK/

BMAL1-mediated transcription . Several studies 
have shown that alteration of core circadian 
interactions can lead to disregulation of DNA 
damage repair (116, 117). Despite it is not known 
yet whether a regulatory link exists between 
SIRT1 or PARP1 and the circadian components 
during DNA damage, the interaction between CRY 
and BMAL1 is destabilized upon deacetylation 
of BMAL1 at K537 by SIRT. Moreover CLOCK 
possesses acetyltransferase activity that regulates 
the transcriptional activity of CLOCK/BMAL1 and 
is capable of acetylating some of the components 
that SIRT1 deacetylates (117, 118). At last, it has 
been shown also that PARP1 has rhythmic activity 
influenced by feeding patterns. PARP1 is capable 
of ADP-ribosylating CLOCK in a circadian manner 
disrupting the association between the BMAL1/
CLOCK heterodimer and its targets (A66) (117, 118). 

Another sirtuin family member involved 
in DNA repair is SIRT6 that possesses both 
deacetylase and mono(ADP-ribosyl) transferase 
activities (119, 120). There is evidence that SIRT6 
overlaps functions of PARP-1 in stress signaling, 
including roles in genome stability, NF-kappaB-
mediated stress signaling, and metabolism (121). 
SIRT6 recognizes double-strand break sites in DNA 
upon oxidative stress conditions. It mono(ADP-
ribosyl)ates PARP-1 inducing its activation. PARP-
1-dependent DNA repair pathways starts thereafter, 
further enhancing double-strand break repair under 
oxidative stress (121).

6. CONCLUDING REMARKS

The mammalian sirtuins, as well as the 
main members of PARP family, have been connected 
to various activities from cellular stress resistance 
and genomic stability, to tumorigenesis and energy 
metabolism (9, 10, 122).

Among the members of the two protein 
families discussed here the better studied members 
are SIRT1 and PARP1/2. The modulation of NAD+ 
levels through the competition of PARP1 and SIRT1 
for the pyridinic dinucleotide seems to be a promising 
strategy to control SIRT1 activity in order to achieve 
health benefits.

SIRT1 activity has been postulated as 
a mediator of the beneficial effects of calorie 
restriction on health- and life-span. As a mediator 
of the metabolic and transcriptional adaptations to 
situations of energy stress and nutrient deprivation, 
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SIRT1 activation enhances fat consumption and 
uses mitochondrial respiration to implement energy 
harvesting. 

Metabolic disease has been strongly 
linked to impaired energy homeostasis and 
mitochondrial function. The interaction between 
PARP-1 and SIRT1 activities supports the known 
involvement of PARPs in ageing. A recent literature 
reports that PARP activity is higher in aged tissues, 
leading to decreased SIRT1 activity (123). Although 
the regulation of SIRT1 and PARP1 is controlled 
by a variety of metabolic, genotoxic and circadian 
stimuli, scarce is the knowledge how these stimuli 
affects the regulatory network of both proteins. 
For instance about circadian regulation it is still 
unknown the influence that DNA damage response 
may have and the roles played by SIRT1 and 
PARP1 (117, 118). 

PARP inhibition could be a nice strategy 
to activate SIRT1 and mimic the calorie-restricted 
state. Both SIRT1 and PARP1 are involved in 
the regulation of genomic stability, and open new 
perspectives in studying modulators of SIRT1 
and PARP1 activity as therapeutics for cancer 
and metabolic disorders. The metabolic functions 
of PARP-1 and PARP-2, in concert with SIRT1, 
suggests a therapeutic potential of PARP inhibitors 
in such disorders (112).

7. ACKNOWLEDGEMENTS

This review is dedicated to the memory 
of Dr. Maria Malanga, valuable scientist and dear 
friend.

8. REFERENCES

1. Dölle C, R H Skoge, M R Vanlinden, M 
Ziegler: NAD Biosynthesis In Humans - 
Enzymes, Metabolites And Therapeutic 
Aspects. Curr Top Med Chem, 13(23), 
2907-2917 (2013)

2. Koch-Nolte F, S Fischer, F Haag, M 
Ziegler: Compartmentation of NAD+-
dependent signalling. FEBS Lett, 585, 
1651–1656 (2011)
DOI: 10.1016/j.febslet.2011.03.045

3. Oka S, C P Hsu, J Sadoshima: Regulation 
of cell survival and death by pyridine 
nucleotides. Circ Res, 111(5), 611-627 (2012)

DOI: 10.1161/CIRCRESAHA.111.247932
4. Mouchiroud L, R H Houtkooper, J Auwerx: 

NAD+ metabolism: A therapeutic target 
for age-related metabolic disease. Crit 
Rev Biochem Mol Biol, 48(4), 397-408 
(2013)
DOI: 10.3109/10409238.2013.789479

5. Dölle C, J G M Rack, M Ziegler: NAD and 
ADP-ribose metabolism in mitochondria. 
FEBS Journal, 280 (15), 3530–3541 (2013)
DOI: 10.1111/febs.12304

6. Feijs K L, P Verheugd, B Lüscher: 
Expanding functions of intracellular 
resident mono-ADP-ribosylation in cell 
physiology. FEBS J, 280(15), 3519-3529 
(2013)
DOI: 10.1111/febs.12315

7. Dani N, A Stilla, D Corda, M Di 
Girolamo: Physiological relevance of the 
endogenous mono(ADP-ribosyl)ation of 
cellular proteins. Curr Top Med Chem., 
13(23), 3001-3010 (2013)

