J OURNAL O

AGRICULTURAL AND

FOOD CHEMISTRY

pubs.acs.org/JAFC

Anti-inflammatory and PPAR Transactivational Effects of
Components from the Stem Bark of Ginkgo biloba

Nguyen Thi Thanh Ngan,'}‘ Tran Hong Cluang,'mE Bui Huu Tai," Seok Bean Song,T Dongho Lee’
and Young Ho Kim*'

TCollege of Pharmacy, Chungnam National University, Daejeon 305-764, Korea

*Institute of Marine Biochemistry, Vietnam Academy of Science and Technology (VAST), 18 Hoang Quoc Viet, Caugiay, Hanoi, Viet
Nam

$School of Life Sciences and Biotechnology, Korea University, Seoul 136-713, Korea

© Supporting Information

ABSTRACT: Ginkgo biloba, which is considered a “living fossil”, has been used for medicinal purposes for thousands of years.
Currently, extracts of G. biloba are some of the most widely used herbal products and/or dietary supplements in the world. In this
study, three new compounds, (2E,4E,1'R3'S,S'R,8'S)-dihydrophaseic acid 3™-O-f-p-glucopyranoside (1), 7,8-dihydro-(R)-7-
methoxyconiferyl alcohol (2), and (8S)-3-methoxy-8,4"-oxyneolignan-4,9,9"triol 3'-O-f-p-glucopyranoside (3), and 13 known
compounds (4—16) were isolated from the stem bark of G. biloba. Their structures were determined by extensive spectroscopic
methods, including 1D and 2D NMR, MS, and circular dichroism spectra. Four of the compounds (1, 2, 7, and 10) inhibited
TNFa-induced NF-kB transcriptional activity significantly in HepG2 cells in a dose-dependent manner, with ICs, values ranging
from 6.9 to 9.1 yM. Furthermore, the transcriptional inhibitory function of these compounds was confirmed based on decreases
in COX-2 and iNOS gene expression in HepG2 cells. Compounds 1-5, 7, 9, 10, and 12—14 significantly activated the
transcriptional activity of PPARs in a dose-dependent manner, with ECs, values ranging from 0.7 to 12.8 uM. Compounds 2, 3,
and 12 exhibited dose-dependent PPARa transactivational activity, with ECs, values of 7.0, 3.3, and 10.1 uM, respectively.
Compounds 1—3 activated PPARy transcriptional activity, with ECs, values of 11.9, 11.0, and 15.3 M, whereas compounds 1
and 3 promoted the transactivational activity of PPARS(S) with ECg, values of 10.7 and 11.2 uM, respectively. These results
provide a scientific support for the use of G. biloba stem bark for the prevention and treatment of inflammatory and metabolic
diseases. Moreover, these data provide the rationale for further studies of the potential of G. biloba stem bark in functional foods.
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B INTRODUCTION

Ginkgo biloba, the only surviving member of the Ginkgoaceae
family, exhibits many remarkable pharmacological and clinical
effects, and it is the most frequently used product as a
phytomedicine in many countries. Numerous studies have
shown that Ginkgo extracts possess many pharmacological
properties, including radical scavenging, improvement of blood
flow, vasoprotection, cognitive enhancement, and antiplatelet-
activating factor activities."” The Ginkgo tree has been widely
cultivated since an early period in human history and has been
used in various foods and traditional medicines. As reported by
Singh et al, over seven billion dollars are spent annually on
botanical medicines, and G. biloba ranks first among herbal
medications.” The use of G. biloba has been growing at a rapid
rate of 25% per year in the open world commercial market. In
2008, there were around 142 G. biloba products on the global
market, and the utilization of G. biloba is still increasing.®
Currently, G. biloba is one of the most widely used herbal
products and/or dietary supplements in the world.* Extracts of
G. biloba leaves have been reported to possess a number of

report describes the isolation and structural elucidation of three
new (1-3) and 13 known compounds (4—16) from the
methanol extract of the stem bark of G. biloba.

Nuclear factor-kB (NF-xB) is an inducible transcription
factor of the Rel family. The activation of NF-«kB by stimuli,
including inflammatory cytokines such as tumor necrosis factor
a (TNF-a) and IL-1, T-cell activation signals, growth factors,
and stress inducers causes transcription at kB sites. This
transcription is involved in a number of diseases, including
cancer, AIDS, and inflammatory disorders.>® Hence, the
inhibition of NF-kB signaling has become a therapeutic target
for treating inflammatory diseases and cancer. The effects of
compounds 1—17 on TNFa-induced NF-kB transcriptional
activity in human hepatocarcinoma (HepG2) cells were
evaluated using an NF-kB-luciferase assay. To confirm the
inhibitory effects of the compounds on NF-kB transcriptional
activity, the effects of the isolated compounds on the
upregulation of the pro-inflammatory proteins inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) were

secondary metabolites, including terpenoids (notably ginkgo- Received: November 21, 2011
lides and bilobalide), polyphenols, allyl phenols, organic acids, Revised:  February 13, 2012
carbohydrates, fatty acids, and lipicls.3 However, few chemical Accepted: February 21, 2012
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Table 1. 'H and *C NMR Data for Compounds 1-3

