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ABSTRACT: 4-(3,4-Dihydroxybenzoyloxymethyl)phenyl-O-f-p-glucopyranoside (DBPG), a polyphenolic glycoside, isolated
from Origanum vulgare has shown 1,1-diphenyl-2-picrylhydrazyl (DPPH®)-scavenging capacity in previous work. This study
demonstrated that DBPG exhibits antioxidant activity by a series of DPPH?®, 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS*"), and superoxide anion radical (O,"”) radical-scavenging assays. The inhibition of lipid peroxidation
(LP) by DBPG exceeded that by L-ascorbic acid (AA) in a liposome model system. Adding DBPG to mouse liver and brain tissue
inhibited the formation of thiobarbituric acid reactive substances (TBARS) to a greater extent than did trolox. In the oxygen
stress test, BNLCL2 and HaCaT cells pretreated with DBPG showed increased activities of glutathione peroxidase (GPx),
perhaps as a result of reduction of the production of reactive oxygen species (ROS). These findings proved that DBPG had
antioxidant activities and a cytoprotective effect in hepatocytes and keratinocytes, suggesting that DBPG may be a useful food

and cosmetic additive.
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B INTRODUCTION

Oxidative stress is a cellular imbalance between the production
and elimination of reactive oxygen species (ROS) such as
superoxide anion radicals (O,*”), hydrogen peroxide (H,0,),
and hydroxyl radicals (OH®). It is also a pathophysiological
reaction highly relevant to a variety of pathological processes,
including ischemia—reperfusion injury, chronic progressive
neurodegenerative disease, numerous inflammatory diseases,
and cancer.' Oxidative stress results in skin aging and can
adversely affect skin health. Therefore, antioxidants that are
active in skin cells may support skin health.” To reduce
oxidative damage by free radicals, cells are generally provided
with enzymatic antioxidant factors such as catalase (CAT),
glutathione peroxidase (GPx), and superoxide dismutase
(SOD), as well as nonenzymatic ones such as glutathione
(GSH), L-ascorbic acid (AA), and a—tocopherol.3 Reducing
oxidative stress is considered to be desirable for human health.

Herbs and spices have been shown to contain natural
antioxidants that provide protections against harmful free
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radicals and antagonize the deleterious action of ROS on
bioactive molecules.* Oregano (Origanum vulgare L.), a widely
used Chinese herb and a common herb in the Western diet, has
been found to exhibit antithrombin, anti-Helicobacter pylori,
antimicrobial, antibiotic, and antihyperglycemia as well as
antioxidation effects.”® 4-(3,4-Dihydroxybenzoyloxymethyl)-
phenyl-O-f-p-glucopyranoside (DBPG) (Figure 1), a poly-
phenolic glycoside, is a major constituent of oregano. Previous
studies have demonstrated that when DBPG is orally
administered, the serum metabolites of DBPG exhibit DPPH*®
free radical scavenging activity.” However, their underlying
antioxidant mechanisms and the mechanisms of their
cytoprotective effects on liver and skin cells remain unknown.
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Figure 1. Structure of DBPG.

Various methods have been developed to examine
antioxidant activity, most of which have focused on evaluating
the capacities of substances to scavenge free radicals and inhibit
lipid peroxidation (LP).* Hence, this study examines the
antioxidant properties of DBPG from O. vulgare by performing
a series of chemical and biochemical assays. These assays for
DBPG include DPPH"® radical scavenging activity, ABTS®"
radical scavenging activity, reducing power, metal chelating
activity, inhibition of LP by liposomes, and inhibition of
thiobarbituric acid reactive substances (TBARS) formation in
mice liver and brain tissue. The cytoprotection ability of DBPG
was examined by inhibition of cellular ROS production and
increase of GPx activity following pretreatment of mouse
hepatocytes (BNLCL2 cells) and human skin keratinocytes
(HaCaT cells) with DBPG in H,O,-treated cells.

