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ABSTRACT Macrophage foam cell formation by oxidized low-density lipoprotein (oxLDL) is a key step in the progression
of atherosclerosis, which is involved in cholesterol influx and efflux in macrophages mediated by related proteins such as
peroxisome proliferator-activated receptor y (PPAR?Y), CD36, PPARo, liver-X receptor o (LXRax), and ATP-binding cassette
transporter A1 (ABCAL1). The aim of this study was to investigate the beneficial effects of kimchi methanol extract (KME) and
a kimchi active compound, 3-(4'-hydroxyl-3',5'-dimethoxyphenyl)propionic acid (HDMPPA) on cholesterol flux in THP-1-
derived macrophages treated with oxLDL. The effects of KME and HDMPPA on cell viability and lipid peroxidation were
determined. Furthermore, the protein expression of PPARy, CD36, PPAR«, LXRa, and ABCA1 was examined. OxLDL
strongly induced cell death and lipid peroxidation in THP-1-derived macrophages. However, KME and HDMPPA signifi-
cantly improved cell viability and inhibited lipid peroxidation induced by oxLDL in THP-1-derived macrophages (P <.05).
Moreover, KME and HDMPPA suppressed CD36 and PPARy expressions, both of which participate in cholesterol influx. In
contrast, KME and HDMPPA augmented LXRo, PPARa, and ABCA1 expression, which are associated with cholesterol
efflux. Consequently, KME and HDMPPA suppressed lipid accumulation. These results indicate that KME and HDMPPA
may inhibit lipid accumulation, in part, by regulating cholesterol influx- and efflux-related proteins. These findings will thus

be useful for future prevention strategies against atherosclerosis.
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INTRODUCTION

IMCHI Is A Korean fermented vegetable side dish made

with vegetables and condiments such as red pepper, garlic,
ginger, and onion.' Three hundred different kinds of kimchi are
available in Korea. The nutritional value of kimchi is consid-
ered high because kimchi is rich in dietary fiber, vitamins, and
minerals. Kimchi became a worldwide food due to its functional
properties. Health benefits of kimchi such as its antioxidant,”
lipid-lowering,** antitumor,” and antiatherogenic effects®’ are
well documented. Recently, antiviral effects of kimchi, partic-
ularly against severe acute respiratory syndrome, had drawn
considerable attention. This antivirus effect is believed to be
attributable to the lactic acid of kimchi. On the other hand,
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an antiviral effect of another product of lactic acid bacteria
isolated from kimchi has been reported.® 3-(4’-hydroxyl-3',5'-
dimethoxyphenyl)propionic acid (HDMPPA), with a molecu-
lar weight 226 kDa, was isolated and identified as an active
compound from the dichloromethane fraction of Korean cab-
bage kimchi.” HDMPPA demonstrated an antioxidant activity
in vitro.” HDMPPA also revealed preventive and therapeutic
properties in hypercholesterolemic rabbits. The serum choles-
terol level increase was suppressed and intimal thickness of
aorta was reduced in rabbits, and these effects were comparable
to those of simvastatin, a hypocholesterolemic drug.!®"'? The
mechanisms of action of HDMPPA for preventing atheroscle-
rosis were involved in modulating the expressions of adhesion
molecules and suppression of inflammatory molecule expres-
sions. The protein levels of vascular adhesion molecule and
intercellular adhesion molecule at aorta were decreased and the
nuclear factor kappa B (NF-xB) protein level was also decreased
in the aorta of apoE KO mice.'?

