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Rejuvenating Sirtuins: The Rise of a New Family of Cancer Drug Targets  
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Abstract: Sirtuins are a family of NAD+-dependent enzymes that was proposed to control organismal life span about a decade ago. 
While such role of sirtuins is now debated, mounting evidence involves these enzymes in numerous physiological processes and disease 

conditions, including metabolism, nutritional behavior, circadian rhythm, but also inflammation and cancer. SIRT1, SIRT2, SIRT3, 
SIRT6, and SIRT7 have all been linked to carcinogenesis either as tumor suppressor or as cancer promoting proteins. Here, we review the 

biological rationale for the search of sirtuin inhibitors and activators for treating cancer and the experimental approaches to their identifi-
cation.  
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SIRTUINS: AT THE CROSSROAD OF METABOLISM, 

CANCER, AND INFLAMMATION 

 Sirtuins are enzymes that require nicotinamide adenine 
dinucleotide (NAD

+
) to catalyze their reactions [1-4]. The latter 

include activities as mono-ADP-ribosyltransferases [5] or as deace-
tylases. In mammals, seven sirtuins have been identified, of which 
two are predominantly nuclear, SIRT6 and SIRT7, two are nuclear 
and cytosolic, SIRT1 and SIRT2, and three are mitochondrial, 
SIRT3-5. Sirtuins have been ascribed roles in numerous physiologi-
cal and disease conditions, including aging, metabolism, circadian 
clock regulation, nutritional behavior, but also cancer and inflam-
mation [4, 6]. Due to their broad involvement in key biological 
functions, sirtuins are considered appealing targets for the devel-
opment of pharmaceuticals. In this review, we will focus on the role 
of sirtuins in cancer, we will discuss the rationale behind the devel-
opment of sirtuin-targeting agents for the treatment of human ma-
lignancies, and we will review the approaches through which 
modulators of sirtuin activity are currently investigated. 

SIRTUINS AND CANCER 

 The sirtuins for which a role in cancer has been proposed in-
clude SIRT1, SIRT2, SIRT3, SIRT6 and SIRT7. In genetic mouse 
models, SIRT1, SIRT2, and SIRT3 were shown to act as tumor 
suppressors [7-10]. In the case of SIRT1, its activity as a tumor 
suppressor has been ascribed to its capacity to deacetylate and con-
sequently inhibit the RelA/p65 subunit of NF-kappaB [11], a tran-
scription factor with antiapoptotic and pro-inflammatory activity. 
Moreover, studies show that SIRT1 also deacetylates -catenin and 
thereby suppresses its ability to activate transcription and drive cell 
proliferation [12]. Disruption of SIRT2, which is a tubulin deacety-
lase [13], in the mouse was found to increase the levels of mitotic 
regulators, such as Aurora-A and -B, aneuploidy, and mitotic cell 
death [8]. SIRT2-deficient mice developed gender-specific tumori-
genesis, with females developing mammary tumors and males de-
veloping hepatocellular carcinoma. Moreover, human breast can-
cers and hepatocellular carcinomas were reported to exhibit reduced 
SIRT2 levels as compared with normal tissues. SIRT3 was 
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proposed to oppose cancer development through its role in mito-
chondrial metabolism, reactive oxygen species production and ge-
nome stability [9, 10]. Its deficiency was shown to favor cell trans-
formation in response to oncogenic Ras or Myc and to lead to HIF-
1  stabilization with consequent induction of the Warburg effect. 
SIRT6 has also been suggested to act as a tumor suppressor since 
its acute overexpression in cancer cell lines of different histology 
was found to induce apoptosis [14]. Interestingly, this biological 
activity of SIRT6 appears to be linked to its mono-ADP-
ribosyltransferase but not to its deacetylase activity. Finally, SIRT6 
anticancer activity could also be ascribed to its capacity to nega-
tively regulate NF- B and HIF-1  [15, 16], the latter being a tran-
scription factor that promotes the expression of glycolytic and pro-
angiogenic genes. 

