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ABSTRACT

Isolation and Characterization of New Sirtuinl (SIRT1)

Activators from Medicinal Plants

Dao Trong Tuan
Advisor: Prof. Oh Won-Keun Ph.D.
College of Pharmacy,

Graduate School of Chosun University

Silent information regulator.two ortholog 1 (SIRT1) was discovered as the
first mammalian sirtuin discovered and is the most studied of the seven human sirtuin
family members. It has been postulated that activators of SIRT1 might be beneficial in the
treatment of aging-associated diseases. However, although some small molecular
activators of SIRT1 have beencidentified recently, new activators are still needed to
improve the understanding of SIRT1 biological functions and to discover its possible
therapeutic indication. With the hope of gaining promising substances served as lead
compounds for stimulating SIRT1 activity, we have focused our efforts on search for
highly active compounds isolated from traditional medicinal plants source. After screening
thousands of plants by using an in vitro SIRT1 assay, two candidates have been selected
for further studies, including Ailanthus altissima and Curcuma longa.

Bioactivity guided fractionation of these candidates has resulted in the

isolation of a series of substances as active principles, including twelve new compounds:
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(2'R,3'R)-7-(2',3'-dihydroxy-3',7'-dimethylocta-6'-enyloxy)-6,8-dimethoxycoumarin, 6,8-
dimethoxy-7-(3’,7'-dimethylocta-2’,6'-dienyloxy)coumarin, (2'R,3'R,6'R)-7-(2',3'-
dihydroxy-6',7'-epoxy-3',7'-dimethyloctaoxy)-6,8-dimethoxycoumarin, (2'R,3'R,4'S,5'S)-
6,8-dimethoxy-7-(3',7'-dimethyl-4',5'-epoxy-2'-hydroxyocta-6’-enyloxy)coumarin,
(3'R,4'S)-6,8-dimethoxy-7-(3',7'-dimethylocta-3’,4’-epoxy-6’-enyloxy)coumarin,
(2'R,3'R,6'R)-7-(6',7'-dihydroxy-2',3"-epoxy-3',7'-dimethyloctaoxy)-6,8-
dimethoxycoumarin, (3'R,4'S)-7-(2',3":6',7'-diepoxy-6'-hydroxy-3',7'-dimethyloctaoxy)-
6,8-dimethoxycoumarin, (2'R,3'R,6'S)-6,8-dimethoxy-7-(6"-hydroxy-2',3'-epoxy-3',7'-
dimethylocta-7'-enyloxy)coumarin, (2'R,3'R,6'S)-6,8-dimethoxy-7-(2',3'6'-trihydroxy-
3',7' -dimethylocta-7'-enyloxy)coumarin (altissimacoumarins C-K), 2-(4,5-dihydroxy-3-
methoxyphenyl)methenyl-5-(4-hydroxyphenyl)ethenyl-3(2H)-furanone, 2-(4,5-dihydroxy-
3-methoxyphenyl)methenyl-5-(4-hydroxy-3-methoxyphenyl)ethenyl-3(2H)-furanone and
(1R,3R,55)-trihydroxy-1-(4,5-dihydroxy-3-methoxyphenyl)-7-(4-hydroxy-3-
methoxyphenyl)heptane (curcuminlongins A-B and D).

Their structutes were elucidated on the basic of spectral (including 1D, 2D-
NMR, UV, IR, and MS) and physicochemical analyses. Herein, my thesis deals with the
isolation, structural elucidation of these compounds. Furthermore, the preliminarily studies
on evaluation of stimulating SIRT1 activity of the compounds and their structure-activity
relationship are described and discussed. These data suggest that terpenylated coumarins
from A. altissima, and curcuminoids from C. longa can be considered as promising classes

of SIRT1 activators.
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I. INTRODUCTION

Sirtuin 1 (SIRT1) is a member out of seven evolutionarily conserved sirtuin enzymes
(SIRTI to SIRT7) in human that require the co-factor nicotinamide adenine dinucleotide
(NAD") and primarily catalyze the deacetylation of e-acetyl-Lys residues in protein
substrates. SIRT1, of particular interest, has been implicated in a number of age-related
diseases and biological functions involving cell survival, apoptosis, stress resistance, fat

storage, insulin production, and glucose and lipid homeostasis.

1. The discovery of sirtuins

About 10 years ago, the longevity effect of calorie restriction (CR) was first
hypothesized to be mediated by a family of ancient enzymes, found throughout all species,
known as "sirtuin" proteins (Guarente, 2005; Guarente & Picard, 2005; Sinclair, 2005).
The founding member of this family, the SIR2 gene from the yeast S. cerevisiae, was
originally called MAR1 (mating-type regulator 1) (Klar ef al., 1979). Following this initial
work, other mutations thatled to sterility were also isolated in this gene and in 3 others, so
this set of four genes was collectively renamed in the literature as SIR 1-4 (for "silent
information regulator") (Rine & Herskowitz, 1987; Ivy et al., 1985; Shore et al., 1984).
Subsequent work further elucidated that over expression of SIR2 led to notably higher
deacetylation of histone proteins at the mating-type loci, a unique feature of SIR2 that is
not shared by the other SIR proteins (Braunstein et al., 1993). A few years later, four more
yeast genes were discovered with homology to SIR2 and these genes were named as HST

(or "homologues of SIR2") 1-4 (Derbyshire et al., 1996; Brachmann et al., 1995). Thus,
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there are a total of five sirtuin genes in S. cerevisiae: SIR2, the founding member of the
family, and the four homologues, HST1-HST4. Although it was shown that none of the
four HST genes were essential for survival, they do participate in silencing at telomeres
and at the mating-type loci, in addition to maintaining integrity of the genome and
progression through the cell cycle. SIR2 was then subsequently discovered across diverse
species ranging from bacteria to plant and human. There have been seven sirtuins

characterized in human:
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Fig. 1. Cellular localization, enzymatic activities and targets of the mammalian sirtuins
(Saunders & Verdin, 2007)
Sirtuins link with CR that was first made in S. cerevisiae. Increased dosage of
the SIR2 gene was shown to suppress the formation of extra chromosomal rDNA circles

(ERCs) and thereby extend yeast lifespan by 30% (Kaeberlein et al., 1999). Later, it was
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observed that the replicative lifespan of cells was extended by about 30% using media with
0.5% glucose (weight/volume), when compared to cells grown on the standard recipe of
2% glucose, and this CR-induced longevity effect was shown to be dependent on the SIR2
gene (Anderson et al., 2003; Lin et al., 2000). Although controversy exists, the life-
extending function of SIR2 was conserved across other organisms: increasing the level (or
activity) of the Sir2 enzyme extends the lifespan of models like C.elegans and Drosophila
(Rogina and Helfand, 2004; Tissenbaum and Guarente, 2001). Indeed, even the protozoan
para site, Leishmania, encodes a Sir2 enzyme to promote its /survival (Vergnes et al.,
2002). Importantly, recent studies in mice have shown that"SIRT1 knockout animals
(SIRT1 is the mammalian orthologue of Sir2)'fail to exhibit increased physical activity
characteristic of CR (Chen et al., 2005) and CR also fails to extend lifespan (Boily et al.,
2009), yet these changes may be attributed to a systemic decrease in overall fitness, as the
animals may have other unknewn defects/phenotypes. Conversely, transgenic mice over-
expressing SIRT1 exhibit phenotypes that mimic the CR state, including increased
metabolism, leaner ‘body composition, lowered blood cholesterol and adipokines, and
increased performance upon rotarod challenge (Bordone et al, 2007). Today, the
mammalian SIRT1 have emerging roles in a variety of fundamental age-associated
processes including cancer, diabetes, obesity, inflammation, muscle differentiation, heart
failure, and neurodegeneration, thereby attracting wide interest for promising therapeutic

intervention (Gan & Mucke, 2008; Porcu & Chiarugi, 2005).

2. Role of SIRT1 in metabolic regulation

SIRT1 regulates a variety of cellular processes like energy metabolism, cell-

7
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cycle progression, muscle differentiation, fat mobilization, and aging, through the
deacetylation of its substrates, including histones H1, H3, and H4, p53, p300, FOXOs 1,
3a, and 4, p65, HIVTat, PGC-la, PCAF, MyoD, peroxisome proliferation-activated
receptor v, Ku70, and others (Sauve et al., 2006; Vaziri et al., 2001; Yeung et al., 2004).
Most striking is SIRT1’s ability to coordinate metabolic pathways in different tissues,
facilitating appropriate physiological responses to changes in cellular energy levels and
strongly supporting a key role of sirtuins as metabolic sensor (Fig..2). Human SIRT1 is
expressed in all organs with strong expression in the major metabolic tissues liver, skeletal
muscle, adipose tissue, pancreatic S-cells and brain (Michishita ef al., 2005). In the liver
SIRT1 regulates cholesterol flux. During fasting /deacetylation of PGCl-a by SIRTI
activates transcription programs promoting fatty acid oxidation and glucose production by
enhancing gluconeogenesis and repressing glycolysis in the liver. Mitochondrial fatty acid
oxidation is also induced by SIRT1 in skeletal muscle upon fasting. In white adipose
tissue, on the other hand, SIRT 1 promotes lipolysis and fatty-acid mobilization by binding
and repressing the nuclear receptor PPAR-y. SIRTI also modulates the production and
secretion of adiponectin, which improves insulin sensitivity. In pancreatic S-cells SIRT1
positively regulates insulin secretion. There is increasing evidence that SIRT1 might have
a protective function against type-2 diabetes, as mice overexpressing SIRT1 specifically in
the pancreatic f-cells (BESTO) exhibit increased glucose-stimulated insulin secretion and
improved glucose tolerance (Ramsey et al., 2008). Interestingly, several SIRT1 activating
compounds (including resveratrol and other non-polyphenolic substances) were shown to
improve glucose homeostasis and insulin sensitivity in diet-induced and genetic type-2

diabetes animal models (Baur ef al., 2006; Feige et al., 2008; Lagouge et al., 2006; Milne

8
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et al., 2007; Yamazaki et al., 2009). Thus, SIRT1 seems to be a key energy sensor linking

NAD -dependent protein deacetylation to energy metabolism and physiological responses

during nutrient deprivation.
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Fig. 2. SIRT1 is a metabolic master switch that modulates lifespan

3. SIRT1 as promising therapeutic targets to treat age-associated diseases

3.1. Cardiovascular disease

SIRT1 activation can improve cardiac function through effects on multiple

pathways including improved vaso-relaxation (possibly through K-channel inhibition),

anti-inflammatory activity on macrophages and foam cell formation. This is in addition to

increased scavenging of reactive oxygen species, increased nitric oxide synthase activity,

9
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reduced platelet aggregation, angiogenesis activity and anti-apoptosis activity (Delmas ef
al., 2005; Das et al., 2006; Labinskyy et al., 2006; Mattagajasingh et al., 2007; Stef et al.,
2006; Zbikowska et al., 1999; Zhang et al., 2006; Teisseyre & Michalak 2006). As an

example, SIRT1 regulates the activity of PGCla, a central factor in controlling energy

state and contractile function in cardiac muscle (Arany et al., 2005). Furthermore, activity
of the histone variant H2A.Z, which is upregulated during cardiac hypertrophy (Chen et
al., 2006), is regulated by SIRTI resulting in its ubiquitin-mediated degradation and a

consequential moderation of cell growth and apoptosis.

3.2. Neurodegenerative diseases

Both SIRT1 activators and overexpression of SIRT1 have been shown to slow
in vitro cell death as well as in vivo neurodegeneration (Pallas et al., 2008). Further
evidence to support a role of SIRT1 in neuroprotection comes from the literature on the
beneficial health effects of calorie restriction. Recent epidemiological evidence suggests
that humans who_maintain. a low calorie diet have a reduced risk of developing
Alzheimer’s disease (Hendrie ef al., 2001; Luchsinger ef al., 2002; Mattson, 2003). Axonal
degeneration is a major component of neuropathies and therefore compounds that lead to
axonal protection represent useful therapeutic agents. Interestingly, studies in rodents have
established that degeneration of distal neurons occurs within 2448 hours after axotomy
(Coleman et al., 2002). Cellular NAD levels decline after axotomy and prevention of this
by overexpression of the NAD-synthesizing enzyme NMNAT or exogenous NAD

treatment can protect neurons from degeneration (Wang et al., 2005; Araki ef al., 2004).

10
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3.3. Inflammatory diseases

SIRT1 activation may lead to anti-inflammatory activity through attenuation
of NF-«B activity, the master regulator of innate immune responses (Yeung ef al., 2004). A
comprehensive review of SIRT1 regulation of NF-xB, via RelA/p65 subunit deacetylation,
has recently been published (Salminen et al., 2008). The interaction between SIRT1 and
NF-xB may also involve other factors including transducin-like enhancer of split 1 (TLEI)
(Ghosh et al., 2007), with both SIRT1 and TLE1 being required to suppress NF-«B activity
indicating a further level of complexity. Moreover, expression of multiple pro-
inflammatory mediators such as intracellular adhesion_molecule ‘1 (ICAM1), MCPI,
RANTES (or CCLS), macrophage colony stimulating. factor (MCSF), granulocyte
macrophage CSF (GMCSF), GCSF, transforming growth factor-f (TGF-p) are all reduced
by SIRTT1 activator (Leiro et al., 2005). This suggests that SIRT1 activation has profound
effects on inflammation through multiple downstream pathways. In addition, SIRTI
activators can inhibit TNF-a following a challenge with lipopolysaccharide (Nayagam et
al., 2006). SIRT1 activity is also decreased in the lungs of patients with chronic obstructive
pulmonary disease, and its activity is reduced when human macrophages are exposed to

cigarette smoke (Rajendrasozhan et al., 2008).

3.4. Cancer

There have been conflicting data reported in the literature that support both
activation and inhibition of SIRT1 as a strategy for cancer therapy. At the level of gene
suppression, there is evidence of involvement of SIRT1 in epigenetic silencing of tumour

suppressor genes such as SFRP1, CDH1 and GATAS5 promoters. Inhibition and

11
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knockdown of SIRT1 led to re-expression of these silenced genes with potential
implications for tumour growth (Pruitt e al., 2006). Specifically, silencing of the SFRP1
and SFRP2 genes is important for aberrant activation of the Wnt pathway in colon cancer.
Re-expression of these genes by nicotinamide and splitomycin, both weak/nonspecific
SIRT1 inhibitors, or by knockdown of SIRT1 causes downregulation of Wnt pathway
function leading to apoptosis. However, recent evidence indicates that SIRT1 can directly
inhibit f-catenin, another member of the Wnt signalling pathway. Ectopic expression of
wild-type SIRT1, but not a catalytic deficient mutant, reduces proliferation in colon cancer
cell lines (Firestein et al., 2008). An increase in SIRT1 can result in deacetylation of
multiple proteins including the tumour suppressors, .p53, p73 and Ku70, which
hypothetically may lead to increased tumeorigenesis (Luo‘ef al., 2001; Cohen et al., 2004;

Dai et al., 2007).
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Fig. 3. Multiple target organs of SIRT1 activators in the treatment of ageing diseases
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4. Molecular mechanisms of SIRT1

SIRT1 utilizes a unique two-step biochemical process to catalyze their
deacetylase reaction (Sauve & Schramm, 2003). During catalysis, one NAD" molecule and
one acetyl-lysine (histone or non-histone protein) substrate are utilized, and progress by a
base-exchange step coupled to the deacetylation step (Fig. 4). Importantly, the major by
product of this reaction, nicotinamide, must be cleared as it accumulates, for it can bind to
a regulatory C-pocket in the sirtuin (discovered by structural studies) and greatly inhibit

the enzymatic function (Zhao ef al., 2004; Bitterman et al., 2002).