B MATERIALS AND METHODS

Materials and Chemicals. 1,1-Diphenyl-2-picrylhydrazyl
(DPPH"), 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) dia-
mmonium salt (ABTS®*), 2,5,7,8-tetramethylchromancarboxylic acid
(trolox), 2-thiobarbituric acid (TBA), ethylenediaminetetraacetic acid
disodium salt dehydrate (EDTA), hydrogen peroxide (H,0,), L-
ascorbic acid (AA), and trichloroacetic acid (TCA) were purchased
form Sigma Chemical Co. (St. Louis, MO, USA). 3-(2-Pyridyl)-S,6-
diphenyl-1,2,4-triazine-4',4"-disulfonic acid monosodium salt (ferro-
zine) was purchased from Fluka (Buchs, Switzerland).

Extraction and Isolation of Plant Material. DBPG was isolated
from O. vulgare L. and identified by Hsiou-Yu Ding (Department of
Cosmetic Science, Chia Nan University of Pharmacy and Science,
Taiwan). The extraction and isolation of DBPG from O. vulgare L.
were performed as described by Liang et al.:’ colorless powder; mp
203—204 °C. DBPG exhibited stectroscopic data (IR, NMR, MS)
similar to those in the literature.'” DBPG was dissolved in dimethyl
sulfoxide (DMSO) to a concentration of 100 mM.

Determination of Radical Scavenging Capability against
DPPH*, ABTS**, and O,°". The ability of DBPG to scavenge DPPH*
and ABTS"" free radicals was assessed as previously reported."' " The
inhibition percentage of ABTS® radical as determined by the extent of
decolorization was taken to be proportional to the concentration of
antioxidants. Trolox equivalent antioxidant capacity (TEAC) is
calculated by comparison with the reactivity of the standard, trolox.
The superoxide radical was generated by the PMS—NADH system as
described by Fernandes et al.'* with minor modifications. Briefly,
DBPG (0, 5, 10, 50, 100, and 200 uM) (5 uL of solution) was added
to a reaction mixture containing 45 L of DMSO, 50 uL of phenazine
methosulfate (240 M), and 50 uL of S-NADH (1872 uM). After
incubation at 25 °C for 10 min, the superoxide anion was measured in
a total volume of 200 uL, which contained 50 uL of nitroblue
tetrazolium (600 yM) in 0.1 M phosphate buffer containing S mM
EDTA at pH 7.4. After 10 min of incubation at 25 °C, the absorbance
was determined at 560 nm. Rutin and trolox were utilized as standards.

Detection of Reducing Power and Metal Chelating Activity.
The reducing power of DBPG was determined by the K;Fe(CN),—
FeCl, method as reported before.">'> The chelating effect of DBPG
was evaluated by following the method of Decker and Welch.'®

Inhibition of Lipid Peroxidation. LP was determined by using
the liposome as a model of biological membranes, as described
previously.">'” Fe?*/ascorbate-induced LP was used. A control with
DMSO instead of sample was also analyzed and expressed no activity.
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Inhibition of Thiobarbituric Acid-Reactive Substances
Formation. Seven-week-old male Institute of Cancer Research
(ICR) mice (National Animal Laboratory Center, Taipei, Taiwan),
weighing 30—35 g, were used. The production of tissue LP was
monitored by measuring concentrations of TBARS, using the method
of Ding et al."® Briefly, liver and brain tissues were homogenized using
a ploytron in ice-cold Tris-HCI buffer (40 mM, pH 7.4) to yield a 1:1
(w/v) homogenized tissue, which was centrifuged at 3000g for 10 min.
An aliquot (0.1 mL) of the supernatant was incubated with DBPG (0.2
mL) in the presence of FeSO, (10 M, 0.1 mL) and AA (0.1 mM, 0.1
mL) at 37 °C for 1 h. The reaction was terminated by adding TCA
(28% w/v, 0.5 mL), followed by TBA (1% w/v, 0.38 mL), and the
mixture was then heated at 80 °C for 20 min. Following centrifugation
at 3000g for 10 min to remove the precipitated protein, the intensity of
the color of the TBARS that formed in the supernatant was measured
by its absorbance at 532 nm.