1 2 3
position 5" 5c° 57 8c° 5y 5c°
1 175.0 133.6 130.8
2 5.81s 1279 6.83 d (1.8) 110.0 679 d (1.2) 1142
3 139.2 148.3 148.8
4 7.69 d (16.0) 1323 146.3 146.0
5 621 d (16.0) 129.0 674 d (7.8) 115.1 6.68 d (7.8) 116.1
6 191s 19.5 6.71 dd (7.8, 1.8) 119.8 6.69 d (7.8) 123.0
7 4.20 dd (8.4, 6.0) 81.2 2.92 d (14.4, 7.2) 37.5
2.86 d (13.8,7.2)
8 1.96 m 41.1 436 m 84.2
1.74 m
9 3.58 m 589 3.68 m 63.7
349 m 3.58 dd (12.0, 4.8)
3-OCH; 3.81ls 554 391 s 56.4
7-OCH, 3.14s 55.6
1 48.3 137.9
2! 2.13 m 41.9 7.04 br s 120.6
1.80 m
3 420 m 732 149.4
4 193 m 41.9 147.8
178 m
s 86.7 6.76 d (7.8) 119.7
6 6.76 d (7.8) 124.5
7' 3.77 m 76.3 2.57 m 323
3.70 m
8 82.2 1.76 m 35.2
9’ 1.13 s 18.8 3.67 m 62.1
3.51 m
10 0.90 s 15.4
1" 433 d (8.0) 102.3 4.81d (7.8) 103.5
2" 3.11 dd (9.6, 8.0) 742 3.46 dd (8.4, 7.8) 75.0
3" 3.24 dd (9.6, 8.4) 772 3.43 dd (9.0, 8.4) 77.8
4" 3.25 dd (8.4, 8.0) 70.8 3.37 dd (8.4, 7.8) 713
5" 3.32 m 77.0 333 m 78.1
6" 3.83 dd (11.6, 2.0) 61.9 3.84 m 624
3.64 dd (11.6, 1.6) 3.67 m

“Coupling constants (J) are in Hz. Assignments were confirmed by HMQC, HMBC, and NOESY spectra. bSpectra were recorded in methanol-d, at
400 MHz. “Spectra were recorded in methanol-d, at 100 MHz. “Spectra were recorded in methanol-d, at 600 MHz. “Spectra were recorded in

methanol-d, at 150 MHz.

evaluated in TNFa-stimulated HepG2 cells by reverse
transcriptase polymerase chain reaction (RT-PCR).
Peroxisome proliferator-activated receptors (PPARs) com-
prise a subfamily of the nuclear receptor superfamily, of which
three isoforms, PPARa, PPARy, and PPARA(S), have been
identified. PPARs regulate the expression of genes involved in
the regulation of glucose, lipid, and cholesterol metabolism by
binding to specific peroxisome proliferator response elements
(PPREs) in the enhancer sites of regulated genes.7_10
Accordingly, compounds that modulate the functions of
PPARs are attractive for the treatment of type 2 diabetes,
obesity, metabolic syndromes, inflammation, and cardiovascular
disease.'’ Thus, we initially investigated the effects of
compounds 1—17 on the transcriptional activity of PPARs in
HepG2 cells using a PPRE-luciferase assay. Although the PPAR
subtypes share a high level of sequence and structural
homology, each has distinct physiolo?cal functions and exhibits
a unique tissue expression pattern. > Thus, with the aim of
understanding exactly how these compounds modulate PPAR
transcriptional activity, we further examined the transactiva-
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tional effects of the compounds on the individual PPAR
subtypes, PPARq, -y, and -f3(5), using GAL-4-PPAR chimera
assays.

B MATERIALS AND METHODS

General Procedures. Optical rotations were determined using a
Jasco P-2000 digital polarimeter. The Fourier transform infrared (FT-
IR) spectra were measured using a Nicolet 380 FTIR spectrometer.
Electrospray ionization (ESI) mass spectra were obtained using an
Agilent 1200 LC-MSD Trap spectrometer. GC was carried out on a
Shidmazu-2010 spectrometer. High-resolution ESI time-of-flight mass
spectra (HRESITOFMS) were obtained using an Acquity UPLC
system (Waters, Milford, MA) with a Micromass Q-Tof Micro mass
spectrometer (Waters, Manchester, United Kingdom). The NMR
spectra were recorded on JEOL ECA 400 and 600 spectrometers using
TMS as an internal standard. Circular dichroism (CD) spectra were
recorded with a Jasco J-720 spectropolarimeter. Thin-layer chroma-
tography (TLC) was performed on Kieselgel 60 F,5, (1.05715; Merck,
Darmstadt, Germany) or RP-18 F,y,, (Merck) plates. Spots were
visualized by spraying with 10% aqueous H,SO, solution, followed by
heating. Column chromatography was performed on silica gel
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(Kieselgel 60, 70—230 mesh and 230—400 mesh, Merck) and YMC
RP-18 resins.

Plant Material. The stem bark of of G. biloba was collected at
Muju, Chungnam, Korea, in August, 2010. The plant material was
identified by Y. H. Kim. A voucher specimen (CNU10104) was
deposited at herbarium, College of Pharmacy, Chungnam National
University.