Fig. 4. NAD -dependent protein deacetylation reaction catalyzed by SIRT1

5. General characterization of SIRT1 enzyme activation
Recently, several assays to measure the enzymatic activity of SIRT1 have
been described. These assays are including radioactive methods with '“C-NAD", 'C-

acetylated p53 or *H-acetylated histone groups as radioactive substrate (Bedalov et al.,

13
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2001; Borra et al., 2005; Luo et al., 2001), and HPLC methods to analyze substrate
conversion/product formation (Jackson & Denu, 2002). These methods pose drawbacks for
large-scale screening and management of hazardous wastes. In 2003, Howitz et al.,
reported the first screen for SIRT1 activators using the Fluor de Lys assay (Enzo Life
Sciences, Formingdale, NY). Steady state kinetic characterization revealed that resveratrol
activates by lowering the Km for the peptide substrate (Howitz et al., 2003). Investigations
of the molecular detail of SIRT1 activation have emphasized the dependence on substrate
structural features, that was highlighted by two reports in 2005 Borra ef al. and Kaeberlein
et al., demonstrating that resveratrol enhances the SIRT1 catalyzed deacetylation of Ac-
Arg-His-Lys(Ac)-AMC but not the corresponding peptide lacking the AMC group, Ac-
Arg-His-Lys-Lys(Ac)-NH,. The observation that activation requires a fluorophore
covalently attached to the peptide substrate was later confirmed by Beher et al. (2009) and
extended by Pacholec et al. (2010) with using the TAMRA-labeled peptide, Ac-Glu-Glu-
Lys-Gly-Gln-Ser-Thr-Ser-Ser-His-Ser-Lys(Ac)-Nle-Ser-Thr-Glu-Gly-Lys(TAMRA)-Glu-

Glu-NH, (Milne et ‘al;; 2007). Pacholec et al. (2010) further reported that the previous
SIRT1 activators do not activate full-length protein substrate. These results raised concerns
that activation of SIRT1 was only relevant to fluorescently labeled substrates although a
specific mechanism for how the compound binding to the fluorophore could result in

activation of SIRT1 was not proposed.

6. SIRT1 activators
Some small-molecule activators of SIRT1 have been identified by utilizing a

commercially available deacetylase activity assay, almost all of them are synthetic

14
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compounds (Vu et al., 2009; Bernis et al., 2009; Smith et al., 2009; Yamazaki et al., 2009;
Mai et al., 2009). Howitz and colleagues have identified some compounds of natural origin,
such as resveratrol, fisetin and butein, but these compounds have a low bioavailability
(Howitz et al., 2003). Moreover, this particular method for the determination of SIRTI
activity is controversial due to its dependence on the use of a specific fluorophore substrate
(Borra et al., 2005; Pacholec et al., 2010). Other previous researchers have reported
synthesized compounds with SIRT1 stimulatory activity, including quinoxalines, SRT
derivatives, oxazolo-[4,5-b]pyridines, dihydropyridines and imidazol-[1,2-b]thiazoles (Vu
et al., 2009; Bernis et al., 2009; Smith et al., 2009; Yamazaki et al., 2009; Mai et al.,
2009). There has been little clinical data available«for the selective SIRT1 activators,
among which, SRT1720 has been the most extensively tested compound with data in
several disease models, including models of diabetes (Milne et al., 2007; Feige et al.,
2008; Yoshizaki et al., 2010),/inflammation (Lappas et al., 2007) and fatty liver disease
(Walker et al., 2010). Minor et al.(2011) after SRT1720 in food was administered at doses
of 30 and 100 mg/kg in' 1-year-old mice fed a HFD for the remainder of their lifespan.
SRT1720 strongly increased the mean and maximum lifespan of the mice while conferring
significant health benefits including reduced liver steatosis, increased insulin sensitivity,
and a reduction in inflammation and apoptotic markers. Moreover, the altered gene
expression profile of the HFD diet fed mice was normalized to that of normal chow mice
in the HFD animals receiving SRT1720 (Minor et al., 2011).

Anyway to date, only a few activators of SIRT1 have been reported, and
almost all of them are synthetically derived compounds or identified from library screening

studies.
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Fig. 5. SIRT1 activators derived from natural resources or synthesis

7. Research objectives and content

With the hope of gaining promising substances served as lead compounds for
stimulating SIRT1 activity, we have focused on screening thousands of plants by using an
in vitro SIRT1 assay, and two candidates have been finally selected for further studies,
including Ailanthus altissima and Curcuma longa. Bioactivity guided fractionation of these
candidates has resulted in the isolation of a series of substances as active principles,
including twelve new compounds. Herein, my thesis deals with the isolation, structural
elucidation of these compounds. Additionally, the preliminarily studies on evaluation of
stimulating SIRT1 activity of the compounds and their structure-activity relationship are

described and discussed.
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II. MATERIALS AND METHODS

1. Chemicals, reagents and chromatography

Column chromatography was conducted on silica gel (Merck, 63200 pm
particle size) and C-18 silica gel (Merck, 40—-63 pm particle size) from Merck. HPLC was
carried out using a Gilson System with UV detector and an ODS-H80 column (20 x 150
mm, 4 pm particle size, YMC Co., Ltd., Japan). Baker analyzed HPLC solvents MeOH
and MeCN were purchased from Mallinckrodt Baker, Inc. USA. Deuterated solvent for
NMR analysis CDCI; was purchased from CIL (Cambridge Isotope Lab., USA).

Nicotinamide and resveratrol were purchased from Sigma Chemical Company
(St Louis, MO, USA), Dulbecco's modified Fagle’s medium (DMEM), fetal bovine serum
(FBS), and trypsin were purchased from GIBCO-BRL (Grand Island, NY, USA). Human
recombiniant SIRT1, NAD" and_the buffer used for assays were purchased from Biomol

(Plymouth Meeting, PA)

2. General experimental procedures

Optical rotations were determined on a Rudolph Autopol IV polarimeter using a
100 mm glass microcell. UV spectra were recorded in MeOH on a JASCO V-550 UV/Vis
spectrometer with a 0.5 nm resolution, and IR spectra (KBr) were obtained using a Nicolet
6700 FT-IR (Thermo Electron Corp.). CD spectra were measured on a JASCO J-715
spectropolarimeter (Japan spectroscopic Ltd., Japan). NMR spectra were recorded on a
Varian Unity Inova 500 MHz spectrometer with TMS as the internal standard at the Korea

Basic Science Institute (KBSI, Gwangju Center, Korea). EIMS and HREIMS data were
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recorded on a Micromass QTOF2 (Micromass, Wythenshawe, UK) mass spectrometer.
HPLC was carried out using a Gilson system with a UV detector and Optima Pak Cg
column (10 x 250 mm, 10 um particle size, RS Tech, Korea). All solvents used for

extraction and isolation were of analytical grade.

3. Cell culture and transfection

HEK293 cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Welgene) supplemented with 10% fetal bovine . serum and 1%
antibiotic/antimycotic at 37 °C and 5% CO2. The cells were counted and plated in 24-well
plates at a density of 10° cells/well in 1 mL of medium. After 24 h, the plasmid DNA was
introduced into each well by using PEI transfection reagent (Polyscience, Inc.), according
to the manufacturer’s instructions. Briefly, the cells were incubated with 0.6 pg of DNA
and 3 pg PEI reagent for 12 hat 37 °C. After transfection, the cultures were maintained in
10% FBS-DMEM medium. At 24 h post-transfection, the cells were treated with the test

compounds or the positive control:

4. In vitro SIRT1 deacetylation in a bioluminescence assay

The SIRT1 enzyme assay was performed as previously reported (Liu et al.,
2008).  Briefly, this was performed wusing acetylated p53  (Ac-p53)
[HLKSKKGQSTSRHKK(Ac)LMFK] peptide, NAD" and SIRT1 in the absence or
presence of the compound in the SIRT1 reaction buffer (100 mM Tris/Cl pH 8.0, 20 mM
NaCl, 4 mM DTT, 100 pg/mL BSA). The enzyme reaction was initiated by the addition of

the Ac-p53 peptide and NAD", and incubated for 2 h. The reaction was quenched by the
P>> pep
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addition of 10 pL of LDH reagent (5 mM nicotinamide, 10 mM lactic acid, 62.5 U/mL
LDH, 600 pM glycine, 500 uM hydrazine). After 1 h of incubation, 4 pL of the
SIRT1/LDH mixture were added to 50 pL of a luminescence reaction mixture [S0 mM
Hepes, pH 7.5, 1 mM DTT, 1.5 mM EDTA, 100 pg/mL BSA, 10 ug/mL luciferase, 0.05
U/mL NAD(P)H:FMN-oxidoreductase, 500 puM decanal, 5 pM FMN]. Finally,
luminescence in the reaction was measured within 15 min using a SpectraMax
Luminescence System (Molecular Devices, Inc.). The positive control for each plate was a
SIRT1 reaction in the presence of DMSO, and the negative control was a reaction mixture

without enzyme.

5. In vitro SIRT1 deacetylation in a NAD/NADH assay

The SIRT1 enzyme reaction was performed in a final volume of 25 uL per
well in a 384-well microplates” A standard SIRT1 reaction solution contained 0.1 U/mL
enzyme, 10 uM NAD", and 20 uM Ac-p53 peptide in the absence or presence of the
compound in the SIRT1 assay buffer (25 mM Tris/Cl pH 8.0, 137 mM NaCl, 2.7 mM KClI,
ImM MgCl,, Img/mL BSA): The assay buffer and the enzyme/compound mixture (10 pL)
were incubated for 10 min at room temperature. The reaction was then initiated by the
addition of 15 uL of a solution containing Ac-p53 peptide and NAD". After incubation for
6 h at ambient temperature, the reaction was quenched by the addition of 25 pL of a
NAD/NADH recycling enzyme mixture containing 1 mM nicotinamide. After 2 h of
incubation, the absorbance increase in the reaction was measured using VersaMax
Absorbance Microplate Reader (Molecular Devices, Inc.). The positive control for each

plate was a SIRT1 reaction in the presence of DMSO, and the negative control was a
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reaction mixture without enzyme.

6. In vivo SIRT1 deacetylation in a luciferase reporter assay

Cells were transiently transfected with the reporter plasmid, PG13-luc (wt p53
binding sites), in combination with the plasmid encoding myc tagged p53 (myc-p53), and
the plasmid encoding flag tagged SIRT1 (flag SIRTI1) with RSV-$-gal plasmid as an
internal control. The total amount of transfected DNA was the same in each well. The
luciferase activity was measured by adding 40 pL of luciferin into:60 pL of lysate using an
analytical luminescence luminometer. Promoter activity. was measured using a Dual
Luciferase Assay Kit (Promega, Madison, WI), measuring both luciferase and renilla lucif-
erase with a luminometer (Promega). Cells were lysed and assayed for p53, myc-p53 and
flag SIRT1 reporter activities, which were cortected for constitutive fS-galactosidase
luciferase expression. Normalized values were calculated by dividing the luciferase

activity by the renila luciferase activity.

7. NAD"-to-NADH ratio assay
The NAD#+-to-NADH ratio was measured from whole cell extracts of
HEK293 cells using the Biovision NAD/NADH Quantitation kit, performed according to

the manufacturer’s instructions.

8. Statistical analysis
A statistical calculation was carried out using Microsoft Excel 2003. The

results are expressed as the means = SD of three to five independent experiments.
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III. RESULTS

1. Isolation of SIRT1 activators from Ailanthus altissima
1.1. Introduction

Ailanthus altissima (Mill.) Swingle (Simaroubaceae), commonly known as the
“tree of heaven”, is a deciduous tree (6—20 m in height). It is native to mainland China and
is now naturalized in many temperate regions of the world (Kowarik ef al., 1995). Its
leaves have been used in traditional medicine to treat gastric ailmentsy;while the root bark
and stem bark have been used as folk remedies for colds, fever, and tumors of the breast in
the Peoples Republic of China and Korea (Feo et al., 20033 Jin et al., 2006). Previous
phytochemical studies have led to the characterization of quassinoids, alkaloids, lipids,
coumarins, and other phenolic derivatives, of which quassinoids are the major components
with antitumor, antimalarial, antifeedant, anti-inflammatory, and other activities (Okano et
al., 1990; Hwang et al., 2005). However, there have been no studies on the effects of A.

altissima on SIRT1 activity.

