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Oligomers of Resveratrol and Ferulic Acid Prepared
by Peroxidase-Catalyzed Oxidation and Their
Protective Effects on Cardiac Injury
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Peroxidase extracted from Momordica charantia was used for the oligomerization of trans-resveratrol
and ferulic acid on a preparative scale. One new heterocoupling oligomer, trans-3E-3-[(4-hydroxy-
3-methoxyphenyl)methylene]-4-(3,5-dihydroxyphenyl)-5-(4-hydroxyphenyl)tetrahydro-2-franone (6),
and six resveratrol dimers, leachianol G (1), restrytisol B (2), parthenostilbenins A (3) and B (5),
7-O-acetylated leachianol G (4), and resveratrol trans-dehydrodimer (8), and one known ferulic acid
dehydrodimer, (3a,3aa,60,6aa)tetrahydro-3,6-bis(4-hydroxy-3-methoxyphenyl)-1H,4H-furo[3,4-c]furan-
1,4-dione (7) were obtained. Bioactive experiments showed that compounds 6-8 have strong free
radical scavenging effects and also have protective effects on doxorubicin-induced cardiac cell injury

when tested in vitro.
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INTRODUCTION

Plant peroxidases, which are oxidoreductases utilizing hy-
drogen peroxide or organic oxide to catalyze oxidative reactions,
were found to play an important role in plant physiology such
as defense mechanisms against pathogens (1), lignification, cell
wall biosynthesis, auxin catabolism, and wound healing (2).
They have also attracted great attention because of their catalytic
activity in biotransformation and, more specifically, carbon-
carbon bond formation of small complexes (3). Momordica
charantia peroxidase (MCP), purified from the fruits of M.
charantia, was an easily obtainable peroxidase. The diverse
structures formed by the biotransformation of ferulic acid and
sinapic acid with MCP had ever been investigated (4, 5) Ferulic
acid and sinapic acid are both widespread phenolic derivatives
with antiinflammatory and antioxidative capabilities. Their
oligomers, afforded by oxidative coupling biotransformation,
showed even stronger activities than the parent compounds.

Resveratrol is a stilbenic phytoalexin produced by plants via
a metabolic sequence induced in response to biotic or abiotic
stress factors. It is one of the most popular phytochemical
compounds present in grapes and many other medicinal plants
(6). There is growing evidence that resveratrol prevents or slows
the progression of a wide variety of illnesses, including
mammary and skin cancers, cardiovascular disease, and ischemic
injuries, as well as enhances stress resistance and extends the
lifespans of organisms from yeast to vertebrates (7). In addition
to resveratrol, its derivatives, such as stilbenoligomers and
stilbenolignans, found in the families Vitaceae, Dipterocarpaceae
(8), and Gnetaceae (9), are formed as the result of infection or
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stress and exhibit a wide range of biological functions including
antimicrobial, antiinflammatory, anti-HIV, and anticancer
effects (10, 11).

Resveratrol is also a good substrate for peroxidases. Langcake
and Pryce reported the treatment of resveratrol with horseradish
peroxidase to afford resveratrol trans-dehydrodimer (12). Takaya
et al. also investigated the oxidative coupling of resveratrol with
peroxidases from soybean, fungus, and horseradish. According
to their results, resveratrol trans-dehydrodimer and (=+)-pallidol
were obtained as major products and leachianols F and G and
quadrangularins B and C were obtained as minor products (13).

In this paper, one easy way to prepare the heterocoupling
oligomer of resveratrol and ferulic acid by the easily obtained
MCP was investigated. The mixture of resveratrol and ferulic
acid, when subjected to peroxidase-mediated oligomerization
in the presence of MCP, which was freshly obtained from the
fruits of M. charantia (14), afforded one new heterocoupling
product as well as six known resveratrol oligomers and one
known ferulic acid dimer. The free radical scavenging abilities
and protective effects on doxorubicin (Dox)-induced cardiac cell
injury brought about by some of the oligomers were also
investigated.

