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ABSTRACT
Garlic and its water-soluble allyl sulfur-containing compound, S-Allyl-L-

cysteine Sulfoxide (ACSO), have shown antioxidant and anti-inflammatory
activities, inhibiting the development of atherosclerosis. However, little is
known about the mechanism(s) underlying the therapeutic effect of ACSO in
inhibiting the formation of atherosclerostic lesion. This study aimed to investi-
gate whether ACSO could modulate tumor necrosis factor-alpha (TNF-a)-
induced expression of intercellular cell adhesion molecule-1, monocyte adhe-
sion and TNF-a-mediated signaling in human umbilical vein endothelial cells.
While TNF-a promoted the intercellular cell adhesion molecule-1 mRNA tran-
scription in a dose- and time-dependent manner, ACSO treatment significantly
reduced the levels of TNF-a-induced intercellular cell adhesion molecule-1
mRNA transcripts (P < 0.01). Furthermore, ACSO dramatically inhibited
TNF-a triggered adhesion of THP-1 monocytes to endothelial cells and porcine
coronary artery rings. Moreover, ACSO mitigated TNF-a induced depolariza-
tion of mitochondrial membrane potential and overproduction of superoxide
anion, associated with the inhibition of NOX4, a subunit of nicotinamide ade-
nine dinucleotide phosphate-oxidase, mRNA transcription. In addition, ACSO
also inhibited TNF-a-induced phosphorylation of JNK, ERK1/2 and IjB, but
not p38. Apparently, ACSO inhibited proinflammatory cytokine-induced adhe-
sion of monocytes to endothelial cells by inhibiting the mitogen-activated pro-
tein kinase signaling and related intercellular cell adhesion molecule-1
expression, maintaining mitochondrial membrane potential, and suppressing
the overproduction of superoxide anion in endothelial cells. Therefore, our
findings may provide new insights into ACSO on controlling TNF-a-mediated
inflammation and vascular disease. Anat Rec, 293:421–430, 2010. VVC 2010
Wiley-Liss, Inc.
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INTRODUCTION

Endothelial dysfunction in the arterial wall is associ-
ated with inflammation, which has been thought to trig-
ger leukocyte adhesion, platelet aggregation, and
vascular smooth muscle cell proliferation and migration,
leading to thickening of the arterial wall and the forma-
tion of atherosclerotic lesion (Kaperonis et al., 2006).
During the process of atherosclerosis, immune cells such
as monocytes, macrophages, T and B cells can adhere
onto endothelial cells and elicit acute coronary syn-
dromes (Hansson, 2005). Furthermore, inflammatory
cells can accelerate the formation of early atherosclerotic
lesions through inflammatory molecules and cytokines.
Tumor necrosis factor-alpha (TNF-a), a prototypic proin-
flammatory cytokine, has been demonstrated to induce
the expression of cell adhesion molecules, such as inter-
cellular cell adhesion molecule-1 (ICAM-1), on endothe-
lial cells and facilitate the adhesion of leukocytes. And
this adhesion process is crucial for the development of
atherosclerosis (Migita et al., 2004; Suwannaprapha
et al., 2005). Therefore, treatment with TNF-a antago-
nist or downregulation of ICAM-1 expression on endo-
thelial cells may inhibit the adhesion of leukocytes and
suppress the progression of atherosclerosis.

Garlic is a flavoring agent and has been used as a
therapeutic supplement for treatment of many diseases
for decades. Its therapeutic effect is attributed to its
antioxidant and anti-inflammation activities (Salman
et al., 1999, Helen et al., 2003). Garlic and its water-
soluble allyl sulfur compound, S-Allyl-L-cysteine sulfox-
ide (ACSO), have been demonstrated to inhibit patho-
genic parasites, worms, bacterial, and fungal infections
(Migita et al., 2004). Furthermore, garlic and ACSO can
also prevent the oxidation of human low density lipopro-
tein, decrease oxidative stress in smokers and reduce
blood pressure, effectively lowing the levels of plasma
cholesterol and triglycerides in hyperlipidemic human
subjects and inhibiting the development of atherosclero-
sis (Hirsch et al., 2000; Allison et al., 2006). However,
the mechanism(s) underlying the action of ACSO in in-
hibiting the development of atherosclerosis and prevent-
ing cardiovascular diseases is still poorly understood.