1.2. Plant material

The stem barks of 4. altissima were purchased from Kangwon Herbal
Medicine Company (Kangwon-do, Republic of Korea), in November 2009 and botanically
identified by Prof. Y. H. Moon. A voucher specimen (CU2009-18) has been deposited at

the Herbarium of Chosun University, Gwangju, Republic of Korea.
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8% 2
2] 2 v
L (ERAR)

A Ar at:ol 2 21/058)751-5761
SRR 27 TN AU tuy

1.3. Extraction and isolation

The dried stem barks of 4. altissima (4.0 kg) were extracted with MeOH (10.0
L x 2 times) at room temperature for one week. The combined MeOH extracts were
concentrated to yield a dry residue (210.0 g). This crude extract was then suspended in
H,O (2.0 L) and partitioned successively with n-hexane (3 x 1.5 L), EtOAc (3 x 1.5 L),

and n-BuOH (3 x 1.5 L). The EtOAc fraction (95.0 g), which exhibited strong SIRT1
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activity, was chromatographed over a silica gel column (10 x 30 cm; 63—-200 um particle
size) and eluted with gradient mixtures of n-hexane/acetone (9:1, 8:2...1: 9, each 2.5 L) to
yield seven pooled fractions (F1: 10.8 g; F2: 6.5 g; F3: 7.5 g; F4: 5.3 g; F5: 5.8 g; F6: 6.2
g; F7: 11.5 g; F8: 17.0 g). Fraction F4 was applied to an RP-18 column (7 x 30 cm; 40-63
pm particle size) and eluted with a stepwise gradient of MeOH-H,O (2:1 to 10:1) to afford
five subfractions (F4.1-F4.5). F4.4 (550.0 mg) was purified by HPLC [Optima Pak Cig
column (10 x 250 mm, 10 pm particle size, RS Tech, Korea); mobile’phase MeOH in H,O
containing 0.1% HCO,H (0-70 min: 74% MeOH, 70-75 min: 74—100% MeOH, 75-85
min: 100% MeOH); flow rate 2 mL/min; UV detectiontat 205 and 254 nm] to yield
compound 1 (fg= 55 min, 22.0 mg) and compound 10 (g =63 min, 85.0 mg). Fraction F5
was chromatographed over a Sephadex LH-20 column-(7 x 30 cm) using MeOH as the
eluting solvent to give three subfractions (F5.1-F5.3). F5.2 (4.2 g) was then fractionated
into five subfractions (F5.2.1-F5.2.5), using an RP-18 column (5 % 30 cm; 40-63 pm
particle size), with a stepwise gradient of MeOH-H,O (1:1 to 10:1). Subfraction F5.2.1
(150.0 mg) was further purified by HPLC (0—45 min: 52% MeOH, 45-50 min: 52—-100%
MeOH, 50-60 min:' 100% MeOH) to yield compound 11 (g = 40 min, 7.5 mg) and
compound 2 (fg = 43 min, 6.5 mg). Compounds 3 (g = 54 min, 6.5 mg) and 4 (g = 60 min,
8.0 mg) were isolated by HPLC (0-65 min: 58% MeOH, 65-70 min: 58—-100% MeOH,
70—-80 min: 100% MeOH) from subfraction F5.2.3 (140.0 mg). Fraction F5.2.4 (220.0 mg)
was continuously purified by HPLC (0-60 min: 62% MeOH, 60—70 min: 62—100% MeOH,
70-80 min: 100% MeOH) to yield compound 5 (g = 47 min, 17.5 mg), compound 6 (&=
50 min, 2.5 mg) and compound 7 (&x = 58 min, 9.0 mg). Next, fraction F6 was
chromatographed over a Sephadex LH-20 column (7 x 30 cm) using MeOH as the eluting
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solvent to give four subfractions (F6.1-F6.4). F6.3 (2.8 g) was futher fractionated into
seven subfractions (F6.3.1-F6.3.7), using an RP-18 column (5 x 30 cm; 40—-63 pm particle
size), with a stepwise gradient of MeOH-H,O (1:1 to 10:1). Subfraction F6.3.3 (120.0 mg)
was then purified by HPLC (045 min: 55% MeOH, 45-50 min: 55-100% MeOH, 50-60

min: 100% MeOH) to yield compound 8 (¢ = 35 min, 14.5 mg) and compound 9 (= 39

min, 3.5 mg).
A. altissima (stem barks, 4 kg)
Extracted with MeOH (1 week)
MeOH extract (210 g)
Suspended in H,O and partition
with n-Hx, EtOAc, n-BuOH
EtOAc extract (95 g)
Silica gel OCC
n-Hx:EtOAc (from 10:1 to 0:1)
Fl s F4 F5 Fé F8
4 LH20 OCC; MeOH \—
LH20 OCC
RP18 OCC F5.2 MeOH
MeOH:H,0 (2:1to 10:1) RP18 OCC F6.3
F4.4 MeOH:H,O (1:1 to 10:1) RP18 OCC
MeOH:H,(
HPLC | | | (1:1to 10:1
0,
N T4%MeOH gy F5.2.3 F5.2.4 F6.3.3
HPLC HPLC HPLC HPLC
Compound 1 52% MeOH 58% MeOH 62%MeOH | 55% MeOk

Compound 2 Compound 3 Compound 5 Compound 8
Compound 4 Compound 6 Compound 9
Compound 7

Scheme 1. Isolation of new compounds (1-9) from 4. altissima

24



Isolation & Characterization of New Sirtuinl (SIRT1) Activators from Medicinal Plants

Altissimacoumarin C (1): colorless oil; [a] 25 +17 (¢ 0.1, MeOH); UV
(MeOH) Amax (log €) 208 (4.32), 225 (4.13), 293 (3.59), 335 (3.18) nm; IR (KBr) Vinax 3430
(OH), 2928, 1727 (C=0), 1564, 1460, 1269, 1086 cm'; CD (MeOH, Ag) Ay 325 (-4.14),
300 (+3.37); 'H (500 MHz) and "C (125 MHz) NMR data, see Table 1; EIMS m/z 392
(IMT', 9), 374 (7), 265 (71), 222 (100), 207 (69), 176 (38), 109 (50); HREIMS m/z

392.1837 [M]" (caled for CyH507, 392.1835).

Altissimacoumarin D (2): colorless oil; [OL]ZS 0.0 (¢ 0.1;MeOH); UV (MeOH)
Amax (log €) 210 (4.27), 230 (3.74), 295 (3.09), 340 (3.14) nm;*IR (KBr) vy 1716 (C=0),
1563, 1456, 1290, 1122 cm™'; 'H (500 MHz) and "C (125 MHz) NMR data, see Table 2;
EIMS m/z 358 (IM]", 1), 222 (100), 207 420),:179(16), 123 (15); HRFABMS m/z
359.1848 [M+H]" (calcd for CyH,70s, 359.1858).

Altissimacoumarin E (3): colorless oil; [oc]zg +13 (¢ 0.1, MeOH); UV (MeOH)
Amax (l0g €) 208 (4.42), 225 (4.16), 295 (3.23), 335 (3.05) nm; IR (KBr) vy 3490 (OH),
2937, 1715 (C=0), 1564, 1488, 1291, 1044 cm'; CD (MeOH, Ag) Ama 317 (-7.42), 251
(+2.28); 'H (500 MHz) and "*C (125 MHz) NMR data, see Table 3; EIMS m/z 408 ((M]",
4), 350 (4), 307 (9), 267 (3), 222 (100), 169 (17), 143 (92), 125 (32), 107 (23); HREIMS

m/z 408.1786 [M]" (calcd for CyHa3Og, 408.1784).
Altissimacoumarin F (4): colorless oil; [oc]zg +12 (¢ 0.1, MeOH); UV (MeOH)

Amax (10g €) 208 (4.26), 225 (4.19), 291 (3.62), 335 (3.38) nm; IR (KBr) Vi 3490 (OH),
2938, 1715 (C=0), 1563, 1457, 1291, 1042 cm™"; '"H (500 MHz) and "*C (125 MHz) NMR
data, see Table 4; EIMS m/z 390 ([M]", 47), 375 (26), 309 (19), 265 (32), 222 (100), 207

(29), 194 (21), 151 (52); HREIMS m/z 390.1679 [M]" (calcd for CyH407, 390.1679).
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Altissimacoumarin G (5): colorless oil; [o] 25 +11 (¢ 0.1, MeOH); UV
(MeOH) Ao (log €) 208 (4.30), 225 (4.03), 295 (3.19), 340 (3.11) nm; IR (KBr) vy, 2920,
1718 (C=0), 1568, 1455, 1227, 1089 cm™'; CD (MeOH, Ag) Amax 325 (-3.88), 281 (+2.65);
'H (500 MHz) and “C (125 MHz) NMR data, see Table 5; EIMS m/z 374 ([M]", 4), 284
(7), 265 (19), 222 (100), 207 (9), 191 (33), 141 (55); HREIMS m/z 374.1732 [M]" (caled
for C1Hp60s, 374.1729).

Altissimacoumarin H (6): colorless oil; [o] 5o+19 /(- 0.1, MeOH); UV
(MeOH) Amax (log €) 210 (4.45), 230 (3.72), 295 (3.17), 340 (3:01) nm; TR (KBr) Ve 3500
(OH), 2972, 1715 (C=0), 1564, 1488, 1291, 1039 cm';/[CD (MeOH, A€) Amax 317 (-5.08),
280 (+2.35); 'H (500 MHz) and "°C (125 MHz) NMR data, see Table 6; EIMS m/z 408
(IMT', 6), 350 (3), 307 (6), 267 (6), 222.(95),;.169 (19), 143 (100), 125 (50), 107 (10);
HREIMS m/z 408.1784 [M]" (caled for CyHasOs, 408.1784).

Altissimacoumarin I (7). colorless oil; [oc]zg +10 (¢ 0.1, MeOH); UV (MeOH)
Amax (log €) 208 (4.35), 230 (4.02), 295 (3.05), 345 (3.44) nm; IR (KBr) vine 3445 (OH),
2940, 1732 (C=0), 1566,:1456, 1292, 1153 cm'; CD (MeOH, Ag) Ama 325 (-7.77), 271
(+1.75); "H (500 MHz) and "*C (125 MHz) NMR data, see Table 7; EIMS m/z 406 ((M]",
4), 327 (3), 267 (12), 222 (85), 207 (12), 194 (6), 113 (100); HREIMS m/z 406.1631 [M]"

(calcd for C21H2608, 406. 1628)
Altissimacoumarin J (8): colorless oil; [oc]zg +10 (¢ 0.1, MeOH); UV (MeOH)

Aanax (l0g €) 208 (4.25), 230 (3.95), 295 (3.32), 340 (3.01) nm; IR (KBr) vy 3448 (OH),
2942, 1728 (C=0), 1560, 1415, 1389, 1039 cm'; CD (MeOH, Ag) A 311 (-5.42), 267

(+1.71); "H (500 MHz) and "°C (125 MHz) NMR data, see Table 8; EIMS m/z 390 ([M]",
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6), 290 (2), 265 (2), 222 (65), 207 (10), 176 (5), 125 (100); HREIMS m/z 390.1679 [M]"
(caled for CyHas07, 390.1679).

Altissimacoumarin K (9): colorless oil; [oc]zg +14 (¢ 0.1, MeOH); UV
(MeOH) Apay (log €) 210 (4.55), 230 (4.17), 290 (3.65), 340 (3.34) nm; IR (KBr) vy, 3451
(OH), 2922, 1715 (C=0), 1593, 1470, 1265, 1173 cm™'; CD (MeOH, A€) Amax 325 (-3.86),
270 (+2.38); 'H (500 MHz) and "°C (125 MHz) NMR data, see Table 9; EIMS m/z 390
(IM-H,0T", 5), 327 (2), 267 (8), 222 (80), 207 (16), 153 (51), 125/(100); HREIMS m/z

390.1677 [M-H,0]" (caled for C,;H,607, 390.1679).

Preparation of (S) and (R)-MTPA ester derivatives of 1,3, 4, 6 and 8: Compound 1
(1.0 mg) was dissolved in 100 pL of pyridine and stirred at room temperature (rt). For the
preparation of the (S)-MTPA ester (1a) of 1, 10.uL of (R)-MTPA-CIl were added to the
reaction vial. After being stirred at rt for 3-h, the mixture was evaporated to dryness and
purified by RP-HPLC with 87% MeOH to give 1a (0.8 mg). Treatment of 1 (1.0 mg) with
(S)-MTPA-CI afforded a (R)-MTPA ester (1b) (1.0 mg). Using a similar procedure, the
(S)-MTPA esters 3a(0.6 mg), 4a (0.6 mg), 6a (1.0 mg), 8a (0.9 mg), and (R)-MTPA esters
3b (0.7 mg), 4b (0.9 mg), 6b (1.2 mg), 8b (0.9 mg) were obtained from 3 (each 0.9 mg), 4
(each 1.0 mg), 6 (each 1.1 mg), and 8 (each 1.0 mg), respectively.

Compound 1a: colorless oil; 'H NMR data (CDCl;, 500 MHz) &y 6.36 (1H, d,
J=9.5 Hz, H-3), 7.59 (1H, d, J = 9.5 Hz, H-4), 6.63 (1H, s, H-5), 3.81 (3H, s, OCH;-6),
3.92 (3H, s, OCH3-8), 5.04 (1H, dd, /= 10.5, 2.0 Hz, H-1"a), 4.40 (1H, dd, J = 10.5, 8.0 Hz,

H-1'b), 4.32 (1H, dd, J = 8.0, 2.0 Hz, H-2'), 1.27 (1H, m, H-4'a), 1.25 (1H, m, H-4'b), 2.17
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(1H, m, H-5'a), 1.68 (1H, m, H-5'b), 5.36 (1H, t, J= 7.0 Hz, H-6'), 1.61 (3H, s, H-8'), 1.25
(3H, s, H-9'), 1.58 (3H, s, H-10"), 3.56 (3H, s, OCHj3), 7.58 (2H, m, aromatic H), 7.37 (3H,
m, aromatic H).

Compound 1b: colorless oil; 'H NMR data (CDCls, 500 MHz) &y 6.34 (1H, d,
J=9.5 Hz, H-3), 7.58 (1H, d, J = 9.5 Hz, H-4), 6.61 (1H, s, H-5), 3.74 (3H, s, OCH3-6),
3.90 (3H, s, OCH3-8), 4.48 (1H, dd, J = 10.5, 2.0 Hz, H-1'a), 3.94 (1H, dd, J = 10.5, 8.0 Hz,
H-1'b), 4.32 (1H, dd, J = 8.0, 2.0 Hz, H-2"), 1.60 (1H, m, H-4'a), 1.47 (1H, m, H-4'b), 2.18
(1H, m, H-5'a), 1.73 (1H, m, H-5'b), 5.62 (1H, t, J = 7.0 Hz, H-6"), 1.71+(3H, s, H-8'), 1.26
(3H, s, H-9'), 1.69 (3H, s, H-10"), 3.56 (3H, s, OCHj3), 7.58 (2H, m, aromatic H), 7.37 (3H,
m, aromatic H).

Compound 3a: colorless oil; 'H NMR data (CDCl;, 500 MHz) &y 6.37 (1H, d,
J=9.5 Hz, H-3), 7.61 (1H, d, J = 9.5 Hz, H-4), 6.66 (1H, s, H-5), 3.82 (3H, s, OCH3-6),
3.96 (3H, s, OCHs-8), 4.54 (1H, dd, /= 10.5, 2.0 Hz, H-1'a), 4.35 (1H, dd, J = 10.5, 8.0 Hz,
H-1'b), 5.55 (1H, dd, J = 8.0, 2.0 Hz;H-2"), 2.06 (1H, m, H-4'a), 1.60 (1H, m, H-4'b), 1.99
(1H, m, H-5"a), 1.97 (1H, m, H-5'b), 3.82 (1H, m, H-6'), 1.19 (3H, s, H-8"), 1.14 (3H, s, H-
9, 1.10 (3H, s, H-10"), 3.64 (3H, s, OCHj3), 7.67 (2H, m, aromatic H), 7.37 (3H, m,
aromatic H).

Compound 3b: colorless oil; '"H NMR data (CDCls;, 500 MHz) &y 6.35 (1H, d,
J=29.5 Hz, H-3), 7.60 (1H, d, J = 9.5 Hz, H-4), 6.64 (1H, s, H-5), 3.77 (3H, s, OCH3-6),
3.88 (3H, s, OCHs-8), 4.44 (1H, dd, /= 10.5, 2.0 Hz, H-1'a), 4.26 (1H, dd, J = 10.5, 8.0 Hz,
H-1'b), 5.56 (1H, dd, J = 8.0, 2.0 Hz, H-2"), 2.17 (1H, m, H-4'a), 1.88 (1H, m, H-4'b), 2.07

(1H, m, H-5'a), 2.04 (1H, m, H-5'b), 3.85 (1H, m, H-6"), 1.25 (3H, s, H-8"), 1.24 3H, s, H-
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9, 1.13 (3H, s, H-10"), 3.55 (3H, s, OCHj), 7.64 (2H, m, aromatic H), 7.37 (3H, m,
aromatic H).