Cell Culture and Cell Viability Analysis. Murine normal
embryonic liver BNLCL2 cells were purchased from the American
Type Culture Collection (Rockville, MD, USA). Human premalignant
keratinocytic HaCaT cells were kindly provided by Prof. Hamm-Ming
Sheu (National Cheng Kung University Medical College, Tainan,
Taiwan). The DMEM medium (GIBCO, USA) with 10% heat-
inactivated fetal bovine serum (GIBICO, USA) and 1% penicillin/
streptomycin was used to culture cells at 37 °C in 5% CO,. Cells (1 X
10* cells/well) were seeded in 100 uL of 96-well plates and treated
with H,0, (0.01—1 mM) for 1 h or DBPG, AA, and trolox (0, 5, 10,
50, 100, and 200 M) for 24 h. Cell viability was determined by using
the MTT assay as reported.'®

Cell Cycle Distribution Analysis. BNLCL2 and HaCaT cells (1
X 10° cells/mL) were seeded in 24-well plates and incubated with or
without DBPG (200 uM) for 24 h. Cells were resuspended in 1 mL of
PBS and 4 mL of 70% ice-cold ethanol. The cells were incubated
overnight at 4 °C. The cells were washed with PBS and then
resuspended in 250 uL of propidium iodide solution (SO pg/mL)
containing 1 uL of 20 ug/mL RNase A. The cells were incubated in
the dark setting for 15 min at room temperature and then analyzed by
FACScan flow cytometer (Elite ESP, Beckman Coulter, Brea, CA,
USA). A minimum of 10000 cells were collected, and the cell
distribution in each phase of the cell cycle was determined using
Windows Multiple Document Interface (WinMDI) software.

Measurement of Reactive Oxygen Species and Glutathione
Production. BNLCL2 and HaCaT cells (1 X 10° cells/mL) were
cultured in the presence of DBPG and AA (20, S0, and 100 zM) for
24 h and then with 0.1 mM H,0, at 37 °C for 1 h. For cellular ROS
content analysis, after replacement with new medium, cells were
incubated in 100 uL of culture medium containing 10 uM 2',7'-
dichlorofluorescein diacetate (DCFH-DA) at 37 °C for 30 min.
Fluorescence intensities of 2’,7’-dichlorofluorescien (DCF) were
measured by excitation (Ex) at 504 nm and emission (Em) at 524
nm using a multidetection microplate reader (BioTek, Synergy2). For
cellular GSH level analysis, cells were treated with new medium and
treated with SO pg/mL of o-phthalaldehyde (OPA) in 0.1 M
Na,HPO,—S5 mM EDTA buffer in the dark at 25 °C for 1 h. After
two washing steps with phosphate buffer (pH 7.0), the GSH
fluorescence was measured by Ex 355 nm and Em 460 nm.

Measurement of Glutathione Peroxidase and Catalase
Activities. GPx and CAT activities were measured as described
elsewhere,"®'® but with the following modifications. BNLCL2 and
HaCaT cells (1 X 10° cells/mL) were incubated with DBPG and AA
(20, 50, and 100 uM) for 24 h and then with 0.1 mM H,0, at 37 °C
for 1 h. Cells were collected and centrifuged at 1000g for 10 min. The
pellets were then resuspended in phosphate buffer (pH 7.0) and lysed
by three cycles of freezing, thawing, and sonication, each for 10 s at 60
W. The cellular homogenates were centrifuged at 10000g for 30 min,
and the supernatants were collected for the subsequent determination
of GPx and CAT activities. The intracellular activities of GPx were
measured by monitoring the decrease in the absorbance due to
oxidation of nicotinamdie adenine dinucleotide phosphate
(NADPH)."® Briefly, to a reaction mixture that contained 1 mM
GSH, 1 unit/mL glutathione reductase (GR), 1 mM NaN;;, 1 mM
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Figure 2. Free radical scavenging activities and reducing power of DBPG: (A) DPPH® and (B) ABTS®" radical scavenging capacities of several
concentrations (0, S, 10, S0, 100, and 200 M) of DBPG and AA; (C) O," scavenging abilities of DBPG, trolox, and rutin (0, S, 10, 50, 100, and
200 uM); (D) reducing power of DBPG and AA standard. Each value represents the mean + SD from triplicate experiments. Statistical significance
is determined by ()p < 0.0S relative to results for AA group. ANOVA follows the Tukey—Kramer test.