Extraction and Isolation. The dried stem bark of G. biloba (S kg)
was extracted with hot MeOH. After concentration, the MeOH extract
(250 g) was suspended in H,O and then partitioned successively with
n-hexane, CH,Cl,, and EtOAc to give n-hexane (A, 35 g), CH,Cl, (B,
60 g), EtOAc (C, 20 g), and aqueous (D, 135 g) fractions, respectively.
Fraction B was chromatographed over silica gel, eluting with acetone
in n-hexane (0—100%, stepwise), to give five fractions (B1—BS).
Fraction B3 (6 g) was subjected to an YMC RP column
chromatography (CC) using MeOH—H,O (3:1) as eluents and
further purified over silica gel column eluting with CH,Cl,—EtOAc
(7:1), to afford 2 (S mg) and 4 (20 mg). Fraction B4 (18 g) was
chromatographed over a silica gel column eluting with n-hexane—
acetone (1:1) to obtain three subfractions B4.1—B4.3. Subfraction
B4.1 (5 g) was then chromatographed over a silica gel column, using
CH,Cl,—acetone (7:1) as eluents to give 14 (8 mg). Compounds 9 (7
mg) and 15 (12 mg) were isolated from subfraction B4.2 (8 g) by CC
over silica gel, eluted with CH,CL,—EtOAc (5:1). Subfraction B4.3
(3.7 g) was chromatographed over YMC RP, using acetone—H,O
(1:1) to afford 11 (9 mg). BS (3 g) was separated by an YMC RP CC,
eluting with acetone—H,O (1:1) to yield 7 (30 mg) and 10 (10 mg).
Fraction C was subjected to a silica gel column, eluting with MeOH in
CH,Cl, (0—100%, stepwise) to provide three subfractions (C1—C3).
Subfraction C2 (7 g) was separated by an YMC RP CC, using
MeOH-H,0 (1:1) as eluents and further purified by CC over silica
gel, eluting with CH,Cl,—acetone (2:1) to obtain 13 (32 mg). The
aqueous fraction D was chromatographed on a column of highly
porous polymer (Diaion HP-20) and eluted with H,O and MeOH,
successively to give three fractions (D1—D3). Fraction D2 (27 g) was
chromatographed over silica gel, eluting with MeOH in CH,Cl, (0—
100%, stepwise) to provide five subfractions (D2.1—D2.5). Subfraction
D2.2 (2.3 g) was separated by an YMC RP CC, using MeOH—H,O
(1:1) as eluents, and further purified by CC over silica gel, eluting with
CH,CL,—MeOH (10:1) to obtain 16 (15 mg). Subfraction D2.3 (3.8
g) was separated by CC over silica gel, using CH,Cl,~MeOH—H,0
(5:1:0.1) as eluents, and further purified by YMC RP chromatography,
eluting with MeOH—H,O (1:1) to give 1 (5 mg) and § (20 mg).
From subfraction D2.4 (2.2 g), 6 (5 mg) was isolated by silica gel CC,
eluting with CH,C,—MeOH—H,O (6:1:0.1). Fraction D2.5 (4.3 g)
was chromatographed over silica gel, eluting with CH,Cl,—MeOH—
H,O (5:1:0.1) to provide 3 (15 mg) and 12 (11 mg). Subfraction D3
(6 g) was separated by CC over silica gel, eluting with CH,Cl,—
MeOH-H,0 (3:1:0.1), and further purified by an YMC RP CC, using
MeOH-H,O (1:2) as eluents, to obtain 8 (55 mg).

(2E,4E,1'R,3’'S,5'R,8'S)-Dihydrophaseic Acid 3'-O-f-p-Glucopyra-
noside (1). Colorless gum; [a]p®™® — 17.6 (c 0.3, MeOH). FT-IR
(CH;CN) v, 3369, 2930, 2876, 1602, 1560, 1400, 1336, 1074, 1021,
and 884 cm™'. HRESITOFMS m/z 443.1896 [M — H]™ (calcd for
C,1H;,0,0, 443.1917). CD (MeOH) nm (Ag): 237.4 (— 9.39). 'H
(methanol-d,, 400 MHz) and *C NMR data (methanol-d,, 150
MHz), see Table 1.

7,8-Dihydro-(R)-7-methoxyconiferyl Alcohol (2). White, amor-
phous powder; [a]p® + 9.0 (c 0.12, MeOH). FT-IR (CH;CN) v,
3287, 2936, 1602, 1516, 1272, 1033, 821 cm™'. HRESITOEMS m/z
211.0985 [M — H]™ (caled for C,;H;50,, 211.0970). 'H NMR data
(methanol-d,, 600 MHz) and '*C NMR data (methanol-d, 150
MHz), see Table 1.