Compound 4a: colorless oil; 'H NMR data (CDCls, 500 MHz) &y 6.35 (1H, d,
J=9.5 Hz, H-3), 7.59 (1H, d, J = 9.5 Hz, H-4), 6.65 (1H, s, H-5), 3.85 (3H, s, OCH3-6),
4.00 (3H, s, OCH3-8), 4.28 (1H, dd, J=10.5, 3.0 Hz, H-1"a), 4.26 (1H, dd, J = 10.5, 8.0 Hz,
H-1'b), 5.23 (1H, dd, J = 8.0, 3.0 Hz, H-2"), 2.48 (1H, m, H-3"), 4.54 (1H, m, H-4"), 4.70
(1H, dd, J=15.0, 8.0 Hz, H-5"), 5.26 (1H, d, J = 8.0, H-6"), 1.87 (3H;'s, H-8"), 1.64 (3H, s,
H-9"), 1.72 (3H, s, H-10"), 3.57 (3H, s, OCHj3), 7.55 (2H, m, aromatie-H), 7.43 (3H, m,
aromatic H).

Compound 4b: colorless oil; 'H NMR data (CDCl;, 500 MHz) &y 6.35 (1H, d,
J=29.5 Hz, H-3), 7.60 (1H, d, J = 9.5 Hz, H-4), 6.66 (1H, s, H-5), 3.85 (3H, s, OCH3-6),
4.00 (3H, s, OCH3-8), 4.30 (1H, dd, J=10.5, 3.0 Hz, H-1"a), 4.28 (1H, dd, /= 10.5, 8.0 Hz,
H-1'b), 5.23 (1H, dd, J = 8.0, 3.0 Hz, H-2"), 2.46 (1H, m, H-3"), 4.50 (1H, m, H-4"), 4.62
(1H, dd, J=15.0, 8.0 Hz, H-5"), 5.21(1H, d, J = 8.0, H-6"), 1.86 (3H, s, H-8"), 1.61 (3H, s,
H-9"), 1.70 (3Hy's, H-10"), 3.57 (3H, s, OCHj3), 7.55 (2H, m, aromatic H), 7.43 (3H, m,
aromatic H).

Compound 6a: colorless oil; 'H NMR data (CDCls, 500 MHz) &y 6.37 (1H, d,
J=9.5 Hz, H-3), 7.63 (1H, d, J = 9.5 Hz, H-4), 6.70 (1H, s, H-5), 3.85 (3H, s, OCH3-6),
4.00 (3H, s, OCH3-8), 4.52 (1H, dd, J=10.5, 2.0 Hz, H-1"a), 3.91 (1H, dd, /= 10.5, 8.0 Hz,
H-1'b), 3.88 (1H, dd, J = 8.0, 2.0 Hz, H-2"), 1.85 (1H, m, H-4'a), 1.69 (1H, m, H-4'b), 2.22
(1H, m, H-5"a), 1.92 (1H, m, H-5'b), 4.03 (1H, m, H-6'), 1.23 (3H, s, H-8"), 1.22 (3H, s, H-

9, 1.11 3H, s, H-10"), 3.60 (3H, s, OCH;), 7.66 (2H, m, aromatic H), 7.34 (3H, m,
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aromatic H).

Compound 6b: colorless oil; 'H NMR data (CDCls, 500 MHz) &y 6.37 (1H, d,
J=9.5 Hz, H-3), 7.62 (1H, d, J = 9.5 Hz, H-4), 6.69 (1H, s, H-5), 3.82 (3H, s, OCH3-6),
4.00 (3H, s, OCH3-8), 4.49 (1H, dd, J=10.5, 2.0 Hz, H-1"a), 3.87 (1H, dd, J = 10.5, 8.0 Hz,
H-1'b), 3.85 (1H, dd, J = 8.0, 2.0 Hz, H-2"), 1.76 (1H, m, H-4'a), 1.65 (1H, m, H-4'b), 2.16
(1H, m, H-5'a), 1.89 (1H, m, H-5'b), 4.03 (1H, m, H-6"), 1.26 (3H, s, H-8"), 1.20 (3H, s, H-
9, 1.18 (3H, s, H-10"), 3.54 (3H, s, OCH3), 7.63 (2H, m, aromatic H), 7.33 (3H, m,
aromatic H).

Compound 8a: colorless oil; 'H NMR data (CDCl;, 500 MHz) &y 6.37 (1H, d,
J=9.5 Hz, H-3), 7.62 (1H, d, J = 9.5 Hz, H-4), 6.69 (1H, s, H-5), 3.88 (3H, s, OCHj3-06),
4.03 (3H, s, OCHs-8), 4.80 (1H, dd, J = 10.5, 2.0 Hz, H-1"a), 3.98 (1H, dd, J = 10.5, 9.0 Hz,
H-1'b), 3.86 (1H, dd, J=9.0, 2.0 Hz, H-2"), 2.33 (1H, m, H-4'a), 1.86 (1H, m, H-4'b), 2.22
(1H, m, H-5'a), 1.70 (1H, m; H-5'b), 4.54 (1H, m, H-6"), 5.02 (1H, s, H-8'a), 4.82 (1H, s,
H-8'b), 1.25 (3H, s, H-9"), 1.60 (3H,s, H-10"), 3.64 (3H, s, OCHs), 7.68 (2H, m, aromatic
H), 7.33 (3H, myaromatic H).

Compound 8b: colorless oil; 'H NMR data (CDCls, 500 MHz) &y 6.36 (1H, d,
J=9.5 Hz, H-3), 7.62 (1H, d, J = 9.5 Hz, H-4), 6.66 (1H, s, H-5), 3.85 (3H, s, OCHj3-6),
4.02 (3H, s, OCHs-8), 4.68 (1H, dd, J=10.5, 2.0 Hz, H-1'a), 3.90 (1H, dd, J = 10.5, 9.0 Hz,
H-1'b), 3.82 (1H, dd, J = 8.0, 2.0 Hz, H-2"), 2.29 (1H, m, H-4'a), 1.74 (1H, m, H-4'b), 2.15
(1H, m, H-5'a), 1.66 (1H, m, H-5'b), 4.53 (1H, m, H-6"), 5.08 (1H, s, H-8'a), 4.89 (1H, s,
H-8'b), 1.24 (3H, s, H-9"), 1.69 (3H, s, H-10"), 3.59 (3H, s, OCHj3), 7.66 (2H, m, aromatic

H), 7.35 (3H, m, aromatic H).
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Fig. 6. Adsr values (in ppm) for the MTPA esters of 1, 3, 4, 6 and 8
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Fig. 7. Chemical structures of known compounds isolated from A4. altissima
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1.4. Structural determination of new compounds isolated from A. altissima

In order to isolate the compounds with stimulating SIRT1 activity, the
methanol extract of A. altissima was subjected to a succession of chromatographic
procedures including silica gel chromatography, Shephadex LH-20, RP-C18, and HPLC to
afford eleven compounds, including 9 new (1-9) and 2 known (10-11) coumarin
derivatives (Hwang et al., 2005; Ito et al., 1990) (Fig. 7).
1.4.1. Structural determination of compound 1

Compound 1 was obtained as a colorless oil. Its. molecular formula of
C,1Hy307 was established by HREIMS, m/z 392.1837 [M]’ (caled for C,;H,507, 392.1835).
Strong UV peaks at Ay, 225, 293, and 335 nm, and an IR band at v,,,x 1727 cm’ suggested
a 7-oxygenated coumarin skeleton (Hwang et.al., 2005). In the 'H NMR spectrum (Table
1), the apparent characteristic signals of a 6,7,8-trisubstituted coumarin, with doublets at oy
7.62 (1H, d, J=9.5 Hz, H-4) and 6.36.(1H, d, J = 9.5 Hz, H-3), a singlet at 6y 6.69 (1H, s,
H-5), and two methoxy signals at 6y 4.06 (3H, s, OCH;-8) and 3.90 (3H, s, OCH;-6) were
observed. The positions' of the anethoxy groups were inferred as C-6 and C-8 by the
HMBC correlations from the methoxy protons to C-6 (6c 149.7) and C-8 (¢ 141.0),
respectively (Fig. 8), and a diagnostic fragment peak at m/z 222 ([M—170]") in the EIMS
(Hwang et al., 2005; Banthorpe & Brown, 1989). In addition, its 'H NMR spectrum
showed eight other signals due to three methyls [64 1.67 (3H, s, H-8'), 1.61 (3H, s, H-10")
and 1.22 (3H, s, H-9")], two methylenes [dy 2.13 (1H, m, H-5"a), 2.05 (1H, m, H-5'b), and
1.62 (1H, m, H-4'a), 1.40 (1H, m, H-4'b)], an oxymethine [y 3.70 (1H, dd, J = 8.0, 2.0 Hz,
H-2")], an oxymethylene [y 4.55 (1H, dd, J = 10.5, 2.0 Hz, H-1'a), 4.02 (1H, dd, J = 10.5,
8.0 Hz, H-1'b)], and an olefinic proton [6y 5.11 (1H, t, J = 7.0 Hz, H-6")]. On the basis of
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the observed HMQC correlations, these signals correspond to the *C NMR signals for an
oxygenated Cy terpenyl side-chain [-OCH,CHOHC(CH;)OHCH,CH,CH=C(CHj3),]
(Hwang et al., 2005; Ito et al., 2005). This terpenyl group was attached to the C-7 position
because the H-1" proton at dy 4.02 displayed HMBC connectivity with C-7 (6¢c 144.6).
Furthermore, the HMBC correlations between oxymethylene at H-1'/C-2', C-3', and
between H-9'/C-2', C-3', and C-4' indicated that two hydroxy groups are attached at C-2'
and C-3', respectively. The planar structure of 1 was confirmed by additional HMBC
correlations of H-4'/C-2', C-3', C-5', C-6' and C-9'; H-5'/C-3',.C-4",,C-6/-and C-7'; H-6'/C-
4', C-7', C-8 and C-10"; and H-8'/C-6', C-7' and C-10'/The syn relative configuration of
the 2',3'-diol of compound 1 was determined. by 2D-NOESY experiments, which showed a
strong NOE cross peak between H-2' and H-9" (Fig. 8) (Hwang et al., 2005; Xin et al.,
2008). Assignment of the absolute configuration of the 2’,3’-diol of 1 was also confirmed
by the Mosher ester method (Phoopichayanun et al., 2008; Seco et al., 2004). Compound 1
was treated individually with (R)-" and (S)-a-methoxy-a-(trifluoromethyl)phenylacetyl
chloride (MTPA-CI) in dry pyridine to yield the (S)- or (R)- MTPA ester derivatives 1a
and 1b, respectively. Analysis of the 'H NMR chemical shift differences (Ads.z) (Fig. 6) of
these derivatives allowed the assignment of the absolute configuration of C-2’ of 1 as R.
The absolute configuration of C-3" was thus assigned as R. Therefore, compound 1, named
altissimacoumarin C, was assigned as (2'R,3'R)-7-(2',3'-dihydroxy-3’',7'-dimethylocta-6'-

enyloxy)-6,8-dimethoxycoumarin.
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Fig. 9. 'H-NMR spectrum of altissimacoumarin C (1)
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Table 1. 'H and "C-NMR data of altissimacoumarin C (1)* (in CDCls)

Position oy mult. (JinHz) 3¢ HMBC (H—C)
2 160.2
3 6.36 d (9.5) 115.5 C-2, C-4, C-10
4 7.62 d (9.5) 143.4 C-2, C-3,C-5,C-9, C-10
5 6.69 s 103.8 C-4, C-6, C-7, C-9, C-10
6 149.7
7 144.6
8 141.0
9 142.9
10 114.8
1’ 4.55dd (10.5,2.0) 761 C-7,C-2',C-3'
4.02 dd (10.5, 8.0) C-7,C-2',C-3'
2 3.70dd (8.0,2.0)  75.1 C-1', C-3', C-4', C-9'
3 73.4
4 1.62'm 37.9 C-2/, C-3', C-5', C-6', C-9’
1.40 m C-3', C-5', C-6/, C-9’
5 2.13.m 22.1 C-3,C-4, C-7
2.05m C-3', C-4, C-6/, C-7'
6 5.11t(7.0) 124.2 C-4', C-7', C-8', C-10’
7 131.9
8’ 1.67 s 25.6 C-6', C-7', C-10'
9 1.22's 23.2 C-2',C-3', C-4'
10’ 1.61s 17.6 C-6', C-7', C-8'
OCH;-6 3.90s 56.3 C-6
OCH;-8 4.06s 61.9 C-8

“ Assignments were based on HSQC, HMBC experiments.
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1.4.2. Structural determination of compound 2

Compound 2 was obtained as a colorless oil. The presence of 6,8-dimethoxy-
7-substituted coumarin was indicated from the UV absorptions at Ay.x 230, 295 and 340
nm, an IR band at vy, 1716 cm™, the typical AB-type signals at dy 7.61 (1H, d, J = 10.0
Hz, H-4), 6.34 (1H, d, J = 10.0 Hz, H-3), a singlet at 6y 6.66 (1H, s, H-5), and two
methoxy signals at 6y 4.03 (3H, s, OCH;-8) and 3.89 (3H, s, OCH3-6) in the '"H NMR
spectrum (Hwang et al., 2005). In addition, the 'H and C NMR spectra (Table 2)
revealed signals for a geranyl group [64 4.68 (2H, d, /= 7.0 Hz,/H-1"), 5.56 (1H, t, /= 7.0
Hz, H-2"), 2.05 (2H, m, H-4"), 2.08 (2H, m, H-5"), 5.06 (1H, t, J=6.5 Hz, H-6"), 1.67 (3H,
s, H-8"), 1.69 (3H, s, H-9"), 1.59 (3H, s, H-10"); 64 70.3, 119.6, 142.5, 39.6, 26.3, 123.8,
131.7, 25.6, 16.4 and 17.6, respectively]. This geranyl group was placed at the C-7 position
because the H-1' proton displayed a HMBC connectivity with C-7 (6¢c 144.9). These NMR
data were similar to those of 6-methoxyaurapten, except for an additional methoxy group
at C-8 (Talapatra et al., 1973). This was supported further by the molecular ion peak at m/z
359.1848 [M+H]+ in the HREFABMS, which indicated a molecular formula of C,H»505
(caled for C,Hy;0s, 359.1858). The location of this methoxy group was established
through a HMBC correlation from the methoxy protons to C-8 (d¢ 141.8) (Fig. 15). From
the above data, the structure of 2, named altissimacoumarin D, was proposed as 6,8-

dimethoxy-7-(3',7'-dimethylocta-2’,6'-dienyloxy)coumarin.
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Fig. 16. "H-NMR spectrum of altissimacoumarin D (2)
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Fig. 21. FABMS spectrum of altissimacoumarin D (2)
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Table 2. 'H and "C-NMR data of altissimacoumarin D (2)* (in CDCls)