MATERIALS AND METHODS

General Experimental Procedures. The fresh fruits of M. charan-
tia, identified by Dr. Xuesen Wen of Shandong University, were
purchasd before use from local supermarket. trans-Resveratrol and
ferulic acid were purchased from Yinhe Pharmaceutic Industry. NMR
spectra were recorded on a Bruker Avance 600 NMR spectrometer (*H,
600 MHz, and *3C, 150 MHz), and chemical shifts are reported in ppm
as o relative to Me,Si (internal standard). Electrospray ionization mass
spectroscopy (ESI-MS) was taken by a HP1100 HPLC/MS system
equipped with ESI mode. o, a-Diphenyl-g-picrylhydrazyl (DPPH) and

0J 2007 American Chemical Society

Published on Web 08/16/2007



7754 J. Agric. Food Chem., Vol. 55, No. 19, 2007

Table 1. 'H and '3C NMR Data of 6 (at 600 and 150 MHz, Respectively)
in Acetone-ds*

no. 6H 50
1a 125.5
2a 7.01 (d,2.0) 11256
3a 1471
4a 148.7
5a 6.82 (d,8.3) 1147
6a 7.10 (dd,8.3,2.0) 126.3
7a 7.70 (d,2.0) 138.8
8a 123.0
9a 171.6
—OCHs 3.63 (s) 55.0
1b 1314
2b (6b) 7.22 (d,8.5) 126.9
3b (5b) 6.88 (d,8.5) 1153
4b 157.4
7b 5.29 (d,2.4) 85.9
8b 4.47 (d2.4) 52.6
9b 143.3
10b (14b) 6.34 (d,2.1) 105.1
11b (13b) 159.1
12b 6.29 (1,2.1) 1014

@ Chemical shifts o in ppm and coupling constants J in Hz.

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-liumbromide (MTT)
were obtained from Sigma Chemical Co. (St. Louis, MO). Rat cardiac
HIC2 (2-1) cells were obtained from American Type Culture Collection
(ATCC, Rockville, MD).

Extraction of MCP from M. charantia. Fruits of M. charantia were
homogenized with buffer (0.02 mol/L tris-HCI, pH 8.5) in a blender
and extracted with stirring overnight. The resulting suspension was
filtered and centrifuged (10000g, 4 °C) to remove insoluble residues.
Solid ammonium sulfate was next added to the supernatant, and the
40-80% saturated ammonium sulfate precipitate was collected, dialyzed
against distilled water, and equilibrated with buffer (0.02 mol/L tris-
HCI, pH 8.5). After centrifugation (4 °C), the supernatant obtained
containd MCP as the main constituent. The protein content was detected
using Bradford method (15), and its peroxidative activity was deter-
mined using a guaiacol colorimetric method (16).

High-Performance Liquid Chromatography (HPLC)-M S Analy-
sis of the Reaction Products of Resveratrol and Ferulic Acid. The
LC/MS system was composed of an Agilent HPLC system (1100 series,
United States) equipped with an online degasser and API 4000 triple-
stage quadrupole mass spectrometer (Applied Biosystems, United
States). Analysis was carried out employing ESI at the negative ion
mode with the following settings: acquisition, 12 and 80 eV; capillary
voltage, 3.5 kV; source voltage, —4.9 kV; detector voltage, 650 V;
and source temperature, 600 °C. A column Cis (Phenomenex, 5 um,
250 mm x 4.60 mm) was used as the stationary phase. The temperature
of the column oven was maintained at 35 °C. The mobile phase
consisted of phase A (acetonitrile) and phase B [water contain 0.1%
(v/v) formic acid]. Samples were eluted, respectively, by the following
gradient time program: 0-20 min 25% A, 25 min 40% A, 40 min 45%
A, and 60 min 95% A at a flow rate of 1 mL/min. The injection volume
was 10 uL, and the elute was monitored at 210 nm. The HPLC-UV
chromatograms, total ion current, and the mass chromatograms were
recorded.