EDTA, 0.2 mM NADPH, and 0.1 mL of cellular extract (40 ug) was
added H,0, (2.5 mM, 0.1 mL) 5 min after the formation of the
mixture to determine GPx activity. The absorbance at 340 nm was
measured at 3 min. The activity of CAT was measured as described
elsewhere with minor modifications.'® Cellular extracts (40 ug) were
reacted with H,0, (5 mM, 0.1 mL) in phosphate buffer (total volume
of 1 mL), and the absorbance at 240 nm at 3 min was monitored.

Statistical Analysis. The results are expressed as the mean =+
standard deviation (SD). Statistical differences were estimated by one-
way analysis of variance (ANOVA) following Dunnett’s test or the
Tukey—Kramer test. A p value of 0.05 was regarded as significant. The
data were analyzed and the figures plotted using SigmaPlot version 8.0
and SigmaStat version 2.03 software (Chicago, IL, USA).

B RESULTS AND DISCUSSION

Free Radical Scavenging Activities of DBPG. The
electron-donating abilities of DBPG and AA determined by
examining the reduction of DPPH® and ABTS®* with increasing
concentrations of DBPG and AA (0, 5, 10, 50, 100, and 200
uM) are shown in Figure 2A,B. DBPG and AA exhibited
significant free radical scavenging activity with ECy, (median
scavenging concentration) values of 8.1 and 25.1 uM for
DPPH® and 21.3 and 25.2 M for ABTS®", respectively. In the
ABTS"®" radical scavenging assay, the TEAC value derived from
the dose—response curve for DBPG is 34 mM trolox/g.
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Although the free radical scavenging activity of DBPG was
weaker than that of AA, DBPG and AA showed similar effects
on the scavenging of free radicals at the high concentration
(200 uM). The O,°” scavenging ability of DBPG evaluated
using the PMS—NADH—-NBT system'* is presented in Figure
2C. DBPG inhibited the activity of O,°” in a dose-dependent
manner. The DPPH?® assay was used to study the ability of the
investigated DBPG to donate hydrogen atoms or electrons in
the transformation of the DPPH® into its reduced from,
DPPH*—H. The performed radical monocation of ABTS®" is
generated by oxidation of ABTS with potassium persulfate and
is reduced in the presence of the hydrogen-donating
antioxidants. Moreover, O,°”, molecular oxygen, just reduced
to have one extra electron, is one of the most representative
free radicals. Depending on the electron-transferring/hydrogen-
donating ability, the potential multiple antioxidant activities of
DBPG are demonstrated by these DPPH®, ABTS®*, and O,"~
radical scavenging assays.

Reducing Power and Chelating Ability of DBPG.
Previous studies have asserted that the reducing capacity of
and chelation of metal ions by a compound may be significant
indicators of its potential antioxidant activity.”’ As shown in
Figure 2D, unlike AA, DBPG had almost no reducing power as
calculated by comparison with the reactivity of the standard,

dx.doi.org/10.1021/jf302329m | J. Agric. Food Chem. 2012, 60, 7690—7696
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Figure 4. Cell viability of DBPG and AA in liver and skin cells. After treatment with DBPG and AA (0, S, 10, S0, 100, and 200 #M) of (A) BNLCL2
and (B) HaCaT cells for 24 h, cell viability was investigated by MTT assay. Each value represents the mean + SE of three individual experiments.