Position 6y mult. (J in Hz) oc HMBC (H—C)

2 160.6

3 6.34 d (10.0) 115.1 C-2,C-4, C-10

4 7.61d(10.0) 143.5 C-2,C-3,C-5,C-9, C-10

5 6.66 s 103.5 C-4, C-6,C-7,C-9, C-10

6 150.7

7 144.9

8 141.8

9 142.9

10 114.4

1 4.68 d (7.0) 703 C-7,C-2', C-3'

2 5.56t(7.0) 119.6 C-1,C-3,C-4

3/ 142.5

4’ 2.05m 39.6 C-2,C-3,C-5,C-9

5! 2.08 m 26.3 c-4,C-6,C-T

6 5.06t(7.0) 123.8 C-5,C-7,C-%

7 131.7

g’ 1.67s 25.6 c-6', C-7, C-10'

9 1.69 s 16.4 C-2',C-3,C-4

10 1.59s 17.6 c-6',C-7, C-&
OCH;-6 3.89s 56.3 C-6
OCH;-8 4.03s 61.7 C-8

“ Assignments were based on HSQC, HMBC experiments.
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1.4.3. Structural determination of compound 3

Compound 3 was obtained as a colorless oil with the molecular formula of
Cy1H,505, which was determined by HREIMS, m/z 408.1786 [M]" (caled for Cy HagOs,
408.1784). The UV and IR spectra of 3 were similar to those of 1. The 'H and *C NMR
spectra data (Table 3) suggested features of a 6,8-dimethoxy-7-terpenylated coumarin,
which were almost identical to those of 1, except for some chemical shift differences due
to the position of the epoxy group in the terpenoid chain. Extensive NMR experiments
(HMQC, HMBC and NOESY) indicated the epoxy ring at C-6',, C-7', and two hydroxy
groups at C-2" and C-3'. These assignments were deduced from the HMBC correlations
between H-1'/C-2" and C-3'; H-2'/C-1", C-3’, C-4"and C-9";3H-5'/C-3', C-4', C-6' and C-7';
H-6'/C-4', C-7', C-8' and C-10'; and OH<2'/C-2" (Fig. 22). The relative configuration of 3
was then established on the basis of the specific rotation ([oc]zg +13) and NOESY data,

which showed NOE correlations between H-2'/H-9’ and H-5'/H-6’, whereas no NOE was
observed between H-5'/H-9’ (Fig. 22) (Hwang et al., 2005; Xin et al., 2008). After the
reaction with compound 3.and the Mosher ester reagents, (S)-MTPA (3a) and (R)-MTPA
(3b), respectively, analysis of the '"H NMR data (Fig. 6) indicated the R configuration at
the C-2' stereocenter in 3. Thus, the structure of altissimacoumarin E (3) was assigned as
(2'R,3'R,6'R)-7-(2',3'-dihydroxy-6',7"-epoxy-3',7'-dimethyloctaoxy)-6,8-

dimethoxycoumarin.
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Fig. 23. '"H-NMR spectrum of altissimacoumarin E (3)
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Fig. 24. "C-NMR spectrum of altissimacoumarin E (3)
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Fig. 25. HSQC spectrum of altissimacoumarin E (3)
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Fig. 26. HMBC spectrum of altissimacoumarin E (3)
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Fig. 27. NOESY spectrum of altissimacoumarin E (3)
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Table 3. 'H and "C-NMR data of altissimacoumarin E (3)* (in CDCL)

Position oy mult. (JinHz)  &c HMBC (H—C)
2 160.2
3 6.37 d (9.5) 115.6 C-2, C-4, C-10
4 7.62 d (9.5) 143.4 C-2, C-3,C-5,C-9, C-10
5 6.69 s 103.9 C-4, C-6, C-7, C-9, C-10
6 149.9
7 144.5
8 141.2
9 142.9
10 114.9
' 448dd(10.5,2.0) 764 C-7,C-2',C-3'
3.91dd (10.5, 8.5) C-7,C-2',C-3'
2 3.88dd(8.5,2.0) 75.2 C-1',C-3", C-4', C-9’
3 83.8
4  223m 33.2 C-2/, C-3', C-5', C-6', C-9’
1.55m C-3', C-5', C-6/, C-9’
5 1.99:m 26.4 C-3, C-4, C-7
1.92 m C-3', C-4, C-6/, C-7'
6  385m 85.3 C-4', C-7', C-8', C-10/
7 71.6
8’ 1.26's 27.7 C-6', C-7', C-10'
9 1.19s 23.4 C-2', C-3', C-4'
100 1.105s 24.9 C-6', C-7', C-8'
OCH;-6 3.91s 56.4 C-6
OCH;-8 4.06's 62.0 C-8
OH-2' 3.75s c-2'

“ Assignments were based on HSQC, HMBC experiments.
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1.4.4. Structural determination of compound 4

Compound 4 was obtained as a colorless oil and its molecular formula,
C,1Hy607, was established by HREIMS, m/z 390.1679 [M]" (caled for Cy1H,607, 390.1679).
The UV and IR absorptions resembled those of 1-3, and the characteristic 'H NMR signals
suggested a skeleton of a 6,8-dimethoxy-7-terpenylated coumarin (Hwang et al., 2005).
The positions of two methoxy groups were confirmed by the HMBC correlations from the
methoxy protons to C-6 (5¢c 149.7) and C-8 (d¢ 141.0), respectively (Fig. 31). In addition,
analysis of the "H and ?C NMR spectra, including the HMQC and HMBC data, suggested
the presence of a Cyy terpenyl side-chain at C-7, consisting of three methyl [6y 1.72 (3H, s,
H-8"), 1.71 (3H, s, H-10") and 1.47 (3H, s, H-9')], a methine [dy 2.20 (1H, m, H-3")], three
oxymethine [dy 4.86 (1H, dd, J = 15.5, 8.5 Hz; H-5"), 4.03 (1H, m, H-4"), 3.99 (1H, dd, J =
8.5, 3.5 Hz, H-2")], an oxymethylene [dy 4.42 (1H, dd, J = 10.0, 3.5 Hz, H-1'a), 4.11 (1H,
dd, /= 10.0, 8.0 Hz, H-1'b)],-and two olefinic signals [dy 5.19 (1H, d, J = 8.5 Hz, H-6"), o
125.3 (C-6"), and d¢ 136.9 (C-7")]. The observation of mass fragment ions (EIMS) at m/z
390 (IM]"), 309 and 222 resulting from cleavage at C-4'/C-5" and 7-O/C-1', suggested the
presence of an epoxy and a hydroxy group in the terpenoid side-chain. The HMBC
correlations of H-2'/C-1', C-3’ and C-9'; H-3'/C-2', C-4' and C-9'; H-4'/C-3" and C-5'; H-
5'/C-3', C-6" and C-7'; and H-9'/C-2', C-3" and C-4' confirmed the epoxy ring at C-4', C-5’,
and the hydroxy group at C-2' position. The cis configuration of this epoxy ring was
established by the large coupling constant (15.5 Hz) between H-4" and H-5', and NOE
correlations between H-3'/H-5', H-4/H-9' in the 'H NMR and 2D-NOESY spectra,

respectively (Fig. 31). Furthermore, the relative configurations of C-2’" and C-3' in 4 were
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deduced from the NOE cross peaks between H-2'/H-3" and H-1'/H-9" (Fig. 31) (Hwang et
al., 2005; Xin et al., 2008). Finally, the absolute configuration of the stereogenic center at
C-2" was addressed by the Mosher ester method (Fig. 6). The R configuration of C-2’ in 4
was determined on the interpretation of the data obtained (Phoopichayanun et al., 2008;
Seco et al., 2004). Therefore, the structure of compound 4, named altissimacoumarin F,
was proposed as (2'R3'R4'S,5'S)-6,8-dimethoxy-7-(3',7'-dimethyl-4',5'-epoxy-2'-

hydroxyocta-6'-enyloxy)coumarin.
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Fig. 31. Key HMBC (H—C) and NOSEY («>) correlations of altissimacoumarin F (4)
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Fig. 32. '"H-NMR spectrum of altissimacoumarin F (4)
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Fig. 33. "C-NMR spectrum of altissimacoumarin F (4)
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Fig. 34. HMBC spectrum of altissimacoumarin F (4)
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Table 4. 'H and ®C-NMR data of altissimacoumarin F (4)* (in CDCL)

Position &y mult. (JinHz)  &c HMBC (H—C)
2 160.4
3 6.35d(9.5) 115.2 C-2, C-4, C-10
4 7.61d9.5) 143.4 C-2,C-3,C-5,C-9, C-10
5  6.68s 103.9 C-4, C-6, C-7, C-9, C-10
6 149.6
7 144.7
8 140.6
9 143.1
10 114.3
' 442dd(10.0,3.5) 731 C-7,C-2',C-3'
4.11 dd (10.0, 8.0) C-7,C-2', C-3'
2 3.99dd (8.0,3.5) 79.4 C-1',C-3', C-9'
3 220m 47.4 C-2',C-4', C-5', C-9'
4  4.03m 84.6 C-2", C-3, C-5', C-9'
5 4.86dd(15.5,85) 743 C-3',C-4', C-6',C-7'
6 .5.19d(8.5) 125.3 C-5', C-7', C-8', C-10’
7 136.9
g 172s 25.8 c-6', C-7', C-10'
9 147s 235 C-2', C-3, C-4'
100 171s 18.2 C-6', C-7', C-8'
OCHy-6 3.88s 56.2 C-6
OCHs;-8 4.02s 61.9 C-8

“ Assignments were based on HSQC, HMBC experiments.
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1.4.5. Structural determination of compound 5

Compound 5 was obtained as a colorless oil and its molecular formula was
determined as C;H,sO¢ by molecular ion peak at m/z 374.1732 [M]+ (caled for C,Hy60s,
374.1729) in HREIMS spectrum. The UV (225, 295 and 340 nm) and IR (1718 cm’
absorptions), and doublets at 6y 7.62 (1H, d, J = 9.5 Hz, H-4) and 6.35 (1H, d, /= 9.5 Hz,
H-3), a singlet at 6y 6.69 (1H, s, H-5), and two methoxy signals at 6y 4.06 (3H, s, OCHj3-8)
and 3.90 (3H, s, OCH;-6) in the 'H NMR spectrum (Table 5) indicated the presence of a
6,7,8-trioxygenated coumarin skeleton (Hwang et al., 2005). The location of two methoxy
groups were assigned to C-6 and C-8 by the HMBC correlations between the methoxy
protons and C-6 (6¢c 149.9) and C-8 (5¢ 141.4), respectively (Fig. 39), and a fragment peak
at m/z 222 ([M—152]") in the EIMS (Banthotpe et al.;. 1989; Hwang et al., 2005). The 'H
and C NMR spectral data were almost identical to'those of 1 and altissimarin B (Hwang
et al., 2005), except for some chemical shift differences due to a 3',4’-epoxy ring in the
terpenyl chain. These assignments were deduced from the HMBC correlations of H-1'/C-2'
and C-3'; H-2'/C-3' and C-4'; H-4'/C-2', C-3' and C-9’; and H-8'/C-6', C-7' and C-10".
Finally, the relative stereochemistry of 5 was established on the specific rotation ([OL]ZS

+11) and NOESY data, which show strong NOE correlation between H-4'/H-9' (Hwang et
al., 2005) (Fig. 39). Thus, the structure of altissimacoumarin G (5) was proposed as

(3'R,4'S)-6,8-dimethoxy-7-(3',7'-dimethylocta-3',4'-epoxy-6'-enyloxy)coumarin.
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Fig. 39. Key HMBC (H—C) and NOSEY («>) correlations of altissimacoumarin G (5)
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Fig. 40. "H-NMR spectrum of altissimacoumarin G (5)
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Fig. 43. NOESY spectrum of altissimacoumarin G (5)
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Table 5. 'H and "C-NMR data of altissimacoumarin G (5)* (in CDCls)

Position 6y mult. (J in Hz) oc HMBC (H—C)
2 160.3
3 6.35d(9.5) 115.4 C-2,C-4,C-10
4 7.62d (9.5) 143.4 C-2,C-3,C-5,C-9,C-10
5 6.69s 103.8 C-4, C-6,C-7,C-9, C-10
6 149.9
7 145.1
8 141.4
9 142.9
10 114.7
Iy 4.55m 76:7 C-7,C-2',C-3'
3.89m C-7,C-2',C-3'
2! 1.80 m 34.4 C-3',C-4, C-9
1.50 m C-3,C-4
3’ 77.4
4’ 3.90 m 72.8 C-2',C-3", C-5,C-9
5! 2.09m 21.4 C-4,C-0,C-7
6’ 5.12t(7.0) 124.3 C-5,C-7,C-8
7' 131.5
8’ 1.68 s 25.7 c-6', C-7', C-10
9’ 1.14s 18.3 C-2,C-3
10 1.61s 17.6 C-6',C-7, C-8
OCH;-6 3.90s 56.3 C-6
OCH;-8 4.06s 61.9 C-8

“ Assignments were based on HSQC, HMBC experiments.
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1.4.6. Structural determination of compound 6

Compound 6 was obtained as a colorless oil with the molecular formula of
Cy1H,505, which was determined by HREIMS, m/z 408.1784 [M]+ (calcd for C,Hj40s,
408.1784). The UV (230, 295 and 335 nm) and IR (1715 cm™) absorptions, and the 'H
NMR signals at 6y 7.62 (1H, d, J = 9.5 Hz, H-4), 6.37 (1H, d, /= 9.5 Hz, H-3), 6.70 (1H, s,
H-5), 4.07 (3H, s, OCH;-8) and 3.90 (3H, s, OCH;-6), indicated the presence of 6,8-
dimethoxy-7-substituted coumarin nucleus (Hwang et al., 2005). In addition to the
coumarin unit, three methyls [0y 1.22 (3H, s, H-8'), 1.19 (3H, s,/H-9").and 1.13 (3H, s, H-
10")], two methylenes [y 2.14 (1H, m, H-5"a), 1.87 (1H,-m, H-5'b), and 1.74 (1H, m, H-
4'a), 1.62 (1H, m, H-4'b)], two oxygenated methine [0:3.85:(1H, dd, /= 8.5, 2.0 Hz, H-2")
and 3.79 (1H, t, J = 8.5 Hz, H-6") ], and‘one oxygenated methylene [dy 4.53 (1H, dd, J =
10.5, 2.0 Hz, H-1"a), 3.91 (1H, dd, J = 10.5, 8.5 Hz, H-1'b)] were observed in the 'H NMR
spectrum. These signals were found to “correspond to the “C NMR signals of an
oxygenated C;o terpenyl side-chain, which was assigned to attach to C-7 by HMBC
correlation between  the. H-1' protons and carbon C-7 (8¢ 144.9). Furthermore, the
observation of significant mass fragment ions (EIMS) at m/z 307 and 222 resulting from
cleavage at C-4'/C-5'" and 7-O/C-1', respectively, suggested the terpenyl side-chain
comprising of an epoxy and two hydroxy groups. The HMBC correlations of H-2'/C-1', C-
3', C-4' and C-9'; H-5'/C-3', C-4', C-6' and C-7'; H-6'/C-7', C-8 and C-10"; OH-6'/C-6';
and OH-7'/C-7" further confirmed the epoxy ring at C-2’, C-3', and two hydroxy groups at

C-6" and C-7' position. The relative configuration of 6 was then established on the basis of

the specific rotation ([oc]zg +19) and NOESY data, which showed NOE correlations
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between H-1'/H-9' and H-2'/H-4', whereas no NOE was observed between H-2'/H-9'.
After the reaction with compound 6 and the Mosher ester reagents, (S)-MTPA (6a) and
(R)-MTPA (6b), respectively, analysis of the 'H NMR data (Fig. 6) indicated the R
configuration at the C-6' stereocenter in 6. Therefore, the structure of compound 6, named
altissimacoumarin H, was proposed as (2'R,3'R,6'R)-7-(6',7'-dihydroxy-2',3'-epoxy-3',7'-

dimethyloctaoxy)-6,8-dimethoxycoumarin.

