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Sirtuin inhibitors are pharmaceutically and therapeutically valuable compounds that inhibit sirtuin, a
type IIl histone deacetylase. Synthetic sirtuin inhibitors were discovered and characterized using
cell-based screens in yeast (Saccharomyces cerevisiae) and have been used in the study of aging, carcino-
genesis, and diabetes, all of which are related to sirtuin function. For medical applications, synthetic
inhibitors have been further developed for increased potency and specificity, including compounds
containing nicotinamide, thioacetyl lysine, B-naphthol, and indole derivatives. Suramin, tenovin, and
their analogues were developed as a result. Sirtuin inhibitors were found to affect organic develop-
ment and have been used to genetically modify plants, although a sirtinol-resistant mutation in the
biosynthesis of a molybdopterin cofactor for an aldehyde oxidase has been identified. Some natural
flavonoids, and catechin and quercetin derivatives also act as sirtuin inhibitors have been studied to
identify a more potent inhibitor for therapeutic purposes. In this review, sirtuin is introduced and the
therapeutic inhibitors that have been developed are presented, particularly sirtinol which has been
used for genetic modification in plants though it was not designed to be so. Sirtuin inhibitors with
greater potency and selectivity are required and those developed in pharmaceutics should be used in

plant research to identify more authentic sirtuins in plants.
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SIRTs are a family of NADH-dependent deacetylases and
mono-ADP-ribosyl-transferase enzymes [17, 30, 42, 79, 82,
87, 88]. It catalyzes the removal of the acyl group from N
-acyl-lysine on intracellular proteins [7]. SIRTs were first dis-
covered in yeast and they are also called Sir2 which came
from the yeast gene ‘silent mating-type information regu-
lation 2’ that is essential for the formation of silent hetero-
chromatin in budding yeast [47, 72]. Yeast Sir2 deacetylates
H4 lysinel6, H3 lysine56, H3 lysine3, and H3 lysinel4 [30,
97]. SIRTs are ubiquitous enzymes in bacteria, plants, and
animals [19, 87]. SIRTs do not simply hydrolyze acetyl-lysine
residues but its deacetylation reaction couples to NAD hy-
drolysis [5, 30, 41, 42, 82]. In animals, SIRTs are involved
in a wide range of cellular processes such as aging, tran-
scription, apoptosis, inflammation, stress resistance, and en-
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ergy efficiency [53, 66, 76]. Seven SIRTs have been found
in mammals [18, 51]. Mammalian SIRTs differ in subcellular
location. Among them, SIRT6 is a nuclear enzyme which
plays an important role in DNA damage signaling and re-
pair and is also involved in metabolism. SIRT6 is highly ex-
pressed in human breast, prostate and skin cancer where
it gives resistance to cytotoxic agents [83]. Therefore, SIRT6
is a potential therapeutic target of neurodegenerative dis-
eases, diabetes, and cancer [36, 37, 89]. SIRT6 levels are re-
duced in some types of cancers [45, 78]. However, other can-
cers such as hepatocellular carcinoma and multiple myeloma
have upregulated SIRT6 [12]. Therefore, it is worth finding
the SIRT6 inhibitor for therapeutic purpose. The bioavail-
ability of some natural flavonoids is too low to use those
clinically. Therefore, there is a need for developing de-
rivatives with better pharmacological properties. Identifying
novel types of scaffolds for designing potent SIRT6 in-
hibitors prompted research because there are still a limited
number of SIRT6 inhibitors. Human SIRTs have attracted
attention because of their function in prolonging lifespan
[94]. SIRT location, activity, and effect on pathologies are
summarized in Carafa et al. [6].

Compared to mammals, knowledge about plant SIRTs is

limited. SIRTs in plants are found to be involved in tissue



development [20, 27], mitochondrial energy metabolism [40,
49], starch metabolism [101], synthesis and transport of aux-
in or auxin action [20], protection against genome stability
[29], transposon silencing [29, 104], defense against
Pseudomonas syringae [95], fruit ripening [102], and photo-
synthetic activity and aging of leaves [1, 9].