(85)-3-Methoxy-8,4'-oxyneolignan-4,9,9'-triol 3'-O--p-Glucopyr-
anoside (3). White, amorphous powder; [a]p® — 17.6 (¢ 0.3,
MeOH). FT-IR (CH,CN) v, 3361, 2937, 1602, 1513, 1267, 1070,
1033 cm™'. HRESITOFMS m/z 509.2038 [M — H]~ (caled for
C,sH;30,,, 509.2023). CD (MeOH) nm (Aeg): 238.6 (+10.34). 'H
NMR data (methanol-d,, 600 MHz) and "*C NMR data (methanol-d,,
150 MHz), see Table 1.
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Acid Hydrolysis and Sugar Identification. Each compound (2
mg) was heated in 3 mL of 10% HCl—dioxane (1:1) at 80 °C for 3 h.
After the solvent was removed in vacuo, the residue was partitioned
between EtOAc and H,O to give the aglycone and sugar, respectively.
The sugar in the aqueous layer was analyzed by silica gel TLC by
comparison with standard sugars. The solvent system was CH,Cl,—
MeOH-H,O (2:1:0.2), and spots were visualized by spraying with
95% EtOH—H,SO,—anisaldehyde (9:0.5:0.5, v/v) and then heated at
150 °C for S min. The R;value of glucose by TLC was 0.30. The result
was confirmed by GC analysis. The aqueous layer was evaporated to
dryness to give a residue and was dissolved in anhydrous pyridine (100
uL) and then mixed with a pyridine solution of 0.1 M L-cysteine
methyl ester hydrochloride (100 uL). After the mixture was warmed at
60 °C for 2 h, trimethylsilylimidazole solution was added and warmed
at 60 °C for 2 h. The mixture was evaporated in vacuo to give a dried
product, which was partitioned between n-hexane and H,O. The n-
hexane layer was filtered and analyzed by GC under following
conditions: detector, FID; detection temperature, 300 °C; column,
SPB-1 (0.25 mm i.d. X 30 m); column temperature, 230 °C; He carrier
gas (2 mL/min); injection temperature, 250 °C; and injection volume,
0.5 pL. The retention time of the persilylated sugar was detected at ty
14.12 min for p-glucose, as compared with those of authentic
standards (Sigma) [D-glucose (tg, 14.12 min) and L-glucose (tg, 14.25
min)].

Cell Culture and Reagents. Human hepatocarcinoma HepG2
cells were maintained in Dulbecco's modified Eagles' medium
(DMEM) (Invitrogen, Carlsbad, CA) containing 10% heat-inactivated
fetal bovine serum (FBS), 100 units/mL penicillin, and 10 ug/mL
streptomycin at 37 °C and 5% CO,.

NF-xB-Luciferase Assay. The luciferase vector was first trans-
fected into HepG2 cells. After a limited amount of time, the cells were
lysed, and luciferin, the substrate of luciferase, was introduced into the
cellular extract along with Mg?* and an excess of ATP. Under these
conditions, luciferase enzymes expressed by the reporter vector could
catalyze the oxidative carboxylation of luciferin. Cells were seeded at
1.5 X 10° cells per well in 12-well plates and grown for 24 h. All cells
were transfected using WelFect M Gold (WelGENE Inc.), as guided
by the manufacturer. The luciferase activity was assayed using an LB
953 Autolumat (EG&G Berthold, Nashua, NH)."> The transfected
HepG2 cells were pretreated for 1 h with either vehicle (DMSO) and
compounds, followed by 1 h of treatment with 10 ng/mL TNFa.
Unstimulated HepG2 cells were used as a negative control (—). Cells
were then harvested, and the luciferase activity was assayed.

RNA Preparation and RT-PCR. Total RNA was extracted using
Easy-blue reagent (Intron Biotechnology, Seoul, Korea). Approx-
imately 2 ug of total RNA was subjected to reverse transcription using
Moloney murine leukemia virus (MMLV) reverse transcriptase and
oligo-dT primers (Promega, Madison, WI) for 1 h at 42 °C. PCR for
synthetic cDNA was performed using a Taq polymerase premixture
(TaKaRa, Japan). The PCR products were separated by electro-
phoresis on 1% agarose gels and stained with EtBr. PCR was
conducted with the following primer pairs: iNOS sense, S'-
TCATCCGCTATGCTGGCTAC-3'; iNOS antisense, 5'-
CTCAGGGTCACGGCCATTG-3; COX-2 sense, S-GCCCAG-
CACTTCACGCATCAG-3; COX-2 antisense, 5-GACCAGGCAC-
CAGACCAAAGACC-3’; f-actin sense, 5'-TCACCCA-
CACTGTGCCCATCTACG-3; and f-actin antisense, 5-CAGCG-
GAACCGCTCATTGCCAATG-3". The specificity of products
generated by each set of primers was examined using gel electro-
phoresis and further confirmed by a melting curve analysis.

HepG2 cells were pretreated in the absence and presence of
compounds for 1 h and then exposed to 10 ng/mL TNFa for 6 h. The
total mRNA was prepared from the cell pellets using Easy-blue. The
levels of mRNA were assessed by RT-PCR.

PPRE-Luciferase Assay. Human hepatoma cells (HepG2) were
seeded at 1.5 X 10° cells per well in 12-well plates and grown for 24 h
before transfection. An optimized amount of DNA plasmid (0.5 ug of
PPRE-Luc and 0.2 pug of PPAR-inpCMV) was diluted in 100 uL of
DMEM. All cells were transfected with the plasmid mixture using
WelFect M Gold (WelGENE Inc.) as described by the manufacturer.