Oxidative Coupling of Resveratrol. Crude MCP (20 mL) was
dialyzed against NaAc—HAc buffer (100 mmol/L, pH 5.0). Resveratrol
(1 g) dissolved in acetone (10 mL) was dripped in the dialysate. To
this reaction mixture, H,O, was added (in five consecutive additions)
up to a final concentration of 0.3% (w/v). After electromagnetic stirring
for 8 h at 30 °C, the reaction mixture was extracted by ethyl acetate
and evaporated to dryness. The residue was applied to a column of
Sephadex LH-20 and eluted with CHCl;—~CH3;OH 1/1 to provide two
fractions, A and B, which were further subjected, respectively, to silica
gel column chromatography eluted with petroleum ether—acetone 2/1
to afford A; and B;-s. Fraction A; was subjected to semipreparative
HPLC (YMC-Pack ODS-A, 250 mm x 20 mm, S-10 xm, 12 nm) eluted
with CH;OH-H,0O (6.5/3.5) to give compound 8 (40.6 mg) in 23.9
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min at a flow rate of 4.0 mL/min. Fraction B;_s was then applied to
HPLC (Phenomenex, 5 um, 250 mm x 4.60 mm) with 25% acetonitrile
as the eluant, and five compounds, 1 (8.0 mg), 2 (7.9 mg), 3 (5.7 mg),
4 (6.7 mg), and 5 (4.6 mg), were obtained in 7.36, 13.51, 15.76, 17.54,
and 19.01 min, respectively, at a flow rate of 1.0 mL/min.

Oxidative Coupling of Resveratrol and Ferulic Acid. Crude MCP
(20 mL) was dialyzed against NaAc-HAc buffer (100 mmol/L, pH
5.0). Resveratrol (457.50 mg) and ferulic acid (388.36 mg) were
codissolved in acetone (10 mL), and the mixture was dripped in the
dialysate. To this reaction mixture, H,O, was added (in five consecutive
additions) up to a final concentration of 0.3% (w/v). After electromag-
netic stirring for 10 h at 30 °C, the reaction mixture was extracted by
ethyl acetate and evaporated to dryness. The residue was applied to
silica gel column chromatography with CHCI;—~CH3;OH 15/1 as eluant
to afford fractions C and D. Fraction C was recrystallized in methanol
to give compound 7 (29.3 mg), while fraction D was applied to HPLC
using a preparative column (YMC-Pack ODS-A, 250 mm x 20 mm,
S-10 um, 12 nm) eluted with 55% methanol at a flow rate of 4.0 mL/
min to give compound 6 (78.3 mg) in 24.9 min.

Compound 6. Yellowish amorphous powder. ESI-MS: m/z = 421
[M + H]", 443 [M + Na]™. IR vmax®" (cm™?) = 3436, 2929, 1749,
1608, 1579, 1514, 1435, 1351, 1245, 1184, 1054, 1027, 964, 823. For
'H and *C NMR data, see Table 1.

Free Radical Scavenging Activity. The DPPH radical scavenging
activity of compounds 6-8 was evaluated according to Tagashira and
Ohtake (17) with modification. A methanol solution (0.1 mL) of the
samples at various concentrations was added to 3.9 mL (0.025 g/L) of
the DPPH solution. The sample tube was shaken gently and placed in
the dark for 30 min at room temperature. The absorbance was then
measured at 517 nm. The percentage of inhibition was calculated using
the following formula: Percent inhibition = 100 x [OD (DPPH) —
OD (DPPH + sample)]/OD (DPPH). All assays were carried out in
triplicate, and the readings were averaged.

Rat Cardiac H9C2 Cell Culture. Rat cardiac HIC2 (2-1) cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum, 100 U/mL of penicillin, and 100
ug/mL of streptomycin in plastic culture flasks at 37 °C in a humidified
atmosphere of 5% CO,. The cells were fed every 2-3 days and
subcultured once they reached 70-80% confluence. Cells were dislodged
for both passaging and harvesting by a brief incubation in 0.25% trypsin
and 0.02% ethylenediaminetetraacetic acid.