 The apparent consistency of this picture is complicated by evi-
dence that these same sirtuins may actually favor certain aspects of 
neoplastic growth and that, at least in certain instances, their inhibi-
tion may be preferable to their activation. Numerous reports indi-
cate that SIRT1 also has cancer-promoting functions which include 
deacetylation and inactivation of p53 [17, 18] and of proapoptotic 
FOXO transcription factors [19], deacetylation of Ku-70 with con-
sequent sequestration of Bax away from mitochondria [20], as well 
as inhibition of senescence and of apoptosis in c-Myc- and in PML-
driven cancers [21, 22]. Accordingly, many studies attribute direct 
anticancer activity to SIRT1 inhibitors or show how such com-
pounds sensitize cancer cells to anticancer agents or to oxidative 
stress [23-29]. Similar results were also reported for SIRT2. SIRT2 
downregulation or chemical inhibition were found to induce anti-
cancer effects that include p53 accumulation, cell cycle arrest and 
apoptosis [30-32]. In a recent study, the antileukemia effects of 
SIRT2 inhibition (with AC93253) were accompanied by Akt acety-
lation, de-phosphorylation, and consequent inhibition [33]. Interest-
ingly, evidence exists that SIRT2 inhibition could be counterpro-
ductive in certain instances, such as upon treatment with microtu-
bules inhibitors [34]. Namely, SIRT2 downregulation appears to 
make cancer cells resistant to these agents by prolonging chronic 
mitotic arrest. Also SIRT3’s role as a tumor suppressor does not 
seem to extend to all types of cancer. In particular, in oral 
squamous cell carcinomas, SIRT3 was found to be overexpressed 
and its downregulation had antiproliferative activity and sensitized 
carcinoma cells to radiation and to cisplatin [35]. Finally, in the 
case of SIRT6, studies show that this enzyme is crucial for telomere 
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maintenance, DNA repair and genome stability [36, 37]. Thus, 
SIRT6 inhibitors could conceivably be used to sensitize cancer cells 
to chemotherapeutics or radiotherapy [38]. Moreover, SIRT6 pro-
motes TNF synthesis by a mechanism that appears to entail the 
enhancement of the efficiency with which Tnf mRNA is translated 
[39, 40]. TNF plays a central role in some of the systemic manifes-
tations of cancer, such as fever and cachexia, and its role in shaping 
the tumor microenvironment is acknowledged [41]. SIRT6 inhibi-
tion could theoretically serve the purpose of reducing the levels of 
this unwanted mediator of cancer-induced inflammation and 
thereby interfere with invalidating systemic manifestations of dis-
ease.  

 Finally, a recent study suggests that SIRT7 may promote tu-
morigenesis by deacetylating lysine 18 of histone H3, thereby re-
pressing genes with tumor suppressor function [42]. SIRT7 was 
found to be stabilized at target promoters by interaction with the 
ETS family transcription factor ELK4. According to these authors, 
H3K18 deacetylation by SIRT7 would be necessary to maintain 
essential features of cancer cells, such as anchorage-independent 
cell growth and loss of contact inhibition. Indeed, in line with this 
model, SIRT7 depletion reduced the tumorigenicity of human can-
cer xenografts in mice. 

 Overall, while it is eventually becoming clear that sirtuins play 
important roles in cancer pathophysiology, the final judgment as to 
whether a defined sirtuin should be blocked or rather activated in 
order to achieve a therapeutic benefit may vary depending on the 
type of cancer, its molecular features, stage of disease, and clinical 
manifestations. Either way, a crucial step in the pursuit of sirtuin-
targeting approaches is the identification of compounds that could 
be used to specifically modulate sirtuin activity in vivo.  

SIRTUIN STRUCTURE 

 Sirtuins contain a conserved catalytic core with good structural 
superposition among the various isoforms. The main sirtuin struc-
ture consists of a large Rossman-fold domain (a structural motif 
that is typical of NAD+

 binding proteins), a small zinc-binding do-
main, and a number of flexible loops that bring together the two 
domains to form an extended cleft accommodating both cofactor 
and substrate (Fig. 1). The large Rossman-fold domain is character-
ized by the presence of six parallel -strands surrounded by a dif-
ferent number of -helices on either side, depending on the type of 
sirtuin. This domain shows the typical features of NAD

+
 binding 

sites, such as a Gly-X-Gly motif, that is important for phosphate 
binding, in addition to specific features that are deputed to the rec-
ognition of nicotinamide or ribose groups. The adenine base binds 
the C-terminal half of this domain while nicotinamide enters the N-
terminal part which is typical in inverted Rossman-fold domains. 

