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Abstract. SIRT1 is one of seven mammalian orthologs of yeast silent information regulator 2

(Sir2), and it functions as a nicotinamide adenine dinucleotide (NAD)-dependent deacetylase.

Recently, resveratrol and its analogues, which are polyphenols, have been reported to activate the

deacetylase activity of SIRT1 in an in vitro assay and to expand the life-span of several species

through Sir2 and the orthologs. To find activators or inhibitors to SIRT1, we examined thirty-six

polyphenols, including stilbenes, chalcones, flavanones, and flavonols, with the SIRT1 deacetylase

activity assay using the acetylated peptide of p53 as a substrate. The results showed that 3,2',3',4'-

tetrahydroxychalcone, a newly synthesized compound, inhibited the SIRT1-mediated deacetyla-

tion of a p53 acetylated peptide and recombinant protein in vitro. In addition, this agent induced

the hyperacetylation of endogenous p53, increased the endogenous p21CIP1 /WAF1 in intact cells,

and suppressed the cell growth. These results indicated that 3,2',3',4'-tetrahydroxychalcone had a

stronger inhibitory effect on the SIRT1-pathway than sirtinol, a known SIRT1-inhibitor. Our

results mean that 3,2',3',4'-tetrahydroxychalcone is a novel inhibitor of SIRT1 and produces

physiological effects on organisms probably through inhibiting the deacetylation by SIRT1.
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Introduction

Sir2 and its orthologs (sirtuins) have been shown to

expand the life span of several species (1 – 3). In

Caenorhabditis elegans, for example, life span is

extended by the presence of extra copies of a sir-2.1

gene (4). SIRT1, the closest mammalian homolog of

yeast Sir2, is important for various cellular functions,

including apoptosis, differentiation, proliferation,

metabolism, and protein degradation (5 – 8). Mole-

cularly, SIRT1 is known as a NAD-dependent histone

deacetylase (HDACs) (9). Histone deacetylases are

classified into three groups: the Rpd3-related class I,

Hda2-related class II, and Sir2 family (class III); and

NAD is necessary only for deacetylation by the Sir2

family (10, 11). In addition to histone, tumor suppressor

p53, forkhead transcription factor (FOXO), and PPAR-

Gamma co-activator (PGC)-1alpha are also targets for

deacetylation by SIRT1 (12 – 16). As regards to p53, the

acetylation has been reported to promote site-specific

DNA-binding of p53, to prevent p53 from the ubiquiti-

nation by Mdm2, or to alter the localization of p53 in the

nucleus (17). Therefore, the p53 deacetylation by SIRT1

affects cellular viability because p53 is a transcriptional

factor acting in response to various stresses and induces

cell cycle arrest or apoptosis (18, 19).

Previous studies have attempted to identify small

molecular activators of sirtuins. According to a compre-

hensive survey using a high-throughput screen, resvera-

trol and its analogues, known as polyphenols, have been

reported to promote the deacetylase activity of SIRT1,

although the detailed mechanism of this activation

remains unknown (1). In addition, it has been reported

that activators of sirtuins expand the life spans of yeasts,
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worms, and flies (1, 3).

Inhibitors of sirtuins have also been studied. Nicotin-

amide is known as a product of the Sir2 deacetylation

reaction and also acts as a physiological inhibitor of Sir2

(20 – 22). Sirtinol, splitomicin, some kinds of indoles

and their derivatives have been identified as inhibitors of

sirtuins by using a phenotypic screen in yeast and an in

vitro deacetylation assay (23 – 28). In addition, some

compounds were characterized as inhibitors of sirtuins

by applying molecular modeling and virtual screening

(29, 30). Due to their deacetylase inhibiting properties,

the small molecules described above have been suggested

to be useful for analysis of the catalytic mechanism of

sirtuins and could be antitumor drug candidates (31, 32).

Here, we report that 3,2',3',4'-tetrahydroxychalcone

(compound 17), a chalcone polyphenol here synthesized

for the first time, inhibited the deacetylase activity of

SIRT1 in in vitro assays, induced hyperacetylation of

p53 in intact cells, and suppressed the cell growth. This

result will help us to develop hydroxychalcones for

anticancer drugs.