Detection of Cell Viability with MTT Reduction Assay. Cell
viability was determined by a slightly modified MTT cytotoxicity assay
as described by Cao and Li (18). In brief, cells were plated into 96
well tissue culture plates in a range of 3000 cells/well in a final volume
of 100 uL of medium and were allowed to attach overnight. First, the
cells were incubated with compounds 6-8 of different concentrations
in DMEM supplemented with 10% fetal bovine serum at 37 °C for
24 h, followed by incubation with 20 umol/L Dox for 4 h. After that,
50 uL of MTT [2 mg/mL phosphate-buffered saline (PBS)] was added
to each well. The plates were incubated at 37 °C for another 2 h. Media
were removed, and wells were rinsed with PBS. To each well, 100 uL
of dimethyl sulfoxide was added at room temperature to solubilize the
formazan crystals, and the absorbance was measured at 570 nm.

Statistical Analysis. All data are expressed as means =+ standard
errors of the mean (SEM) from at least three independent experiments.
Differences between two groups were analyzed by Student’s t test.
Statistical significance was considered at p < 0.05.

RESULTS

Extraction of Peroxidase from M. charantia. Crude MCP
was obtained by combining consecutive treatment of tris-HCI
buffer extraction and ammonium sulfate fractionation. The
protein content was 0.86 mg/mL, and the specific activity was
3786.05 U/mg.

HPLC-M S Analysis of the Reaction Products of Resvera-
trol and Ferulic Acid. Three samples were eluted as follows:
sample |, the oxidation products of 1/1 (mol/mol) mixture of
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Figure 1. Chemical structures of 6.

resveratrol and ferulic acid; sample 11, the oxidation products
of resveratrol; and sample 111, the oxidation products of ferulic
acid.

The HPLC chromatogram of sample | revealed the formation
of eight major products (Figures 1 and 2). The retention times
of peaks 1-5 and peak 8 were similar with those of sample II.
The Q; scan spectra of LC elute in the negative ion mode
showed molecular ion peaks at m/z 471, 471, 485, 513, 485,
and 453, respectively, which suggested that peaks 1-5 and 8
were coupling products of resveratrol itself. In the same way,
peak 7 was the product resulting from ferulic acid coupling.
Compounds 1-5, 7, and 8 were isolated and identified to be
leachianol G (1), restrytisol B (2), parthenostilbenins A (3) and
B (5), 7-O-acetylated leachianol G (4), (3a,3a0.,60,6ac)tetrahy-
dro-3,6-bis(4-hydroxy-3-methoxyphenyl)-1H,4H-furo[3,4-c]fu-
ran-1,4-dione (7), and resveratrol trans-dehydrodimer (8),
respectively, by comparing their NMR data with those reported
before (14, 19-21)

On the contrary, peak 6, which was not found in the HPLC
chromatograms of both sample Il and sample 111, represents a
heterocoupling dimer of resveratrol and ferulic acid with a
molecular ion peak at m/z 419 [M — H] .

I dentification of Compound 6. Compound 6 was obtained
as a yellowish amorphous powder, which exhibited strong blue
fluorescence under UV light at 254 nm. The positive ESI-MS
showed a molecular ion peak at m/z 421 [M + H]*, corre-
sponding to the structure of a dehydrodimer of resveratrol and
ferulic acid. The IR spectrum showed characteristic absorption
bands for lactone moiety (1749 cm™1), hydroxyl (3436 cm™ 2,
broad), and aromatic (1608 and 1514 cm™ ) groups.