All SIRTs use nicotinamide adenine dinucleotide (NAD")
as an essential cofactor [42]. Therefore, a drug which blocks
the nicotinamide binding site should have clinical signifi-
cance. Developing new agents that specifically inhibit the
SIRT activity has had a special interest because it can give
a new way to treat cancer and neurodegeneration [28, 94,
96]. However, plant scientists have used SIRT inhibitors as
a tool for understanding the cellular and physiological phe-
nomena such as hormone action, membrane trafficking,
gravitropism, and plant immunity [38]. For this purpose,
new chemical genetic screens have been developed to identi-
fy targets and mode of action of plant hormones, herbicides,
growth regulators [38]. Furthermore, biogenic SIRT inhibi-
tors are under investigation for pharmaceutical application.

In this review, SIRT inhibitors, synthetic and biogenic, are
introduced to show how these compounds are used and for

what reason and what is found in animal and plant science.

SIRT inhibitors used in therapeutics

SIRTs are involved in gene expression, metabolic control,
apoptosis, DNA stability and repair, development, in-
flammation, neuroprotection, and aging [94]. Therefore,
modulation of SIRT activity could have beneficial effects on
human diseases.

Human SIRT1 (a homolog of yeast Sir2) has been de-
scribed to be up-regulated in cancer cell lines [2, 96]. There-
fore, SIRT inhibitors can also be potential therapeutic agents
for cancer treatment. In addition to suppressing carcino-
genesis, SIRT inhibitors have been proposed to use in Par-
kinson disease, leishmaniosis, and human immunodefi-
ciency virus (HIV) treatment [59, 60, 93]. Because a high
number of mitochondrial proteins are acetylated and deace-
tylated, SIRTs (SIRT3, SIRT4, SIRT5) are found to be located
in mitochondria, metabolic syndrome and cancer can be
treated by SIRT inhibitors [63]. There are several SIRT in-
hibitors developed in therapeutics (Table 1). Nicotinamide
and thioacetyllysine-containing compounds are considered
as mechanism-based inhibitors [22, 31, 81](Fig. 1). Other
SIRT inhibitors such as B-naphthol-containing compounds
(sirtinol, salermide, carbinol, splitomicin), indole derivatives
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(EX-527, inauhzin), sumarin, tenovin, and its analogues pre-
sumably work by noncovalent binding to the SIRT active
site [28](Fig. 1). The detailed mechanism of SIRT inhibitors
screened by different strategies is reviewed in other reviews
[34, 71] and the effect of SIRT inhibitors on cancer develop-

ment is illustrated in Fig. 2.

Sirtinol used in plant research

In plant science, SIRT inhibitor has been used for identify-
ing the mode of action of physiological chemicals such as
plant hormones, growth regulators and herbicides.

Sirtinol is an inhibitor of yeast Sir2 and human SIRT1 and
SIRT2 [94]. Sirtinol was identified as an inhibitor of Sir2 in
yeast by high throughput phenotypic screening of cells using
small molecules [20]. Sirtinol has been used to characterize
sirtinol-insensitive mutants and to identify the correspond-
ing genes. Sirtinol was used in plants in a hope to find plant
SIRT inhibitor which is involved in an epigenetic control by
histone deacetylation. However, sirtinol acted deceivingly in
plants and allowed to find a gene involved in sirtinol metab-
olism that leads to degradation of the AUX/IAA repressor
and the activation of the auxin-inducible gene. Interestingly,
a histone deacetylase (HDAC) trichostatin A (TSA) which
does not inhibit SIRT inhibited the elongation of the primary
root and stimulated the emergence of the lateral root in
Arabidopsis, which are responses to auxin [56]. In response
to TSA treatment, the level of an auxin efflux carrier PIN1
decreased in the root tip and the decrease of PIN1 was not
due to the transcriptional inhibition of the PINT gene [56].
Because IAA-inducible gene expression was increased by
TSA treatment, the degradation of repressor AUX/IAA
might be involved like the result of Zhao et al. [103]. In
Nguyen et al. [56], there was no proof of a decrease in his-
tone deacetylase activity.