dx.doi.org/10.1021/jf204768d | J. Agric. Food Chem. 2012, 60, 2815—-2824
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Figure 1. Structure of compounds 1-16.
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After 30 min of incubation at room temperature, the DNA plasmid
solution (100 yL) was introduced and mixed gently with cells. After 24
h of transfection, the medium was changed to TOM (Transfection
Optimized Medium, Invitrogen) containing 0.1 mM NEAA, 0.5%
charcoal- stripped FBS, and the individual compounds (test group),
dimethyl sulfoxide (vehicle group), or benzafibrate (positive control
group). The cells were then cultured for 20 h. Next, the cells were
washed with PBS and harvested with 1X passive lysis buffer (200 uL).
The intensity of emitted luminescence was determined using an LB
953 Autolumat (EG&G Berthold, Bad Wildbad, Germany).
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PPAR Subtype Specific Transactivational Assay. Human
hepatoma cells (HepG2) were seeded at 1.5 X 10° cells per well in
12-well plates and grown for 24 h before transfection. Cells were
transfected separately with one pGal4-PPAR subfamily vector [pFA-
Gal4-PPARa-LBD, pFA-Gal4-PPARy-LBD, or pFA-Gal4-PPARS(S)-
LBD expression plasmids], together with pFR-Luc using the WelFect
M Gold transfection reagent (WelGENE Inc.), as described by the
manufacturer. After 24 h of transfection, the medium was changed to
TOM (Invitrogen) containing 0.1 mM NEAA, 0.5% charcoal-stripped
FBS, and each compound (test group), dimethyl sulfoxide (vehicle

dx.doi.org/10.1021/jf204768d | J. Agric. Food Chem. 2012, 60, 2815—-2824
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Figure 2. Selected HMBC and NOESY correlations of compound 1.

=---»= NOESY

group), ciprofibrate (positive control group for PPAR«), troglitazone
(positive control group for PPARy), or L-165041 [positive control
group for PPARf(5)]. The cells were then cultured for 20 h, after
which the cells were washed with PBS and harvested with 1X passive
lysis buffer (200 uL). The intensity of emitted luminescence was
determined using a Centro LB 960 microplate luminometer (EG&G
Berthold) by measuring light emission for S s.

Statistical Analysis. All data represent the mean + standard
deviation (SD) of at least three independent experiments performed in
triplicate. Statistical significance is indicated as * (p < 0.05) as
determined by one-way analysis of variance followed by Dunnett's
multiple comparison test.

B RESULTS AND DISCUSSION

Isolation and Structure Elucidation of Compounds. A
MeOH extract of the dried stem bark of G. biloba (250 g) was
suspended in H,O and successively extracted with n-hexane,
CH,Cl,, and EtOAc. The CH,Cl,-, EtOAc-, and H,O-soluble
fractions were subjected to multiple chromatographic steps
over Diaion HP-20, silica gel, and reversed-phase C,g, yielding
compounds 1—16. Comparison of the NMR and MS data with
reported values in the literature led to identification of the
structures of the known compounds to be vanillyl alcohol (4),"*
3,4-dimethoxyphenyl -p-glucopyranoside (5),"> 3,4-dimethox-
yphenyl alcohol-7-O-f-p-glucopyranoside (6),'® olivil (7),"”
(=)-olivil 4,4-di-O-p-p-glucopyranoside (8),"® lariresinol (9),"
(+)-lariciresinol (10),”° (+)-8-hydroxypinoresinol (11),"”
(+)-pinoresinol O-f-p-glucopyranoside (12),*" (+)-cycloolivil
(13),”* 5-(3-hydroxypropyl)-6-methoxy-2-(3"-methoxy-4'-hy-
droxyphenyl)-3-benzofurancarboxaldehyde (14),>® ginkgolide
A (15),** and ginkgolide C (16)** (Figure 1).

Compound 1 was isolated as a colorless gum. The molecular
formula of 1 was determined to be C,H;;,0,, from a
pseudomolecular ion peak [M — H]™ at m/z 443.1896 (calcd
for C,Hy, 0,0, 443.1917) in the HRESITOEMS. The 'H NMR
spectrum (Table 1) of 1 exhibited three tertiary methyl singlets
at 5y 1.91 (Me-6), 1.13 (Me-9'), and 0.90 (Me-10") and three
signals of olefinic protons at 8 5.81 (1H, s, H-2), 7.69 (1H, d,
J = 16.0 Hz, H-4), and 6.21 (1H, d, J = 16.0 Hz, H-5). The
large coupling constant (J = 16.0 Hz) of the two olefinic
protons indicated a trans-configured double bond. The 'H
NMR spectrum of 1 further showed the signal of an anomeric
proton at 8y 4.33 (1H, d, J = 8.0 Hz, H-1"), indicating the
presence of a sugar moiety. Acid hydrolysis of 1 with 10% HCI
led to the identification of the sugar as p-glucose. The '*C
NMR and DEPT spectra indicated 21 carbons, including three
methyl, four methylene, nine methine, and five quaternary
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carbons. The *C NMR spectrum (Table 1) of 1 exhibited
signals due to a carboxyl carbon (¢ 175.0, C-1), two double
bonds [(6c 127.9, C-2), (8¢ 139.2, C-3), (6¢ 132.3, C-4), and
(8¢ 129.0, C-5)], two oxygenated quaternary carbons [( 86.7,
C-§') and (6 82.2, C-8')], two oxymethylenes [(5¢ 76.3, C-7')
and (8¢ 61.9, C-6")], and six oxymethines [(5¢ 73.2, C-3'), (6¢
102.3, C-17), (8¢ 74.2, C-2"), (6¢ 77.2, C-3"), (8¢ 70.8, C-4"),
and (8¢ 77.0, C-5")]. The position of the oxymethylene group
at C-7' was based on the cross-peaks from H,-7' (5 3.77 and
3.70) to C-1' (5 48.3), C-2' (5. 41.9), C-5' (3. 86.7), C-8' (8¢
82.2), and C-10’ (6¢ 15.4) in the HMBC spectrum of 1 (Figure
2). Furthermore, the HMBC correlation of the anomeric
proton H-1" with C-3’ revealed that the glucose moiety was
connected to the hydroxyl group at C-3’ of the aglycone. A
comparison of the NMR data for 1 (Table 1) with that of epi-
dihydrophaseic acid-f-p-glucoside™ revealed that the structures
of the two compounds were nearly identical, except for the
configurations at C-3' and a double bond at C-2. The clear
differences between the *C NMR chemical shifts for C-2 (5
127.9) and C-3 (8¢ 139.2) in 1 with respect to those in epi-
dihydrophaseic acid-f-p-glucoside,” together with the good
agreement with the reported values for acetylated glucoside of
trans-abscisic alcoh01,26 indicated a trans-configuration at the
double bond at C-2 in 1. This was confirmed by NOE
correlations between H-2/H-4 and H-6/H-S in the NOESY
spectrum of 1 (Figure 2). H;-10" and H;-9' showed NOE
correlations with H-5, indicating an a-orientation of the
hydroxyl group at C-8'. Furthermore, NOE cross-peaks
between H,;-10'/H-4b, H-5/H-2b, H-2'a/H-3', and H-3'/H-
4’a suggested an a-orientation of H-3". On the basis of the
above data and a comparison of the CD spectrum of 1 with that
of (1'R,3'R,5'R,8'S)-epi-dihydrophaseic acid -p-glucoside,”® the
structure of compound 1 was established as
(2E,4E,1'R,3'S,5'R,8'S)-dihydrophaseic acid 3-O-f-p-glucopyr-
anoside.