The occurrence of the resveratrol moiety in compound 6 was
determined by the presence of one set of aromatic protons
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Table 2. Radical Scavenging Activities of Compounds 6-8

product and standard ICs0 value (umol/L)

resveratrol 27.44
ferulic acid 27.90
8 94.42
7 26.07
6 23.05

coupled in an AX; system [0 6.34 (d, 2, J = 2.1 Hz) and 6
6.29 (t, 1, J = 2.1 Hz)], one set of aromatic protons coupled in
an AA'XX' system [0 7.22 (d, 2, J = 8.5 Hz) and 6 6.88 (d, 2,
J = 8.5 Hz)], and two saturated carbon signals (6 85.8 and 0
52.6) in the *H and **C NMR spectra, while the existence of
one set of aromatic protons on a 1,3,4-trisubstituted aromatic
fragment [0 7.01 (d, 1, J = 2.0 Hz), 6 7.10 (dd, 1, J = 8.3 and
2.0 Hz), and 6 6.82 (d, 1, J = 8.3 Hz)], two olefin carbon signals
(6 138.8 and 6 123.0), and one lactone carbonyl signal (6 171.6)
determined the presence of ferulic acid moiety. The saturated
carbon signal (6 52.6) and the oxygenated carbon signal (6 85.8)
at relatively higher field indicated that the resveratrol moiety
was connected to the ferulic acid moiety through C-7b and C-8b.
By combination with the correlations of H-7a to C-8b, H-8b to
C-8a, and H-7b to C-9a in the HMBC spectrum, the two
moieties were determined to be linked through a y-lactone
moiety [C-8a-CO(C-9a)-O-C-7b-C-8b].

The stereochemistry of olefin carbon (C-7a) was determined
to be E-configuration for the nuclear Overhauser effect (NOE)
correlation peak between H-8b and H-2a in the NOESY
spectrum. The relative configuration of H-7b/H-8b was deduced
to be a trans relationship, because the NOE correlation peaks
between H-8b and H-2(6)b and H-7b and H-10 (14)b were
detected and the coupling constant of H-7b/H-8b was 2.4 Hz
(23). No Cotton effect in the circular dichroism indicated that
6 might be a racemic mixture. According to the above analysis,
the structure of 6 was elucidated as (&+)-trans-(3)E-3-[(4-
hydroxy-3-methoxyphenyl)methylene]-4-(3,5-dihydroxyphen-
y1)-5-(4-hydroxyphenyl)tetrahydro-2-furanone.

Free Radical Scavenging Activity. The free radical scaveng-
ing ability of compounds 6-8, the major oxidative coupling
products of resveratrol and ferulic acid, was assessed. For a
more descriptive evaluation, the tests were carried out on a
comparative basis with the parent molecules (resveratrol and
ferulic acid), which were both well-studied radical scavengers.
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Figure 2. HPLC-UV chromatograms of coupling products of resveratrol and ferulic acid.
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Figure 3. Effects of compounds 6-8 on Dox-induced cytotoxicity. (A)
Comparison between 6 and ferulic acid, (B) comparison between 6 and
resveratrol, (C) comparison between 7 and ferulic acid, and (D) comparison
between 8 and resveratrol. Cells were incubated with different concentra-
tions of samples for 24 h, followed by incubation with Dox for 4 h. After
this incubation, cell viability was determined using the MTT reduction assay.
Values represent means + SEM from six independent experiments. *p <
0.05 and **p < 0.01, as compared with a normal group; *p < 0.05 and
*p < 0.01, as compared with the Dox group.

Positive DPPH tests suggested that the samples were all free
radical scavengers. Among the three products, 6 and 7 exhibited
stronger activity, whereas 8 showed moderate activity. Table
2 showed the 50% inhibitory concentration (ICsp value) of these
compounds. On the basis of this test, the order of activity was
6 > 7 > resveratrol > ferulic acid > 8.

Protective Effects of 6-8 on Dox-Induced Cytotoxicity in
Cardiac H9C2 Cells. Doxorubicin is an effective anticancer
agent, which can also elicit severe cardiotoxicity. We investi-
gated if 6, 7, or 8 showed cytoprotection effects on Dox-induced
cardiac cell injury. The tests were carried out on a comparative
basis with the parent molecules (resveratrol and ferulic acid).
As shown in Figure 3, compounds 6-8 significantly provided
protective effects on Dox-induced cytotoxicity in a concentra-
tion-dependent manner. Compounds 6 and 7 showed higher
protective effects than the parent molecules, while the protective
effect of 8 was inferior to that of resveratrol.