AA. The reducing power of 1 g of DBPG was equivalent to that
of 1.3 mM AA, revealing that DBPG weakly reduced Fe*" ions.
By comparison with EDTA, DBPG exhibited much weaker
Fe®*-chelating activity (data not shown). These results suggest
that the reducing power and chelating capacity of DBPG are
not primary factors determining the antioxidative activity.
Inhibition of Lipid Peroxidation by DBPG. Lipid
peroxidation is recognized as a potential mechanism of injury
to liver mitochondria, microsomes, and splenic lymphocytes. In
the presence of OH®, lipid radicals (L°*) are believed to be
formed from the reaction with polyunsaturated fatty acids
(LH), and their subsequent reaction with oxygen forms the
lipid peroxyl radical (LOO®), which damages cell and DNA
architecture. Products of LP, such as malondialdehyde (MDA),
form adducts with cellular DNA.>' The capacity of DBPG to
inhibit LP in a liposome model system was evaluated by
measuring the MDA content. As presented in Figure 3A, the
inhibition of LP by DBPG was much weaker than that by
trolox, but the inhibition of LP by DBPG exceeded that by AA.
TBARS, the final stable aldehyde products of peroxidation, are
generated by the breakdown of peroxides and are critical

7693

indicators of cellular damage.*” The inhibition of the formation
of TBARS provides good evidence for the inhibition of LP by a
compound. The reductions of TBARS content by DBPG of 20,
50, and 100 uM were 52.1, 75.9, and 80.4% in mouse liver
tissue and were 43.2, 73.5, and 77.0% in mouse brain tissue,
respectively (Figure 3B). Adding DBPG to mouse liver and
brain tissue inhibited the formation of TBARS to a greater
extent than did trolox. These results suggest that the
antioxidant properties of DBPG may involve the inhibition of
LP, one of the most important antioxidant characteristics of
DBPG.

Scavenging of Reactive Oxygen Species by DBPG and
Associated Cell Viability. Oxidative stress is a ubiquitous
condition in which the generation of free radicals and ROS
exceeds the capacity of endogenous antioxidant defense and
repair mechanisms.”> To understand the protective action of
DBPG, oxidative damage in a cellular system was examined. To
explore whether DBPG protects hepatocytes and keratinocytes
against oxidative stress, the ROS and GSH contents of H,O, on
BNLCL2 and HaCaT cells in the presence and absence of
DBPG were determined. First, after treatment of BNLCL2 and

dx.doi.org/10.1021/jf302329m | J. Agric. Food Chem. 2012, 60, 7690—7696
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HaCaT cells with DBPG and AA for 24 h, cell viability was
assayed by an MTT method. No significant effect on cell
viability was observed at test concentrations up to 200 yuM
DBPG (>90% cell survival) (Figure 4). Moreover, after
treatment of BNLCL2 and HaCaT cells with DBPG (200
uM) for 24 h, cell cycle progression was assayed by flow
cytometry. No significant change on cell cycle distribution was
observed at 200 M DBPG in BNLCL2 and HaCaT cells
(Supplement data 1 in the Supporting Information). BNLCL2
and HaCaT cells were incubated with 0.01-1 mM H,0O, for 1
h, and no significant change in cell viability occurred at an H,O,
concentration of <0.5 mM (Supplement data 2 in the
Supporting Information). Previous investigations have demon-
strated that low regulatory H,0, concentrations induce a large
up-regulation of catalase, which is a fingerprint of the cellular
oxidative stress response, but glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) oxidation and the consequent
decrease in activity are observed only at high death-inducing
H,0, doses.”* H,0, generates aldehydic DNA lesions (ADLs)
at low concentration (0.06 mM) in HeLa cells, and lower
concentrations of H,O, were much more efficient at inducing
ADLs than higher concentrations.”® In this study, in the
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treatment of BNLCL2 (Figure SA) and HaCaT cells (Figure
5B) with serial concentrations (0, 0.01, 0.05, 0.1, 0.5, and 1
mM) of H,0, for 1 h, the greatest ROS activity was obtained at
0.1 mM H,0,. Therefore, the inhibition of intracellular ROS by
DBPG and AA in BNLCL2 and HaCaT cells was examined
using 0.1 mM H,0,. In the treated BNLCL2 (Figure SC) and
HaCaT (Figure SD) cells, the ROS levels were, respectively,
130.6 and 133.7% higher than that in the untreated cells.
Pretreatment with DBPG at 20, 50, and 100 uM reduced H,O,-
induced ROS formation in BNLCL2 cells from 97.2 to 86.5%
and in HaCaT cells from 113.6 to 106.9%. DBPG-pretreated
cells exhibited levels of ROS significantly and dose-dependently
lower than cells treated with H,0, only. GSH is modulated in
disorders that are caused by free radical attack.'®*® Measure-
ment of the GSH level is useful in quantifying oxidative stress
and can be used to monitor the effectiveness of antioxidant
intervention strategies. In this paper, the effect of DBPG on
GSH levels in H,0,-treated BNLCL2 and HaCaT cell was
investigated. However, no significant effect on GSH level was
observed (Supplement data 3 in the Supporting Information).