 The small zinc-binding domain comprises three antiparallel  
sheets, a variable  helical region and a Zn

2+
 cation coordinated by 

four conserved cysteine residues. The zinc ion does not directly 
participate in the catalytic mechanism of sirtuins, like in the case of 
class I/II HDACs [43], but its presence is required to ensure en-
zyme functionality [44]. This domain shows large variability in 
three-dimensional arrangements among different sirtuins and its 
position relatively to the large domain is also dependent on the 
presence of substrate and NAD

+
. This variability may have a poten-

tial role in substrate specificity and enzyme localization, highlight-
ing this domain as an attractive potential binding site for selective 
sirtuin inhibitors.  

 The so-called cofactor binding loop is the largest loop that con-
nects the large and the small domains of sirtuins and it is one of the 
most flexible regions of the enzyme. This loop forms part of the 
cofactor binding site and its conformation is largely influenced by 
the presence of NAD

+
 or other reaction intermediates. This loop can 

take a disordered conformation when NAD
+
 is not bound, while  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). X-ray structure of human SIRT3 in complex with ADPR 

bound to Acetyl-coenzyme A synthetase 2 peptide containing a 

thioacetyl lysine (PDB code 3GLT). Different domains of the pro-

tein are color-coded (red for the Rossman-fold domain, yellow for 

zinc-binding domain, green for the cofactor-binding loop. The mo-

lecular structure of substrate peptide (green) and cofactor (yellow) 

are reported. The surfaces of substrate-binding site (purple) and 

NAD+-binding site (light blue) are also highlighted. (The color 

version of the figure is available in the electronic copy of the article). 
 

two different ordered conformations, open or closed, are induced by 
NAD

+
 and by the reaction product 2-O-acetyl-ADP-ribose 

(OAADPr), respectively.  

 The NAD
+
 binding site, consisting in the large domain and in 

the loop region which is mainly represented by the cofactor binding 
loop, can be divided in an adenine binding pocket (pocket A), a 
nicotinamide ribose binding pocket (pocket B) and a nicotinamide 
binding pocket (pocket C). The cofactor molecule undergoes sev-
eral interactions within the binding site and some of these are con-
served among different sirtuins. The adenine base, for instance, is 
positioned in a way that allows the establishment of several van der 
Waals interactions including two conserved glycines and several 
hydrogen bonds, e.g. those formed by the amide nitrogen with a 
glutamate or serine residue, while the hydroxyls of the adenine 
ribose mainly interact with asparagine residues. Phosphate and 
nicotinamide ribose moieties undergo a complex interaction net-
work that, in both cases, is affected by the conformation of the co-
factor binding loop. Similarly, conformational changes occur also  
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in the nicotinamide binding pocket. In fact, crystallographic struc-
tures available in the Protein Data Bank show that the nicotinamide 
moiety of NAD

+
 is often bound outside of the C pocket in a con-

formation that is not compatible with acetyl-lysine binding and 
deacetylation reaction, the so-called non-productive conformation. 
Vice versa, a productive conformation of NAD

+
 requires the pres-

ence of an acetyl-lysine containing peptide so that the nicotinamide 
moiety can bind the C pocket that undergo interactions with various 
conserved residues, including the hydrophobic invariant motif Gly-
Ala-Gly.  

 The substrate peptide binding site is located in a cleft between 
large and small domains. Peptide binding induces a conformational 
change where the two domains merge together in order to form the 
binding site and the acetyl-lysine binding tunnel. The substrate 
peptide backbone forms several hydrogen bond interactions with 
two flanking strands in the enzyme, known as  staple, while the 
acetyl-lysine side chain makes several van der Waals interactions 
with conserved hydrophobic residues and an hydrogen bond be-
tween the N-  atom and a backbone carbonyl of conserved valine 
residue.  

 Three-dimensional structures of SIRT 2, 3 5 and 6 have been 
resolved by X-ray crystallography and it is worth to note that the 
recently obtained crystal structure of human SIRT6 [45] revealed 
distinctive features of this enzyme, such as a more open conforma-
tion due to a displacement of the small domain and the lack of the 
cofactor binding loop which is replaced by a stable single helix. 
The combination of structural, kinetic and biochemical studies 
highlight SIRT6 as the unique Sirtuin able to bind NAD

+
 in the 

absence of acetyl-lysine substrate opening to the possibility that it 
evolved away from NAD

+
-dependent deacetylase function toward a 

NAD
+
 metabolite sensor function.  

 An extended analysis on sirtuin structures and the current avail-
ability of crystallographic data has been recently published by 
Sanders et al. and Andreoli et al. [46, 47].  