8. Hassa P O, M O Hottiger: The diverse 
biological roles of mammalian PARPs, 
a small but powerful family of poly-ADP-
ribose polymerases. Front Biosci, 13, 
3046-3082 (2008)
DOI: 10.2741/2909

9. Ferrero E, N Lo Buono, A L Horenstein, 
A Funaro, F Malavasi: The ADP-ribosyl 
cyclases - the current evolutionary state 
of the ARCs. Front Biosci (Landmark Ed), 
19, 986-1002 (2014)
DOI: 10.2741/4262

10. Nakagawa T, L Guarente: Sirtuins at a 
glance. J Cell Sci, 124, 833-838 (2011)
DOI: 10.1242/jcs.081067

11. Zou L, J Chatham: Nicotinamide adenine 
dinucleotide hydrate regulates glucose 
deprivation-induced activation of 
protein O-GlcNAcylation, ER stress and 
autophagy. FASEB J, 28 (1), S.1154.2. 
(2010)

12. Massudi H, R Grant, N Braidy, J Guest, 
B Farnsworth, G J Guillemin: Age-
associated changes in oxidative stress 



The Interplay of Sirtuins and Poly(ADP-ribose) polymerases

 466 © 1996-2015

and NAD+ metabolism in human tissue. 
PLoS One, 7(7), e42357 (2012)
DOI: 10.1371/journal.pone.0042357

13. Braidy N, A Poljak, R Grant, T Jayasena, 
H Mansour, T Chan-Ling, G J Guillemin, 
G Smythe, P Sachdev: Mapping NAD(+) 
metabolism in the brain of ageing Wistar 
rats: potential targets for influencing brain 
senescence. Biogerontology, 15(2), 177-
198 (2014)
DOI: 10.1007/s10522-013-9489-5

14. Chiarugi A, C Dölle, R Felici, M Ziegler: 
The NAD metabolome-a key determinant 
of cancer cell biology. Nat Rev Cancer, 
12(11), 741-752 (2012)
DOI: 10.1038/nrc3340

15. Jessica L, E Feldman, K Dittenhafer-
Reed, M J Denu: Sirtuin Catalysis and 
Regulation. J Biol Chem, 276 (51), 
42419–42427 (2012)

16. Denu J M, J M Gottesfeld: Sirtuins: From 
Biochemistry to Health and Disease J Biol 
Chem, 287, 42417-42418 (2012)
DOI: 10.1074/jbc.R112.428862

17. Schreiber V, F Dantzer, J C Amè, G de 
Murcia: Poly(ADP-ribose): novel functions 
for an old molecule. Nat Rev Mol Cell Biol, 
7(7), 517-528 (2006)
DOI: 10.1038/nrm1963

18. Thomas C, A V Tulin: Poly-ADP-ribose 
polymerase: machinery for nuclear 
processes. Mol Aspects Med, 34(6), 
1124-37 (2013)
DOI: 10.1016/j.mam.2013.04.001

19. Bürkle A, L Virág: Poly(ADP-ribose): 
PARadigms and PARadoxes. Mol Aspects 
Med, 34(6), 1046-1065 (2013)
DOI: 10.1016/j.mam.2012.12.010

20. Abd Elmageed Z Y, A S Naura, Y 
Errami, M Zerfaoui: The poly(ADP-
ribose) polymerases (PARPs): new roles 
in intracellular transport. Cell Signal, 
24(1),1-8 (2012)
DOI: 10.1016/j.cellsig.2011.07.019

21. Min W, Z Q Wang: Poly (ADP-ribose) 
glycohydrolase (PARG) and its therapeutic 

potential. Front Biosci (Landmark Ed), 
14,1619-1626 (2009)
DOI: 10.2741/3329

22. Oka S, J Kato, J Moss: Identification and 
characterization of a mammalian 39-kDa 
poly(ADP-ribose) glycohydrolase. J Biol 
Chem, 281(2), 705-713 (2006)
DOI: 10.1074/jbc.M510290200

23. Mashimo M, J Kato, J Moss: Structure 
and function of the ARH family of ADP-
ribosyl-acceptor hydrolases. DNA Repair 
(Amst), S1568-7864(14)00076-7 (2014)

24. Luna A, M I Aladjem, K W Kohn: SIRT1/
PARP1 crosstalk: connecting DNA 
damage and metabolism Genome 
Integrity, 4, 6 (2013)

25. Bai P, C Cantó, H Oudart, A Brunyánszki, 
Y Cen, C Thomas, H Yamamoto, A Huber, 
B Kiss, R H Houtkooper, K Schoonjans, 
V Schreiber, A A Sauve, J Menissier-de 
Murcia, J Auwerx: PARP-1 inhibition 
increases mitochondrial metabolism 
through SIRT1 activation. Cell Metab, 
13(4), 461-468 (2011)
DOI: 10.1016/j.cmet.2011.03.004

26. Frye R A: Phylogenetic classification 
of prokaryotic and eukaryotic Sir2-like 
proteins. Biochem Biophys Res Commun 
273, 793-798 (2000)
DOI: 10.1006/bbrc.2000.3000

27. Brachmann C B, J M Sherman, S E 
Devine, E E Cameron, L Pillus, J D Boeke: 
The SIR2 gene family, conserved from 
bacteria to humans, functions in silencing, 
cell cycle progression, and chromosome 
stability. Genes & Dev. 9, 2888–2890 
(1995).
DOI: 10.1101/gad.9.23.2888