Materials and Methods

Chemical compounds

All compounds excluding 17 and 18 were commer-

cially purchased: compounds 13, 21, 22, 23, 24, 25, and

31 were from Tokyo Chemical Industry (Tokyo);

compounds 1, 2, 11, 26, 29, and 30 were from Sigma

(St. Louis, MO, USA); compounds 4, 5, 6, 8, 9, and 10

were from Apin Chemicals (Oxon, UK); compounds 14,

19, 32, and 33 were from Aldrich (St. Louis, MO, USA);

compounds 20, 27, and 28 were from Fluka (Buchs,

Switzerland); compounds 15 and 16 were from Across

(Saitama); compounds 3 and 12 were from Kanto

Chemical (Tokyo); compounds 34 and 35 were from

Nacalai Tesque (Kyoto); and compounds 7 and 36 were

from Indofine (Hillsborough, NJ, USA) and Key

Organics (Cornwall, UK), respectively.

Synthesis of compounds 17 and 18

All reactions were carried out with stirring under an

atmosphere of nitrogen. The first two reactions were

stopped by adding water and sat. NaHCO3 aq., and

then the dried samples were treated with charcoal and

evaporated in vacuo. For 2',3',4'-ris(methoxymethoxy)

acetophenone (I, 13.3 g, 44.3 mmol: 89% yield), 2',3',4'-

trihydroxyacetophenone (8.41 g, 50 mmol) and hexane-

washed NaH (8.68 g, 217 mmol) were reacted for 1 h

in tetrahydrofuran (350 mL); and then chloromethyl

methyl ether (17.35 g, 216.9 mmol) was added dropwise

and reacted at r.t. for further 6 h. For 2'-methoxymethoxy-

benzaldehyde (II, 11.3 g, 99% purity), m-hydroxy-

benzaldehyde (7.33 g, 60 mmol) and triethyl amine

(9.12 g, 90 mmol) were mixed at 0°C in N,N-dimethyl-

formamide (350 mL), and then chloromethyl methyl

ether (6.39 g, 79 mmol) was added reacted at r.t. for 3 h;

and then hexane-washed NaH (2.01 g, 50.3 mmol as

60% NaH: before washing) and chloromethyl methyl

ether (4.14 g, 51.4 mmol) were added and further

reacted for 2.5 h at 0°C. For (E)-1-(2-methoxymethoxy-

phenyl)-3-(2',3',4'-trimethoxymethoxy phenyl)-2-pro-

pene-1-one (III, 4.2 g, 9.4 mmol), the above yielded

compound I (3.01 g, 10 mmol) and compound II (2.0 g,

11.9 mmol) and potassium hydroxide (14.04 g,

50.1 mmol) were dissolved in ethanol (15 mL) and

reacted for 12 h at r.t. The resultant compound III

(0.47 g, 1.04 mmol) was dissolved in methanol (42 mL),

added with 10% HCl – methanol (3.80 g, 10.4 mmol),

refluxed for 8 min, and then cooled in an ice bath. The

concentrated ethyl acetate extract was applied to a silica

gel column, and then compound 17 (33 mg, 0.12 mmol,

yield 12%, >99% purity) or (E)-1-(2,4-dihydroxyphenyl)-

3-(2',5'-dihydroxyphenyl)-2-propene-1-one (compound

18, 22% yield) was eluted with hexane / ethyl acetate

(65:35).

In vitro deacetylase activity assay

The SIRT1 or HDACs deacetylase activity assay kit

was purchased from CycLex (Nagano) and the assay

was carried out according to the manufacturer’s instruc-

tions. The reaction was performed at room temperature

for 30 min. The deacetylase activity was detected as a

fluorescent emission at 440 nm with excitation at

340 nm. The fluorescence intensity of the compounds at

440 nm was subtracted from the values measured in the

assay. The resulting value was treated as the baseline

value in the absence of compound. The experiments

were performed at least three times.