Compound 2 was obtained as an amorphous powder. The
HRESITOFMS of 2 exhibited a pseudomolecular ion peak at
m/z 211.0985 [M — H]~ (caled for C;;H;;0,, 211.0970),
consistent with the molecular formula of C;;H,,O,. The 'H
NMR spectrum of 2 (Table 1) showed signals characteristic of
an ABX spin system [§y 6.83 (1H, d, ] = 1.8 Hz, H-2), 6.74
(1H, d, J = 7.8 Hz, H:5), and 6.71 (1H, dd, ] = 7.8, 1.8 Hz, H-
6)], revealing the presence of a trisubstituted aromatic ring.
The 'H NMR spectrum further exhibited signals corresponding
to two methoxyl groups at 6 3.81 (3H, s) and 3.14 (3H, s) and
one oxymethine group at 8y 4.20 (1H, dd, J = 8.4, 6.0 Hz, H-
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Figure 3. Selected HMBC correlations of compounds 2 and 3.
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Figure 4. Effects of compounds 1, 2, 7, and 10 on the TNFa-induced NF-«B luciferase reporter activity in HepG2 cells. The values are means + SDs
(n = 3). “Stimulated with TNFa. *Stimulated with TNFa in the presence of 1,2, 7, and 10 (0.1, 1, and 10 M) and sulfasalazine. SFZ: sulfasalazine,
positive control (10 #M). Statistical significance is indicated as * (p < 0.05) and ** (p < 0.01) as determined by Dunnett's multiple comparison test.