SIRTUIN INHIBITORS 

 Although sirtuins emerged in the last years as therapeutic tar-
gets for small molecule-based interventions, a relatively small 
number of highly active molecules have been developed so far. The 
available inhibitors belong to several structural classes that reflect 
both different drug discovery strategies and the complexity of the 
catalytic machinery of these enzymes. The simplest approach used 
to identify novel active compounds was the evaluation of substrate 
and/or product mimetics. Among the first compounds studied were 
the endogenous inhibitor nicotinamide (1, (Fig. 2)), which is a prod-
uct of the deacetylation reaction, and its derivatives. Because of its 
simple chemical structure, nicotinamide is a micromolar non-
competitive inhibitor of SIRT1 and SIRT2 [48] that interact with 
the pocket C in the binding site. Similarly, slightly modified NAD

+
 

molecules such as carbamido-NAD
+
, compete with NAD

+
 for the 

cofactor binding site. SIRT1 inhibition with nicotinamide was re-
ported to have anticancer activity in B-cell chronic lymphocytic 
leukemia and in prostate cancer [27, 49]. However, nicotinamide 
and the NAD

+
 analogs have limited therapeutic potential as demon-

strated by unsuccessful searches for more potent inhibitors of this 
class [50, 51]. Several active molecules were designed starting from 
substrate peptides, such as small fragments of p53 protein, that 
were modified in order to block or reduce the catalytic activity. 
Thioacetyllysine derived inhibitors and other modifications of ace-
tylated lysine residue have been demonstrated to be potent sirtuin 
inhibitors [52-59]. A recent study highlighted SIRT5 preference to 
catalyze the hydrolysis of malonyl and succinyl group from the 
lysine residue rather than acetyl group, demonstrating that this pref-
erence could be used to the design of selective inhibitors [60]. 

 A phenotypic screen of a small compound library led to the 
discovery of sirtinol (2, Fig. 2), a hydroxynaphthaldehyde deriva-
tive that is active on different sirtuin isoforms [61] and has cyto-

toxic activity against cancer cells of different origin, including 
breast, lung, prostate and leukemia cells [25, 30, 49, 62]. A number 
of subsequent structure-activity relationship studies were carried 
out in search of derivatives of this molecule with improved activity 
and/or properties. Some examples are salermide (3, Fig. 2) [63], 
cambinol (4, Fig. 2) [23] and splitomicin (5, Fig. 2) [64]. With the 
exception of splitomicin, which is not active on human sirtuins 
[65], also these compounds were reported to have anticancer prop-
erties [23, 30, 63, 66]. A series of thiobarbiturates derivatives that 
are similar to cambinol and inhibit SIRT1 and SIRT2 at micromolar 
concentrations, was identified through a structure-based virtual 
screening approach followed by binding energy estimation and 
biological testing (6, 7 and 8, Fig. 2) [67]. A large high-throughput 
screening effort led to the discovery of a series of indole com-
pounds as interesting inhibitors of SIRT1, including one of the most 
potent and selective compounds known so far, EX-527 (11, Fig. 2). 
This compound inhibits SIRT1 at nanomolar concentrations and 
shows remarkable selectivity over SIRT2 and SIRT3, as well as 
good pharmacokinetic properties [68]. We found that EX-527 co-
operates with HDAC inhibitors to induce apoptosis in leukemia 
cells [25]. However, due to its selectively for SIRT1 and to its poor 
activity on other sirtuins, the anticancer activity of this inhibitor as 
a single agent appears to be weak [30]. 

 Starting from the rationale that sirtuins and protein kinases 
contain an adenosine binding site, a series of known kinase inhibi-
tors was tested against SIRT2 revealing bisindolylmaleinimides and 
indolinone as interesting scaffolds that are able to exert biological 
activity. The most interesting compounds, Ro31-8220 (9, Fig. 2) 
and GW5074 (10, Fig. 2) showed SIRT1/SIRT2 inhibitory proper-
ties in the low micromolar range [69].  