Cell culture, transfection, and antibodies

HEK293T (human embryonic kidney cell) cells were

cultured at 37°C in air with 10% CO2. DMEM

(Dulbecco’s modified Eagle’s medium; Invitrogen,

Carlsbad, CA, USA) supplemented with 10% fetal

bovine serum (Hyclone, Logan, UT, USA) was used for

the culture. Transfection was performed as described

(33). All antibodies were commercially purchased:

rabbit anti-p53 Ac-K382 antibodies (Cell Signaling

Technology, Beverly, MA, USA); mouse anti-p21 (BD

Bioscience, San Jose, CA, USA); rabbit anti-Sir2 alpha

(Upstate Cell Signaling Solutions, Lake Placid, NY,

USA); mouse anti-α-tubulin (Sigma). Secondary anti-

bodies labeled with horseradish peroxidase were used as

described (33).
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Deacetylase activity assay using crude lysate

Recombinant GST-SIRT1 was expressed in E. coli

BL21 (DE3) and pulled down with Glutathione

Sepharose 4B (GE Healthcare, Buckinghamshire, UK).

After washing the resin with wash buffer (50 mM Tris-

HCl [pH 7.4], 0.1% Triton X-100, 300 mM NaCl) three

times, GST-SIRT1 was eluted with glutathione buffer

(20 mM Tris-HCl [pH 8.0], 10 mM glutathione,

100 mM NaCl, 0.01% Triton X-100); and the resulting

solution was applied to an Ultrafree Filter (10K NMWL

membrane; Millipore, Milford, MA, USA) for concen-

tration and desalination. HEK293T cells (φ60 mm) were

transfected with 2 μg of pEGFP-p53, incubated for

24 h, and treated with 1 μM actinomycin D (Sigma) and

0.5 μM TSA (Sigma). After an additional incubation for

18 h, the cells were lysed with lysis buffer (50 mM

Tris-HCl [pH 7.4], 0.5% Triton X-100, 150 mM NaCl,

0.5 μM TSA) containing protease inhibitor cocktail

(Roche, Basel, Switzerland). Following a brief sonica-

tion and centrifugation (20,000 × g, 10 min), 1 μg /μL

cell lysate was incubated at 30°C for 60 min with

0.2 μg /μl GST-SIRT1, 400 μM NAD (Sigma), and

500 μM of the test compound. The samples were added

to SDS sample buffer and subjected to sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

and then transferred to Immobilin-P membranes

(Millipore). Signals were detected with ECL reagents

(GE Healthcare).

Measurement of cell growth

HEK293T cells (5.0 × 103/well of 96-well plates)

were incubated for 24 h, treated with 2, 6, or 20 μM of

compound 17 and then incubated for 48 h. Measurement

of cell growth was carried out by WST-8 assay based on

measurement of intracellular dehydrogenase activity.

The cells were mixed with 1 /10 volume of WST-8

reagent (Nacalai Tesque), and the optical absorption was

measured at a wavelength of 450 nm. The absorption

intensity in the well without cells was subtracted from

the values of the samples measured in the assay. The

value of the samples in absence of drugs was used as the

baseline.

Statistical analyses

Statistical significances among values from more than

two groups (kinds of compounds in Fig. 2 or concentra-

tion of compounds in Figs. 3 and 4) were determined

by a one-way analysis of variance (ANOVA, P<0.05)

followed by Fisher’s least-squares difference (FLD) test.

When comparing two groups (20 μM of compound 17

and sirtinol in Figs. 3 and 4 or 0 and 20 μM of sirtinol in

Fig. 4B), Student’s t-test was used for statistical analysis.

Results

Screening of compounds inhibiting the SIRT1 deacety-

lase activity to p53 peptide

To search for activators or inhibitors of SIRT1, 36

polyphenols were purchased or synthesized (Fig. 1).

They are classified into four derivative groups: stilbenes,

chalcones, flavanones, and flavonols. Compounds 17

and 18 were chalcones synthesized here for the first

time, while some known activators such as resveratrol

and piceatannol (compound 1 and 2, respectively) were

also included in the library. These 36 compounds were

examined for deacetylase activity in vitro using a

commercially available assay. In this assay, purified

recombinant SIRT1, NAD, and the compound being

tested were mixed with a substrate p53 peptide coupled

to fluorophore and quencher. The degree of deacetyla-

tion was assessed by measuring the fluorescence inten-

sity. Although some compounds, such as compounds 2

and 6, activated the deacetylation of SIRT1, the increase

in deacetylation was only several-fold (Table 1). On the

other hand, compounds 11, 17, and 18 suppressed the

deacetylase activity of SIRT1 more than 90%, so we

focused on the inhibitory effect of these compounds for

further analysis.