28. Guarente L: Sir2 links chromatin silencing, 
metabolism, and aging. Genes & Dev, 14, 
1021-1026 (2000)

29. Sauve A A, C Wolberger, V L Schramm. 
J D Boeke: The biochemistry of sirtuins. 
Annu Rev Biochem, 75, 435-465 (2006)
DOI: 10.1146/annurev.biochem.74.082803.
133500



The Interplay of Sirtuins and Poly(ADP-ribose) polymerases

 467 © 1996-2015

30. Dali-Youcef N, M Lagouge, S Froelich, 
C Koehl, K Schoonjans, aJ Auwerx: 
Sirtuins: the ‘magnificent seven’, function, 
metabolism and longevity. Ann Med 39, 
335-345 (2007)
DOI: 10.1080/07853890701408194

31. Landry J, A Sutton, S T Tafrov, R C Heller, 
J Stebbins, L Pillus, R Sternglanz: The 
silencing protein SIR2 and its homologs 
are NAD-dependent protein deacetylases. 
Proc Natl Acad Sci 97, 5807–5811 (2000)
DOI: 10.1073/pnas.110148297

32. Grubisha O, L A Rafty, C L Takanishi, X Xu, 
L Tong, A L Perraud, A M Scharenberg, J 
M Denu: Metabolite of SIR2 reaction 
modulates TRPM2 ion channel. J Biol 
Chem 281,14057–14065 (2006)
DOI: 10.1074/jbc.M513741200

33. Tanner K G, J Landry, R Sternglanz, J 
M Denu: Silent information regulator 2 
family of NAD- dependent histone/protein 
deacetylases generates a unique product, 
1-O-acetyl-ADP-ribose. Proc Natl Acad 
Sci USA, 97, 14178–14182 (2000)
DOI: 10.1073/pnas.250422697

34. Langley E, M Pearson, M Faretta, U M 
Bauer, R A Frye, S Minucci, P G Pelicci, 
T Kouzarides: Human SIR2 deacetylates 
p53 and antagonizes PML/p53-induced 
cellular senescence. EMBO J, 21(10), 
2383-2396 (2002)
DOI: 10.1093/emboj/21.10.2383

35. Li X, N Kazgan: Mammalian Sirtuins and 
Energy Metabolism Int J Biol Sci 7(5), 
575-587 (2011)

36. Imai S I, L Guarente: NAD+ and sirtuins 
in aging and disease. Trends Cell Biol, pii: 
S0962-8924(14)00063-4. doi: 10.1.016/j.
tcb.2014.0.4.0.02 (2014)

37. Hall J A, J E Dominy, Y Lee, P Puigserver: 
The sirtuin family’s role in aging and age-
associated pathologies. J Clin Invest, 
123(3), 973–979 (2013)
DOI: 10.1172/JCI64094

38. Chalkiadaki A, L Guarente: Sirtuins 
mediate mammalian metabolic responses 
to nutrient availability. Nat Rev Endocrinol, 

8(5), 287-296 (2012)
DOI: 10.1038/nrendo.2011.225

39. Curtis J, R de Cabo: Utilizing calorie 
restriction to evaluate the role of sirtuins in 
healthspan and lifespan of mice. Methods 
Mol Biol, 1077, 303-311 (2013)
DOI: 10.1007/978-1-62703-637-5_20

40. Guarente L: Calorie restriction and sirtuins 
revisited.Genes Dev, 27(19), 2072-2085 
(2013)
DOI: 10.1101/gad.227439.113

41. Chang H C, L Guarente: SIRT1 and other 
sirtuins in metabolism. Trends Endocrinol 
Metab, 25(3), 138-145 (2014)
DOI: 10.1016/j.tem.2013.12.001

42. Wu Y T, S B Wu, Y H Wei: Roles of Sirtuins 
in the Regulation of Antioxidant Defense 
and Bioenergetic Function of Mitochondria 
under Oxidative Stress. Free Radic Res, 
2014 May 6. PMID:24797412

43. Cheng Y, H Takeuchi, Y Sonobe, S 
Jin, Y Wang, H Horiuchi, B Parajuli, J 
Kawanokuchi, T Mizuno, A Suzumura: 
Sirtuin 1 attenuates oxidative stress via 
upregulation of superoxide dismutase 2 
and catalase in astrocytes. Neuroimmunol, 
269(1-2), 38-43 (2014)
DOI: 10.1016/j.jneuroim.2014.02.001

44. Shao D, J L Fry, J Han, X Hou, D R 
Pimentel, R Matsui, R A Cohen, M M 
Bachschmid: A redox-resistant sirtuin-1 
mutant protects against hepatic metabolic 
and oxidant stress. J Biol Chem, 289(11), 
7293-7306 (2014)
DOI: 10.1074/jbc.M113.520403

45. Rodgers J T, C Lerin, W Haas, S P Gygi, 
B M Spiegelman, P Puigserver : Nutrient 
control of glucose homeostasis through 
a complex of PGC-1alpha and SIRT1. 
Nature, 434(7029), 113-118 (2005)
DOI: 10.1038/nature03354

46. Gerhart-Hines Z, J T Rodgers, O Bare, 
C Lerin, S H Kim, R Mostoslavsky, F W 
Alt, Z Wu, P Puigserver: Metabolic control 
of muscle mitochondrial function and 
fatty acid oxidation through SIRT1/PGC-
1alpha. EMBO J, 26(7),1913-1923 (2007)