Oxidized low-density lipoprotein (oxLDL), known as a
key factor in the development of atherosclerosis, is involved
in cholesterol accumulation in macrophages by means
of internalizing them into the cells through binding with
scavenger receptors on the membrane, which subsequently
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develop into foam cells. Cholesterol accumulation in mac-
rophages is a result in the imbalance of cholesterol in-
flux and efflux."® Generally, scavenger receptors recognize
modified LDL and bind with it. Scavenger receptors are
categorized into scavenger receptor class A (SR-A), SR-B,
and others (including CD68). Among them, CD36 belongs
to SR-B and is particularly involved in internalizing oxLLDL,
leading to promote the cellular accumulation of cholester-
ol.'*17 ATP-binding cassette transporters Al (ABCA1) and
ATP-binding cassette transporter G1 (ABCGI) are respon-
sible for efflux of cholesterol in macrophages.'®

CD36, an 88 kDa transmembrane glycoprotein, is a fatty acid
translocase.'” CD36 was originally identified as a glycoprotein
IV on platelets, but it is also expressed by various cells such as
monocytes, macrophages, smooth muscle cells, and endothelial
cells.?® CD36 acts as a receptor for many ligands, but predom-
inantly binds to oxLLDL, and initiates translocation of choles-
terol in the cell where it may promote transcriptional changes.”!
Upregulation of CD36 by oxLDL transactivates peroxisome
proliferator-activated receptor y (PPARY) through the mitogen-
activated protein kinase pathway, subsequently forming a
heterodimer with the retinoid X receptor (RXR).!7-?? In addi-
tion, protein kinase C (PKC) and protein kinase B (PKB) are
activated by CD36 expressions.?*?* In particular, the upregula-
tion of CD36 induces the differentiation of macrophages into
foam cells,” thus initiating the progression of atherosclero-
sis. Furthermore, CD36 expression is also involved in choles-
terol efflux; it regulates PPARs, liver X receptor (LXR), and
ABCA1.2%?7 LXR activation by lipoprotein-derived cholesterol
has the potential to not only activate the cholesterol efflux
pathway but also to modulate the intracellular distribution of
cholesterol. Taken together, these observations show that the
control of CD36 expression is strongly associated with the eti-
ology of atherosclerosis. Recently, synthetic compounds such as
PPAR agonists and LXR agonists have been shown to delay
atherosclerosis by stimulating reverse cholesterol transport from
macrophages.?® Therefore, searching for natural compounds that
modulate macrophage functions represents an attractive strategy
for the prevention and treatment of cardiovascular diseases.

In this study, we investigated the beneficial effects of kim-
chi methanol extract (KME) and a kimchi active compound,
HDMPPA, in THP-1-derived macrophages. The effects of
KME and HDMPPA on cell viability and lipid peroxidation
were studied. In addition, the expression of protein modulators
of cholesterol flux, including CD36, PPARy, LXRa, PPAR«,
and ABCA1, was examined. Finally, the inhibitory effects on
lipid accumulation in macrophages were examined.

MATERIALS AND METHODS
Materials

Phorbol 12-myristate 13-acetate (PMA) and LDL were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). 3-(4,5-Dimethylthiazol-2-yl1)-2,5-dipheny] tetrazolium
bromide (MTT), RPMI 1640, fetal bovine serum (FBS), and
penicillin—streptomycin were obtained from Invitrogen Co.
(Carlsbad, CA, USA). Antibodies for PPARy, CD36, PPAR«,
LXRa, ABCAL, and f-actin and horseradish peroxidase-

conjugated anti-rabbit and mouse Ig were purchased from
SantaCruz Biotechnology (Santa Cruz, CA, USA). Enhanced
chemiluminescence (ECL) advanced detection kits were
purchased from Pierce Biotechnology, Inc. (Rockford, IL,
USA). All other chemicals used were of ACS grade.

Preparation of KME and HDMPPA

Fermented Korean cabbage kimchi (pH 4.2) was freeze-
dried and sample powders prepared. Chemically synthesized
HDMPPA was kindly provided by Professor Suh (Depart-
ment of Chemistry, P University, Busan, Korea). HDMPPA
was also isolated and identified from dichloromethane frac-
tion of Korean cabbage kimchi by our team and its chemical
characterization was already published.” Figure 1 shows the
chemical structure of HDMPPA.

