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Abstract

Previous studies have shown that kimchi and kimchi-derived 3-(4'-hydroxyl-3',5’-dimethoxyphenyl) pro-
pionic acid have anti-oxidative and hypelipidemic effects in rats and rabbits. This study was designed to
investigate whether chemically synthesized 3-(4-hydroxyl-3’,5’-dimethoxyphenyl) propionic acid (HDMPPA)
may ameliorate oxidative stress through the regulation of nuclear factor kB (NFkB) activation in lipopoly-
saccharide (LPS)-stimulated RAW 264.7 murine macrophage cells. Treatment of RAW 264.7 cells with 400
oM of HDMPPA significantly reduced LPS-stimulated nitric oxide (NO) production. Treatments with HDMPPA
at 100 ptM to 400 UM concentrations significantly elevated glutathione (GSH) level. However, cell viability
and thiobarbituric acid-reactive substances (TBARS) concentrations were not affected by the concentrations
of HDMPPA used. The specific DNA binding activities of NFkB, a transcription factor which is sensitive to
oxidative stress, were not down-regulated by HDMPPA treatments. These results suggest that HDMPPA may
have weak anti-oxidative activity against LPS challenge by scavenging NO and stimulating GSH production.
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INTRODUCTION

Nitric oxide (NO) is produced from L-arginine by con-
stitutive and inducible nitric oxide synthase (iNOS) in
various mammalian cells and tissues. iNOS is induced
by either bacterial lipopolysaccharide (LPS) or cytoki-
nes, including tumor necrosis factor, ¢ and interferon- 7 ,
in macrophages (1-3). NO produced by iNOS reacts with

superoxide and yields peroxynitrite, which.contributes to

etiology of cardiovascular disease and cancer by promo-
ting oxidative stress and inflammatory processes (4-6).
A high NO level along with decreased superoxide dis-
mutase (SOD) activity leads to peroxynitrite formation,
while the degradation of hydrogen peroxide by catalase
and glutathione peroxidase (GSH-px) ameliorates cyto-
toxic effects of reactive oxygen species (ROS) (7). Fur-
thermore, it is known that NO interacts with thiol-con-
taining glutathione (GSH). Depletion of GSH was ob-
served to increase the sensitivity of cells to the toxic
effects of NO (8).

Nuclear factor kB (NFkB), an inducible transcription
factor, exists in a latent form in the cytoplasm of un-
stimulated cells as a transcriptionally active dimer bound
to an inhibitor protein, IkB. NFKB is activated by the
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disassociation with IkB in response to various extra-
cellular stimuli, including cytokines (9), lipopolysac-
charide (LPS) (10), and oxidative stress (11). Following
activation, NFkB is translocated to the nucleus where
it regulates the expression of many target genes involved
in immune and inflammatory responses. It has been re-
ported that NFXB is sensitive to oxidative modification
of a particular cysteine at position 62 in p50, which is
essential for DNA binding (12). Furthermore, antioxi-
dants such as carnosol (13), anthocyanins (14), selenium
(15), and organosulfur compounds (16) have been re-
ported to suppress NO production in macrophages through
mechanisms dependent on their abilities to inhibit the
activation of NFkB. Several animal studies have dem-
onstrated that intraperitoneal injection of LPS elevated
oxidative stress, and that pretreatment with antioxidants
before LLPS challenge ameliorated oxidative damage by
decreasing the production of ROS (17-19).

Our previous studies have shown that the supple-
mentation of kimchi-derived 3-(4'-hydroxyl-3',5'-dime-
thoxyphenyl) propionic acid has anti-oxidative and hy-
polipidemic effects in rats and rabbits (20-22). Thus, the
aim of this study was to determine the effect of chem-
ically synthesized 3-(4'-hydroxyl-3’,5’-dimethoxyphen-
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yl) propionic acid (HDMPPA, Fig. 1) on oxidative stress
in LPS-stimulated RAW 264.7 murine macrophage cell
line. In this study we observed the suppressive effect
of HDMPPA on NO production and its ability to increase
GSH concentrations in LPS-stimulated RAW 264.7 mac-
rophges.