The Interplay of Sirtuins and Poly(ADP-ribose) polymerases

 468 © 1996-2015

DOI: 10.1038/sj.emboj.7601633
47. Brunet A, L B Sweeney, J F Sturgill, K F 

Chua, P L Greer, Y Lin, H Tran, S E Ross, 
R Mostoslavsky, H Y Cohen, L S Hu, H 
L Cheng, M P Jedrychowski, S P Gygi, 
D A Sinclair, F W Alt, M E Greenberg: 
Stress-dependent regulation of FOXO 
transcription factors by the SIRT1 
deacetylase.Science, 303(5666), 2011-
2015 (2004)
DOI: 10.1126/science.1094637

48. Giannakou M E, L Partridge: The 
interaction between FOXO and SIRT1: 
tipping the balance towards survival. 
Trends Cell Biol, 14(8), 408-412 (2004)
DOI: 10.1016/j.tcb.2004.07.006

49. Purushotham A, T T Schug, X Li: SIRT1 
performs a balancing act on the tight-rope 
toward longevity. Aging (Albany NY), 1(7), 
669-673 (2009)

50. Feige J N, M Lagouge, C Canto, A Strehle, 
S M Houten, J C Milne, P D Lambert, 
C Mataki, P J Elliott, J Auwerx: Specific 
SIRT1 activation mimics low energy 
levels and protects against diet-induced 
metabolic disorders by enhancing fat 
oxidation. Cell Metab, 8(5), 347-58 
(2008). Erratum in: Cell Metab, 9(2), 210 
(2009)
DOI: 10.1016/j.cmet.2008.08.017

51. Fulco M, V Sartorelli: Comparing and 
contrasting the roles of AMPK and SIRT1 
in metabolic tissues. Cell Cycle, 7(23), 
3669-3679 (2008)
DOI: 10.4161/cc.7.23.7164

52. Cantó C, J Auwerx: AMP-activated protein 
kinase and its downstream transcriptional 
pathways. Cell Mol Life Sci, 67(20), 3407-
3423 (2010)
DOI: 10.1007/s00018-010-0454-z

53. Lan F, J M Cacicedo, N Ruderman, Y 
Ido: SIRT1 Modulation of the Acetylation 
Status, Cytosolic Localization, and 
Activity of LKB1. POSSIBLE ROLE IN 
AMP-ACTIVATED PROTEIN KINASE 
ACTIVATION. J Biol Chem, 283, 27628-
27635 (2008)

DOI: 10.1074/jbc.M805711200
54. Pillai V B, N R Sundaresan, G Kim, 

M Gupta, S B Rajamohan, J B Pillai, S 
Samant, P V Ravindra, A Isbatan, M P 
Gupta: Exogenous NAD Blocks Cardiac 
Hypertrophic Response via Activation of 
the SIRT3-LKB1-AMP-activated Kinase 
Pathway. J Biol Chem, 285, 3133-3144 
(2010)
DOI: 10.1074/jbc.M109.077271

55. Liu T F, V T Vachharajani, B K Yoza, C E 
McCall: NAD+-dependent sirtuin 1 and 6 
proteins coordinate a switch from glucose 
to fatty acid oxidation during the acute 
inflammatory response. J Biol Chem, 
287(31), 25758-25769 (2012)
DOI: 10.1074/jbc.M112.362343

56  Lim J H, Y M Lee, Y S Chun, J Chen, J E 
Kim, J W Park: Sirtuin 1 modulates cellular 
responses to hypoxia by deacetylating 
hypoxia-inducible factor 1alpha. Mol Cell., 
38(6), 864-878 (2010)
DOI: 10.1016/j.molcel.2010.05.023

57. Nakamura Y, M Ogura, K Ogura, D 
Tanaka, N Inagaki: SIRT5 deacetylates 
and activates urate oxidase in liver 
mitochondria of mice. FEBS Lett, 586(23), 
4076-4081 (2012)
DOI: 10.1016/j.febslet.2012.10.009

58. Vassilopoulos A, J D Pennington, T 
Andresson, D M Rees, A D Bosley, I M 
Fearnley, A Ham, C R Flynn, S Hill, K L 
Rose, H S Kim, C X Deng, J E Walker, D 
Gius: SIRT3 Deacetylates ATP Synthase 
F1 Complex Proteins in Response to 
Nutrient- and Exercise-Induced Stress. 
Antioxid Redox Signal, 21(4):551-564 
(2014)
DOI: 10.1089/ars.2013.5420

59. He W, J C Newman, M Z Wang, L Ho, E 
Verdin: Mitochondrial sirtuins: regulators 
of protein acylation and metabolism. 
Trends Endocrinol Metab, 23(9),467-476 
(2012)
DOI: 10.1016/j.tem.2012.07.004

60. Hirschey M D, T Shimazu, J Y Huang, 
B Schwer, E Verdin: SIRT3 Regulates 



The Interplay of Sirtuins and Poly(ADP-ribose) polymerases

 469 © 1996-2015

Mitochondrial Protein Acetylation and 
Intermediary Metabolism. Cold Spring 
Harb Symp Quant Biol, 76, 267-277 
(2011)
DOI: 10.1101/sqb.2011.76.010850