Many developmentally important molecules in plants are
hard to investigate their function because of the lethality
and/or severe pleiotropic phenotypes of the mutants related
to a certain molecule of interest. One of the molecules is
plant hormone auxin. To bypass this difficulty, auxin scien-
tists used chemical genetics to identify potent inhibitors of
auxin signaling [38]. Grozinger et al. [20] found that sirtinol
affected root and vascular development in Arabidopsis.
Sirtinol affected the body axis formation, which is similar
to the phenotype of MONOPTEROS/AUXIN RESPONSE
FACTOR5 (MP/ARF5) mutant [21, 67]. Later, sirtinol was
found to activate the auxin-signaling pathway [103]. Sirl was
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Table 1 SIRT inhibitors used in therapeutics

Name Target Treatment Reference
Leukemia [2]
Nicotinamide SIRT1/2/3/5/6 Prostate cancer [35]
Colon cancer [86]
Thioacetyllysine-containing Colon cancer [85]
compounds SIRT1/2/3 MCE-7 breast cancer [52]
- (3]
MCF-7 breast cancer, [55]
Splitomicin Yeast Sir2 Fragile-X mental
Retardation, [4]
HIV [60]
Sirtinol Yeast Sir2, human SIRT1/2 cancer [39, 58, 61]
AGK2 SIRT1/3 Parkl.nsor.l dléease, [50, 59]
Huntingtin disease
Cambinol SIRT1, SIRT2 Burkitt lymphoma 2]
Hepatocellular carcinoma [65]
Suramin SIRT5, SIRT1, SIRT2 trypanosomiasis [62]
Tenovin-1 and Tenovin-6 SIRT1 Let?kemla 9
Gastric cancer [26]
Salermide SIRT1 cancer [44, 73]
EX-527 SIRT?2, SIRT3 Huntingtin disease [84]
Papillomavirus amplification [43]
MC2141 SIRT1/2 Cancer [44, 48]
Inauhzin SIRT1 Cancer [73]
AKT SIRT2 Alzheuner. S, H}mtlggton s and [10, 74, 90]
Parkinson’s diseases
SDX-437 SIRT3 - [16]

identified by chemical genetics and encodes a protein anno-
tated as a molybdopterin synthase sulfurylase. However,
part of the gene was homologous to an ubiquitin E1 ligase
and a prolyl isomerase [103]. Because IAA signaling is acti-
vated by the degradation of repressive transcription factor
AUX/IAA, the later explanation was convincing. Work of
Zao et al. [103] was followed up by Dai et al. who drew
a surprising conclusion [13]. Sirtinol-resistant mutants sir3,
sir4, and sir5 had a mutation in the gene which encodes an
enzyme for the biosynthesis pathway of the molybdopterin
cofactor [11]. Molybdopterin cofactor (moco) is a necessary
cofactor for aldehyde oxidase and xanthine dehydrogenase,
both of which play an essential role in sirtinol activities.
Sirtinol undergoes a series of metabolic transformation to
form 2-hydroxy-1-naphthaldehyde (HNA) and then 2-hy-
droxy-1-naphthoic acid (HNC) by aldehyde oxidase. HNC
has striking structural similarity to a synthetic auxin 1-naph-
thaleneacetic acid (NAA). Therefore, Sir genes are required
for the transformation of sirtinol into an auxin and have no

role in auxin signaling and have nothing to do with deacety-
lase (Fig. 3).