7). The "*C and DEPT spectra indicated the presence of 11
carbons, including two methyl, two methylene, four methine,
and three quaternary carbons. The *C NMR spectrum (Table
1) exhibited signals due to one oxymethylene group at 5. $8.9
(C-9), one methylene group at 5c 41.1 (C-8), one quaternary
carbon at §c 133.6 (C-1), and two oxygenated quaternary
carbons at 5 148.3 (C-3) and 146.3 (C-4) of the aromatic ring.
In the HMBC spectrum (Figure 3), the signals at & 4.20 (H-7)
showed correlations with 5 55.6 (a methoxyl carbon), 5 133.6
(C-1), 110.0 (C-2), 41.1 (C-8), and 58.9 (C-9), indicating the
partial structure of a —CH(OCH,;)—CH,—CH,OH moiety
connected to the aromatic ring. The position of the methoxyl
group at C-3 was confirmed by HMBC correlation between the
peaks at 5y 3.81 and 5 148.3 (C-3). The stereochemistry at C-
7 was determined as R by the positive optical rotation value of 2
([alp + 9.0).%” Thus, the structure of compound 2 was
identified as 7,8-dihydro-(R)-7-methoxyconiferyl alcohol.
Compound 3 was obtained as an amorphous powder with a
molecular formula of C,sH;3,0,;, indicated by a pseudomo-
lecular ion peak m/z at 509.2038 [M — H]~ (caled for
C,sH350,;, 509.2023) in the HRESITOFMS. The 'H NMR
spectrum of 3 (Table 1) showed the signals characteristic of
two trisubstituted phenyl rings with ABX spin system [Jy 6.79
(1H, d, J = 1.2 Hz, H-2), 6.68 (1H, d, ] = 7.8 Hz, H-5), 6.69
(1H, d, J = 7.8 Hz, H-6), 7.04 (1H, br s, H-2"), and 6.76 (2H,
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each d, ] = 7.8 Hz, H-5' and H-6")], one methoxyl group at &y
3.91 (3H, s), and one anomeric proton at 5y 4.81 (1H, d, ] =
7.8 Hz, H-1"). These data indicated the presence of a single
sugar moiety. The sugar was D-glucose, as determined by acid
hydrolysis followed by GC analysis. The *C NMR and DEPT
spectra displayed the presence of 25 carbon signals, including
one methyl, six methylene, 12 methine, and six quaternary
carbons. The *C NMR spectrum of 3 (Table 1) showed signals
corresponding to three methylene groups at ¢ 37.5 (C-7), 32.3
(C-7"), and 35.2 (C-8), three oxymethylene groups at 5. 63.7
(C-9), 62.1 (C-9'), and 62.4 (C-6"), and six oxymethine groups
at 5. 842 (C-8), 103.5 (C-17), 75.0 (C-2"), 77.8 (C-3"), 71.3
(C-4"), and 78.1 (C-5"). These data suggested the presence of
two C4—C; units, a neolignan, and a glucopyranose. The
glucopyranosyl moiety was linked to the C-3’ hydroxyl group
based on an HMBC correlation between the anomeric proton
(6 4.81, H-1") and 6 149.4 (C-3") (Figure 3). On the basis of
these analyses and a comparison of the NMR data for 3 with
that of related compounds, the planar structure of 3 was
established. The absolute configuration of C-8 was determined
by CD spectroscopy. The CD spectrum of 3 showed a positive
Cotton effect in the region of 238.6 nm (Ae + 10.34),
establishing the (S)-configuration at C-8.*® Finally, the
structure of 3 was identified as (85)-3-methoxy-8,4-oxy-
neolignan-4,9,9'-triol 3-O-f-p-glucopyranoside.
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The anti-inflammatory activity of compounds 1-16 was
evaluated through inhibition of a TNFa-induced NF-xB
luciferase reporter and by the attenuation of TNFa-induced
pro-inflammatory gene (INOS and COX-2) expression in
HepG2 cells. The results showed that compounds 1, 2, 7, and
10 significantly inhibited TNFa-induced NF-kB transcriptional
activity in HepG2 cells in a dose-dependent manner (Figure 4),
with ICg, values ranging from 6.9 to 9.1 uM (Table 2). Because

Table 2. Inhibitory Effects of Compounds 1—16 on the
TNFa-Induced NF-xB Transcriptional Activity®

compd ICy, (M)
1 9.1 + 24
2 69 + 09
7 77 £ LS
10 7.1 +2.0
sufasalazine 09 + 0.1

“The values are means + SDs (n = 3). Compounds 3—6, 8, 9, and
11—16 were inactive at tested concentrations.

NF-kB is an important transcription factor involved in
regulating the expression of inflammatory NF-kB target genes
such as iNOS and COX-2,>%" we investigated the effects of
compounds 1, 2, 7, and 10 on the expression of these genes in
TNFa-stimulated HepG2 cells using RT-PCR. Consistent with
their inhibitory activity toward NF-kB, compounds 1, 2, 7, and
10 significantly inhibited the induction of COX-2 and iNOS
mRNA in a dose-dependent manner (Figure 5), indicating that
these compounds reduced the transcription of these genes.
Moreover, the housekeeping protein f-actin was unchanged by
the presence of compounds 1, 2, 7, and 10 at the same
concentration (Figure ).

Currently, PPARs are therapeutic targets in the design and
development of agonists for the treatment of type 2 diabetes
and metabolic syndrome. The effects of compounds 1—16 on
the PPARs activation were evaluated using a PPRE luciferase
reporter assay. The results showed that compounds 1-35, 7, 9,
10, and 12—14 significantly activated PPARs transcriptional
activity in a dose-dependent manner (Figure 6), with ECq,
values ranging from 0.7 to 12.8 yuM. Compounds 6, 11, 15, and
16 displayed moderate activity, with ECg, values in a range of
16.8—21.6 uM, whereas compound 8 was not active at the
tested concentrations (Table 3). Remarkably, compound 3 was
the most effective and was even more potent than the positive
control, benzafibrate (ICs, = 1.1 yM). From these primary data,
with the aim of understanding how specifically the compounds
modulate PPAR transcriptional activity, the PPAR transactiva-
tional effects of the isolated compounds were further examined
on individual PPAR subtypes, including PPARq, -y, and -3(5)
(Figures 7—-9).

PPARa agonists have been reported to decrease hepatic,
muscle, and pancreas lipotoxicity (steatosis), reduce insulin
resistance, normalize glucose levels, and reduce cardiovascular
risk factors such as dyslipidemia, inflammation, prothrombotic
states, and intima-media thickness.>! The effects of compounds
1-16 on PPAR«a activation were evaluated using a GAL-4-
PPARa chimera assay. Among the compounds tested,
compounds 2, 3, and 12 exhibited significant dose-dependent
PPARa transactivational activity, with ECs, values of 7.0, 3.3,
and 10.1 uM, respectively (Table 3). Compounds 1, 4—7, 9—
11, and 13—1S increased the transcriptional activity of PPARa,
with EC, values from 12.4 to 20.0 uM.

Among PPARs, PPARy is the predominant molecular target
for insulin-sensitizing thiazolidinedione drugs such as troglita-
zone, pioglitazone, and rosiglitazone, which have been
approved for use in the treatment of type 2 diabetes.**** The
effects of compounds 1—16 on PPARy activation were
evaluated using a GAL-4-PPARy chimera assay. The results
showed that compounds 1—3 showed significant activity, with
ECjs, values of 11.9, 11.0, and 15.3 uM, respectively (Table 3).