Antioxidant enzymes are the body’s primary defense,
protecting biological macromolecules against oxidative injury

dx.doi.org/10.1021/jf302329m | J. Agric. Food Chem. 2012, 60, 7690—7696
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and removing peroxides, free radicals, and superoxide anions
that are generated within cells. GPx and CAT are the main
enzymes that remove hydrogen peroxide generated by SOD in
cytosol and mitochondria through oxidizing GSH to GSSG.*®
Figure 6 displays the effect of DBPG and AA on GPx activity.
When H,0, (0.1 mM)-incubated BNLCL2 (Figure 6A) and
HaCaT (Figure 6B) cells were pretreated with various
concentrations of 1 and AA (20, 50, and 100 uM), GPx
activities were significantly increased in a concentration-
dependent manner. At test concentrations of 100 M DBPG,
GPx activities in BNLCL2 and HaCaT were 1.3 and 1.4 times
higher than in H,0,-treated cells. On the other hand, no
change in the CAT activities in H,O,-induced BNLCL2 and
HaCaT cells was observed upon exposure to DBPG (Supple-
ment data 4 in the Supporting Information). The reduction of
ROS production and up-regulation of GPx activity in BNLCL2
and HaCaT cells may provide clues regarding the antioxidant
mechanism of DBPG in protecting cells against oxidative
damages.

In conclusion, Lin et al.” has reported that DBPG showed
scavenging activity against DPPH® only. This study further used
more free radical scavenging assays to realize the antioxidant
characteristics of DBPG. It is likely because the phenolic groups
in the structure of DBPG prevent chain initiations, inhibit the
formation of lipid peroxyl radicals, and scavenge active oxygen
species. To the best of our knowledge, this is the first
confirmation of the protective effects of DBPG on liver and
skin cells that are oxidatively damaged by H,0,. Down-
regulation of ROS and up-regulation of GPx activities in
hepatocytes and keratinocytes may play very important roles in
the cytoprotective antioxidant mechanisms of DBPG. DBPG
was found to be able to scavenge most free radicals, modulate
antioxidant enzyme, and reduce oxidative damage. It is believed
that DBPG may be a good food and cosmetic additive.

7695

B ASSOCIATED CONTENT

© Supporting Information
Additional figures. This material is available free of charge via
the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*Postal address: Department of Chemical and Materials
Engineering, National Yunlin University of Science and
Technology, Yunlin 64002, Taiwan. Phone: +886-5-5342601-
462S. Fax: +886-5-5312071. E-mail: chouth@yuntech.edu.tw.

Author Contributions
IThese authors contributed equally to this work.

