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Caffeic acid phenethyl ester suppresses monocyte
adhesion to the endothelium by inhibiting
NF-xB/NOX2-derived ROS signaling
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Caffeic acid phenethyl ester (CAPE), one of the major polyphenols,
exhibits anti-oxidative, anti-bacterial, and anti-cancer properties.
Atherosclerosis is a chronic inflammatory disease, the progression
of which is closely related to the accumulated adhesion of inflam-
matory monocytes/macrophages to the endothelium. We herein
determined whether CAPE and its derivatives suppressed THP-1
cell adhesion to human umbilical vein endothelial cells (HUVEC).
Of the four polyphenols tested, CAPE significantly suppressed the
12-O-tetradecanoylphorbol 13-acetate (TPA)-elicited expression of
cluster for differentiation (CD) 11b, 14, and 36, and this was
accompanied by the inhibition of THP-1 cell adhesion to HUVEC.
CAPE also suppressed the activation of TPA-elicited nuclear factor-
kB (NF-xB) and accumulation of NADPH oxidase 2 (NOX2)-derived
reactive oxygen species (ROS), but did not affect extracellular
signal-regulated kinase (ERK) phosphorylation. Taken together,
these results demonstrated that CAPE suppressed THP-1 cell adhe-
sion to HUVEC through, at least in part, the NF-kB, NOX2, and
ROS-derived signaling axis.
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therosclerosis is a chronic inflammatory disease that is

initiated by the activation of endothelial cells following
monocyte/macrophage adhesion to endothelial cells."> A pre-
vious study reported that some adhesion molecules including
vascular adhesion molecule-1 (VCAM-1) and intracellular adhe-
sion molecule-1 (ICAM-1), which are expressed in activated
endothelial cells, played critical roles during the initiation step of
atherosclerosis.® Other adhesion molecules such as cluster for
differentiation (CD) 11b, 14, and 36, which are expressed in
monocytes/macrophages, were also shown to be involved in the
progression of monocyte/macrophage adhesion to endothelial
cells following the formation of foaming cells.*® Previous findings
demonstrated that intracellular reactive oxygen species (ROS)
such as superoxide and hydrogen peroxide induced VCAM-1,
ICAM-1, and CDs, and these processes exacerbated athero-
genesis.”® Therefore, scavenging the excess production of ROS
may suppress atherogenesis.

Caffeic acid phenethyl ester (CAPE) is a major polyphenol
commonly contained in fruits, vegetables, wine, propolis, and
coffee, and its analogues, such as caffeic acid (CA), ferulic acid
(FA), and chlorogenic acid (CGA), exist in abundant amounts
in coffee.*'» These polyphenols include the plural phenolic
hydroxyl group in their molecules, which is known to have various
health benefits as well as anti-oxidative properties.*~' Moreover,
it has been reported that CAPE has the ability to inhibit nuclear
factor-kB (NF-xB) in human leukemic U937 cells."'® The preven-
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tion of arteriosclerosis through the intake of coffee has already
been reported and has been attributed to the polyphenols in
coffee.(”-1®)

In this study, we examined the effects of CA, FA, CGA, and
CAPE on 12-O-tetradecanoylphorbol 13-acetate (TPA)-elicited
THP-1 cell adhesion to human umbilical vein endothelial cells
(HUVEC). Of these polyphenols, CAPE markedly suppressed
TPA-elicited adhesion and was accompanied by the inhibited
induction of CDs. Furthermore, the inhibitory effects of CAPE
were, at least in part, due to the suppressed activation of NF-kB
and NADPH oxidase 2 (NOX2)-derived ROS signaling.

Materials and Methods

Reagents. TPA was purchased from Sigma-Aldrich Co. (St.
Louis, MO). 5-(and-6)-carboxy-2',7'-dichlorodihydrofluorescein
diacetate (carboxy-H,DCFDA) was purchased from Molecular
Probes (Eugene, OR). Anti-mitogen-activated protein kinase
kinase (MEK) rabbit polyclonal antibody, anti-phospho-MEK
rabbit polyclonal antibody, anti-extracellular-signal regulated
kinase (ERK) rabbit monoclonal antibody, anti-phospho-ERK
mouse monoclonal antibody, and anti-Lamin B1 rabbit polyclonal
antibody were purchased from Cell Signaling Technology
(Danvers, MA). An anti-p47”* rabbit polyclonal antibody and
anti-actin mouse monoclonal antibody were purchased from
Millipore Co. (Billerica, MA). Biotin-conjugated goat anti-rabbit
and -mouse IgG (H + L) antibodies were purchased from Invit-
rogen (Carlsbad, CA). CA, FA, and CGA were purchased from
Sigma-Aldrich Japan Ltd. (Tokyo, Japan), (Fig. 1) and CAPE,
U0126 and Calcein-AM were purchased from Wako Pure Chem.
Ind., Co., Ltd. (Osaka, Japan). BAY11-7082 was purchased from
Calbiochem (San Diego, CA).