In this study, we hypothesized that ACSO pretreat-
ment may affect TNF-a-induced endothelial damage
through minimizing the oxidative stress and mitogen-
activated protein kinase (MAPK) pathway activation.
Specifically, the effects of ACSO treatment on ICAM-1
expression and monocyte adhesion were investigated. In
addition, we also investigated the superoxide anion pro-
duction, the expression of NADPH oxidase 4 (NOX-4)
and mitochondrial potential as well as TNF-a-related
signaling in human umbilical vein endothelial cells
(HUVECs). This study may help us understand the
mechanisms and also suggest potential therapeutic roles
of ACSO in the treatment of cardiovascular disease.

MATERIALS AND METHODS
Endothelial Cell Culture

HUVECs were cultured with 10% heat-inactivated
FBS EBM-2 medium at 37�C in a humidified atmosphere
of 5% CO2 in air. The cells at passage 4–6 were used for
all experiments. Upon 80%–85% confluence, HUVECs
were starved in 0.5% FBS EBM-2 for 6–8 hr. The cells

were treated with TNF-a (0, 0.01, 0.05, 0.1, or 1 ng/mL)
for varying periods and/or ACSO (5–30 lg/mL) for 16 hr.
The cells treated with dimethylsulfoxide (DMSO)-con-
tained medium were used as solvent controls.

Real Time PCR

Total RNA was extracted from HUVECs using the
RNAqueous-4PCR kit. The total RNA (2.5 lg) was re-
versely transcripted into cDNA using the iScrip cDNA
Synthesis Kit. The levels of mRNAs transcripts of the
target genes were subsequently assessed by real-time
PCR (RT-PCR) (Choi et al., 2004) using the gene-specific
primers and iCycler iQ Real-Time PCR Detection System
in 96-well reaction plates. The sequences of the primers
were forward, 50-CGACAGTCAGCCGCATCTTC-30;
reverse, 30-CGCCCAATACGACCAAATCCG-50 for GAP
DH; forward, 50-TGAACAGAGTGGAAGACATATGCC-30;
reverse, 50-TCAGATGCGTGGCCTAGTGTT-30 for ICAM-
1, respectively. A total of 50 lL reaction in triplicate was
first denatured at 95�C for 3 min and then subjected to
40 cycles of 95�C for 20 sec and 60�C for 1 min. Internal
control gene was simultaneously assessed to build the
standard curve. The relative levels of mRNA transcripts
for the ICAM-1 gene were normalized to that of the
GAPDH gene, and the values of cycle threshold (DCt)
were calculated.

Additionally, the related levels of NOX4 mRNA tran-
scripts were analyzed by RT-PCR using the specific pri-
mers, (forward, 50-ATTTGGATAGGCTCCAGGCAAAC-30;
reverse, 50-CACATGGGTATAAGCTTTGTGAGCA-30 for
NOX4) and the condition described earlier following
treatment of HUVEC cells with TNF-a (0.1 ng/mL) and/
or ACSO (10 lg/mL) for 16 hr.

Monocyte Adhesion to HUVECs

The impact of ACSO on TNF-a-induced monocyte ad-
hesion to HUVECs was evaluated as described previ-
ously (Christian et al., 1995). Briefly, HUVECs at a
density of 2.0 � 105 cells/well were cultured in 10% FBS
EBM-2 on a 24-well plate. When reaching 90%–95% of
confluence, the cells were starved in 0.5% FBS EBM-2
medium for 8 hr, and then exposed to ACSO (10 lg/mL)
for 1 hr, followed by treatment with TNF-a (0.1 ng/mL)
for 16 hr. THP-1 cells freshly harvested were labeled
with the Calcein-AM (4 lM) in 10% FBS RPMI 1640 me-
dium at 37�C for 30 min. After extensively washing with
PBS, the Calcein-AM-labeled THP-1 cells (5.0 � 105

cells/well) were gently added in triplicate into the
HUVEC wells that had been treated with ACSO and/or
TNF-a, and then incubated at 37�C for 1 hr with gentle
shaking. Subsequently, the nonadhered THP-1 cells
were gently washed out with 1% FBS PBS and random
fields were imaged under a fluorescence microscope
using a CCD camera. The numbers of adhered mono-
cytes were counted using the image analysis software
(ImagePro) and expressed as the number of adhered
cells per field.