Funding

We thank the National Science Council of the Republic of
China, Taiwan, for financially supporting this research under
Contracts NSC 100-2622-E-041-001-CC3 and 100-2320-B-
041-003-MY3.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Chung-Yi Chiang, Ph.D., a senior scientist at
Unilever, for carefully revising the manuscript.

B REFERENCES

(1) Nishikawa, M.; Hashida, M.; Takakura, Y. Catalase delivery for
inhibiting ROS-mediated tissue injury and tumor metastasis. Adv. Drug
Delivery Rev. 2009, 61, 319—326.

(2) Wang, H. M,; Chen, C. Y,; Chen, C. Y,; Ho, M. L,; Choy, Y. T;
Chang, H. C; Lee, C. H; Wang, C. Z; Chuy, I. M. (—)-N-
Formylanonaine from Michelia alba as a human tyrosinase inhibitor
and antioxidant. Bioorg. Med. Chem. 2010, 18, 5241—5247.

(3) Cemeli, E.; Baumgartner, A.; Anderson, D. Antioxidants and the
Comet assay. Mutat. Res. 2009, 68, S1—67.

(4) Acharya, A; Das, 1; Singh, S; Saha, T. Chemopreventive
properties of indole-3-carbinol, diindolylmethane and other constitu-

dx.doi.org/10.1021/jf302329m | J. Agric. Food Chem. 2012, 60, 7690—7696



Journal of Agricultural and Food Chemistry

ents of cardamom against carcinogenesis. Recent Pat. Food Nutr. Agric.
2010, 2, 166—177.

(5) Mueller, M.; Lukas, B.; Novak, J.; Simoncini, T.; Genazzani, A. R;;
Jungbauer, A. Oregano: a source for peroxisome proliferator-activated
receptor gamma antagonists. J. Agric. Food Chem. 2008, 56, 11621—
11630.

(6) Pelissari, F. M.; Grossmann, M. V.; Yamashita, F.; Pineda, E .A.
Antimicrobial, mechanical, and barrier properties of cassava starch-
chitosan films incorporated with oregano essential oil. J. Agric. Food
Chem. 2009, 57, 7499—7504.

(7) Lin, S. P,; Tsai, S. Y.; Lin, Y. L,; Kuo, S. C.; Hou, Y. C.; Chao, P.
D. Biotransformation and pharmacokinetics of 4-(3,4-
dihydroxybenzoyloxymethyl)phenyl-O-f-p-glucopyranoside, an antiox-
idant isolated from Origanum vulgare. J. Agric. Food Chem. 2008, S6,
2852—2856.

(8) Stashenko, E. E.; Puertas, M. A, Martinez, J. R. SPME
determination of volatile aldehydes for evaluation of in-vitro
antioxidant activity. Anal. Bioanal. Chem. 2002, 373, 70—74.

(9) Liang, C. H.; Chou, T. H.; Ding, H. Y. Inhibition of melanogensis
by a novel origanoside from Origanum vulgare. ]. Dermatol. Sci. 2010,
57, 170-177.

(10) Nakatani, N.; Kikuzaki, H. A new antioxidative glucoside
isolated from oregano (Origanum vulgare L.). Agric. Biol. Chem. 1987,
1, 2727-2732.

(11) Re, R; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M,;
Rice-Evans, C. Antioxidant activity applying an improved ABTS radical
cation decolorization assay. Free Radical Biol. Med. 1999, 26, 1231—
1237.

(12) Kim, H. S; Lee, T. B.; Choi, C. H. Down-regulation of catalase
gene expression in the doxorubicin-resistant AML subline AML-2/
DX100. Biochem. Biophys. Res. Commun. 2001, 281, 109—114.

(13) Ding, H. Y; Chou, T. H; Liang, C. H. Antioxidant and
antimelanogenic properties of rosmarinic acid methyl ester from
Origanum vulgare. Food Chem. 2010, 123, 254—262.