Currently, PPARf(5) has become a pharmacological target
for the treatment of metabolic disorders associated with
metabolic syndromes, including dyslipidemia, obesity, and
insulin resistance.’’ The use of two synthetic selective agonists,
GWS01516 and GW610742, in animal and various cell line
models, and the concomitant development of new genetically
modified mouse models, are helping to unravel the role of
PPARS(6) in lipid and glucose homeostasis and inflammation.
The effects of compounds 1—16 on PPARS(S) activation were
evaluated using a GAL-4-PPARf(5) chimera assay. Among the
compounds tested, compounds 1 and 3 significantly increased
PPARJ(5) transactivational activity, with ECg, values of 10.7
and 11.2 uM, respectively (Table 3).

PPARa/y, PPARy/f(5) dual, and PPARa/y/f3(5) agonist
combinations can achieve a broad spectrum of metabolic
effects, reduce undesired weight gain and mortality rates by
improving insulin sensitization, decreasing obesity, dyslipide-
mia, and hypertension, and provide beneficial effects on
inflammatory markers.'> Thus, the discovery and development
of PPAR subtype combinations such as PPARa/y and y/f(5)
dual agonists and PPARa/y/f3(5) agonists are ongoing. From
the results, we found that compounds 1 and 3 had significant
effects on the transactivational activities of three PPAR
subtypes, while compound 2 exhibited significant effects on
both PPAR« and -y transactivational activities, indicating that 2
acts as a PPARa/y dual agonist. These data suggest that
compounds 1—3 may be useful agents in the prevention and
treatment of broad metabolic diseases.

In conclusion, this study describes the isolation of chemical
components of the stem bark of G. biloba. Three new
compounds, (2E,4E,1'R,3'S,5'R,8'S)-dihydrophaseic acid 3'-O-
p-p-glucopyranoside, 7,8-dihydro-(R)-7-methoxyconiferyl alco-
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0 01 1 10 01 1

TNFa SFZ 0.1

TNFa (10 ng/mL)
B-Actin -

iINOS =
COX-2—>
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Figure S. Effects of compounds 1, 2, 7, and 10 on iNOS and COX-2 mRNA expression in HepG2 cells.
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Figure 6. PPARs transactivational activity of compounds 1—16 in HepG2 cells. —, Vehicle group; +, positive control (1 uM): benzafibrate.
*Significantly different from vehicle group (P < 0.0S).

Table 3. PPARSs, -, -y, and -f(8) Transactivational Activities of Compounds 1—16“

ECyo (#M)

compd PPARs Gal4/PPAR-LBD Gal4/PPARy-LBD Gal4/PPARS(5)-LBD
1 104 + 1.2 124 + 1.7 119 + 1.4 10.7 £ 1.5
2 3.0 + 0.6 70 + 1.3 11.0 + 1.2 >30
3 0.7 £ 0.2 33 +08 153 £ 1.5 112 + 0.9
4 5.6 + 1.1 155 + 2.1 >30 >30
S 124 + 24 15.7 + 2.6 >30 >30
6 18.0 £ 1.5 147 + 2.0 29.6 + 3.6 >30
7 109 + 2.3 134 £ 1.8 >30 >30
8 >30° >30 219 + 2.3 293 + 3.5
9 12.8 + 1.4 162 + 2.3 >30 >30
10 1.6 + 04 17.0 + 1.8 >30 >30
11 216 + 2.1 22.0 £ 2.1 >30 >30
12 2.5 + 0.6 10.1 + 1.5 >30 >30
13 109 + 1.1 200 + 2.2 >30 >30
14 4.7 + 0.8 19.6 + 3.0 >30 >30
1§ 16.8 + 1.7 184 + 2.7 >30 >30
16 17.6 + 1.5 283 +24 >30 >30
benzafibrate 1.1 £ 0.3
ciprofibrate 0.9 £ 0.2
troglitazone 0.8 + 0.1
L-165041 0.60 + 0.07

“ECs, the concentration of tested compound that gave 50% of the maximal reporter activity. YA compound was considered inactive with ECs, > 30
uM. The values are means + SDs (n = 3).
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Figure 7. PPARq transactivational activity of compounds 1—16 in HepG2 cells. —, Vehicle group; +, positive control (1 uM): ciprofibrate.
*Significantly different from vehicle group (P < 0.0S).
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*Significantly different from vehicle group (P < 0.0S).

hol, and (8S)-3-methoxy-8,4-oxyneolignan-4,9,9"-triol 3"-O-f}-D-
glucopyranoside, were discovered. The effects of the isolated
compounds on in vitro anti-inflammatory and PPAR trans-
activational pathways were investigated. These results provide
scientific support for the use of G. biloba stem bark in the
prevention and treatment of inflammatory and metabolic
diseases. On the basis of these findings, additional studies of
the potential of G. biloba stem bark in function foods are
warranted. Cell viability, as measured by the MTT [3-(4,5-
dimethylthiazole-2-yl)-2,S-diphenyltetrazolium bromide] col-
orimetric method,** showed that compounds 1—16 had no
significant cytotoxicity in HepG2 cells at tested concentrations
(data not shown).
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