Monocyte Adhesion to Porcine Coronary
Arteries

The effect of ACSO on TNF-a-induced monocyte adhe-
sion to porcine coronary arterial tissues was examined
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as described previously (Chandrasekar et al., 2001).
Briefly, porcine hearts were freshly dissected out from
farm pigs (6–8-months old) at a local slaughterhouse.
The hearts were immediately washed and perfused with
cold sterile PBS. Individual right coronary arteries of
the hearts were dissected, and the peri-vascular connec-
tive tissues were removed. Subsequently, the arteries
were divided into 5-mm rings, which were divided ran-
domly into different groups. The rings were treated in
triplicate with DMSO (control group), 0.1 ng/mL TNF-a
alone, 10 lg/mL ACSO alone or combination of 0.1 ng/
mL TNF-a and 10 lg/mL ACSO, respectively, and incu-
bated in 24-well plates (one ring/well) at 37�C and 5%
CO2 for 16 hr. The rings were linearized by one cutting
and incubated with Calcein-AM (4 lM)-labeled THP-1
(800 cells/well) for 30 min. The rings were then washed
twice with PBS gently and the bound THP-1 cells were
visualized under an Olympus BX41 fluorescent micro-
scope (Melville, NY). Adherent monocytes on three fields
were selected randomly from each ring and three rings
from each group were counted using the ImagePro
image analysis software. Data are expressed as the
mean number � SEM of adherent cells per field.

Cellular Superoxide Anion Production

The intracytoplasmic production of superoxide anion
was stimulated by TNF-a and measured using the DHE-
based FACS analysis, as described previously (Wang and
Jordan, 1997). Briefly, HUVEC cells (2.0 � 105/well)
were starved for 8 hr as described earlier and treated
with TNF-a (0.1 ng/mL), in the presence or absence of
ACSO (10 lg/mL), in six-well plates for 16 hr. HUVEC
cells treated with 10 lg/mL ACSO or DMSO were used
as controls. After washing with PBS, the cells were incu-
bated with 3 lM DHE at 37�C for additional 30 min.
Following washing with cold 3% FBS and 0.1% NaN3

PBS for three times, the cell-bound fluorescence signals
were determined by FACS analysis using the FACSCali-
bur (BD Biosciences). Data were analyzed with the Cell-
Quest software and are presented as net Mean
Fluorescence Intensity (MFI) per 10,000 cells or as net
percentage of superoxide anion producing cells.

Mitochondrial Membrane Potential Assay

The mitochondrial membrane potential (Dwm) of TNF-
a–activated HUVEC cells was measured by the JC-1-
based FACS analysis using the MitoScreen (JC-1) kit,
according to the manufactures’ instructions. Briefly,
HUVEC cells (2 � 106 cell/well) were starved for 8 hr
and treated with TNF-a (0.1 ng/mL) and/or ACSO (10
lg/mL) for 16 hr. HUVEC cells treated with DMSO were
used as control. Subsequently, the cells were incubated
with 10 lM JC-1 at 37�C for 15 min. After washing, the
intensity of cell staining signals and the frequency of
cells with positive mitochondrial staining were deter-
mined by FACS analysis using the FACSCalibur. In
healthy cells with high mitochondrial Dwm, JC-1 sponta-
neously forms complexes known as J-aggregates with
intense red fluorescence. On the other hand, in apoptotic
or unhealthy cells with low Dwm, JC-1 remains in the
monomeric form, which shows only green fluorescence.
Photomultiplier settings were adjusted to detect JC-1
monomer fluorescence signals on the FL1 detector (green

fluorescence, centered at 530 nm) and JC-1 aggregate
fluorescence signals on the FL2 detector (red fluores-
cence, centered at 585 nm). The analyzer threshold was
adjusted on the FSC channel to exclude most of the sub-
cellular debris. Cells without dye were used as blank
controls. And untreated HUVECs were used as positive
controls. Data analyses were performed with Paint-a-
Gate Pro Software. As seen in Fig. 5, stained cells can
be divided into two populations. The upper left popula-
tion contains the aggregated form (health cells) and the
lower right population contains the monomers (unheal-
thy cells). We set the gate info based on positive control,
and the same gating was used throughout the whole
experiment to ensure the consistency. Data analyses
were performed with Paint-a-Gate Pro Software (Becton
Dickinson). In each experiment, at least 10,000 events
were analyzed.