(14) Fernandes, E.; Borges, F.; Milhazes, N.; Carvalho, F. D.; Bastos,
M. L. Evaluation of superoxide radical scavenging activity of gallic acid
and its alkyl esters using an enzymatic and a non-enzymatic system.
Toxicol. Lett. 1999, 109, 42.

(15) Barreira, J. C.; Ferreira, I. C.; Oliveira, M. B.; Pereira, J. A.
Antioxidant activity and bioactive compounds of ten Portuguese
regional and commercial almond cultivars. Food Chem. Toxicol. 2008,
46, 2230—2235.

(16) Decker, E. A.; Welch, B. Role of ferritin as a lipid oxidation
catalyst in muscle food. J. Agric. Food Chem. 1990, 38, 674—677.

(17) Chou, T. H; Ding, H. Y,; Hung, W. J; Liang, C. H.
Antioxidative characteristics and inhibition of a-melanocyte-stimulat-
ing hormone-stimulated melanogenesis of vanillin and vanillic acid
from Origanum vulgare. Exp. Dermatol. 2010, 19, 742—750.

(18) Yu, H. M;; Wang, B. S;; Chu, H. L,; Chang, L. W.; Yen, W. J;
Lin, C. J.; Duh, P. D. Napiergrass (Pennisetum purpureum S.) protects
oxidative damage of biomolecules and modulates antioxidant enzyme
activity. Food Chem. 2007, 105, 1364—1374.

(19) Armstrong, D.; Browne, R. The analysis of free radicals, lipid
peroxides, antioxidant enzymes and compounds related to oxidative
stress as applied to the clinical chemistry laboratory. Adv. Exp. Med.
Biol. 1994, 366, 43—58.

(20) Zhao, H,; Dong, J.; Ly, J.; Chen, J.; Li, Y.; Shan, L.; Lin, Y.; Fan,
W.; Gu, G. Effects of extraction solvent mixtures on antioxidant
activity evaluation and their extraction capacity and selectivity for free
phenolic compounds in barley (Hordeum vulgare L.). ]. Agric. Food
Chem. 2006, 54, 7277—7286.

(21) Bozin, B.; Mimica-Dukic, N.; Simin, N.; Anackov, G.
Characterization of the volatile composition of essential oils of some
Lamiaceae spices and the antimicrobial and antioxidant activities of the
entire oils. J. Agric. Food Chem. 2006, 54, 1822—1828.

(22) Ashokkumar, P.; Sudhandiran, G. Protective role of luteolin on
the status of lipid peroxidation and antioxidant defense against
azoxymethane-induced experimental colon carcinogenesis. Biomed.
Pharmacother. 2008, 62, 590—597.

7696

(23) Calabrese, V.; Cornelius, C.; Mancuso, C.; Lentile, R.; Stella, A.
M.; Butterfield, D. A. Redox homeostasis and cellular stress response
in aging and neurodegeneration. Methods Mol. Biol. 2010, 610, 285—
308.

(24) Cyrne, L.; Antunes, F.; Sousa-Lopes, A.; Diaz-Bérrio, J.;
Marinho, H. S. Glyceraldehyde-3-phosphate dehydrogenase is largely
unresponsive to low regulatory levels of hydrogen peroxide in
Saccharomyces cerevisiae. BMIC Biochem. 2010, 11, 49.

(25) Nakamura, J.; Purvis, E. R; Swenberg, J. A. Micromolar
concentrations of hydrogen peroxide induce oxidative DNA lesions
more efficiently than millimolar concentrations in mammalian cells.
Nucleic Acids Res. 2003, 31, 1790—1795.

(26) Gupta, R; Dubey, D. K; Kannan, G. M,; Flora, S. J.
Concomitant administration of Moringa oleifera seed powder in the
remediation of arsenic-induced oxidative stress in mouse. Cell Biol. Int.
2007, 31, 44—56.

dx.doi.org/10.1021/jf302329m | J. Agric. Food Chem. 2012, 60, 7690—7696