 Suramin (12, Fig. 2), an adenosine receptor antagonist, was 
discovered as a potent inhibitor of SIRT1/SIRT2 while searching 
for sirtuin activators [70]. This molecule inhibits SIRT1/SIRT2 at 
nanomolar concentrations and appears to be selective for SIRT1. 
Suramin has anticancer activity and has been studied in clinical 
trials [71]. However, it is still unclear to which extent such activity 
is due to sirtuin inhibition or, instead, to other modes of action, such 
as adenosine receptor activation or ceramide accumulation [72]. 
The optimization of the suramin scaffold led to NF675 (13, Fig. 2) 
which is the most potent and selective molecules in this series, 
showing a 20-fold selectivity ratio for SIRT1 over SIRT2 [73]. The 
binding mode of suramin was investigated by co-crystallization 
with human SIRT5 [74]. This structure highlights that suramin 
binds SIRT5 by occupying the nicotinamide ribose pocket (B-
pocket), the nicotinamide pocket (C-pocket) and part of the sub-
strate-binding site. Although this compound shows interesting po-
tency and selectivity profile, its modest drug-likeness, especially 
given its high molecular weight and its anionic nature, limits the 
therapeutic applications.  

 Several other compounds with various structural cores were 
reported to inhibit sirtuins at micromolar concentrations, such as 
tenovins [24], AGK2 [75], 1,4-dihydropyridines [76], bis-
naphtalimidopropyl derivatives [77], AC-93253 [32], and a series 
of natural products such as aristoforin [78], amurensin G [79], 
polyphenols [80] and tanikolide [81]. Among these, tenovin-1 and 
tenovin-6 were reported to have strong anticancer activity that is 
associated to p53 activation [24]. 

 Several reviews concerning sirtuin inhibitors have been pub-
lished [82-87].  

IN SILICO APPROACH TO THE DESIGN OF SIRTUIN IN-

HIBITORS 

 Computer-based drug design techniques are frequently used in 
the drug discovery pipeline to identify and/or optimize hit and lead 
molecules with the desired bioactivity profile. When the three-
dimensional structure of the target protein is known, structure-based 
methods are often the first choice since they allow estimating di-
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rectly the molecular interactions between a ligand and a receptor. 
Nowadays, even inexpensive computing machines, e.g. personal 
computer or small hardware infrastructures, can process large data-
base of molecules that can be virtually screened in order to select 
novel candidate compounds for subsequent experimental tests. In 
the case of sirtuin enzymes, a variety of crystallographic structures 
derived from different organisms have been published in the last 
decade. The structures of human SIRT2, SIRT3, SIRT5 and SIRT6 
are available in the Protein Data Bank, in unbound form or in com-
plex with NAD

+
, substrates, or different reaction intermediates. 

Only one structure reports SIRT5 in complex with the known in-
hibitor suramin [74]. This amount of structural information was 
used in several computational studies aimed to discover new sirtuin 

inhibitors [48, 65, 67, 75, 88-93]. While most of these studies made 
use of virtual screening techniques as an effective method to screen 
commercial compound libraries to select compounds for in vitro 
testing, molecular modeling efforts were also directed to elucidate 
binding modes of known inhibitors and to rationalize the structure-
activity relationship of identified molecules. In particular, modeling 
techniques such as prediction of the ligand binding affinity [67] or 
generation of three-dimensional models of different receptor con-
formations [75] were used. Overall, molecular docking results sug-
gest that sirtuin inhibitors can bind different pockets depending on 
the sirtuin and on the specific ligand scaffold. 

 Despite the amount of knowledge that has been gathered in last 
years on sirtuin structures and on new small-molecule inhibitors, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Sirtuin inhibitors. 
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the drug discovery process driven by computational approaches is 
far from being saturated. For instance, compound libraries used in 
virtual screening experiment were so far rather limited. Considering 
the capability of virtual screening algorithms and the increasing 
power of computing infrastructures, it is nowadays feasible to vir-
tually screen million-size databases of candidates molecules, even 
by using several freely accessible databases available to the scien-
tific community [94, 95]. In this context, it is expected that addi-
tional virtual screening studies will be directed to sirtuins in search 
of more potent and diverse classes of sirtuin inhibitors. In addition 
it is expected that further structural insights, i.e. the elucidation of 
new crystallographic structures or the co-crystal structure of sirtuins 
with new ligands, will play an essential role to allow a more effec-
tive use of computational approaches, not only for improving the 
knowledge of binding processes, but also to assist the lead optimi-
zation process.  