Oxidation of LDL-C

Lyophilized LDL cholesterol (LDL-C) was dissolved in
phosphate-buffered saline (PBS) and dialyzed against PBS
at 4°C for 20h. The total protein content of the LDL-C
preparation was measured. Thereafter, LDL-C oxidation
was performed by incubating with 10 uM CuSO4 at 37°C for
24 h. Lipid peroxidation by oxLDL was determined as
thiobarbituric acid reactive substances (TBARS) and ex-
pressed as malondialdehyde (MDA) equivalents.

Cell culture

The human monocyte line THP-1 was obtained from the
Korean Cell Line Bank (KCLB, Seoul, Korea). THP-1 cells
were grown in the RPMI 1640 medium supplemented with
10% heat-inactivated FBS, 20 IU/mL penicillin, and 20 ug/mL
streptomycin. THP-1 cells were seeded into 96-well plates at a
density of 1x10° cells/well in the RPMI 1640 medium and
maintained at 37°C in a humidified atmosphere of 5% CO,. For
differentiation into macrophages, 200 ng/mL PMA was added
to THP-1 cells and incubated for 24 h. Furthermore, THP-1
macrophages were incubated with 100 ug/mL oxLLDL for 48 h
to induce foam cell formation. The FBS-free RPMI 1640
medium was used in this study.

Cell viability assay

Cell viability was measured by MTT (a yellow tetrazole)
assay. Briefly, THP-1-derived macrophages were incubated
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FIG. 1. Chemical structure of 3’-(4’-hydroxyl-3’,5'-dimethoxy-
phenyl)propionic acid (HDMPPA).
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with or without KME (100, 250, and 500 pg/mL) and
HDMPPA (10, 25, and 50 pug/mL) for 24 h. Thereafter, 100 ug/
mL oxLDL was added to each well for 48h. At the end of
culture, 100 uL. MTT (5 mg/mL in PBS) was added and in-
cubated for 4 h. The media were removed and 100 uL. dimethyl
sulfoxide (DMSO) was added to solubilize the formazan
crystals. Absorbance at 540 nm was measured using a micro-
plate reader.

Lipid peroxidation assay

Lipid peroxidation was measured by using a TBARS assay.
THP-1-derived macrophages were incubated with or without
KME (100, 250, and 500 pg/mL) and HDMPPA (10, 25, and
50 ug/mL) for 24 h followed by the addition of 100 ug/mL
oxLDL in each well for 48 h. Two hundred microliters of each
medium supernatant was mixed with a 400 uL. TBARS solu-
tion and then boiled at 95°C for 30 min. Absorbance at 532 nm
was measured and calculated from the standard curve. TBARS
values were expressed as equivalent nmoles of MDA.

Western blot analysis

THP-1-derived macrophages were incubated with or
without KME (500 pug/mL) and HDMPPA (50 ug/mL) for
24 h followed by the addition of 100 ug/mL oxLDL to each
well for 48h. THP-1-derived macrophages were washed
with cold PBS and lysed with the lysis buffer. After allowing
the mixture to stand on ice for 30 min, it was then centrifuged
at 4°C, 12,000, for 20 min to obtain the cell lysate. The
protein concentration was determined by the Bradford assay.
Fifty micrograms of the cell lysate was subjected to 10%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
gel and transferred to nitrocellulose membranes. The mem-
brane was then blocked in 1% skim milk for 2h at room
temperature (RT). The blocked membrane was incubated
with specific primary antibodies (CD36, PPARy, PPAR«,
LXRa, or ABCAT1 at 1:200 dilution, and f-actin at 1:1000
dilution) for 2h at RT. After washing with PBST (0.1%
Tween 20 in PBS), the membrane was incubated with a
species-specific horseradish peroxidase-conjugated second-
ary antibody (goat anti-mouse IgG at 1:5000 dilution) for 1 h
at RT. Finally, the membrane was washed and the antigen
signal was detected by ECL. Band intensities were quantified
by ImageJ Software (NIH) and normalized to the internal
control f-actin. Percent changes of target gene expression
were calculated by comparing their expression levels in cells
with different treatments to that in control cells.