Bio-Plex Luminex Immunoassay

Luminex has been recently used for the evaluation of
MAPKs and NF-jB phosphorylation (Cuschieri and
Maier, 2005). The impact of ACSO treatment on TNF-a-
stimulated phosphorylation of MAPK signaling events
and IjB in HUVEC cells were analyzed by Bio-Plex im-
munoassay using the Bio-Plex Cell Lysis Kit, according
to manufacturers’ instructions with minor modification
(Eyad et al., 2004). Briefly, serum-starved HUVECs were
pretreated in triplicate with ACSO (10 lg/mL) for 1 hr
and stimulated with 0.1 ng/mL TNF-a for varying peri-
ods (0, 2, 5, 10, 15, 30, 45, 60, or 120 min), respectively.
The cells were lyzed and the cell lysates were stained
with microbeads coupled with the antibody against phos-
phorylated or total extracellular signal-regulated kinase
(ERK1/2), p38, c-Jun N-terminal protein kinase (JNK),
IjB or isotype control Ig overnight at room temperature,
respectively. After extensive washing, those microbeads
were incubated with 25 lL of biotinylated detection anti-
bodies (1�) for 30 min, followed by reacting with strepta-
vidin-PE (1� solution) in the dark for 10 min. After
washing, the microbeads were suspended in 125 lL of
suspension buffer and the levels of phosphorylated and
total ERK1/2, p38, JNK or IjB proteins were analyzed
by a Luminex 100 analyzer. The data were analyzed
using the Bio-Plex Manager software (BioRad) and are
expressed as the mean � SEM of signal intensity of
phosphorylated relative to total protein from three sepa-
rated experiments.

Statistical Analysis

The data are presented as mean � SEM. Statistical
differences were determined using Student’s t-test, and
a P-value <0.05 was considered statistically significant.

RESULTS
ACSO Inhibits TNF-a-Induced Expression of
ICAM-1 in HUVECs

The expression of ICAM-1, an important adhering
molecule, on endothelial cells can be induced by proin-
flammatory cytokines, such as TNF-a, which is crucial
for the facilitation of inflammatory cells to the sites of
atherosclerosis, driving the process of atherosclerotic
pathogenesis. To determine the effect of ACSO on the
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expression of TNF-a-induced ICAM-1, we first optimized
the conditions for TNF-a to induce ICAM-1 mRNA tran-
scription in HUVECs. As shown in Fig. 1A, TNF-a
induced ICAM-1 mRNA transcription in HUVECs in a
dose- and time-dependent manner. The relative levels of
ICAM-1 mRNA transcripts were elevated as the doses of
TNF-a increased and the highest level of ICAM-1 mRNA
transcripts was achieved with TNF-a at 1 ng/mL (Fig.
1A). Furthermore, treatment with TNF-a for 2 hr
induced significantly higher levels of ICAM-1 mRNA
transcripts (P < 0.01), as compared with that of
untreated controls and extending of TNF-a treatment for

a longer period further elevated the levels of ICAM-1
mRNA transcripts in HUVECs (Fig. 1B).

Interestingly, although treatment with ACSO up to 30
lg/mL did not induce significantly higher levels of
ICAM-1 mRNA transcripts, ACSO treatment signifi-
cantly reduced TNF-a-induced ICAM-1 mRNA transcrip-
tion and its inhibitory effects were dose-dependent (Fig.
1C). In comparison with TNF-a treatment alone, treat-
ment with ACSO at concentrations of 5, 10, or 30 lg/mL
decreased the TNF-a-induced ICAM-1 mRNA transcrip-
tion by 38%, 51%, or 63%, respectively. Therefore, ACSO
inhibits the expression of ICAM-1 induced by TNF-a in
HUVEC cells in vitro.