Cell culture. THP-1 cells were cultured in RPMI1640 medium
containing 10% (v/v) heat-inactivated fetal calf serum (FCS),
100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C in a
humidified 5% CO, incubator. Regarding the differentiation of
THP-1 cells, they were seeded at 2 x 10° cells in 3.5-cm dishes,
and 100 nM TPA was added. After differentiation, the cells were
scraped and washed with cold phosphate-buffered saline (PBS),
followed by the extraction of total RNA, a flow cytometric anal-
ysis, and Western blotting.

Reverse-transcriptional polymerase chain reaction (RT-PCR)
analysis. After THP-1 cells had been treated with the various
reagents, they were lysed in 1 ml of TRIzol reagent (Invitrogen,
Carlsbad, CA). The preparation of cDNA and RT-PCR were
performed by a previously described method with minor modifica-
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tions.""” The primer sequences used in the present study were as
follows: CD11b, sense 5'-CCC CCA GGT CAC CTT CTC CG-3';
antisense 5'-GCT CTG TCG GGA AGG AGC CG-3' [525 base
pair (bp)]; CD14, sense 5'-CGA GGA CCT AAA GAT AAC CGG
C-3'; antisense 5'-GTT GCA GCT GAG ATC GAG CAC-3'
(510 bp); CD36, sense 5'-TGC CTC TCC AGT TGA AAA CCC-
3", antisense 5'-GCA ACA AAC ATC ACC ACA CCA-3'
(484 bp); NOX2, sense 5'-GGA GTT TCA AGA TGC GTG GAA
CTA-3'; antisense 5'-GCC AGA CTC AGA GTT GGA GAT
GCT-3' (550 bp); p47#"=, sense 5'-ATG AGC CTG CCC ACC
AAG AT-3"; antisense 5'-CGT CGT CTT TCC TGA TGA CC-3'
(508 bp); 18s ribosomal RNA (rRNA), sense 5'-CGG CTA CCA
CAT CCA AGG AA-3', antisense 5'-GCT GGA ATT ACC GCG
GCT-3' (187 bp). These PCR products were loaded on a 2% (w/v)
agarose gel for electrophoresis, and a densitometric analysis of the
PCR products was performed with Multi Gauge V3.0 (Fuji Film,
Tokyo, Japan).

Western blotting. Whole cell extracts and membrane frac-
tions were prepared with lysis buffers as described previously.(”
Nuclear fraction was prepared described below. The cells were
lysed in lysis buffer A (10 mM HEPES, pH 7.8 containing 10 mM
KCl, 1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol, proteinase
inhibitors, and 0.1% Triton X-100) and incubated on ice for 5 min.
After centrifugation at 1,300 g for 5 min, soluble fraction was
removed and the remaining pellets were further washed with lysis
buffer A followed by additional centrifugation at 1,300 g for
5 min. After removing supernatant, the remaining pellets were
dissolved in lysis buffer B (10 mM HEPES, pH 7.8 containing
10 mM KCl, 1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol, pro-
teinase inhibitors, and 1% Triton X-100) and sonicated briefly
using an ultrasonic homogenizer Vivracell VC100 (Sonic &
Materials, Danbury, CT). After centrifugation at 15,000 g for
10 min, soluble fraction was collected as nuclear fraction. Extracts
containing 20 pg of protein were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a
12% (w/v) polyacrylamide gel followed by electrophoretic trans-
feral onto polyvinylidene difluoride (PVDF) membranes. The
membranes were then incubated with the respective specific
primary antibodies (1:3,000). The blots were incubated with a
biotin-conjugated goat anti-rabbit or -mouse IgG antibody
(1:3,000) and then with ABC reagents (Vector Laboratories, Inc.,
Burlingame, CA) (1:5,000). Bands were detected using Super-
Signal West Pico (Thermo Scientific, Rockford, IL) or Immuno-
Star LD (Wako Pure Chem.) and imaged using an LAS-3000 UV
mini apparatus (Fuji Film).
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Structures of four coffee polyphenols: caffeic acid (CA), ferulic acid (FA), chlorogenic acid (CGA) and caffeic acid phenethyl ester (CAPE).