MATERIALS AND METHODS

Cell culture and treatment

The murine macrophage cell line RAW 264.7 was ob-
tained from ATCC and cultured in Dulbecco’s modified
Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 2 mM L-glutamine. Cells in
10 mm dishes (5 X 10° cells/dish) or 24 well plates (8 X
10° cells/well) were pre-incubated with and without in-
dicated concentrations of HDMPPA (100, 200, 400 uM)
for 2 h, and then incubated with LPS (2 pg/mL) for 20
h. Untreated cells were used as a negative control with-
out LPS treatment, while positive control cells were
activated with LLPS but not treated with HDMPPA.

Cell viability

Cell viability was assessed by measuring the uptake
of the supravital dye neutral red by viable cells according
to the procedure of Fautz et al. (23). Cells (8 X 10° cells/
well) in 24-well plates were preincubated with and with-
out indicated concentrations of HDMPPA for 2 h, and
then incubated with LPS (2 pg/mL) for 20 h. The me-
dium was removed and replaced with 0.5 mL of fresh
medium containing 1.14 mmol/L neutral red. After in-
cubation for 3 h, the medium was removed and the cells
were washed twice with phosphate buffered saline solu-
tion (PBS, pH 7.4). The incorporated neutral red was
released from the cells by incubation for 15 min at room
temperature in the presence of 1 mL of the cell lysis
buffer [50 mmol/L Tris-HCI (pH 7.4), 150 mmol/L. NaCl,
5 mmol/L dithiothreitol and Triton X-100 (1%, v/v)] con-
taining acetic acid (1%, v/v) and ethanol (50%, v/v). To
measure the dye taken up, the cell lysis products were
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Fig. 1. Structure of 3-(4’-hydroxyl-3’,5'-dimethoxyphenyl)
propionic acid.

centrifuged and absorbance of the supernatant was mea-
sured spectrophotometrically at 540 nm.

NO production

The nitrite accumulated in the culture medium is an
indicator of NO production as assayed using the Griess
reaction (24). Cells (8 X 105/we11) in 24-well plates were
preincubated with and without indicated concentrations
of HDMPPA for 2 h, and then incubated with LPS (2
ug/mL) for 20 h. One hundred pL of each medium
supernatant was mixed with 50 UL of 1% sulphanilamide
(in 5% phosphoric acid) and 50 pL of 0.1% naphthyl-
enediamine dihydrochloride and then incubated at room
temperature for 10 min. The absorbance at 550 nm was
measured with NaNO; and a serial dilution standard
curve was used to estimate nitrite production.

Lipid peroxidation

Lipid peroxidation was quantified by measuring the
production of TBARS as described by Fraga et al. (25).
Cells (8 X 105/we11) in 24-well plates were preincubated
with and without indicated concentrations of HDMPPA
for 2 h, and then incubated with LPS (2 ugfmL) for 20
h. Two hundred pL. of each medium supernatant was
mixed with 400 L. of TBARS assay solution and then
boiled at 95°C for 30 min. The absorbance at 532 nm
was measured with 1,1,3,3-tetraethoxypropane and a se-
rial dilution standard curve was used to estimate TBARS
expressed as nmole of malondialdehyde equivalents.

GSH concentration

GSH was measured by an enzymatic recycling pro-
cedure described by Tietze (26), in which GSH is se-
quentially oxidized by 5,5"-dithiobis (2-nitrobenzoic acid)
and reduced by NADPH in the presence of glutathione
reductase. Cells (5% 10° cells) in 10 mm dishes were pre-
incubated with and without indicated concentrations of
HDMPPA for 2 h, and then incubated with LPS (2 ug/
mL) for 20 h. The medium was removed and the cells
were washed twice with PBS. One mL of PBS was added
and cells were scraped from the dishes and collected.
Cell suspensions were sonicated 3 times for 5 s each
time on ice and then cell sonicates were centrifuged at
4,500 rpm for 10 min. Four hundred pL of cell super-
natant was mixed with 200 pL of 5% sulfosalicylic acid
and then centrifuged at 4,500 rpm for 10 min. Fifty pL
of supernatant was mixed with 100 UL of reaction mix-
ture [100 mM sodium phosphate buffer with 1 mM EDTA
(pH 7.5), 1 mM dithiolnitirobezene, 1 mM NADPH, 1.6
U glutathione reductase]. The rate of 2-nitro-5-thio-benzoic
acid formation was monitored spectrophotometrically at
412 nm. GSH content was determined by comparision
of the rate to a standard curve generated with known
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amount of GSH.