SIRTUINS ACTIVATORS 

 Because sirtuins have been involved in several physiopa-
thological conditions that include aging, metabolism and nutritional 
behavior [96], a major interest has been to define possible pharma-
cological actions that could activate sirtuin activity. The first small 
molecules that were reported as activators of SIRT1 were polyphe-
nolic compounds such as resveratrol, piceatannol, butein, quercetin, 
and myricetin (respectively compounds 1-5 in (Fig. 3)) [70]. More 
potent and chemically diverse activators were subsequently re-
ported, known as SRT1460, SRT1720 and SRT2183 (compounds 
6-8 in (Fig. 3)) [97], while a recent study reported allosteric modu-
lation of SIRT1 by nonpolyphenolic compounds [98]. Most of these 
compounds were reported to have anticancer activity [99, 100]. 
However, it should be noted that their mechanism of action is still 
unclear [88, 101] and a matter of controversy is the fact that sirtuin 
activation could frequently only be demonstrated with fluorescently 
tagged substrates [102-105]. Such activation might be ascribed to 
other in vivo and in vitro effects that are not mediated by SIRT1. 
Alternatively, increased SIRT1 activity in response to these com-
pounds may be indirect, i.e. reflect the activity of these agents on 
proteins that are SIRT1 interactors in the cell. Recent works by 
Park et al. [106] and Price et al. [107, 108] investigate further the 
role of resveratrol. In the first study authors show that resveratrol 
indirectly activates Sirt1 in vivo due to its effect on cAMP signal-
ing, in particular activating the cAMP-Epac1-AMPK-Sirt1 path-
way; it is also speculated that other known putative Sirt1 activators 
such as SRT1720, SRT2183, and SRT1460, because of their simi-
larity in metabolic effects, should act in a similar way of resvera-
trol. The second work establises a connection between SIRT1 and 
resveratrol by providing evidence that increased mitochondrial 
biogenesis and function, AMPK activation, and increased NAD

+
 

levels in skeletal muscles are obtained when mice are treated with a 
moderate dose of resveratrol. 

 A comprehensive review on small molecules that activate sir-
tuins has been recently written by Alcaín and Villalba [109]. 

BIOCHEMICAL APPROACHES TO THE IDENTIFICA-

TION OF SIRTUIN INHIBITORS 

 The identification of modulators of sirtuin activity requires 
efficient assays, possibly suitable for high throughput screening of a 
high number of compounds, for instance, but not solely, identified 
through in silico approaches. Here we will describe the most com-
mon assays recently used to screen set of molecules as possible 
inhibitors of human sirtuins.  

 Homogeneous fluorescent deacetylase assay - Recombinant 
sirtuins are incubated in the presence of the fluorescent histone 
deacetylase substrate peptide ZMAL (a fluorescent acetyl lysine 
derivative) and NAD

+
. At the end of the incubation, a buffer con-

taining trypsin and nicotinamide (to inhibit sirtuin activity) is 
added. ZMAL deacetylation forms the metabolite, ZML, which is a 

substrate for trypsin, while ZMAL is not. In the latter reaction, the 
fluorescent 7-aminomethylcoumarin (AMC) is generated, and its 
fluorescence can be detected in a plate reader. In case the com-
pounds to be screened as possible sirtuin inhibitors are fluorescent, 
or when a plate reader is not available, a protocol for detection and 
quantification by HPLC can be used [110]. The homogenous fluo-
rescent assay was used to screen as possible sirtuin inhibitors dif-
ferent families of compounds: adenosine mimetics, inhibitors of 
kinases or phosphatases [69]; suramin analogs [73]; splitomicin 
derivatives [65]; thiobarbiturates [67]; novel 3-arylideneindolin-2-
ones [111].  

 SIRT1 Fluorescence Polarization (FP) Assay - The SIRT1 FP 
assay, published in 2007 [97], is a coupled enzyme assay, as the one 
described above, where the deacetylation reaction is followed by a 
trypsin cleavage. More in detail, in the SIRT1 FP assay, SIRT1 
activity is monitored using a specific peptide derived from the se-
quence of p53. The peptide is N-terminally linked to biotin and C-
terminally modified with a fluorescent tag. The first reaction (cata-
lyzed by SIRT1) determines lysine deacetylation. In the second 
reaction the peptide is cleaved by trypsin at the newly exposed ly-
sine residue. The reaction is stopped by addition of nicotinamide 
and trypsin, and streptavidin is then added to accentuate the mass 
differences between substrate and product: fluorescent polarization 
is determined using excitation and emission wavelengths of 650 nm 
and 680 nm, respectively. This approach was used to screen large 
number of compounds and allowed the identification of SIRT1 
activators. 