Measurement of intracellular ROS accumulation.  Intra-
cellular ROS accumulation was measured according to a pre-
viously described method with minor modifications."*2% Briefly,
cells were suspended followed by staining with 10 uM carboxy-
H,DCFDA in PBS containing 1% paraformaldehyde (PFA) for
20 min in a 5% CO, incubator. After being incubated, the cells
were washed with ice-cold PBS three times and resuspended in
1% PFA-PBS. The fluorescence intensities of DCF were analyzed
using FACS Verse (BD Biosciences, San Jose, CA). Analyses
were performed using BD CellQuest Pro Software.

THP-1 cell adhesion to human umbilical vein endothelial
cells (HUVECs). HUVECs were grown in CS-C medium con-
taining 10% FCS on 4-well plates. When the cells reached 80%
confluence, this experience was carried out. THP-1 cells treated
with 50 uM CAPE and/or 100 nM TPA for 24 h were labeled with
0.67 uM calcein-AM in RPMI 1640 medium containing 10%
heat-inactivated FCS for 30 min. After washing twice with PBS,
the labeled THP-1 cells were seeded at a density of 1.0 x 10° cells/
well onto HUVECs and incubated for 4 h in a CO, incubator. After
being incubated, non-adherent cells were removed by gentle
washing twice with PBS and images of random fields were
captured using the HS All In One fluorescence microscope BZ-
9000 (Keyence, Osaka, Japan).

Statistical Analysis. Data are expressed as the means + SD
of three independent experiments. Statistical evaluations of the data
were performed using ANOVA followed by a post hoc Bonferroni
test. A p value of less than 0.05 was considered significant.

Results

Effects of coffee polyphenols on TPA-elicited expression
of CD11b, CD14, and CD36 in THP-1 cells. The treatment of
THP-1 cells with TPA significantly induced CD11b, CD14, and
CD36, which are well-known monocyte differentiation markers
and adhesion molecules. Of the 4 polyphenols tested, CA and FA
did not affect the TPA-elicited CDs expression, whereas CGA
significantly suppressed the induction of CD36 (Fig. 2A). On the
other hand, the pretreatment with CAPE markedly suppressed
these inductions in a dose-dependent manner (Fig. 2B).

The pretreatment with CAPE suppressed TPA-induced
THP-1 cell adhesion to HUVECs. It has been well recognized
that monocyte/macrophage adhesion to the endothelium is the
initiation step for the progression of atherosclerosis. Therefore, we
next investigated whether CAPE suppressed TPA-elicited THP-1
cell adhesion to HUVEC using calcein-AM. As shown in Fig. 3,
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Effects of coffee polyphenols on TPA-elicited expression of CD11b, CD14, and CD36 in THP-1 cells. (A) THP-1 cells were pretreated with

50 uM CA, FA, CGA, or CAPE for 1 h, and then treated with or without 100 nM TPA for 24 h. (B) Cells were pretreated with the indicated concentra-
tions of CAPE for 1 h, and then treated with 100 nM TPA for 24 h. RT-PCR was performed after the treatment. RT-PCR data were normalized using
18s rRNA levels (*p<0.05, **p<0.01 vs untreated cells, #p<0.05, #p<0.01 vs TPA-treated cells).

TPA

Fig. 3.

CAPE

TPA+CAPE

The pretreatment with CAPE suppressed TPA-induced THP-1 cell adhesion to HUVECs. THP-1 cells were pretreated with 50 uM CAPE for 1 h,

and then treated with 100 nM TPA for 24 h. After collecting THP-1 cells, the cells were stained with calcein-AM for 30 min. Cells were then seeded
onto HUVEC and incubated for 4 h, and cell adhesion to HUVEC was detected using a fluorescence microscope. The scale bar shows 50 um.

TPA markedly induced THP-1 cell adhesion, and the pretreatment
with CAPE suppressed this adhesion.

Effects of CAPE on TPA-elicited MEK and ERK phosphory-
lation. We previously reported that MEK/ERK signaling func-
tions as key molecules, which regulate CD expression in THP-1
cells and U937 cells. Accordingly, we hypothesized that the
suppression of the TPA-triggered expression of CD and THP-1
cell adhesion to HUVEC may be mediated through MEK/ERK
pathways. As shown in Fig. 4, the TPA treatment induced the
phosphorylation of MEK and ERK; however, CAPE did not affect
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this phosphorylation, suggesting that CAPE suppressed the TPA-
elicited expression of CD in a MEK/ERK-independent manner.
CAPE suppressed TPA-elicited ROS generation by inhibiting
NF-kB and NOX2 activation in THP-1 cells. We previously re-
ported that luteolin, a major flavonoid, suppresses TPA-elicited
CD expression through the inhibition of p47”* induction and its
membrane translocation. Therefore, it was speculated that CAPE
suppressed THP-1 cell adhesion through the inhibition of ROS
generation systems as well. The treatment with TPA for 24 h
induced, while the pretreatment with CAPE significantly sup-
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Fig. 4. Effects of CAPE on TPA-elicited MEK and ERK phosphorylation.
THP-1 cells were pretreated with (+) or without (-) 50 uM CAPE for 1 h,
and then treated with (+) or without (=) 100 nM TPA for 15 min. After
the cells were treated, phosphorylated-and total MEK or ERK levels
were determined by Western blotting.