ACSO Inhibits Monocyte Adhesion to
TNF-a-Treated HUVECs and Porcine Coronary
Artery Rings

During the pathogenic process of atherosclerosis,
monocytes usually adhere to endothelial cells and TNF-a
activates endothelial cells, enhancing the adhesion of
monocytes. To determine whether ACSO could modulate
TNF-a-promoted monocyte adhesion, HUVECs were pre-
treated with or without ACSO (10 lg/mL) and exposed
to TNF-a (0.1 ng/mL), followed by interacting with the
Calcein-AM-labeled THP-1 monocytes. The effect of
ACSO on THP-1 adhesion to HUVECs was examined
(Fig. 2). As expected, there were a few THP-1 cells
adhering to HUVEC cells in the absence of ACSO or
TNF-a treatment (Fig. 2Aa) and treatment with ACSO
alone (Fig. 2Ac) did not change the ability of HUVECs to
facilitate THP-1 adhesion as similar numbers of THP-1
cells adhering to HUVEC cells were observed regardless
of whether the HUVECs had been treated with or with-
out ACSO. TNF-a treatment (Fig. 2Ab) significantly
increased the numbers of THP-1 cells adhering to
HUVEC cells (P < 0.001). In contrast, pretreatment
with ACSO (Fig. 2Ad) significantly mitigated the stimu-
lating activity of TNF-a in promoting THP-1 adhering to
HUVEC cells, as the numbers of THP-1 cells adhering to
HUVEC cells that had been sequentially treated with
ACSO and TNF-a were significantly reduced by 47% as
compared with cells treated with TNF-a alone (Fig. 2B).
A similar pattern of inhibitory effect of ACSO on TNF-a
promoted THP-1 adhering to freshly prepared porcine
coronary arterial rings was obtained (Fig. 2C,D). Pre-
treatment of the rings with ACSO significantly reduced
the numbers of THP-1 adhering onto the TNF-a-treated
rings by 38%. Therefore, ACSO treatment inhibits mono-
cyte adhesion on TNF-a-activated endothelial cells and
artery tissues.

ACSO Reduces TNF-a-Induced Overproduction
of Superoxide Anion in HUVECs

Oxidative stress can induce high levels of reactive oxy-
gen species (ROS) production, which contribute to endo-
thelial damage and high permeability (Chen and Keaney,
2004). To investigate whether ACSO treatment could
modulate TNF-a-induced overproduction of superoxide
anion in HUVECs, cells were treated with TNF-a and/or
ACSO and then stained with DHE, a fluorescence dye for
superoxide anion, followed by FACS analysis (Fig. 3). The
frequency of DHE-stained cells that had been treated
with ACSO (51.37%) was similar to that of controls

Fig. 1. Effects of TNF-a and ACSO on the levels of ICAM-1 mRNA
transcripts in HUVECs. Serum-starved HUVECs were treated with
(A) different doses of TNF-a (0, 0.05, 0.1, 0.5, and 1 ng/mL) for 16 hr
or (B) TNF-a (0.1 ng/mL) for 2, 4, 8, 16, and 24 hr or (C) TNF-a (0.1
ng/mL) and/or ACSO at varying concentrations (5–30 lg/mL) for 16 hr.
The cells were harvested and the contents of ICAM-1 mRNA tran-
scripts were determined by RT-PCR. Data are shown as mean � SEM
of three repeated experiments (N ¼ 3 for each group). *P < 0.05 or
**P < 0.01 (as compared with untreated cells or TNF-a-treated cells).
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(53.31%), indicating that treatment with ACSO did not
significantly alter the production of superoxide anion in
HUVECs. However, ACSO treatment clearly downregu-
lated TNF-a-promoted production of superoxide anion in
HUVEC cells in vitro. Although 99.52% of HUVECs that
had been treated with TNF-a showed DHE-positive, only
69.90% of the cells that had been treated with both TNF-a
and ACSO displayed positive for DHE. Importantly, fol-
lowing treatment with ACSO, the average intensity of
DHE signals in the cells was reduced from 4 � 102 (TNF-a
treated alone) to 10 (treated with both TNF-a and ACSO),
near to the point of control cells. Apparently, ACSO not
only inhibited the ability of TNF-a to induce high fre-

quency of HUVEC activation, but also downregulated the
production of superoxide anion in TNF-a-activated



expression of NOX4 was determined by quantitative RT-
PCT. The relative levels of NOX4 mRNA transcripts in
the cells that had been treated with TNF-a (0.1 ng/mL)
alone significantly increased by 7.7 folds, as compared
with that of controls (Fig. 4). ACSO treatment signifi-
cantly decreased the levels of NOX4 mRNA transcripts
in TNF-a-treated HUVECs, as compared with THF-a
alone-treated cells (Fig. 4). Accordingly, ACSO treatment
suppressed TNF-a–induced upregulation of NOX4
mRNA transcription in HUVEC cells in vitro.