 Sirtuin fluorimetric activity assay - The most commonly used 
method to screen molecules as possible sirtuin inhibitors are sirtuin 
fluorimetric activity assays with different substrates depending on 
the sirtuin whose deacetylase activity is assayed. These kits are 
based on similar principles as the homogeneous fluorescent deace-
tylase assay described above, as well as in the method described in 
[112]. In the so-called Fluor de Lys

®
 (Fluorescent deacetylation of 

lysine) assay system, the deacetylation of the substrate by the sir-
tuin, sensitizes the substrate so that, in a second step, treatment with 
the appropriate developer produces a fluorophore. The fluorescence 
of the wells is then measured using a fluorometric reader and the 
percentage of inhibition exerted by each compound is calculated. 
The most recent sirtuin inhibitors identified by these assay kits 
include: indoles [68]; a non-peptide molecule containing an N-
thioacetyl lysine [59]; four novel scaffolds [113]; tri- and tetrecyclic 
pyrimidinediones [114]; molecules containing N(epsilon)-modified 
lysine [58]; tenovins [24]; pseudopeptidic compounds [88]; 
JGB1741, a small molecule developed on sirtinol structure [115] 
and other sirtinol analogues [116]; cambinol analogs [117]; 2-
anilinobenzamide derivatives [118]. It has been suggested that the 
aminomethylcoumarin moiety of the fluorogenic substrates used in 
the SIRT1 Fluor de Lys

®
 assay can affect the binding of other small 

molecules to the enzyme [102, 103]. Therefore, confirmation of 
results with other assays might be recommended. 

 Charcoal Binding Assays - In this assay, recombinant sirtuins 
are incubated with the appropriate [

3
H]-acetylated peptide substrate 

(depending on the tested sirtuin) and NAD
+
. In this setting, sirtuin 

activity produces [
3
H]-labeled OAADPr, nicotinamide and deacety-

lated peptide. Activated charcoal is then added to terminate the 
reaction: both OAADPr and the acetylated peptide bind to the acti-
vated charcoal, but under the conditions described in [50, 119], the 
[
3
H]-labeled acetate is hydrolyzed from OAADPr and remains in 

the supernatant, which is collected and radioactivity is quantified by 
liquid scintillation counting. Thus, this method measures the 
amount of [

3
H]-labeled OAADPr in the form of free acetate. This 

assay has been efficiently used to screen nicotinamide analogs and 
NAD

+
 metabolites as inhibitors of SIRT2 [50, 51].  

 Microfluidic mobility shift assay - The microfluidic mobility 
shift assay technology separates substrates and products of enzy-
matic reactions: the differences in electrophoretic mobility depend 
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on the charge and on the mass of the molecule. Quantitation of 
remaining substrate and newly generated product is achieved by 
measuring the fluorescence intensities of both product and substrate 
peaks. The mobility shift assay described in [120] effectively sepa-
rate SIRT1 substrate fluorescein-labeled peptides containing a neu-
tral acetylated lysine residue from product peptides containing a 
deacetylated lysine bearing an additional positive formal charge. 
Although this assay could be amenable to high throughput screen-
ings, it appears more suitable for hit confirmation and mechanistic 
studies.  

 Bioluminescence assay - This assay utilizes label-free peptide 
substrate and is based upon quantitation of remaining NAD

+
, after a 

deacetylation reaction catalyzed by sirtuins. The NAD
+
 biolumines-

cence assay couples NAD
+
 consumption to the bacterial luciferase-

catalyzed oxidation of decanal. The method combines the quantita-
tive reduction of remaining NAD

+
 to NADH with the measurement 

of NADH using Photobacterium fischeri luciferase and NAD(P)H: 
FMN-oxidoreductase in the presence of long-chain aldehyde. This 

method is applicable to assay of sirtuins with any peptide substrate 
and is highly amenable to high throughput screenings [120].  

 Radiochemical assay of Nicotinamide Release - The activity of 
recombinant sirtuins can be measured with an assay using an ap-
propriate peptide containing an acetylated lysine (substrate of the 
investigated sirtuin) and [carbonyl-

14
C]-NAD

+
. Among the possible 

methods to detect the release of [
14

C]nicotinamide from [carbonyl-
14

C]-NAD
+
, the one developed by McDonagh and coll. uses com-

mercially available materials and allows for high-throughput 
screenings. Incubations can be performed in 96-well plates and the 
deacetylase reaction is stopped by the addition of a boronic acid 
resin, which binds unreacted NAD

+
: by means of a filter plate on a 

vacuum manifold, the unbound fraction, containing released nicoti-
namide, can be collected and the radioactivity content can be de-
tected in a scintillation counter [121]. By the use of this method, the 
identification of indoles as sirtuins inhibitor was confirmed [68].  