pressed the intracellular ROS accumulation (Fig. 5A). Moreover,
pretreatment with BAY11-7082, an inhibitor of NF-«xB, also sup-
pressed TPA-elicited intracellular ROS accumulation (Fig. SA).
The pretreatment with U0126, an inhibitor of MEK/ERK,
BAY11-7082, or CAPE blocked the TPA-elicited nuclear trans-
location of NF-kB, and also reduced mRNA levels of NOX2
and p47”"*, a main component of NOX2 (Fig.5B and C).
Furthermore, the pretreatment with CAPE completely blocked
TPA-induced p477™* translocation to the membrane (Fig. 5D),
suggesting that the inhibitory effects of CAPE on the TPA-
induced expression of CD, and THP-1 cell adhesion may be
related to the suppressed activation of NF-kB and intracellular
ROS accumulation.

Discussion

Atherosclerosis, a chronic inflammatory disease, is character-
ized by the excess accumulation of activated and foamed macro-
phages in the intima.?*» Foamed macrophages generate ROS,
secrete inflammatory cytokines such as tumor necrosis factor-o
and transforming growth factor-f, and advance vascular smooth
muscle cell proliferation and migration, leading to neointima
hypertrophy and infarction.”® Therefore, the regulation of mono-
cyte adhesion to endothelial cells as well as blockade of foaming
cell formation may suppress the progression of atherosclerosis.

CAPE is a polyphenol that exhibits several physiological pro-
perties such as anti-oxidative, anti-bacterial, and anti-cancer
effects. We previously reported that the administration of CAPE
induced human breast cancer MCF-7 cell apoptosis by inducing
endoplasmic reticulum stress.®® On the other hand, previous
studies demonstrated that CAPE exhibited potent radical scav-
enging activity and the ability to induce heme oxygenase-1.%42>
Hence, CAPE may suppress the progression of atherosclerosis by
inhibiting ROS-related signaling. As expected, of the 4 poly-
phenols tested, CAPE markedly suppressed TPA-elicited CD
induction (Fig.2). Moreover, we also determined that CAPE
suppressed TPA-elicited THP-1 cell adhesion to HUVEC (Fig. 3).
Based on our previous findings,®” the inhibitory effects of CAPE
on the induction of CD was considered to depend on ROS
signaling mediated by the TPA-elicited activation of NOX2. The
anti-oxidative properties of polyphenols have generally been
attributed to the catechol ring in its structure;*® however, its
hydrophobicity also determines physiological activities. We pre-
viously reported that luteolin, one of the major flavonoids with a
catechol ring, suppressed the TPA-elicited expression of CD in
THP-1 cells. On the other hand, tricetin, another flavonoid with a
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Fig. 5. CAPE suppressed TPA-elicited ROS generation by inhibiting NF-

kB and NOX2 activation in THP-1 cells. (A) ROS accumulation. THP-1 cells
were pretreated with (+) or without (-) 10 uM BAY11-7082 (BAY) or
50 uM CAPE for 1 h, and then treated with (+) or without (-) 100 nM
TPA for 24 h. After this treatment, intracellular ROS accumulation was
measured by flow cytometry (**p<0.01 vs vehicle, #p<0.01 vs TPA-treat-
ed cells). (B) Nuclear translocation of NF-kB. Cells were pretreated with
5 uM U0126 (U), 50 uM CAPE, or 10 uM BAY for 1 h, and then treated
with 100 nM TPA for 4 h. After this treatment, the nuclear translocation
of NF-xB was determined by Western blotting. (C) mRNA analysis. Cells
were pretreated with 50 uM CAPE or 10 uM BAY for 1h, and then
treated with 100 nM TPA for 6 h. The mRNA expression of NOX2 and
p47°rhox was then determined. RT-PCR data were normalized using 18s
rRNA levels (*p<0.05 vs untreated cells, #p<0.01 vs TPA-treated cells).
(D) Membrane translocation of p47rhox. Cells were pretreated with (+) or
without (-) 50 uM CAPE for 1 h, and then treated with (+) or without (-)
100 nM TPA for 12 h. After this treatment, the membrane translocation
of p47rhox was determined by Western blotting.