Oil Red O staining assay

To determine lipid accumulation in THP-1-derived
macrophages, cells were plated at a density of 1.0x10°
cells/well in six-well plates and incubated with 100 ug/mL
oxLDL for 48 h. Cells were washed three times with PBS
and fixed with 10% formalin in PBS for 1h at RT. Cells
were stained with 0.1 mL/mL Oil Red O solution for 2h,
washed three times with water, and all the water was al-
lowed to evaporate (at 32°C for 45 min). Stained cells were

observed in situ under a microscope (100 X fields, Olympus
IX70; Olympus Tokyo, Japan), and lipid accumulation was
quantified using the isopropanol extracts from the stained
cells by using a spectrophotometer at 510 nm.?®

Statistical analysis

All experiments were repeated three times. Results are
expressed as mean * SD. Statistical analyses among the groups
were performed using a SAS program. Statistical significance
was determined by one-way ANOVA followed by a Duncan’s
multiple-range test. In all statistical analyses, P-values below
.05 were considered significant.

RESULTS

KME and HDMPPA improved the cell viability
of THP-1 cells by delaying LDL oxidation

As shown in Figure 2, cell viability was significantly
reduced because of LDL-C oxidation as the peroxidized
lipid accumulation in the cell medium increased (Fig. 3).
The cell viability that was decreased by oxLLDL was in-
creased in the presence of KME or HDMPPA in a dose-
dependent manner (Fig. 2A, B). KME (500 pug/mL) and
HDMPPA (50 ug/mL) significantly elevated cell viability
to 60.51% and 60.16%, respectively (P <.05). HDMPPA,
the active principle compound in Korean cabbage kimchi,
displayed an antioxidant activity’ owing to the hydroxyl
groups in its structure (Fig. 1).

KME and HDMPPA partially attenuated cholesterol
influx by downregulating CD36 expression

To elucidate the effects of KME and HDMPPA in THP-
1-derived macrophages by oxLDL, the expression of
atherosclerosis-related proteins such as CD36, PPARy, PPAR«,
LXRa, and ABCA1 were examined by Western blot (Fig. 4A).
As shown in Figure 4, PPARy (B) and CD36 (C) protein ex-
pression levels were significantly decreased following the
treatment of KME and HDMPPA compared to the levels in
the control. On addition of KME, the percentage (%) controls
of PPARy and CD36 were 90.60% and 62.08%, respectively,
whereas the values after the treatment of HDMPPA were
64.07% and 41.17%, respectively. In addition, PPARo, LXRa,
and ABCAL1 protein expression levels in THP-1-derived mac-
rophages treated with oxXLDL were determined. As shown in
Figure 4D, PPAR« expression was significantly increased by
KME and HDMPPA compared with the expression levels in
the control. This phenomenon was also observed for the ex-
pression of LXRo; KME increased LXRo protein expression by
28.92%, and HDMPPA elevated LXRo expression by 53.52%
(P<.05). As expected, the expression of ABCAI was also
significantly increased by KME (28.06%) and HDMPPA
(137.96%) compared with the control (P <.05).

KME and HDMPPA attenuated lipid accumulation

As shown in Figure 5A, lipid accumulation in THP-1-
derived macrophages was evidently suppressed in the
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FIG. 2. Protective effect of KME (A) and HDMPPA (B) on cell viability. THP-1-derived macrophages were incubated with different concen-
trations of KME (100, 250, and 500 pg/mL) or HDMPPA (10, 25, and 50 pg/mL) for 24 h followed by the addition of oxLDL (100 pg/mL) for 48 h.
Cell viability was then examined by MTT assay. Data are expressed as mean+SD (n=3 in triplicates, P <.05). **“Indicates significant difference.

presence of KME and HDMPPA. KME and HDMPPA sig-
nificantly decreased lipid accumulation in THP-1-derived
macrophages (Fig. 5B). Since these results were observed in
cells that survived following oxLDL damage, the data cannot
be directly compared with the cell viability results shown in
Figure 2. However, these results indicate that lipid accumu-
lation in macrophages is apparently enhanced by oxLLDL.