Fig. 47.Key HMBC (H—C) correlations of altissimacoumarin H (6)
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Fig. 48. "H-NMR spectrum of altissimacoumarin H (6)
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Fig. 49. "C-NMR spectrum of altissimacoumarin H (6)
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Table 6. 'H and "C-NMR data of altissimacoumarin H (6) (in CDCL)

Position &y mult. (JinHz)  dc HMBC (H—C)
2 160.2
3 6.37d (9.5) 115.5 C-2, C-4,C-10
4 7.62d(9.5) 143.4 C-2,C-3,C-5,C-9, C-10
5 6705 103.9 C-4, C-6, C-7, C-9, C-10
6 149.9
7 144.9
8 141.3
9 142.9
10 114.8
" 453dd(10.5,2.0) 766 C-7,C-2'
3.91dd (10.5, 8.5) C-7,C-2', C-3'
2 3.85dd(8.5,2.0) 75.5 C-1', C-3, C-4', C-9'
3 83.5
4  174m 353 C-2',C-3', C-5', C-6', C-9’
1.62 m C-3',C-5', C-6', C-9'
5 _2.14m 26.2 C-3',C-4', C-7
1.87 m C-3',C-4', C-6, C-7'
6 379t(8.5) 86.9 C-5', C-7', C-8', C-10’
7 70.6
8 1.22s 27.5 c-6', C-7', C-10'
9  119s 225 C-2',C-3'
100 1.13s 24.0 C-6', C-7', C-8'
OCH3-6 3.90s 56.4 C-6
OCH3-8 4.07s 61.9 C-8
OH-6 3.62s C-6'
OH-7' 3.65s C-7'
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1.4.7. Structural determination of compound 7

Compound 7 was obtained as a colorless oil with the molecular formula of
Cy1H605, which was determined by HREIMS, m/z 406.1631 [M]" (caled for Cy Ha¢Os,
406.1628). The UV and IR spectra of 7 were similar to those of 1-6. The 'H and *C NMR
spectra data (Table 7) suggested features of a 6,8-dimethoxy-7-terpenylated coumarin,
which were similar to those of 3 and 6, except for a presence of an acetal carbon at d¢
105.8 (C-6") in the terpenoid chain instead of the oxymethine carbon. Extensive NMR
(HMQC, HMBC and NOESY) and EIMS experiments indicated two epoxy rings at C-3’,
C-4" and C-6', C-7', and a hydroxy group at C-6'. These-assignments were deduced from
the HMBC correlations between H-1'/C-2’ and C-3"; H-2"/C-1’, C-3', C-4’ and C-9'; H-
4'/C-3', C-5" and C-9'; H-5'/C-3', C-4', C-6' and C-7' (Fig. 58). Attempts to determine the
absolute configuration of the stereogenic center ‘at C-6' using the Mosher method were
unsuccessful due to the failure of making Mosher ester derivatives. However, from data of

NOESY experiment, which showed strong NOE correlation between H-4" and H-9" (Fig.
54), the specificrotation ([OL]ZS +10), and CD Cotton effects (Amax 325 nm, Ag = -7.77; Amax

271 nm, Ag = +1.75), the structure of altissimacoumarin I (7) can be assigned as (3'R,4'S)-

7-(2',3":6',7' -diepoxy-6'-hydroxy-3',7'-dimethyloctaoxy)-6,8-dimethoxycoumarin.
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Fig. 55. "H-NMR spectrum of altissimacoumarin I (7)
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Table 7. 'H and "C-NMR data of altissimacoumarin I (7)* (in CDCl;)

Position oy mult. (JinHz)  &c HMBC (H—C)
2 160.5
3 6.35 d (9.5) 115.3 C-2, C-4, C-10
4 7.60 d (9.5) 143.4 C-2, C-3,C-5,C-9, C-10
5 6.70 s 103.5 C-4, C-6, C-7, C-9, C-10
6 150.2
7 144.9
8 141.2
9 142.9
10 114.5
' 407m 76/6 C-7,C-2'
3.91'm C-7,C-2',C-3'
2 1.96 m 30.6 C-1, C-3', C-4', C-9’
1.64 m C-1', C-3', C-4', C-9’
3 83.0
4  402m 73.7 C-3',C-5, C-9'
5 252m 33.2 C-3', C-4, C-6/, C-7'
1.60 m C-3',C-6/, C-7'
6 105.8
7 77.2
8’ 122’ 24.1 C-6', C-7', C-10'
9 137 s 21.7 C-2',C-3", C-4'
100 1.38s 18.1 C-6', C-7', C-8'
OCH;-6 3.87s 56.2 C-6
OCH;-8 4.00's 61.8 C-8

“ Assignments were based on HSQC, HMBC experiments.
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1.4.8. Structural determination of compound 8

Compound 8 was obtained as a colorless oil and its molecular formula,
C,1Hy607, was established by HREIMS, m/z 390.1679 [M]" (caled for Cy1H,607, 390.1679).
The UV and IR absorptions resembled those of 1-7, and the characteristic 'H NMR signals
suggested a skeleton of a 6,8-dimethoxy-7-terpenylated coumarin (Hwang et al., 2005).
The positions of two methoxy groups were confirmed by the HMBC correlations from the
methoxy protons to C-6 (5¢c 149.9) and C-8 (d¢ 141.2), respectively (Fig. 63). In addition,
analysis of the "H and ?C NMR spectra, including the HMQC and HMBC data, suggested
the presence of a C terpenyl side-chain at C-7, consisting of two.methyl [64 1.68 (3H, s,
H-10") and 1.24 (3H, s, H-9')], two methylenes [0y 2:26 (1H; m, H-4'a), 1.70 (1H, m, H-
4'b), and 2.05 (1H, m, H-5"a), 1.62 (1H,.m, H-5'b)], two oxymethine [6y 4.38 (1H, m, H-
6') and 3.78 (1H, dd, J = 9.0, 2.0 Hz, H-2")], an oxymethylene [y 4.64 (1H, dd, J = 10.5,
2.0 Hz, H-1'a), 3.97 (1H, dd,J = 10.5, 9.0:Hz, H-1'b)], and two germinal olefinic signals
[0y 4.97 (1H, s, H-8'a) and 4.78 (1Hy's, H-8'b)]. The observation of mass fragment ions
(EIMS) at m/z 390°[M]", 290 and 222 resulting from cleavage at C-3'/C-4' and 7-O/C-1’,
suggested the presence of an epoxy and a hydroxy group in the terpenoid side-chain. The
HMBC correlations of H-2'/C-1', C-3', C-4'" and C-9'; H-6'/C-5', C-7', C-8', C-10
confirmed the epoxy ring at C-2', C-3’, and the hydroxy group at C-6' position. The
relative configurations of C-2', C-3" and C-6' in 8 were deduced from the NOE cross peak
between H-4'/H-6', H-4'/H-9'and no NOE signal observed between H-2'/H-9' (Fig. 68).
(Hwang et al., 2005; Xin et al., 2008). Finally, the absolute configuration of the

stereogenic center at C-6’ was addressed by the Mosher ester method (Fig. 6). The R
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configuration of C-6' in 8 was determined on the interpretation of the data obtained (Seco
et al., 2004; Phoopichayanun et al., 2008). Therefore, the structure of compound 8, named
altissimacoumarin J, was proposed as (2'R,3'R,6'S)-6,8-dimethoxy-7-(6'-hydroxy-2',3'-

epoxy-3',7'-dimethylocta-7'-enyloxy)coumarin.

Fig. 63. Key HMBC (H—C) correlation of altissimacoumarin J (8)
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Fig. 64. "H-NMR spectrum of altissimacoumarin J (8)
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Fig. 65. "C-NMR spectrum of altissimacoumarin J (8)
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Fig. 66. HSQC spectrum of altissimacoumarin J (8)
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Fig. 67. HMBC spectrum of altissimacoumarin J (8)
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Fig. 68. NOESY spectrum of altissimacoumarin J (8)
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Fig. 69. UV spectrum of altissimacoumarin J (8)
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Fig. 70. IR spectrum of altissimacoumarin J (8)
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Table 8. 'H and "C-NMR data of altissimacoumarin J (8)* (in CDCL)

Position 6y mult. (J in Hz) oc HMBC (H—C)
2 160.2
3 6.37d(9.5) 115.4 C-2,C-4, C-10
4 7.62d(9.5) 143.4 C-2,C-3,C-5,C-9, C-10
5 6.68 s 103.7 C-4, C-6,C-7,C-9, C-10
6 149.9
7 144.8
8 141.2
9 142.3
10 114.7
I 4.64 dd (10.5, 2.0) 765 C-7,C-2'
3.97 dd (10.5, 9.0) C-7,C-2', C-3'
2 3.78 dd (9.0, 2.0) 74.9 C-1,C-3,C4, C-9
3’ 83.5
4’ 226 m 35.8 C-3,C-6, C-Y
1.70 m C-2,C-3,C-6,C-9
5! 2.05m 30.9 C-3,CH4, C-6
1.62 m C-3',CH4, C-6
6 4.38 m 82.1 C-5, C-7, C-8, C-10’
7 145.2
g’ 4.97 s 110.4 c-6', C-7, C-10'
478 s c-6', C-7, C-10'
9 1.24 s 21.5 C-2’,C-3, C-4
10 1.68 s 17.8 c-6',C-7, C-%
OCH;-6 3.90s 56.3 C-6
OCH;-8 4.06s 62.0 C-8

“ Assignments were based on HSQC, HMBC experiments.
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1.4.9. Structural determination of compound 9

Compound 9 was obtained as a colorless oil with the molecular formula of
C21H,505, which was determined by a dehydrated molecular ion peak at m/z 390.1677 [M-
H,0]" in HREIMS spectrum (calcd for CyHa607, 390.1679). The UV and IR spectra of 9
were similar to those of 1-8. The 'H and *C NMR spectra data (Table 9) suggested
features of a 6,8-dimethoxy-7-terpenylated coumarin, which were almost identical to those
of 8, except for some chemical shift differences due to the opening of . the epoxy ring in the
terpenoid chain. Extensive NMR experiments (HMQC, HMBC and NOESY) indicated
three hydroxy groups attached at C-2', C-3' and C-6'. These assignments were deduced
from the HMBC correlations between H-1'/C-2" and C-3'; H-2'/C-1', C-3' and C-9'; H-
6'/C-5', C-7', C-8' and C-10' and OH-2'/C-2" (Fig. 72). The relative configuration of 9 was
then established by NOESY experiments, which showed strong NOE correlations between
H-2'/H-9’, H-4'/H-9’ and no NOE signal observed between H-4'/H-6'. The configuration of
9 was then established on the basis of the specific rotation ([oc]zg +14), CD Cotton effects
(Amax 325 nm, Ag = -3.86; Auax'270 nm, Ag = +2.38), and NOESY data, which showed
strong NOE correlations between H-2'/H-9', H-4'/H-9" and H-4'/H-6' (Fig. 77) (Hwang et
al., 2005; Xin et al., 2008). Consequently, the structure of compound 9, named
altissimacoumarin K, was proposed as (2'R,3'R,6'S)-6,8-dimethoxy-7-(2',3'6'-trihydroxy-

3',7'-dimethylocta-7'-enyloxy)coumarin.
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Fig. 73. "H-NMR spectrum of altissimacoumarin K (9)
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Fig. 74. "C-NMR spectrum of altissimacoumarin K (9)
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Fig. 78. UV spectrum/of altissimacoumarin K (9)
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Table 9. 'H and "C-NMR data of altissimacoumarin K (9)* (in CDCls)

Position oy mult. (J in Hz) Oc HMBC (H—C)
160.3
3 6.37d(9.5) 115.4 C-2,C4,C-10
4 7.63 d (9.5) 143.4 C-2,C-3,C-5,C-9, C-10
5 6.70 s 103.7 C+4, C-6,C-7,C-9, C-10
6 149.9
7 144.9
8 141.2
9 142.8
10 114.7
I 4.56 dd (10.0, 3.0) 76.6 C-7,C-2'
3.92 dd (10.0, 8.0) C-7,C-2", C-3'
2 3.87m 75.2 C-1,C-3,C-9
3/ 83.7
4’ 220m 34.7 C-3',C-6', C-9
1.75m C-3',C-5, C-6', C-9’
5! 2:10 m 30.9 C-3',C-4, C-6,C-T
1.78 m C-3',C-4, C-6
6' 438 dd (8.5, 6.0) 83.4 C-5', C-7, C-8, C-10'
7' 145.6
8’ 5.01s 110.6 c-6', C-7', C-10'
4.81s c-6', C-7', C-10'
9 1225 22.6 C-2', C-3, C-4'
10’ 1.71s 17.8 C-6',C-7', C-8
OCH;-6 3091s 56.3 C-6
OCH;-8 4.06s 61.9 C-8
OH-2" 3.31s C-2

“ Assignments were based on HSQC, HMBC experiments.
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1.5. Stimulatory effects of the isolated compounds on SIRT1 activity

SIRT1, a mammalian ortholog of yeast Sir2, binds to and deacetylates p53 at
the K382 residue, thereby negatively regulating p53-mediated transcriptional activation,
which prevents the cellular senescence and apoptosis caused by DNA damage and stress
(Langley et al., 2002; Kim et al., 2007). To evaluate the effects of the isolated compounds
on SIRTI, the in vitro enzymatic deacetylation and the p53 transcription activities were
determined. In a bioluminescence assay that measures deacetylated peptide signals via the
consumption of NAD" (Liu ef al., 2008), all tested compounds increased the observation of
deacetylated substrate, except for compound 10, a non-terpenylated coumarin (Fig. 81).
Moreover, after co-transfection with p53-luc and SIRT1 into HEK293 cells, treatment with
compounds 14 or resveratrol (10 uM) strongly decreased p53 transcriptional activity
compared to the control (Fig. 82).