Effect of the compounds on the deacetylation of p53

protein by SIRT1

In the screening described above, p53 acetylated

peptide was used as a substrate. We examined whether

the candidates for SIRT1 inhibitors also suppressed

deacetylation of p53 protein synthesized in cells. In the

assay using crude cell lysate, sirtinol inhibited the SIRT1

deacetylase activity (Fig. 2). Among the candidates

tested, only compound 17 inhibited the deacetylation of

p53 (P<0.001, FLD test; Fig. 2). This result indicates

that compound 17 is a novel SIRT1 deacetylase inhibitor

that could fit into the conformational space between

SIRT1 and full length p53.

Effect of compound 17 on the deacetylase activity of

SIRT1 and SIRT3

IC50 values of compound 17 against SIRT1 and SIRT3

activities were calculated based on the assay as

described in Table 1. Compound 17 slightly preferred to

inhibit SIRT1 rather than SIRT3 (Table 2). In addition,

compound 17 was more active to either sirtuin than

sirtinol (P<0.01 for either sirtuin, two-tailed Student’s

t-test). These results show that compound 17 is a potent

inhibitor of sirtuins.

Effect of compound 17 on endogenous p53 in intact cells

To examine the effect of compound 17 on the acetyla-
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Fig. 1. Chemical structures of the compounds used for the deacetylation assay in vitro. The compounds used in the screening

were classified into four structural groups: stilbenes, chalcones, flavanones, and flavonols. Compounds 17 and 18 were newly

synthesized by us. A blank indicates “H”.

Table 1. Effect of chemical compounds on the deacetylase activity of SIRT1

Compound
SIRT1 deacetylase activitya 

(average ± S.E.M.)
Compound

SIRT1 deacetylase activitya 

(average ± S.E.M.)

– 1 19 1.27 ± 0.55

1 1.29 ± 0.10 20 1.48 ± 0.62

2 3.09 ± 0.75 21 1.50 ± 0.50

3 1.45 ± 0.42 22 1.60 ± 0.54

4 1.37 ± 0.03 23 1.39 ± 0.50

5 0.82 ± 0.07 24 0.64 ± 0.22

6 2.84 ± 0.07 25 1.03 ± 0.08

7 2.81 ± 0.19 26 1.17 ± 0.24

8 1.33 ± 0.22 27 1.45 ± 0.53

9 1.26 ± 0.03 28 1.36 ± 0.64

10 1.86 ± 0.05 29 1.39 ± 0.54

11 0.04 ± 0.03 30 0.38 ± 0.14

12 0.32 ± 0.08 31 0.84 ± 0.06

13 1.66 ± 0.52 32 0.64 ± 0.24

14 1.42 ± 0.50 33 1.32 ± 0.56

15 1.08 ± 0.56 34 0.88 ± 0.03

16 1.25 ± 0.41 35 0.43 ± 0.01

17 0.06 ± 0.01 36 0.25 ± 0.15

18 0.01 ± 0.01

The reaction was performed at 25°C for 30 min in presence of 100 µM of the test compound. aThe deacetylation level in

the absence of a compound was taken as the baseline value of deacetylation. Data represent the mean values of at least

three experiments.
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tion level of p53 in intact cells, HEK293T cells were

treated with compound 17. Because the IC50 in the

HDACs-activity assay was 445 ± 28 μM, low doses of

compound 17 (2, 6, and 20 μM) were used in this assay

to reduce the possibility that the compound affects other

HDACs. Hyperacetylation of p53 was detected in the

cells treated with compound 17, and this effect was

dependent on the concentration of compound 17 used

(P<0.001, FLD test; Fig. 3). Furthermore, the level of

acetylated p53 was higher for compound 17 than sirtinol.

Therefore, compound 17 is a novel potent inhibitor of

SIRT1 deacetylation in intact cells.