DISCUSSION

Macrophages play a critical role in the pathogenesis of
atherosclerosis by facilitating cholesterol accumulation in
foam cells. In particular, CD36 plays a pivotal role in
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atherosclerosis.? Numerous studies have shown that
oxLDL generally upregulates CD36 expression, leading to
the formation of foam cells. Eventually, CD36 upregulation
is strongly involved in the development of atherosclerosis.
PPARy is an important transcription factor with crucial
regulatory roles in adipogenesis and lipid metabolism.?° The
activation of PPARy by oxLDL induces the expression of
the CD36 scavenger receptor,”’ whereas PPAR agonists
have been shown to upregulate CD36 expression.*? Taken
together, CD36 downregulation is necessary to prevent the
formation of foam cells. To date, various substances have
shown to control the expression of CD36. For instance,
cholesterol-lowering statin drugs suppressed the expression
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Inhibitory effect of KME (A) and HDMPPA (B) on lipid peroxidation. THP-1-derived macrophages were incubated with different

concentrations of KME (100, 250, and 500 pug/mL) or HDMPPA (10, 25, and 50 pug/mL) for 24 h followed by addition of oxLDL (100 pg/mL) for
48h and examined by TBARS assay. Data are expressed as mean+SD (n=3 in triplicates, P <.05). *“Indicates significant difference.
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FIG. 4. Regulatory effect of KME (500 ug/mL) and HDMPPA (50 pug/mL) on protein expression. (A) Western blot analysis of PPARy, CD36,
PPARo, LXRa, and ABCAL1 protein expression. THP-1-derived macrophages were incubated with or without KME or HDMPPA for 24 h
followed by the addition of oxLDL (100 ug/mL) for 48 h. Densitometric analysis of PPARy (B), CD36 (C), PPARo (D), LXRo (E), and ABCALI
protein (F). Western blot was performed by densitometric analysis and normalized to f-actin levels. Percent changes of target gene expression
were calculated by comparing their expression levels in cells with different treatments to that in oxLDL-treated cells. Data are expressed as
mean* SD (n=3 in triplicates, P <.05). *“Indicates significant difference.

of CD36 in macrophages. Consequently, the downregulation
of CD36 would inhibit the formation of foam cells.** In this
study, CD36 expression stimulated by oxLDL was sup-
pressed in KME- and HDMPPA-treated THP-1 cells as a
result of PPARy downregulation, suggesting that KME and
HDMPPA could prevent the formation of foam cells by
downregulating the expression of CD36. Uptake of oxLLDL
through CD36 leads to activation of PPARy mediated, at
least in part, through its content of oxidized lipids.'” How-
ever, direct assay, for example, using a 1,1’-dioctadecyl-
3,3,3/,3'-tetramethylindocyanide percholorate (Dil)-labeled
oxLDL* is needed to support our results and determine
whether oxLDL migration was delayed by kimchi.
PPARa, LXRa, and ABCAL proteins are known as an-
tiatherogenic factors that modulate cholesterol efflux and
subsequently decrease cellular cholesterol accumulation.
According to the study of Chinetti et al.,?” cholesterol re-
moval from macrophage foam cells is mediated by ABCA1;
PPARo activation is required for the stimulation of the
ABCAI1 pathway that is in line with our results. PPAR«
regulates lipid homeostasis by stimulating the peroxisomal
p-oxidation of fatty acids. In particular, the activation of
PPARa leads to the upregulation of fatty acid transport
protein expression and the long-chain acyl-coenzyme A
synthase (LACS) gene in the liver.>> Consequently, PPAR«