Even though sirtinol did not lead to finding a SIRT in-
hibitor or a deacetylase-related protein, mutants insensitive
both to sirtinol and auxin are useful. A mutant carrying a
mutation in an A{CAND1 gene encodes a HEAT-repeat pro-
tein regulating the assembly and disassembly of the SCF
complex [8]. A mutation in the anticodon of a single tRNA™
conferred auxin resistance, which might affect the down-
stream auxin effectors [64]. Recently found sirtinol-resistant
mutant had a mutation in a CLEAVAGE STIMULATION
FACTOR 77 (AtCstF77) gene which is a component of the
pre-mRNA 3’-end polyadenylation machinery [100]. The
cstf77 mutant was auxin-insensitive and had a defect in poly-
adenylation site selection in transcripts of auxin signaling
genes in Arabidopsis [100]. Sirtinol affected stem cell main-
tenance and root development in Arabidopsis thaliana [80].
Auxin inhibits the primary root elongation and maintains
the stem cell [33, 91].
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Fig. 1 SIRT inhibitors A, Nicotinamide; B, AK-7, C, Thioacetyllysine; D, Thioacetyllysine-containing compounds; E, AGK2; F,
Cambinol; G, Suramin; H, Tenovin-1; I, Tenovin-6; J, Tenovin-3; K, Salermide; L, Suramin; M, EX-527; N, MC2141; O, Inauhzin;
P, SDX-437; Q, Splitomicin; R, Sirtinol.

Biogenic SIRT inhibitors and their derivatives and have various pharmacological effects [24]. Polyphenols
Polyphenols are mainly natural, synthetic, semisynthetic are found mainly in fruits, vegetables, cereals, and bev-
or organic chemicals, which have multiples of phenol struc- erages, and are dietary antioxidants [46]. Polyphenols are
tural units. Polyphenols are synthesized by plants and fungi
Sirtinol
. Activation of ‘ -
Ex-527 Heterochiomatin X Ox,H Hypocotyl elongation (+)
Sirtinol forma_t‘lon .& Gene Energy homeostasis FoxO1 oH SIRL
e silencing HNA 5 x
NE;?:;&&Q Cell proliferation FoxO1, Ku70 OO giz& f”tmarly ’°‘:th|°”5:.5“°"( ())
Salermide ] Cell apoptosis E2F1 ateral root formation (+:
Fistames DNA repair through 50 ‘ Aldehyde oxidase « GTP Apical dominance (+)
I Cell survival FoxO1 Oy OH ? aa Rcottstem cell
/ tumorigenesis MAPK, c-myc HINC OO OH (:\‘/g(on maintenance  (+)
SIRT1 ) deacetylation Inhibition of N e ]
\ Anti-apoptotic activity survivin ‘ o l t
S PTEN AKT pathway OH o o
NAA - SCFTRL 4 AUX/IAA q Transcription
B-catenin through | tumorigenesis OO
Cell survival NF-kB
Cell cycle arrest, . o g .
apoptosis, ps3 Fig. 3. Effect of sirtinol on plant development and metabolism
DNA repair . . .o
of sirtinol to NAA by an aldehyde oxidase, requiring
Fig. 2. Functional effect of selected SIRT inhibitors on SIRT1 a molybdopterin cofactor synthesized by Sir13, Sir3, Sir4,

and SIRT3 in cancer development. and Sir5. (+), stimulation; (-), inhibition.
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divided by two main groups, flavonoids and non-flavonoids,
and more than 4,000 flavonoids have been characterized
among more than 8,000 phenolic structures [46]. Because fla-
vonoids have a plethora of biological activities, they can be
used as a potential herbal medication for the treatment of
several diseases and have been studied in drug development.
The ability of flavonoids to modulate SIRT activity has
gained interest due to the role of SIRT in aging, insulin sensi-
tivity, lipid metabolism, inflammation, and cancer [24].

Among flavonoids, catechin and quiercetin were used to
investitgate their effects as SIRT inhibitors.

Catechin is a plant secondary metabolite, which belongs
to the group of flavanols, part of the chemical family
flavonoids. The main source of catechin is green tea, red
wine, and chocolate [46]. Catechin derivatives with galloyl
moiety significantly inhibit SIRT6 at 10 tM concentration
[70](Fig. 4).