 Sirtuin enzyme-coupled assay for nicotinamide detection - Al-
though the above described method to detect nicotinamide release is 
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suitable for high throughput screenings, the use of radioactive com-
pounds raises problems of safety and waste disposal. In 2009, an 
enzyme-coupled assay for detection of nicotinamide, produced by 
different enzymes, including sirtuins, was developed [122]. With 
this spectrophotometric assay, nicotinamide formation is continu-
ously measured using a coupled enzyme system with nicotinami-
dase and glutamate dehydrogenase. Nicotinamidase hydrolyzes 
nicotinamide to nicotinic acid and ammonia. Glutamate dehydro-
genase then converts ammonia, -ketoglutarate, and NAD(P)H to 
glutamate and NAD(P). NAD(P)H oxidation/consumption is meas-
ured spectrophotometrically at 340 nm. As far as we know, this 
method has not been used for large screenings of compounds as 
possible sirtuin inhibitors. However, the coupled assay could be 
adapted to a high-throughput format, and a continuous assay should 
avoid many of the artifacts associated with fluorescent and end-
point assays.  

 Capillary electrophoresis-based sirtuin assay using non-peptide 

substrates - Recently, non-peptide substrates for SIRT1 have been 
synthesized and two capillary electrophoresis assays have been 
developed and validated to monitor the deacetylation process of the 
substrates and to screen the activity of sirtuin inhibitors [123]. 
Small peptides containing a fluorescence label at the N-terminus 
had been previously established as substrates for sirtuins in CE-
based assays [124, 125]. 

 Following high throughput screenings based on the evaluation 
of enzymatic activity of recombinant sirtuins, the identification of 
possible sirtuin inhibitors is often confirmed with assays in which 
cells are exposed to the compounds, putative sirtuin inhibitors. Here 
we review the most commonly performed “functional” tests. 

 Western blot for identification of acetylated proteins - This is 
by far the most used analysis: cells are exposed to different putative 
sirtuin inhibitors and total protein extracts are subjected to SDS-
PAGE and Western blot. The membranes are then probed with 
antibody specific for acetylated lysine in proteins that are substrate 
of sirtuin activity (usually p53, histone 3, -tubulin): thus, different 
levels of acetylated proteins are quantified. An incomplete list of 
studies employing Western blot analyses to evaluate sirtuin inhibi-
tion includes: [23, 59, 65, 88, 111, 114, 115, 117, 126, 127]. 

 Cell-based ELISA-type assay - Huber and coll. exploited this 
method, developed to identify and evaluate histone acetyltrans-
ferase inhibitors [128], to confirm novel 3-Arylideneindolin-2-ones 
as SIRT2 inhibitors [111]. In this assay, well-suitable for high 
throughput screenings, cells are seeded into 96-well microtiter 
plates and treated with the different compounds. Cells are then 
fixed and permeabilized, incubated with a blocking solution and 
subsequently exposed to an antibody against acetylated -tubulin 
and to a secondary anti-IgG mouse antibody properly labeled. The 
Enhancement solution is then added to each well and fluorescence 
intensity is measured [111]. Similarly, acetylated -tubulin and -
tubulin are visualized by indirect immunofluorescence in [23]. 

CONCLUSION 

 The hunt for compounds that act as modulators of sirtuin activ-
ity is open and is eventually leading to the discovery of new (or old) 
molecules that could one day be used as therapeutics. The preclini-
cal data that are currently available suggest numerous possible ap-
plications of this type of molecules for the treatment of human dis-
eases and, possibly, for their prevention. However, a note of caution 
should be raised in that the true significance of sirtuin activity in-
side the cells is still elusive. So are also the biological significance 
of the protein modifications that sirtuins perform and the interplay 
between sirtuins and other regulatory proteins, such as macrodo-
main proteins, that act in concert with them to regulate intracellular 
ADP-ribose levels [129, 130]. The answers to these questions will 
come with time and will help design rational applications of sirtuin-
targeting agents in humans.  
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