61. Nakagawa T, D J Lomb, M C Haigis, L 
Guarente: SIRT5 Deacetylates carbamoyl 
phosphate synthetase 1 and regulates the 
urea cycle. Cell, 137(3), 560-570 (2009)
DOI: 10.1016/j.cell.2009.02.026

62. Nakagawa T, L Guarente: Urea cycle 
regulation by mitochondrial sirtuin, SIRT5. 
Aging (Albany NY), 1(6):578-581 (2009)

63. Hallows W C, W Yu, B C Smith, M K 
Devries, J J Ellinger, S Someya, M R 
Shortreed, T Prolla, J L Markley, L M 
Smith, S Zhao, K L Guan, J M Denu: Sirt3 
promotes the urea cycle and fatty acid 
oxidation during dietary restriction. Mol 
Cell, 41(2):139-149 (2011)
DOI: 10.1016/j.molcel.2011.01.002

64. Schwer B, J Bunkenborg, R O Verdin, 
J S Andersen, E Verdin: Reversible 
lysine acetylation controls the activity of 
the mitochondrial enzyme acetyl-CoA 
synthetase 2. Proc Natl Acad Sci, 103: 
10224–10229 (2006)
DOI: 10.1073/pnas.0603968103

65. Qiu X, K Brown, M D Hirschey, E Verdin, 
D Chen: Calorie restriction reduces 
oxidative stress by SIRT3-mediated 
SOD2 activation. Cell Metab, 12, 662–
667 (2010)
DOI: 10.1016/j.cmet.2010.11.015

66. Hirschey M D, T Shimazu, E Jing, C 
A Grueter, A M Collins, B Aouizerat, A 
Stancakova, E Goetzman, M M Lam, B 
Schwer, R D Stevens, M J Muehlbauer, S 
Kakar, N M Bass, J Kuusisto, M Laakso, 
F W, C B Newgard, R V Farese Jr, C R 
Kahn, E Verdin: SIRT3 deficiency and 
mitochondrial protein hyperacetylation 
accelerate the development of the 
metabolic syndrome. Mol Cell, 44, 177–
190 (2011)
DOI: 10.1016/j.molcel.2011.07.019

67. Bell E L, B M Emerling, S J Ricoult, L 

Guarente: SirT3 suppresses hypoxia 
inducible factor 1α and tumor growth by 
inhibiting mitochondrial ROS production. 
Oncogene, 30, 2986–2996 (2011)
DOI: 10.1038/onc.2011.37

68. Finley L W, A Carracedo, J Lee, A Souza, 
A Egia, J Zhang, J Teruya-Feldstein, P 
I Moreira, S M Cardoso, C B Clish, P P 
Pandolfi, M C Haigis: SIRT3 opposes 
reprogramming of cancer cell metabolism 
through HIF1α destabilization. Cancer 
Cell, 19, 416–428 (2011)
DOI: 10.1016/j.ccr.2011.02.014

69. Zhong L, A D’Urso, D Toiber, C Sebastian, 
R E Henry, D D Vadysirisack, A Guimaraes, 
B Marinelli, J D Wikstrom, T Nir, C B Clish, 
B Vaitheesvaran, O Iliopoulos, I Kurland, 
Y Dor, R Weissleder, O S Shirihai, L W 
Ellisen, J M Espinosa, R Mostoslavsky: 
The histone deacetylase Sirt6 regulates 
glucose homeostasis via Hif1α. Cell, 140: 
280–293 (2010)
DOI: 10.1016/j.cell.2009.12.041

70. Haigis M C, R Mostoslavsky, K M Haigis, 
K Fahie, D C Christodoulou, A J Murphy, 
D M Valenzuela, G D Yancopoulos, M 
Karow, G Blander, C Wolberger, T A Prolla, 
R Weindruch, F W Alt, L Guarente: SIRT4 
inhibits glutamate dehydrogenase and 
opposes the effects of calorie restriction 
in pancreatic β cells. Cell, 126, 941–954 
(2006)
DOI: 10.1016/j.cell.2006.06.057

71. Guarente L: The many faces of sirtuins: 
Sirtuins and the Warburg effect. Nat Med, 
20(1), 24-25 (2014)
DOI: 10.1038/nm.3438

72. Jeong S M, C Xiao, L W Finley, T Lahusen, 
A L Souza, K Pierce, Y H Li, X Wang, G 
Laurent, N J German, X Xu, C Li, R H 
Wang, J Lee, A Csibi, R Cerione, J Blenis, 
C B Clish, A Kimmelman, C X Deng, M 
C Haigis: SIRT4 has tumor-suppressive 
activity and regulates the cellular 
metabolic response to DNA damage 
by inhibiting mitochondrial glutamine 
metabolism. Cancer Cell, 23, 450–463 
(2013)



The Interplay of Sirtuins and Poly(ADP-ribose) polymerases

 470 © 1996-2015

DOI: 10.1016/j.ccr.2013.02.024
73. Sebastian C, B M Zwaans, D M Silberman, 

M Gymrek, A Goren, L Zhong, O Ram, J 
Truelove, A R Guimaraes, D Toiber, C 
Cosentino, J K Greenson, A I MacDonald, 
L McGlynn, F Maxwell, J Edwards, S 
Giacosa, E Guccione, R Weissleder, B 
E Bernstein, A Regev, P G Shiels, D B 
Lombard, R Mostoslavsky: The histone 
deacetylase SIRT6 is a tumor suppressor 
that controls metabolism. Cell, 15, 1185–
1199 (2012)
DOI: 10.1016/j.cell.2012.10.047