Quercetin is a plant flavonol in the flavonoid group.
Natural quercetin can be found in onions, leeks, and broccoli
[46]. Two quercetin derivatives, diquercetin and 2-chloro-1,4-
naphthoquinone-quercetin, were identified as SIRT6 in-
hibitors [23](Fig. 4). The ICs value of diquercetin and 2-
chloro-1, 4-naphtoquinone-quercetin is 130 uM and 55 uM,
respectively [24]. The mode of inhibition of these inhibitors
is different because diquercetin competes with nicotinamide
adenine dinucleotide (NAD"), whereas 2-chloro-1,4-naph-
thoquinone-quercetin competes with the acetylated substrate
in the catalytic site of SIRT6 [24].

Fig. 4. Biogenic SIRT inhibitors A, (-)-Catechin gallate; B, (-)-
Gallocatechin gallate; C, Quercetin; D, Diquercetin; E,
Chloronathtoquinone-quercetin.

Biological roles of catechin and quiercetin in the inhibition
of cancer development are illustrated in Fig. 5.

Conclusion and Perspectives

The purpose of using SIRT inhibitors is different between
animals and plants. In the animal and the pharmacological
field, novel SIRT inhibitors are discovered by chemical li-
brary screenings [14, 54, 59], structure-based virtual screen-
ing [68, 75, 77, 92], and the design of mechanism-based in-
hibitors and are used for clinical and therapeutic purpose.
These inhibitors are good starting materials for making more
potent and selective to each class of SIRT. More structure-ac-
tivity relation should be studied.

When a SIRT inhibitor is used on plants, there should
be evidence of the decrease of deacetylase activity which
might influence the gene transcription of certain genes.
However, regarding the auxin signal transduction pathway,
more study on the relation of the action of HDAC inhibitor
with protein degradation is needed. Because of the un-
expected result using sirtinol, different type of SIRT in-
hibitors should be used to study the effect of deacetylation
on plant physiology. Using different SIRT inhibitors in
plants might give a way to find a deacetylase-related gene
or a novel gene or a new protein.

SIRTs belong the type III histone deacetylase and all SIRTs
in all organisms are divided into five classes based on a se-
quence of the Sir2 domain [18, 30]. Plant genomes seem to
have significantly less Sir2 homologs compared to animals,
fungi, and bacteria [87]. In plants, only SIRTs belonging to
class IV and class II have been identified in Oryza sativa
(OsSRT1 and OsSRT2), Arabidopsis thaliana (AtSRT1 and
AtSRT2), Vitis vinifera (VoSRT2 and VoSRTI), and Solanum
lycopersicum (SISRT1 and SISRT2) [87]. Therefore, much work

Apoptosis Tumor suppressor gene

(p53, PTEN)
Release of cytochrome ¢ bely,
From mitochondria, bax
Activation of caspase-8

Angiogenesis, Carginogenesis

b;?:h?gictliig Migration of cancer cells Metastasis
cyclins by inhibiting Growth
STAT3, NF-kB, Inflammation
MAPK/AKT

Fig. 5. Biological roles of catechin and quercetin in the inhibition
of cancer development.



must be done to find the other types of SIRT HDAC, and
various SIRT inhibitors should be used for this purpose.
More knock-out study of other class of SIRT is also needed.
Sirtinol only has been used in chemical genetics in plants.
Therefore, more sirtinol inhibitors used in therapeutics
might be promising to find deacetylase-related proteins or
new metabolic pathways in plants. Also, the assay system
for each class of SIRT must be developed in the animal and
plant field.

Not all flavonoids show SIRT inhibition. Different classes
of flavonoids either act as an activator or an inhibitor against
SIRT. For example, catechin derivatives displayed inhibition
against SIRT6, whereas cyanidin increased the SIRT6 activity
[70]. In addition, kaempferol and quercetin show a dual ac-
tion against SIRT6. Their activator or inhibitor action de-
pends on substrate concentration [70]. Therefore, more study
should be done to find more specific inhibitors to a certain
class of SIRT. Also, deacetylation is not the only known cata-
Iytic activity of SIRTs. SIRTs show either mono-ribosyl-
transferase or deacylase activity [15, 32, 57, 69, 98]. A more
mechanistic study is required in both animals and plants

to understand the significance of various SIRT functions.
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