OCH4 OCH, OCH,
H202

Figure 4. Proposed mechanism for the formatlon of compound 6.
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DISCUSSION

Peroxidases from soybean, fungus, and horseradish have been
used for the oxidation of stilbenes to produce oligostilbenes.
The present research showed the potential of peroxidase from
M. charantia as a tool enzyme for the synthesis of oligomers
of resveratrol and ferulic acid under very mild reaction condi-
tions. Incubation of resveratrol itself and the mixture of
resveratrol and ferulic acid with crude MCP yielded two sets
of products, which were isolated and identified as resveratrol
or ferulic acid dimers, respectively. For the possible co-
occurrence of methyltransferase or acetylase in the unpurified
peroxidase mixture, the formation of some methylated or
acetylated derivatives, such as parthenostilbenins A and B, and
7-O-acetylated leachianol G in the oxidative coupling was
explainable.

To obtain heterodimer, the 1/1 (mol/mol) mixture of resvera-
trol and ferulic acid was incubated with crude MCP. A
dehydrodimer of ferulic acid and a heterodimer of resveratrol
and ferulic acid were obtained besides those resveratrol dimers.
The structure of the heterodimer is based on a novel stilbeno-
lignan skeleton having a stilbene—phenylpropionic acid unit with
a y-lactone moiety. The possible formation mechanism may be
rationalized as follows: In the course of an oxidative coupling
reaction, resveratrol was presumably converted into free radicals
‘R1 and “R2, while ferulic acid provided the radicals *F1 and
‘F2 (as shown in Figure 4). The coupling of ‘R2 and ‘F2
afforded an unstable intermediate, which generated 6 via
spontaneous intramolecular cyclization. The reaction was one-
electron oxidative coupling, and the mechanism was coincident
with the assumption on the biogenetic pathway of oligostilbenes
(24).

In the bioactivity tests performed in this study, the radical
scavenging ability test suggested that compounds 6-8 were all
free radical scavengers. The possible explanation for the lower
ability of 8 was that the component moieties of 8 had abolished
the p-hydroxyl group, which played an important role in
scavenging radicals. The structure—activity relationship of natural
phenolic compounds showed that the number and position of
hydroxyl groups and the related glycosylation and other
substitutions largely determined the radical scavenging activity.
The differences in radical scavenging activity were attributed
to structural differences in hydroxylation, glycosylation, and
methoxylation (25). The more powerful radical scavenging
ability of 6 and 7 may be concerned with more hydroxyl and
methoxy!| groups.

The result of the cell viability assay demonstrated that
pretreatment of rat cardiac H9C2 cells with compounds 6-8
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led to significant protective effects against Dox-induced decrease
in cell viability. Also, the effects of 6 and 7 were more
prominent than the monomers, while 8 showed inferior effect,
which was coincident with the result of the DPPH radical
scavenging activity assay. Dox is a commonly used anticancer
drug. It is effective in the treatment of many forms of
malignancies. However, the clinical use of Dox is associated
with the development of life-threatening cardiomyopathy (26).
Cardiac mitochondria are implicated as primary targets for Dox
toxicity, which is believed to be mediated by the generation of
highly reactive free radical species of oxygen from complex I
of the mitochondrial electron transport chain (27). Because Dox
has been shown to be a potential source of reactive oxygen
species and free radicals (28), free radical scavengers may be
effective on Dox-induced cardiac cell injury, which was
confirmed by our assays.

In conclusion, this study proposed a tool to diversify
compounds with possible pharmacological activity. The extract
from the fruit of M. charantia with peroxidase activity can be
used to catalyze resveratrol and ferulic acid to form their
oxidative coupling dimers, and the dimers 6 and 7 showed
stronger free radical scavenging activity than their parent
compounds, while the effect of 8 was inferior to resveratrol.

ABBREVIATIONS USED

MCP, Momordica charantia peroxidase; ESI-MS, electro-
spray ionization mass spectroscopy; DPPH, a,a-diphenyl-3-
picrylhydrazyl; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazoliumbromide.
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