74. Csibi A, S M Fendt, C Li, G Poulogiannis, 
A Y Choo, D J Chapski, S M Jeong, J 
M Dempsey, A Parkhitko, T Morrison, 
E P Henske, M C Haigis, L C Cantley, 
G Stephanopoulos, J Yu, J Blenis: The 
mTORC1 pathway stimulates glutamine 
metabolism and cell proliferation by 
repressing SIRT4. Cell, 153: 840–854 
(2013)
DOI: 10.1016/j.cell.2013.04.023

75. Firestein R, G Blander, S Michan, P 
Oberdoerffer, S Ogino, J Campbell, A 
Bhimavarapu, S Luikenhuis, R de Cabo, 
C Fuchs, W C Hahn, L P Guarente, 
D A Sinclair: The SIRT1 deacetylase 
suppresses intestinal tumorigenesis 
and colon cancer growth. PLoS ONE, 3: 
e2020 (2008)
DOI: 10.1371/journal.pone.0002020

76. Li H J, X M Che, W Zhao, S C He, Z L 
Zhang, R Chen, L Fan, Z L Jia: Diet-
induced obesity promotes murine gastric 
cancer growth through a nampt/sirt1/c-
myc positive feedback loop. Oncol Rep, 
30(5),2153-2160 (2013)

77. Ristow M, K Schmeisser: Mitohormesis: 
Promoting Health and Lifespan by 
Increased Levels of Reactive Oxygen 
Species (ROS). Dose Response, 12(2), 
288-341 (2014)
DOI: 10.2203/dose-response.13-035.
Ristow

78. Hubbard B P, A P Gomes, H Dai, J Li, A 
W Case, T Considine, T V Riera, J E Lee, 

E SY, D W Lamming, B L Pentelute, E 
R Schuman, L A Stevens, A J Ling, S M 
Armour, S Michan, H Zhao, Y Jiang, S M 
Sweitzer, C A Blum, J S Disch, P Y Ng, K 
T Howitz, A P Rolo, Y Hamuro, J Moss, R 
B Perni, J L Ellis, G P Vlasuk, D A Sinclair: 
Evidence for a common mechanism of 
SIRT1 regulation by allosteric activators. 
Science, 339, 1216–1219 (2013)
DOI: 10.1126/science.1231097

79. Fiorino E, M Giudici, A Ferrari, N Mitro, D 
Caruso, E De Fabiani, M Crestani: The 
sirtuin class of histone deacetylases: 
regulation and roles in lipid metabolism. 
IUBMB Life, 66(2), 89-99 (2014)
DOI: 10.1002/iub.1246

80. Kleine H, E Poreba, K Lesniewicz, P O 
Hassa, M O Hottiger, D W Litchfield, B H 
Shilton, B Lüscher: Substrate-assisted 
catalysis by PARP10 limits its activity to 
mono-ADP-ribosylation. Mol Cell, 32(1), 
57-69. (2008)
DOI: 10.1016/j.molcel.2008.08.009

81. Hottiger M O, P O Hassa, B Lüscher, H 
Schüler, F Koch-Nolte: Toward a unified 
nomenclature for mammalian ADP-
ribosyltransferases. Trends Biochem Sci, 
35(4):208-19 (2010)
DOI: 10.1016/j.tibs.2009.12.003

82. Schreiber V, F Dantzer, J C Ame, G de 
Murcia: Poly(ADP-ribose): novel functions 
for an old molecule. Nat Rev Mol Cell Biol, 
7, 517-528 (2006)
DOI: 10.1038/nrm1963

83. Hsiao J, S Smith: Tankyrase function at 
telomeres, spindle poles, and beyond. 
Biochimie, 90(1), 83-92 (2008) 
DOI: 10.1016/j.biochi.2007.07.012

84. De Maio A, E Natale, S Rotondo, A Di 
Cosmo, M R Faraone-Mennella: Vault-
poly-ADP-ribose polymerase in the 
Octopus vulgaris brain: A regulatory factor 
of actin polymerization dynamic. Comp 
Biochem Phys - Part B, 166(1), 40–47 
(2013)
DOI: 10.1016/j.cbpb.2013.06.007

85. Till S, K Diamantara, A G Ladurner: 



The Interplay of Sirtuins and Poly(ADP-ribose) polymerases

 471 © 1996-2015

PARP: a transferase by any other name. 
Nat Struct Mol Biol, 15, 1243-1244 (2008)
DOI: 10.1038/nsmb1208-1243

86. Germain M, E B Affar, D D’Amours, 
V M Dixit, G S Salvesen, G G Poirier: 
Cleavage of Automodified Poly(ADP-
ribose) Polymerase during Apoptosis. J 
Biol Chem, 274, 28379-28384 (1999)
DOI: 10.1074/jbc.274.40.28379

87. Kim M Y, T Zhang, W L Kraus: Poly(ADP-
ribosyl)ation by PARP-1: ʽPAR-laying’ 
NAD+ into a nuclear signal. Genes & Dev, 
19, 1951-1967 (2005)
DOI: 10.1101/gad.1331805

88. Jankevicius G, M Hassler, B Golia, V 
Rybin, M Zacharias, G Timinszky, A 
G Ladurner: A family of macrodomain 
proteins reverses cellular mono-ADP-
ribosylation. Nat Struct Mol Biol, 20,508–
514 (2013)
DOI: 10.1038/nsmb.2523