Effect of compound 17 on the protein level of p21CIP1/WAF1

and cell growth

It has been shown that the overexpression of SIRT1

suppresses the expression of p21CIP1 /WAF1, a cyclin-

dependent kinase (CDK) inhibitor-1A that is known to

arrest cell cycle, and that the dominant negative mutant

of SIRT1 (hSir2HY) increases the protein level of

p21CIP1 /WAF1 after ionizing radiation (13, 16, 34). There-

fore, we examined the protein level of p21CIP1 /WAF1 in the

cells treated with compound 17. The level of p21CIP1 /WAF1

was higher in the samples treated with 20 μM of

compound 17 than non-treated samples (P<0.05, FLD

test; Fig. 4A). While the accumulation of p21CIP1 /WAF1

was slightly increased at 20 μM sirtinol, it was clear

that compound 17 had a more pronounced effect on the

accumulation of p21CIP1 /WAF1 than sirtinol at the same

concentration. Furthermore, the cell growth of HEK293T

cells was suppressed by the treatment of 20 μM

compound 17 compared to no treatment (P<0.001,

FLD test; Fig. 4B). Therefore, our results show that

compound 17 (3,2',3',4'-tetrahydroxychalcone) suppresses

cell proliferation.

Discussion

Posttranslational modifications are key events during

the physiological regulation of protein. In our previous

Fig. 2. Effect of the candidates for SIRT1 inhibitor on the deacety-

lation of p53 by SIRT1 in crude cell lysate. The acetylation of p53

was detected with anti-p53 acetylated K382 antibodies (upper panel),

and quantitative analysis was carried out (bottom graph). The

deacetylation level in the absence of a compound was taken as the

baseline value of deacetylation. The experiments were repeated three

times (FLD test, **P<0.01, ***P<0.001).

Table 2. Inhibitory effect against SIRT1 and SIRT3

Compound
IC50 (µM) ± S.E.M.a

SIRT1 SIRT3

Compound 17 40.3 ± 2.8 48.0 ± 4.3

Sirtinol 120.2 ± 15.9 189.0 ± 22.2

aThe reaction was performed at 25°C for 15 min. Experiments were

repeated three times.

Fig. 3. Effect of compound 17 on the acetylation level of p53 in

intact cells. HEK293T cells were treated with 2, 6, or 20 µM of

compound 17 for 20 h. A 10-µg sample of total cell lysate was used

for the analysis. Quantitative analysis was performed (bottom graph).

The experiments were repeated four times (FLD test, *P<0.05,

**P<0.01, ***P<0.001; two-tailed Student’s t-test, ###P<0.001).
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reports, we studied the phosphorylation, ubiquitination,

sumoylation, and polyglutamylation of proteins. While

gene targeting, mutagenesis, and RNAi technologies

were used in those studies to modulate the enzymatic

activity, they can not be always suitable for analysis of a

posttranslational modification. In this study, we focused

on a pharmacological approach and identified compound

17 as a potent SIRT1 inhibitor that at least acts on

the deacetylation of p53. This finding is expected to

contribute to the studies on deacetylation by sirtuins or

p53-mediated physiological effects.

Resveratrol (compound 1) and its analogues

piceatannol (compound 2), butein (compound 11), isoli-

quiritigenin (compound 12), fisetin (compound 29), and

quercetin (compound 30) have been reported to activate

the deacetylase activity of sirtuin from 4.6- to 13.4-fold

(1). In the present study, however, resveratrol and fisetin

exhibited only marginal activation of the SIRT1

deacetylase activity (1.29- and 1.39-fold, respectively),

while piceatannol showed the most powerful activation

of the tested compounds (3.09-fold, Table 1). Butein,

isoliquiritigenin, and quercetin suppressed the deacety-

lase activity (0.04-, 0.32-, and 0.38-fold, respectively).

These different results with the previous data were

thought to be due to the characteristics of the substrate

peptide used here. A quencher prevents fluorophore

from emitting fluorescence when it is in close enough

proximity. In this assay system, a substrate that has a

quencher and a fluorophore conjugated at opposite ends

was used. Since it is known that the proteolysis was

tightly followed by deacetylation by SIRT1 in this

system, the extent of changes that reflect the detachment

of quencher and fluorophore detected by a fluorometer

was used as a parameter for SIRT1 activity. Because it

was suggested that the increased SIRT1 activity induced

by resveratrol in the previous assay was caused by

substrate-specific activation (35, 36), our results would

seem to be the result of improving the construction of

the substrate.