Since these compounds induced an increase in SIRT1 enzymatic activity and
a decrease in p53 transcriptional activity, their direct effects on SIRT1 deacetylation
activity were confirmed by determining the actual level of substrate used in the SIRTI
reaction using a» NAD/NADH assay. As shown in Fig. 83A and 83B, the SIRTI
deacetylation activity was increased in a dose-dependent manner in both in vitro and in
vivo assays. Interestingly, these compounds also increased the NAD-to-NADH ratio by
more than 50% (Fig. 83C), further supporting the catalytic activity of SIRTI in vivo

(Houtkooper ef al., 2009; Um et al., 2010).
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Fig. 81. The effects of isolated compounds on SIRT1 enzymatic activity with p53 peptide

substrate determined by a bioluminescence assay.
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2. Isolation of SIRT1 activators from Curcuma longa
2.1. Introduction

C. longa is a plant belonging to Zingiberaceae family, which is found in south
and southeast tropical Asia (Ammon & Wahl, 1991). Its rhizome is used as a spice (main
ingredient of curry), a pigment dye of textiles, and in traditional medicine. Two
fundamental groups of compounds from this plant are curcuminoids and sesquiterpenes
(Nishiyama et al., 2005), in which curcuminoids with several pharmacological activities
including cardiovascular protection, antitumor, antioxidant, /anti-inflammatory, anti-
Alzheimer, anti-hepatotoxic, and antiviral have been reported(Chen et al., 2010; Miriyala

et al., 2007; Park & Kim, 2002; Simon ef al., 1998; Masuda et al., 1993).
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2.2. Plant material

The rhizomes of C. longa were purchased from Kangwon Herbal Medicine
Company (Kangwon-do, Republic of Korea), in August 2010 and botanically identified by
Prof. Y. H. Moon. A voucher specimen (CU2010-06) has been deposited at the Herbarium

of Chosun University, Gwangju, Republic of Korea.

2.3. Extraction and isolation

The dried rhizomes of C. longa (4.0 kg) were extracted with MeOH (15.0 L x
3 times) at room temperature for a week. The combined MeOH extract was then
concentrated to yield a dry residue (420.0 g). This crude extract was suspended in H,O (2.5
L) and partitioned successively with n-hexane (3 x 2.0.L), EtOAc (3 x 2.0 L), and BuOH
(3 x 2.0 L). The EtOAc and BuOH soluble fractions, which exhibited strong SIRT1
activity, were combined (160.0"g) and chromatographed over a silica gel column (15 x 30
cm; 63-200 um particle size) eluting with gradient solvent chloroform/acetone (19:1,
18:2...1:19, each 2.5 L), to yield seven fractions (F1: 20.6 g; F2: 16.4 g; F3: 8.3 g; F4:
13.8 g; F5: 14.5 g; F6: 18.6 g; F7: 27.8 mg) based on the TLC profile. The crystallization
of fraction F3 from n-hexane/EtOAc afforded compound 13 (curcumin, 5.8 g). Fraction F4
was further applied to a normal-phase silica gel column (7 x 40 cm; 40-63 um particle
size) with a stepwise gradient of chloroform/MeCN (9:1, 8:2...1:9, each 2.0 L) to afford
five subfractions (F4.1-F4.5). Crystallization of subfractions F4.2 and F4.3 from
chloroform gave compound 4 (demethoxycurcumin, 1.7 g) and compound 5§
(bisdemethoxycurcumin, 2.9 g), respectively. Fraction F4.4 (150.0 mg) was separated by
HPLC [Optima Pak C;s column (10 x 250 mm, 10 um particle size, RS Tech, Korea);
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mobile phase MeCN in H,O containing 0.1% HCO,H (0—40 min: 45% MeCN, 40—45 min:
100% MeCN, 45-55 min: 100% MeCN); flow rate 2 mL/min; UV detection at 205 and
254 nm] to give compound 8 (g = 30.0 min, 7.5 mg) and compound 10 (g = 34.0 min, 16.0
mg). Fraction F5 was chromatographed over a Sephadex LH-20 column (7 x 40 cm) using
MeOH as the eluting solvent to afford three subfractions (F5.1-F5.3). Subfraction F5.2
(7.5 g) was further chromatographed over a silica gel column (5 x 40 cm; 40—63 um
particle size) with a gradient solvent of chloroform/MeCN (9:1, 8:2...1:9, each 2.5 L) to
yield eight fractions (F5.2.1-F5.2.8). Subfraction F5.2.2 (190.0 mg) was purified by HPLC
(0—45 min: 60% MeCN, 45-50 min: 100% MeCN) to yield compound 9 (#x = 35.0 min,
13.5 mg) and compound 11 (tx = 38.5 min, 15.0.mg)..Further separation of F5.2.3 (160.0
mg) by HPLC (0—65 min: 57% MeCN, 65—70 . min: 100% MeCN) resulted in the isolation
of compound 6 (x = 42.0 min, 12.5 mg), compound 7 (fx = 58.0 min, 8.0 mg), and
compound 14 (g = 61.0 min, 7.0 mg). Compound 1 (#x = 46.0 min, 7.5 mg), compound 2
(tr = 48.5 min, 6.0 mg), and compound 12 (fx = 52.0 min, 8.5 mg) were obtained from
subfraction F5.2.4 (120.0 mg) by HPLC (0-60 min: 35% MeCN, 60—65 min: 100%
MeCN). Finally, compound 3 (tx = 38.0 min, 15.5 mg) was purified from subfraction
F5.2.5 (140.0 mg) by HPLC (0—45 min: 30% MeCN, 45-50 min: 100% MeCN).

Curcumalongin A (1). yellow amorphous powder; UV (MeOH) Ay nm (log
€) 295 (3.53), 398 (4.06); IR (KBr) v 3415 (OH), 1665 (C=0), 1598, 1547, 1511, 1489,
1273 em'; 'H (500 MHz) and "*C (125 MHz) NMR data, see Table 10; EIMS m/z: 352
(IMT, 100), 322 (59), 278 (22), 267 (20), 191 (52), 180 (28), 150 (27); HRFABMS m/z
353.1022 [M+H]" (calcd for CyH;705, 353.1025).

Curcumalongin B (2). yellow amorphous powder; UV (MeOH) Ay nm (log
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£) 290 (3.76), 410 (4.12); IR (KBr) vimay 3416 (OH), 1665 (C=0), 1588, 1547, 1512, 1490,
1284 cm'; '"H (500 MHz) and "’C (125 MHz) NMR data, see Table 11; EIMS m/z: 382
(IMT", 100), 352 (20), 322 (8), 308 (10), 278 (6), 267 (9), 245 (12), 191 (10), 180 (24);

HREIMS m/z 382.1054 [M]" (caled for CoH 507, 382.1053).

C. longa (dried rhizomes, 4 kg)
Extracted with MeOH (1 week)

MeOH extract (420 g)

Suspended in H,O and partition
with n-Hx, EtOAc, n-BuOH

EtOAc + n-BuOH extract (160 g)

Silica gel OCC
Chloroform:acetone (from 19:1 to 1:19)

F1 F5 F7

LH20 OCC; MeOH

F5.2

Silica gel OCC
Chloroform:MeCN (from 9:1 to 1:9)

F5.2.4 F5.2.5
HPLC HPLC
35% MeCN 30% MeCN
Compound 1 Compound 3
Compound 2

Scheme 2. Isolation of new compounds (1-3) from C. longa
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Curcumalongin D (3): Yellow amorphous powder; [oc]zg +13 (¢ 0.1, MeOH);
UV (MeOH) A nm (log €) 280 (3.83), 390 (4.06); IR (KBr) vimax 3418 (OH), 2937, 1610,
1516, 1271, 1083 cm '; CD (MeOH, Ag) Ay 218 (-12.41), 208 (+6.57); 'H (500 MHz) and
C (125 MHz) NMR data, see Table 12; EIMS m/z: 390 ([M-H,0]", 10), 327 (3), 284 (9),
267 (14), 239 (5), 192 (8), 137 (100); HREIMS m/z 390.1678 [M-H,O]" (Calcd for

C11H,607, 390.1679).

Fig. 84. Chemical structures of known compounds isolated from.C. longa
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2.4. Structural determination of new compounds isolated from C. longa
In order to isolate the compounds with stimulating SIRT1 activity, the
methanol extract of C. longa was subjected to a succession of chromatographic procedures

including silica gel chromatography, Shephadex LH-20, RP-C18, and HPLC to afford
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fourteen compounds, including 3 new (1-3) and 11 known (4-14) curcumin derivatives
(Jayaprakasha et al., 2002; Venkateswarlu ef al., 2005; Li ef al., 2009; Masuda ef al., 1993;

Dao et al., 2012) (Fig. 84).

2.4.1. Structural determination of compound 1

Compound 1 was obtained as a yellow amorphous powder. The 'H NMR
spectrum (Table 10) showed a 1,3,4,5-tetrasubstituted benzene ring,[6y 7.23 (1H, d, J =
1.8 Hz, H-2") and 7.21 (1H, d, J = 1.8 Hz, H-6")], a set of A,B,/aromatic protons [0y 7.63
(2H, d, J = 8.4 Hz, H-2", H-6") and 6.94 (2H, d, J = 8.4 Hz, H-3", H-5")], a pair of trans-
olefinic protons [dy 7.67 (1H, d, J=15.6 Hz, H-7") and 7.08.(1H, d, J = 15.6 Hz, H-8")], a
methoxy group [0y 3.99 (3H, s, 3'-OCHs)], an alkene proton [dy 6.52 (1H, s, H-7")], and a
proton on the central carbon of f-diketone in their enol form &y 5.92 (1H, s, H-4).
Consistent with the above 'H'NMR analysis, the C NMR spectrum displayed signals
corresponding to the methoxy group at 6c 56.5, four olefinic carbons at d¢ 146.7, 139.3,
113.3 and 112.2, a_conjugated ketone at d¢ 186.6, a hydroxylated olefinic carbon at dc¢
176.1, the central carbon of f-diketone at 6c 105.4, and twelve carbons of two aromatic
rings. These protonated carbons and their bonded protons, which were determined
unambiguously by the HMQC experiment, showed the presence of 20 carbons of a
curcuminoid skeleton (Li et al., 2009). In addition, the deshielding of both the two olefinic
carbons at d¢ 146.7 (C-2) and 176.1 (C-5) indicated their linkage to an oxygen atom. These
observations with the presence of characteristic absorption bands in the IR (1665, 1598 cm’
" and UV (398, 295 nm) spectra, suggested the existence of a 3(2H)-furanone moiety
instead of a linkage fragment (-C=CH-CO-CH=C(OH)-CH=CH-) like in curcuminoid
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derivatives (Comte et al., 1996; Gershenzon & Mabry, 1984). This was confirmed by
HMBC correlations between H-4/C-2, C-3 and C-5 (Fig. 85), and further supported by the
quasi-molecular ion peak at m/z 353.1022 [M+H] in the HRFABMS, which indicated the
molecular formula of C,0H406. The HMBC correlations from H-7' to C-2, C-3, C-2', and
C-6', and from H-2' and H-6' to C-7" suggested that the 1,3,4,5-tetrasubstituted aromatic
ring was linked to C-2 of the furanone ring through olefinic carbon C-7'. Finally, the
substituted pattern of two benzen rings at C-7' and C-7" were deduced from full
assignments based on HMQC and key HMBC correlations as.shown in.Fig. 85. Thus, the
structure of compound 1 was identified as 2-(4,5-dihydroxy-3-methoxyphenyl)methenyl-5-

(4-hydroxyphenyl)ethenyl-3(2H)-furanone, and it was named as curcumalongin A.

O]

Fig. 85. Key HMBC (H—C) correlations of curcumalongin A (1)
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Fig. 86. '"H-NMR spectrum of curcumalongin A (1)
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Fig. 87. "C-NMR spectrum of curcumalongin A (1)
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Fig. 88. HSQC spectrum of curcumalongin A (1)
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Survey Scan
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Fig. 90. UV spectrum of curcumalongin A (1)
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Fig. 91. IR spectrum of curcumalongin A (1)
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Fig. 92. EIMS spectrum of curcumalongin A (1)
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Table 10. 'H and *C-NMR data of curcumalongin A (1)* (in CD;COCD)

Position oy mult. (J in Hz) d¢ HMBC (H—C)
2 146.7
3 186.6
4 5925 105.4 C-2,C-3,C-5
5 176.1
6
7
G 124.4
2 7.23 d (1.8) 107.9 C-1, C=34,C-4, C-6', C-T'
3 149.2
4 1375
5 1465
6 7.21d(1.8) 113.6 C-1',C-4', C-5',C-7'
7 6.52's 112.2 C-2,C-3,C-1',C-2', C-6'
1 127.7
2" 7.63d(8.4) 131.2 C-1", C-3", C-4", C-7"
3" 6.94d(34) 117.0 C-1", C-2", C-4"
4 160.8
5" 6.94d(8.4) 117.0 C-1", C-4", C-6"
6"  7.63d(8.4) 131.2 C-1", C-4", C-5", C-7"
7" 7.67d(15.6) 1393 C-5,C-1", C-2", C-6", C-8"
8" 7.08d(15.6) 113.3 C-4,C-5,C-1", C-7"
3.OCH; 3.9 56.5 C-3'

“ Assignments were based on HSQC, HMBC experiments.
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2.4.2. Structural determination of compound 2

Compound 2 was obtained as a yellow amorphous powder. A molecular
formula of C,H;30; was determined from the molecular ion peak at m/z 382.1051 [M]+
(caled for C,1H 507, 382.1053) in HREIMS. Its IR spectrum revealed the presence of a
hydroxy group (3416 cm™), conjugated carbonyl group (1665 cm™), and aromatic ring
(1588, 1547, 1512, and 1490 cm™). The 'H and C NMR spectra data of 2 (Table 11)
were similar to those of 1, except for signals due to an additional methoxy group at oy 3.99
(3H, s, 3"-OCH;) and an ABX spin system [6y 7.43 (1H, d, J= 1.8 Hz, H-2"), 7.20 (1H, dd,
J =184, 1.8 Hz, H-6") and 6.91 (1H, d, J = 8.4 Hz, H-5")] instead of the A,B, aromatic
protons on benzene ring of 1. The HMBC correlations. from the methoxy proton and
aromatic protons (H-2" and 5") to carbon C-3" (6c 149.2) indicated that the additional
methoxy group was attached to C-3". Therefore, the structure of compound 2,
curcumalongin B, was determined to be 2-(4,5-dihydroxy-3-methoxyphenyl)methenyl-5-

(4-hydroxy-3-methoxyphenyl)ethenyl-3(2 H)-furanone.