89. Weaver A N, E S Yang: Beyond DNA 
Repair: Additional Functions of PARP-1 in 
Cancer. Front Oncol, 3, 290. eCollection 
2013

90. Caldecott K W: Protein ADP-ribosylation 
and the cellular response to DNA strand 
breaks. DNA Repair (Amst), 19:108-113 
(2014)
DOI: 10.1016/j.dnarep.2014.03.021

91. Morales J, L Li, F J Fattah, Y Dong, E 
A Bey, M Patel, J Gao, D A Boothman: 
Review of poly (ADP-ribose) polymerase 
(PARP) mechanisms of action and 
rationale for targeting in cancer and other 
diseases. Crit Rev Eukaryot Gene Expr, 
24(1),15-28 (2014)
DOI: 10.1615/CritRevEukaryotGeneExpr.
2013006875

92. Schreiber V, J C Ame, P Dolle, I Schultz, 
B Rinaldi, V Fraulob, J Menissier-de 
Murcia, G de Murcia: Poly(ADP-ribose) 
polymerase-2 (PARP-2) is required for 
efficient base excision DNA repair in 
association with PARP-1 and XRCC1. J 
Biol Chem, 277(25), 23028-23036 (2002)
DOI: 10.1074/jbc.M202390200

93. Yelamos J, J Farres, L Llacuna, C 
Ampurdanes, J Martin-Caballero: PARP-1 
and PARP-2: New players in tumour 
development. Am J Cancer Res, 1(3), 
328–346 (2011)

94. Kutuzov M M, S N Khodyreva, J C Amé, 
E S Ilina, M V Sukhanova, V Schreiber, 
O I Lavrik: Interaction of PARP-2 with 
DNA structures mimicking DNA repair 
intermediates and consequences on 
activity of base excision repair proteins. 
Biochimie, 95(6),1208-1215 (2013)
DOI: 10.1016/j.biochi.2013.01.007

95. Cohausz O, F R Althaus: Role of 
PARP-1 and PARP-2 in the expression of 
apoptosis-regulating genes in HeLa cells. 
Cell Biol Toxicol, 25(4), 379-391 (2008)
DOI: 10.1007/s10565-008-9092-8

96. Szántó M, A Brunyánszki, B Kiss, L Nagy, P 
Gergely, L Virág, P Bai: Poly(ADP-ribose) 
polymerase-2: emerging transcriptional 
roles of a DNA-repair protein. Cell Mol 
Life Sci, 69(24), 4079-4092 (2012)
DOI: 10.1007/s00018-012-1003-8

97. Bhute V, D Beard, S Kron, S Palecek: 
Nuclear magnetic resonance based 
targeted profiling of metabolic responses 
induced by DNA damaging agents and 
PARP inhibition in MCF-7 cells. Cancer & 
Metabolism, 2(Suppl 1):P8 (2014)
DOI: 10.1.186/2049-3002-2-S1-P8

98. Altmeyer M, M O Hottiger: Poly(ADP-
ribose) polymerase 1 at the crossroad 
of metabolic stress and inflammation in 
aging. AGING, 1(5), 458-469 (2009)

99. Luo X, W L Kraus:, A One and a Two 
… Expanding Roles for Poly(ADP-
Ribose) Polymerases in Metabolism Cell 
Metabolism, 13(4), 353–355 (2011)
DOI: 10.1016/j.cmet.2011.03.011

100. Luo X, W L Kraus: On PAR with PARP: 
cellular stress signaling through 
poly(ADP-ribose) and PARP-1. Genes & 
Dev, 26, 417-432 (2012)
DOI: 10.1101/gad.183509.111

101. Bai P, C Cantó: The Role of PARP-1 and 
PARP-2 Enzymes in Metabolic Regulation 



The Interplay of Sirtuins and Poly(ADP-ribose) polymerases

 472 © 1996-2015

and Disease. Cell metabolism, 16(3), 
290–295 (2012)

102. Wellen K E, C B Thompson : Cellular 
metabolic stress: considering how cells 
respond to nutrient excess. Mol Cell, 
40(2), 323-332 (2010)
DOI: 10.1016/j.molcel.2010.10.004

103. Erener S, M Hesse, R Kostadinova, M O 
Hottiger: Poly(ADP-ribose)polymerase-1 
(PARP1) controls adipogenic gene 
expression and adipocyte function. Mol 
Endocrinol, 26(1), 79-86 (2011)
DOI: 10.1210/me.2011-1163

104. Mansour M: The roles of peroxisome 
proliferator-activated receptors in the 
metabolic syndrome. Prog Mol Biol Transl 
Sci, 121:217-66 (2014)
DOI: 10.1016/B978-0-12-800101-1.000
07-7

105. Cantó C, J Auwerx: Interference between 
PARPs and SIRT1: a novel approach to 
healthy ageing?. Aging, 3(5), 543-547 
(2011)

106. Berger N A: Poly(ADP-ribose) in the 
cellular response to DNA damage. Radiat 
Res, 101, 4–15 (1985)
DOI: 10.2307/3576299

107. Houtkooper R H, C Canto, R J Wanders, 
J Auwerx: The secret life of NAD+: an 
old metabolite controlling new metabolic 
signaling pathways. Endocr Rev, 31, 194-
223 (2010)
DOI: 10.1210/er.2009-0026