3 hydroxyl group in ring B, did not affect the induction of CD.?”
A previous study reported differences in the absorption and
accumulation of nobiletin, which has a methoxy group, and
luteolin in rat tissues.®® Although it currently remains unknown
whether polyphenols are taken up by THP-1 cells effectively,
differences in the cell permeabilities of the 4 polyphenols examined
may be involved in their inhibitory effects against the TPA-
elicited CD induction.
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HUVEC. CAPE blocks the TPA-elicited induction of CD by suppressing NF-kB nuclear translocation and NOX2-derived ROS generation. This axis may
be involved in the suppression of TPA-elicited THP-1 cell adhesion to HUVEC.

Previous studies showed that MAPK, including ERK, c-jun N-
terminal kinase, and p38-MAPK, played critical roles in physio-
logical processes such as cell proliferation, differentiation, and
apoptosis.?*3® Of these, ERK-derived signal transduction was
found to induce the expression of CD during monocytic differen-
tiation.">?” However, CAPE rather increased TPA-elicited
MEK/ERK phosphorylation (Fig. 4), and this finding is same to
our previous report.?” Recently, it has been reported that CAPE
induces heme oxygenease-1, an anti-oxidative enzyme, through
the activation of NF-E2-related factor 2 (Nrf2) in HepG2 cells.®?
Accordingly, it raises the possibility that CAPE increases a resis-
tance against intracellular oxidative stress, and this leads to
suppress TPA-elicited CD induction; however, some additional
experiments will be necessary to determine the meaning of CAPE-
elicited ERK activation in the regulation of CD expression.

It has been well recognized that ROS act as signaling molecules
in various physiological processes including monocytic differenti-
ation to macrophages,®>> and TPA-elicited ROS generation is
derived from the activation of NOX2, a multisubunit enzymatic
complex comprising two membrane-bound subunits, gp91 and
p22phex 3637 The activation of NOX is regulated by cytoplasmic
subunits such as p477"*, p677"* and the small G protein Racl. On
the other hand, the TPA-elicited activation of NF-kB has been
shown to up-regulate some inflammatory cytokines such as tumor
necrosis factor-a and is involved in NOX2-derived ROS genera-
tion.®%3) As shown in Fig. 5, pretreatment with CAPE completely
blocked NF-«kB activation following intracellular ROS accumula-
tion. It might be possible that CAPE directly scavenges TPA-
elicited intracellular ROS generation, because it has catechol ring.
However, pretreatment with BAY11-7082 also significantly
suppressed TPA-elicited intracellular ROS accumulation as well
as CAPE (Fig. 5A), suggesting that CAPE suppressed TPA-
elicited ROS accumulation through the inhibition of NF-«xB path-
ways. Hence, the inhibitory effects of CAPE on the TPA-induced
expression of CD, and THP-1 cell adhesion might be closely
related to the suppressed activation of NF-kB and intracellular
ROS accumulation.

In the present study, we demonstrated that CAPE affected TPA-
elicited THP-1 cell adhesion to HUVEC by inhibiting the activa-
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tion of NF-kB and NOX2-derived intracellular ROS accumulation
(Fig. 6). These results show the usefulness of CAPE in the
treatment of the initial arteriosclerotic condition and provide
information for improving the quality of life of patients by pre-
venting atherosclerosis.
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Abbreviations

bp base pair
CA caffeic acid
CAPE caffeic acid phenethyl ester

carboxy-H,DCFDA
5-(and-6)-carboxy-2',7'-dichlorodihydrofluorescein
diacetate

CD cluster for differentiation

CGA chlorogenic acid

ERK extracellular signal-regulated kinase

FA ferulic acid

FCS fetal calf serum

HUVEC human umbilical vein endothelial cells
ICAM-1 intracellular adhesion molecule-1

MEK mitogen-activated protein kinase kinase
NF-xB nuclear factor-kB

NOX NADPH oxidase

Nrf2 NF-E2-related factor 2

PBS phosphate-buffered saline

PFA paraformaldehyde

PVDF polyvinylidene difluoride

ROS reactive oxygen species

rRNA ribosomal RNA

RT-PCR reverse-transcriptional polymerase chain reaction
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SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis

TPA 12-O-tetradecanoylphorbol 13-acetate

VCAM-1 vascular adhesion molecule-1
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