Several hydrogen-bond donors, for example, hydroxyl

groups, have been suggested to be important for an

inhibitor to interact with a putative SIRT2 active site

(29, 30). As the site is highly conserved in SIRT1, it is

assumed that there are some polyphenols where the

location of the hydroxyl groups is potentially suitable for

the interaction with SIRT1 at the putative active site.

Here, we showed that compounds 11, 17, and 18 greatly

inhibited the deacetylation by SIRT1 in the assay using

p53 peptide (Table 1). Those compounds have common

features: they belong to the chalcone polypenols; and

they have more than four hydroxyl groups (Fig. 1).

Therefore, both of those features seem to be necessary

for the potent inhibitory effect in the assay. On the other

hand, compounds 11 and 18 did not inhibit the deacety-

lation of full length p53 (Fig. 2). This result would be

caused by the conformational difference of the SIRT1-

substrates complex. It is thought that compounds 11 and

18 can freely access SIRT1 bound to p53 peptide but not

to full length p53 that is buried in the access space. In

any case, it is clear that compound 17 is effective for

inhibiting SIRT1-mediated deacetylation in the presence

of either substrate.

Fig. 4. Effect of compound 17 on cell growth. A: p21CIP1 /WAF1 protein was detected in the samples used in Fig. 3. B: cell growth

rate of the HEK293T cells was measured with the WST-8 assay. The cells were incubated for 48 h after the treatment with

compound 17. The experiments were repeated four times (A) or five times (B). Statistical analysis was carried out by the FLD test

(*P<0.05, ***P<0.001) or two-tailed Student’s t-test (#P<0.05, ###P<0.001).
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Sirtinol indubitably showed the inhibitory effect on

the deacetylase activity of SIRT1 in our report. The IC50

of sirtinol to SIRT1 in the assay using the p53 peptide

was 120.2 μM (Table 2). This result is consistent with

the previous data (131 μM) from a different fluorimetric

assay (26). On the other hand, the IC50 of compound 17

against SIRT1 was 40.3 μM and lower than that of

sirtinol. The tendency for compound 17 to be more

effective than sirtinol can be also be seen in Figs. 3 and

4. While some compounds showing much lower IC50

values to SIRT1 have been reported (27), it is interesting

that polyphenols, many of which have been regarded to

activate sirtuins, can show the opposite effect and that

additional inhibitors might be found among the the

polyphenols in the future.

Compound 17 increased the protein level of

p21CIP1 /WAF1 and suppressed cell proliferation (Fig. 4).

This result is in agreement with a previous report that

p21CIP1 /WAF1 inhibits CDK activity and contributes to cell

cycle arrest (34) and that some sirtuin inhibitors induce

senescence-like growth arrest in cancer cells (31, 32).

Some transcriptional factors, including p53, are known

to function in the p21CIP1 /WAF1 promoter (37). Therefore,

such transcriptional factors would be involved with

the increase of p21CIP1 /WAF1 in the cells treated with

compound 17. Especially, p53 is regarded to be a

primary candidate because p53 is a target for the

deacetylation by SIRT1, and in fact, acetylated p53 was

increased in the cell treated with compound 17 (Fig. 3).

Alternatively, histone would be implicated in the

transcriptional activation of p21CIP1 /WAF1 in the presence

of compound 17 because it is also a target for the

deacetylation by SIRT1. Sirtinol showed a similar effect

on cell proliferation as compound 17 despite causing

only a marginal increase of the protein level of

p21CIP1 /WAF1 and acetylated p53 (Figs. 3 and 4). This

result suggests the possibility that sirtinol induces

cell death or suppresses cell proliferation independent of

inhibiting the deacetylation by SIRT1 at the indicated

concentration.

In conclusion, we show that a novel chalcone,

3,2',3',4'-tetrahydroxychalcone, inhibits the deacetyla-

tion by SIRT1 and suppresses the cell growth. Because it

has been reported that cambinol and sirtinol, sirtuin

inhibitors, can exert anticancer effect on human cancer

cells (31, 32), it would be well worth applying

compound 17 or its derivatives to not only basic studies,

but also therapeutic applications for anticancer in the

future.
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