Electrophoretic mobility shift assay (EMSA)

Nuclear protein was extracted with slight modification
of the method of Dignam et al. (27). Cells (5 X 10° cells)
in 10 mm dishes were preincubated with and without
indicated concentrations of HDMPPA for 2 h, and then
incubated with LPS (2 pug/mL) for 20 h. Cells were lysed
with -buffer containing 0.6% igepal, 0.15 M NaCl, 10 mM
Tris pH 7.9, 1 mM EDTA and 0.1% protease inhibitor
cocktail; mixed, kept on ice for 5 min, and centrifuged
at 2,300 rpm for 5 min at 4°C. Pelleted nuclei were re-
suspended in 50 L of extraction buffer [10 mM Hepes,
pH 7.9, 0.1 mM EGTA, 0.1 mM EDTA, 1.5 mM MgCl,,
420 mM NaCl, 25% glycerol, 1 mM DTT, and 0.33%
protease inhibitor cocktail]. Following gentle mixing and
keeping on ice for 20 min, samples were centrifuged at
2,300 rpm for 5 min at 4°C. The supernatant fractions
were transferred to new tubes and stored at -70°C. Pro-
tein concentration was determined by the Bradford assay
(28). For the EMSA, NFkB-specific oligonucleotide was
end-labeled with [ r -’PJ-ATP using T4 polynucleotide
kinase (Promega, Madison, W1, USA) and purified using
a microspin G-25 column (Amersham Inc., Piscataway,
NJ, USA). An EMSA was performed according to
Promega’s instruction manual. Five mg of nuclear pro-
tein, 2 1L binding buffer, 1 pL *P-labeled NFkB, and
loading buffer were incubated for 30 min at room tem-
perature. In competition assays, a 100-fold excess un-
labeled NFxB was added 10 min before addition of
radiolabeled probe. DNA-protein complexes were sepa-
rated from unbound DNA probes by electrophoresis
through 4% polyacrylamide gel by using 0.5X TBE as
the running buffer. The gels were dried and exposed to
an X-ray film for 2 h at room temperature and the bands
were quantitated by a phospho imager (Packard, USA).

Statistical analysis

All data are expressed as the means+SD. The sta-
tistical analyses were performed on an SPSS program.
One-way ANOVA and Duncan’s multiple range test were
used to examine the difference between groups. P values
<0.05 were considered significant, if not otherwise
stated.

RESULTS AND DISCUSSION

NO production

Multiple studies have implicated elevated NO pro-
duction in activated macrophages in inflammation, the
development of atherosclerosis, and cancer (4,6,11). This
study was designed to investigate the effect of HDMPPA
on NO production and intracellular oxidative stress, and

the inhibition of NFkB activation as its possible mech-
anism of antioxidant activity in LPS-stimulated RAW
264.7 murine macrophage cells. LPS treatment signifi-
cantly elevated nitrite generation, the oxidative product
of NO, above that of LPS-untreated negative controls,
which has also been documented by other investigators
(13,14,16). HDMPPA at a 400 pM concentration sup-
pressed NO production to 76% of the LPS-treated control
(Fig. 2). Cell viability was >95% at the concentrations
used, as assessed by the neutral red assay, which clearly
demonstrates that HDMPPA suppression of NO produc-
tion is not due to cell death.

NO is involved in phagocytosis at the physiological
level. However, NO can lead to amplification of inflam-
mation and tissue injury when produced in large amounts.
NO reacts rapidly with superoxide to form peroxynitrite,
a powerful oxidants, that damages many biological mole-
cules, including DNA (29,30), and upregulates DNA-
binding activity of NFKB in macrophages activated by
pro-inflammatory stimulants (6). Pre-incubation of the
cells with HDMPPA before LPS treatment did not affect
TBARS status (Fig. 3), suggesting that either it does not
attenuate lipid peroxidation in LPS-stimulated macro-
phages or that TBARS is not a sensitive method to
analyze the status of intercellular oxidative stress in cell
systems.