OH

N

T\
I_._lLJ

OH

Fig. 93. Key HMBC (H—C) correlations of curcumalongin B (2)
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.................................

Fig. 94. "H-NMR spectrum of curcumalongin B (2)
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Fig. 95. "C-NMR spectrum of curcumalongin B (2)
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Table 11. 'H and *C-NMR data of curcumalongin B (2) (in CD;COCD5)

Position oy mult. (J in Hz) oc HMBC (H—C)
2 146.7
3 186.6
4 591s 105.3 C-2,C-3,C-5,C-&
5 176.1
6
7
I 124.4
2' 7.23d (1.8) 107.9 C-1', C3",C-4, C-6', C-T'
3’ 149.0
4 1374
5 146.5
6 7.21d(1.8) 113.6 C-1,C4,C-5,C-T
7 6.52s 112.2 C-2,C3,C-1',C-2, C-6
1" 128.2
2" 7.43 d (1.8) 111.0 c-1", C-3", C-4", C-T"
3" 149.2
4" 150.4
s" 6.91d(8.4) 116.4 c-1", C-3", C-4", C-6"
6" 7.20 dd (8.4, 1.8) 124.6 c-1", C4", C-5", C-T"
7" 7.67 d (15.6) 139.7 C-5,C-1", C-2", C-6", C-8"
8" 7.14d (15.6) 113.5 C-4,C-5,C-1", C-T"
3'-OCH; 3.94s 56.4 C-3'
3"-OCH; 3.99s 56.5 c-3"

“ Assignments were based on HSQC, HMBC experiments.
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2.4.3. Structural determination of compound 3

Compound 3 was obtained as a yellow amorphous powder, and its HREIMS
spectrum showed an [M-H,O]" ion at m/z 390.1678, indicating a dehydrated molecular
formula of C,;HycO7 (calcd for 390.1679). The IR spectrum showed a strong and broad
hydroxy absorption at 3418 cm . In the '"H NMR spectrum (Table 12), the signals of a
1,3,4-trisubstituted benzene ring [0y 6.77 (1H, d, J = 2.0 Hz, H-2"), 6.67 (1H, d, /= 8.5 Hz,
H-5"), and 6.62 (1H, dd, J = 8.5, 2.0 Hz, H-6"], a 1,3,4,5-tetrasubstituted benzene ring [oy
6.54 (1H, s, H-6") and 6.50 (1H, s, H-2")], and two methoxy. groups {d4 3.77 (3H, s, 3'-
OCHj;) and 3.75 (3H, s, 3"-OCHj;)] were observed. These findings and the base peaks at
m/z 137 and 153 in the MS suggested the presence of 4-hydroxy-3-methoxyphenyl and
4,5-dihydroxy-3-methoxyphenyl groups (Daoet al., 2012). In addition, the 'H NMR
spectrum showed seven more signals due to four methylenes [0y 2.63 (1H, m, H-7a), 2.56
(1H, m, H-7b); 1.81 (1H, d, J = 10.5 Hz, H-2a), 1.61 (1H, m, H-2b); 1.74 (1H, m, H-6a),
1.60 (1H, m, H-6b); and 1.64 (1H, m,/H-4a), 1.46 (1H, m, H-4b)], and three oxymethines
[0n 4.66 (1H, d, J=10.5 Hz, H-1), 4.19 (1H, m, H-5), and 3.87 (1H, m, H-3)]. Base on the
observed HMQC correlations, these signals correspond to the BC NMR signals for a C;
linkage fragment (-CH(OH)-CH,-CH(OH)-CH,-CH(OH)-CH,-CH,-) of diarylheptanoid
(Hashimoto ef al., 1986). The 'H and "C NMR spectra of compound 3 were similar to
those of (35,55)-3,5-dihydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)heptane (Kikuzaki et
al., 2012) except for two additional hydroxy groups attached to carbon C-5’ of the aromatic

ring and carbon C-1. The HMBC correlations from H-2", H-5" and H-6"/C-4", H-2" and

H-5"/C-3", H-2'/C-3" and C-4', H-6'/C-4" and C-5', 3'-OCH,/C-3', and 3"-OCH,/C-3"
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suggested the location of each substituted groups on the two aromatic rings. Three hydroxy
groups attached to C-1, C-3 and C-5 on C; linkage were confirmed by the HMBC
correlations between H-1/C-2, C-3, C-4' and C-6’, H-3/C-1, C-2, C-4 and C-5, and H-5/C-
3 (Fig. 101). The configuration of 3 was then established upon the basis of the specific
rotation ([oc]zg +13) and NOESY data, which showed NOE correlations between H-1/H-3,
whereas NOE was not observed between H-3/H-5 (Fig. 101) (Hashimoto et al., 1986).
Thus, the structure of compound 3 was identified as (1R,3R;5S)-trihydroxy-1-(4,5-
dihydroxy-3-methoxyphenyl)-7-(4-hydroxy-3-methoxyphenyl)heptane, ~and it was named

as curcumalongin D.

g

HO) OH

O

Fig. 101. Key HMBC (H—C) and NOSEY (<) correlations of curcumalongin D (3)
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Fig. 102. 'H-NMR spectrum of curcumalongin D (3)
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Fig. 104. HSQC spectrum of curcumalongin D (3)
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Table 12. 'H and "C-NMR data of curcumalongin D (3)* (in CD;COCD)

Position 8y mult. (J in Hz) d¢ HMBC (H—C)
1 4.66 d (10.5) 74.6 C-2,C-3,C-2', C-6'
2 1.81 d (10.5) 41.9 C-4
1.61 m C-1,C-3,C-4
3 3.87m 71.6 C-1,C-2,C-4,C-5
4 1.64 m 39.5 C-5,C-6
1.46 m C-3,C-6
5 419 m 64.8 c-3
6 1.74 m 39.4 C4,C-7
1.60 m ¢-4,C-5,C-7
7 2.63m 320 C-6, C-1", C-2", C-6"
2.56m C-6, C-1", C-2", C-6"
G 133.5
2 6.50 s 102.1 C-1',C-3, C-4'
3 148.7
4 136.0
5 146.0
6 6.54 s 107.4 C-1',C-4', C-5'
1" 134.7
2" 6.77d(2.0) 112.9 C-3", C-4", C-6"
3" 148.1
4 145.4
5" 6.67d(8.5) 115.6 C-1", C-3", C-4", C-6"
6"  6.62dd(8.5,2.0) 121.6 C-1", C-2", C-4", C-5"
3.OCH; 3.77s 56.1 C-3'
3"OCH; 3.75s 56.4 C-3"

“ Assignments were based on HSQC, HMBC experiments.
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2.5. Stimulatory effects of the isolated compounds on SIRT1 activity

The effects on SIRT1 of isolated compounds were tested in vitro according to
the above methods, with using resveratrol as a positive control. All compounds except for
10 exhibited an increasingly stimulating SIRT1 activity (see Fig. 110). Among tested
compounds, the basic skeleton required for the activity seems to be the oxyaryl unit with
the unsaturated -C=C-CO- moiety. In contrast, the presence of saturated carbons of the C;
linker as in compounds 3, 10-12 might be responsible for the decreased activity compared

to the others. Remarkablly, compounds 1 and 2 with a furan ring formation significantly

+ 4
+ 4

enhance SIRT1 activity nearly same as the positive control (Fig. 110).
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Fig. 110. The effects of isolated compounds on the transcription activity of p53 in
HEK293 cells. The cells were transfected with p53-luc, myc-p53, flag-SIRT1 and 5—gal

vectors. After 1 day, cells were treated with the compounds and resveratrol for 12 h.
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To further confirm the effect of these derivatives, the strongest compounds (1,
2), the weak compound 3, and demethoxycurcumin 4 (one of the three majors) were tested
at different concentrations. As shown in Fig. 111, compounds 1, 2 and 4 exhibited strongly
effects on SIRT1 stimulation in a dose-dependent manner, while compound 3 showed

weak effect as discussed in the SAR above.
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Fig. 111. Compounds 1—4 increased SIRT1 activity in a dose-dependent manner.
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IV. DISCUSSIONS

Once people have achived the goals of a good quality of life in which basic
needs are met, and where this combines with access to good health services and drugs
successfully treat most diseases, the next step is to increase life expectancy. It thus
becomes necessary to develop drugs that act on different organs and tissues of the body to
preserve their functioning. One way of accomplishing this would be through the
development of drugs with antiaging properties, which should help-to. prevent or treat
aging-associated diseases. Because of the complex and multifactor-nature of aging, it
would appear to be almost impossible to find molecules with, such a variety of antiaging
properties. However, nature has the ability to reveal surprising antiaging tools. For
example, it was observed that the French population, through the commonly consumption
of red wine, showed reduced.mortality from coronary heart disease. Researchers
subsequently realized that resveratrol, a naturally occurring polyphenolic compound, was
responsible for the beneficial effects on the cardiovascular system. Initial attempts to
ascertain its mechanisms showed that it was mainly due to the strong antioxidant property
(Orallo et al., 2006).. However, this property alone cannot explain the pharmacological
effects of resveratrol, which, in recent years, has been shown to have anti-inflammatory,
antitumor, cardioprotective and antiaging properties. Therefore, there must be additional
pathways activated by resveratrol that could explain its antiaging and beneficial coronary
effects. Interestingly, the discovery of protein SIRT1, might explain the target for
resveratrol and responsible for its physiological actions. SIRT1 has thus emerged as an

attractive task for scientists in terms of its effects on longevity, metabolism and other
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aging-related disorders (Baur et al., 2006; Feige et al., 2008; Lagouge et al., 2006; Milne
et al., 2007; Yamazaki et al., 2009; Pallas et al., 2008; Firestein et al., 2008). In 2008,
pharma giant GlaxoSmithKline bought Sitris for $720 million, which is a company formed
by Dr. David Sinclair (Havard Medical School) to develop drugs based on compounds
stimulating SIRT1 activity. While several small-molecule activators of SIRT1 have been
identified by utilizing a commercially available deacetylase activity assay, almost all of
them are synthetic compounds (Vu et al., 2009; Bernis et al., 2009; Smith et al., 2009;
Yamazaki et al., 2009; Mai et al., 2009). Howitz and colleagues have identified some
compounds of natural origin, such as resveratrol, fisetin and butein, but these compounds
have a low bioavailability (Howitz et al., 2003). Moreover, the particular method for
determination of SIRT1 activity is still controversial due to its dependence on the use of a
specific fluorophore substrate (Borra et al., 2005; Pacholec et al., 2010). Other previous
researchers have reported synthesized compounds with SIRT1 stimulatory activity,
including quinoxalines, SRT derivatives, oxazolo-[4,5-b]pyridines, dihydropyridines and
imidazol-[1,2-b]thiazoles (Vu et al., 2009; Bernis et al., 2009; Smith et al., 2009;
Yamazaki et al., 2009; Mai“et al., 2009). In this study, we showed a series of natural
metabolites, including terpenylated coumarins from 4. alfissima and curcumin derivatives
from C. longa, that stimulate SIRT1 deacetylase activity, accompanied by SIRT1 binding
to enhance SIRT 1-mediated deacetylation of p53.

To our knowledge, this is the first retport of terpenylated coumarin with a
directly stimulation on SIRT1 enzyme activity. Though the content of these ompounds in 4.
altissima is not high, these terpenylated coumarins show a clear increasning effects on

SIRT1 activity. It will be a valuable source for further studies on chemical designing
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analoges for pharmacological investigations. Additionally, these compounds have a
maintenance of a high [NAD]/[NADH] ratio in mitochondrial, that might support to the
notion of indirectly stimulation on SIRT1 activity in vivo.

Curcumin, which is the major component from C. longa, has a range of
biological properties with cardiovascular protection, antitumor, antioxidant, anti-
inflammatory, anti-Alzheimer, antiviral and anti-hepatotoxic activities (Chen et al., 2010;
Miriyala et al., 2007; Park & Kim, 2002; Simon et al., 1998; Masuda et al., 1993).
However, its full pharmacological utility is restricted for the limited aqueous solubility,
degradation at alkaline pH and poor absorption as well as rapid metabolism (Kurien et al.,
2007). To date, there are no reports of SIRT 1 activity of curcumin derivatives from C.
longa because of difficulty to isolate these compounds due to their similar retentive
properties on chromatography and the low abundance (Li et al., 2009). In our extensive

research, these derivatives exhibited strong stimulation effects on SIRT1 activity.
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V. CONCLUSIONS

It has been postulated that SIRT1 activators might be beneficial for the
pharmaceutical interventions that are aimed at delaying or ameliorating the pathologies
associated with aging and metabolic and cardiovascular diseases.

However, only a few SIRT1 activators have been reported. Moreover, it is
uncertain whether or not these compounds are direct activators of SIRT1 for the
mechanism by which they enhance SIRT1 activity remains poorly-defined. So, more
activators are still needed to improve the understanding of SIRT1 biolegical functions and
to discover its possible therapeutic indication. Since natural products are a promising
source for the development of new SIRTI1 activators, we have undertaken a screen of
thousands of plants on SIRT1 deacetylase activity.

Methanol-soluble extracts of A. altissima and C. longa were thus found to
strongly increase SIRT1 activity at a concentration of 30 pg/mL. The MeOH solutions
were then concentrated, suspended in H,O, and sequentially partitioned with a gradually
increasing polarity of organic solvents.

Bioassay-guided fractionation of these extracts has resulted in the isolation of
twelve new compounds, including 9 terpenylated coumarins (1-9) from the stem barks of
A. altissima and 3 curcumin derivatives (1-3) from the rhizomes of C. longa along with a
series of other known compounds using chromatography methods (silica gel, C-18, and
preparative HPLC). Their structures were elucidated on the basic of spectral (including 1D,
2D-NMR, UV, IR, and MS) and physicochemical analyses. The SIRT1 stimulation effects

of tested compounds were also evaluated on different SIRT1 assays.
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Fig. 112. Chemical structures of new compounds from the stem barks of A. altissima
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Fig. 113. Chemical structures of new compounds from the rhizomes of C. longa
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Curcumalongin A (1) and curcumalongin B (2) are new type of curcuminoid,
and this is the first report on thepresence of this skeleton in literature.

Although structure-activity relationships of these compounds were not
thoroughly investigated, these results suggest that terpenylated coumarins and curcumin
derivatives can be considered as promising classes of SIRT1 activators. Therefore, further
investigation, optimization on chemical and confirmation of SIRT1 effects of these
naturally occurring compounds in aging cells, as well as evaluation of their potential
lifespan efficacy in model organisms, such as yeast or Drossophila, might enable the

discovery of new agents in the treatment of metabolic and age-related diseases.
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