108. Bitterman K J, R M Anderson, H Y Cohen, 
M Latorre-Esteves, D A Sinclair: Inhibition 
of silencing and accelerated aging 
by nicotinamide, a putative negative 
regulator of yeast sir2 and human SIRT1. 
J Biol Chem, 277, 45099-45107 (2002)
DOI: 10.1074/jbc.M205670200

109. Rajamohan S B, V B Pillai, M Gupta, N R 
Sundaresan, K G Birukov, S Samant, MO 
Hottiger, MP Gupta : SIRT1 promotes cell 
survival under stress by deacetylation-
dependent deactivation of poly(ADP-
ribose) polymerase 1. Mol Cell Biol, 29, 
4116–4129 (2009)

DOI: 10.1128/MCB.00121-09
110. Cantó C, A A Sauve, P Bai: Crosstalk 

between poly(ADP-ribose) polymerase 
and sirtuin enzymes. Mol Aspects Med, 
34(6), 1168-201 (2013)
DOI: 10.1016/j.mam.2013.01.004

111. Bai P, C Canto, A Brunyánszki, A Huber, 
M Szántó Y Cen, H Yamamoto, S M 
Houten, B Kiss, H Oudart, P Gergely, 
J Menissier-de Murcia, V Schreiber, A 
A Sauve, J Auwerx: PARP-2 regulates 
SIRT1 expression and whole-body energy 
expenditure. Cell Metab, 13(4), 450-60 
(2011)
DOI: 10.1016/j.cmet.2011.03.013

112. Houtkooper R H, J Auwerx: Exploring the 
therapeutic space around NAD+. J Cell 
Biol, 199 (2), 205–209 (2012)
DOI: 10.1083/jcb.201207019

113. Szántó M, I Rutkai, C Hegedus, A 
Czikora, M Rózsahegyi, B Kiss, L Virág, 
P Gergely, A Tóth, P Bai: Poly(ADP-
ribose) polymerase-2 depletion reduces 
doxorubicin-induced damage through 
SIRT1 induction. Cardiovasc Res, 
92(3):430-4388 (2011)
DOI: 10.1093/cvr/cvr246

114. Bai P, S M Houten, A Huber, V Schreiber, 
M Watanabe, B Kiss, G de Murcia, 
J Auwerx, J Ménissier-de Murcia: 
Poly(ADP-ribose) polymerase-2 controls 
adipocyte differentiation and adipose 
tissue function through the regulation 
of the activity of the retinoid X receptor/
peroxisome proliferator-activated 
receptor-gamma heterodimer. J Biol 
Chem, 282(52), 37738-37746 (2007)
DOI: 10.1074/jbc.M701021200

115. Yang H, T Yang, J A Baur, E. Perez, T 
Matsui, J J Carmona, D W Lamming, N 
C Souza-Pinto, V A Bohr, A Rosenzweig, 
R de Cabo, A A Sauve, D A Sinclair: 
Nutrient-Sensitive Mitochondrial NAD+ 
Levels Dictate Cell Survival. Cell, 130 (6), 
1095–1107 (2007)
DOI: 10.1016/j.cell.2007.07.035

116. Marcheva B, K M Ramsey, C B Peek, 



The Interplay of Sirtuins and Poly(ADP-ribose) polymerases

 473 © 1996-2015

A Affinati, E Maury, J Bass: Circadian 
clocks and metabolism. Handb Experim 
Pharmacol, 217, 127-155 (2013)
DOI: 10.1007/978-3-642-25950-0_6

117. Crane B R, M W Young: Interactive 
Features of Proteins Composing 
Eukaryotic Circadian Clocks. Annu Rev 
Biochem, 83, 191–219 (2014)
DOI: 10.1146/annurev-biochem-060713-
035644

118. Cantó C, J Auwerx: Targeting Sirtuin 1 
to Improve Metabolism: All You Need Is 
NAD+?. Pharmacological Reviews, 64 
(1), 166-187 (2012)
DOI: 10.1124/pr.110.003905

119. Van Meter M, Z Mao, V Gorbunova, A 
Seluanov: Repairing split ends: SIRT6, 
mono-ADP ribosylation and DNA repair. 
AGING, 3(9), 829-835 (2011)

120. Mao Z, 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, 
1443–1446 (2011)
DOI: 10.1126/science.1202723

121. Tennen R I, D J Bua, W E Wright, K F 
Chua: SIRT6 is required for maintenance 
of telomere position effect in human cells. 
Nat Commun, 2, 433 (2011)
DOI: 10.1038/ncomms1443

122. Cosentino C, R Mostoslavsky: 
Metabolism, Longevity and Epigenetics. 
Cell Mol Life Sci, 70(9), 1525–1541 (2013)
DOI: 10.1007/s00018-013-1295-3

123. Braidy N, G J Guillemin, H Mansour, T 
Chan-Ling, A Poljak, R Grant: Age related 
changes in NAD+ metabolism oxidative 
stress and Sirt1 activity in wistar rats. 
PLoS One, 6(4), e19194 (2011)
DOI: 10.1371/journal.pone.0019194

Key Words: NAD,ADPRibosylation, Sirtuin, 
Poly-ADP ribose,Poly-ADP ribose polymerase

Send correspondence to: Maria Rosaria 
Faraone Mennella, Department of Biology, 
University “Federico II” of Naples, Via Cinthia, 

80126 Naples, Italy, Tel: 39081679136, Fax: 
39081679233, E-mail: faraone@unina.it



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