not only stimulates energy production but also shortens
long-chain fatty acids thereby preventing lipid accumula-
tion. LXRs, another group of regulators of lipid homeostasis,
play critical roles as effectors in feed-forward mechanisms
that prevent the cellular accumulation of cholesterol. There
is a suggestion that LXR agonists can be used as potent
agents for the prevention of atherosclerosis.*®*” ABCA1 is a
member of the superfamily of ABC transporters involved
in cellular cholesterol and phospholipid homeostasis.*®
ABCAT mediates cholesterol efflux most efficiently to lipid-
poor apolipoprotein Al, whereas ABCGI1 promotes choles-
terol export to lipidated particles such as high-density
lipoprotein (HDL). Larrede S et al.'® reported that efflux of
cholesterol from human foam cell macrophages to HDL is
independent of ABCGI expression, but specifically requires the
expression of ABCAL, suggesting that the ABCA1 pathway is
important for transporting cholesterol from human macro-
phages. Generally, oxLDL only reduces ABCAI expression.
These findings indicate that KME and HDMPPA play a sig-
nificant role in cholesterol homeostasis through the regula-
tion of proteins, including PPARa, LXRo, and ABCAL. In the
study of cholesterol homeostasis regulation, 2-(N-(7-Nitrobenz-
2-oxa-1,3-diazol-4-yl)amino)-23,24-bisnor-5-cholen-3-ol
(NBD-cholesterol) is used to determine cholesterol efflux
directly; however, ABCA1 protein expression is also
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FIG. 5. Inhibitory effect of KME
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O staining. THP-1-derived macro-
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considered as one of the major and important regulatory
factors in the cholesterol efflux mechanism study.?*!

The possible mechanisms involved in these processes out-
lined above might be due to the suppressed lipid accumula-
tion by PPAR« upregulation and PPARy downregulation. As
mentioned above, KME and HDMPPA enhanced PPAR«
expression and inhibited PPARy expression. In addition, KME
and HDMPPA enhanced the ABCAl-mediated cholesterol
efflux from lipid-laden foam cells through transcriptional
mechanisms pertaining to PPARy and LXRa signaling. Taken
together, KME and HDMPPA confer a protective activity
against lipid accumulation through the regulation of the ex-
pression of these related proteins. In our study, we did not
investigate other scavenger receptor mechanisms such as
SR-A, SR-B1, or CD68, which are also known factors involved
in cholesterol influx to the macrophage. SR-A'¢ and SR-B1'#
both mediate the internalization of oxLDL to the macrophage,
but foam cell formation was only observed in SR-A-mediated
cholesterol influx. It seems that SR-B1 also modulates cho-
lesterol efflux.'> CD36, but not SR-A, is transcriptionally in-
duced by PPARy agonists in THP-1 cells.'” SR-B1 is able to
bind mature HDL and, through a process termed selective lipid
uptake, is able to mediate bulk transfer of cholesterol esters
from the bound HDL to the cell. SR-B1 is prominently ex-
pressed in the liver and other steroidogenic organs but can also
be found in macrophages and endothelial cells.””> ABCGI is
another major receptor that mediates cholesterol efflux. As
mentioned earlier, cholesterol efflux from human foam cell
macrophages to HDL is independent of ABCGI expression,

but specifically requires the expression of ABCAl. PPARy
positively controls cholesterol efflux in macrophages by en-
hancing the expression of SR-B1 and ABCA1l. PPARo and
PPARy ligands induced the expression of the cholesterol
transporter ABCA1 and stimulated cholesterol efflux in mac-
rophages by a mechanism involving induction of the LXRo.?’

In conclusion, KME and HDMPPA had a protective
effect on the cell viability of THP-1-derived macrophages
through the inhibition of lipid peroxidation. In particular,
KME and HDMPPA have significant roles in the regulation
of CD36 and ABCAI1 expression, both of which at least
partially participated in cholesterol influx and efflux. Based
on these results, the intake of kimchi might be beneficial for
the treatment of degenerative diseases such as cardiovas-
cular disease by attenuating cholesterol accumulation in
macrophages through the regulation of CD36 and ABCAI
expression. Future studies should utilize direct assays for
measuring cholesterol flux in macrophages and examine
regulatory genes responsible for cholesterol transport to
confirm the effects of kimchi.
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