GSH concentration
Since GSH plays an important role in the protection
of cells against oxidative stress, we also measured the
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Fig. 2. Inhibitory effect of HDMPPA on NO })roduction in
LPS-stimulated RAW 264.7 cells. Cells (4 X 10°/plate) in 24-
well plates were first incubated with and without indicated
concentrations of HDMPPA for 2 hr, and then incubated with
LPS (2 ug/mL) for 20 hr. Untreated is negative control without
LPS treatment. Data represent the means & SD of triplicate ex-
periments. Values sharing same superscript are not signific-
antly different at p<0.05.
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Fig. 3. Inhibitory effect of HDMPPA on TBARS generation
in LPS-stimulated RAW 264.7 cells. Cells (4 X 10’ cells) in
24-well plates were first incubated with and without indicated
concentrations of HDMPPA for 2 hr, and then incubated with
LPS (2 pg/mL) for 20 hr. Untreated is negative control without
LPS treatment. Data represent the means*SD of triplicate
experiments.
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Fig. 4. Effect of HDMPPA on GSH concentration in LPS-
stimulated RAW 264.7 cells. Cells (5X 10° cells) in 10 mm
dishes were first incubated with and without indicated con-
centrations of HDMPPA for 2 hr, and then incubated with LPS
(2 pg/mL) for 20 hr. Untreated is negative control without LPS
treatment. Data represent the means®SD of triplicate exper-
iments. Values sharing same superscript are not significantly
different at p<0.05.

level of GSH in LPS-stimulated RAW 264.7 cells. As
shown in Fig. 4, exposure of RAW 264.7 cells to LPS
significantly decreased GSH concentrations. GSH levels
remained at the level of LPS-untreated controls when
treated at 100 and 200 uM concentrations and were even
higher with 400 pM HDMPPA. Depletion of GSH by oxi-
LDL treatment and recovery from the oxidative injury
by the pre-incubation with aged garlic extract possessing
antioxidative activity was reported in cultured endo-

300000

250000 |

200000

Arbitrary Unit

150000 | b
100000 }

50000 |

.z

Untreated

0 100 200 400
HDMPPA (uM)+LPS (2 ug/mL)

Fig. 5. Effect of HDMPPA on NFxB activity in LPS-stim-
ulated RAW 264.7 cells. Cells (5 x 10° cells) in 10 mm dishes
were first incubated with and without indicated concentrations
of HDMPPA for 2 hr, and then incubated with LPS (2 pg/mL)
for 20 hr. Untreated is negative control without LPS treatment.
(A) DNA binding activity of NFkB was performed by EMSA.
(B) Values are expressed as relative intensity of radioactivity.
Data represent the means =SD of triplicate experiments. Val-
ues sharing the same superscript are not significantly different
at p<0.05.

thelial cells (31). Furthermore, Mizutani et al. (30). sug-
gested that increased GSH level by phytoestrogen treat-
ment in vascular smooth muscle cells was due to en-
hanced expression of the rate-limiting enzyme for GSH
synthesis, glutamylcysteine synthetase. Thus, an increase
in GSH content by HDMPPA treatment could lead to
decreased intracellular oxidative stress, and thus is part of
the mechanism for the antioxidative effect of HDMPPA.

DNA binding activity of NFkB

Early works implicated ROS in LPS-stimulated NFxB
activation, which was largely based on the suppression
of both oxidative stress and NFkB activation by anti-
oxidants (13-15). Specific DNA binding of NFkB using
EMSA showed that LPS treatment of RAW 264.7 cells
enhanced NFkB activation (Fig. 5A, lane 2). The band
representing the nuclear extract was competitively in-
hibited by 100-fold excess of unlabelled NFkB oligonu-
cleotide (Fig. 5A, lane 3). Pre-incubation of cells with
100~400 UM concentrations of HDMPPA up-regulated
NFkB activity in a dose-dependent manner (Fig 5B). The
concentrations of HDMPPA used in this study did not
affect cell viability. We used 5 g of nuclear protein ex-
tracted from macrophages treated with different levels
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of HDMPPA and LPS. Thus, the differences in NFxB
activities among treatments were not due to differences
in cell number per treatment. Based on the observations
made in this study, the up-regulation of LPS NFxB
activation by HDMPPA in RAW 264.7 cells appears to
be a different behavior from that of antioxidants. It has
been reported that carnosol (13), an antioxidant in rose-
mary, and Se (15) can specifically prevent activation of
NFxB by LPS in RAW 264.7 cells. Our previous studies
using rats and rabbits confirmed strong antioxidative
activity of HDMPPA present in kimchi. However, chem-
ically synthesized HDMPPA in this in vitro study showed
very weak antioxidative activity, which might be due to
differences in the conformational form between native
and synthesized HDMPPA. In summary, HDMPPA may
attenuate intracellular oxidative stress by directly scav-
enging NO and delaying the consumption of cellular
GSH. Further studies to synthesize the derivatives of
HDMPPA in kimchi with strong antioxidative and anti-
inflammatory activity are needed.
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