ACSO Inhibits TNF-a-Induced Depolarization of
Mitochondrial Membrane Potential in HUVECs

Oxidative stress is usually associated with the depola-
rization of mitochondrial membrane potential. To deter-
mine whether ACSO treatment could inhibit TNF-a-
induced depolarization of mitochondrial membrane
potential, HUVECs were treated with TNF-a (0.1 ng/
mL) and/or ACSO (10 lg/mL) for 16 hr, and the levels of
mitochondrial membrane potential were determined by
the JC-1-based FACS analysis. As shown in Fig. 5, the
cells that had been treated with TNF-a alone displayed
higher frequency of cells (R3) with lower mitochondrial
membrane potential, an indicative of depolarization,
accompanied by lower frequency of cells (R2) with higher
mitochondrial membrane potential, as compared with
that of control cells. In contrast, treatment with both
TNF-a and ACSO significantly reduced the size of depo-
larized population, accompanied by increasing the fre-
quency of cells with higher mitochondrial membrane
potential. Thus, while TNF-a disrupted the mitochon-
drial membrane potential of HUVECs, treatment with
ACSO preserved the mitochondrial membrane potential
and prevented TNF-a-induced depolarization in
HUVECs in vitro.

ACSO Inhibits TNF-a-Induced Activation of
JNK and ERK1/2, but Not p38, in HUVECs

TNF-a can bind to its receptors, through the MAPK
signaling pathway, and regulate oxidative stress and cell
survival. To better understand the mechanism(s) under-
lying the action of ACSO treatment in HUVECs, the
impact of ACSO on TNF-a-induced phosphorylation of
MAPKs signaling events was determined by the Bio-
Plex immunoassay. HUVEC cells were pretreated with
or without ACSO for 1 hr and exposed to TNF-a for indi-
cated time periods (Fig. 6). The levels of phosphorylated
and total ERK1/2, JNK, or p38 proteins were analyzed
by luminex analysis. Very low levels of phosphorylated
protein for each event were detected in the control or
the cells that had been treated with ACSO alone (data
not shown), suggesting that starved cells cultured in the
experimental condition had little MAPK activation and
ACSO treatment did not activate the MAPK signaling.
However, TNF-a treatment induced phosporylation of
ERK1/2, JNK and p38 in HUVECs (Fig. 6A–C) and the
highest levels of phosphorlated ERK1/2, JNK and p38
activation displayed 30, 45, or 60 min after TNF-a treat-
ment, respectively. Interestingly, ACSO pretreatment
significantly reduced the levels of phosphorylated ERK1/
2 and JNK (Fig. 6A,B), particularly at the high peaks.
But the treatment did not significantly change the levels
of phosphorylated p38 (Fig. 6C). The results suggest
that ACSO selectively inhibits TNF-a-induced activation
of JNK and ERK1/2, but did not affect p38 phosporyla-
tion, in HUVECs.

ACSO Inhibits TNF-a-Induced Activation
of NF-jB in HUVECs

NF-jB is one of the major transcription factors, media-
ting the TNF-a-induced expression of inflammatory mol-
ecules (Zhou et al., 2005). NF-jB bound with its
inhibitor, IjB, is a ubiquitous inactive molecule in

Fig. 3. Effects of TNF-a and ACSO on superoxide anion production
in HUVECs. A: FACS analysis of superoxide anion producing cells.
HUVECs were treated with TNF-a (0.1 ng/mL) and/or ACSO (10 lg/
mL) for 16 hr and stained with dihydroethidium (DHE) for 30 min fol-
lowed by FACS analysis. (a) Untreated HUVECs; (b) HUVECs treated
with TNF-a (0.1 ng/mL) alone; (c) HUVECs treated with ACSO (10 lg/
mL) alone; (d) HUVECs treated with TNF-a (0.1 ng/mL) and ACSO (10
lg/mL). B. Quantity of DHE positive cells. Data shown are representa-
tives of each group and the values indicate the mean percentage of
DHE staining cells from three independent experiments of each group.
*P < 0.05, as compared to untreated cells or TNF-a-treated cells.
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cytoplasma. TNF-a can induce the phosphorylation,
ubiquitination and subsequent degradation of IjB pro-
teins and then release the bound NF-jB, which is in
turn translocated to the nucleus and induces gene
expression (Kumar et al., 1998). Therefore, the level of
IjB phosphorylation is an indicative of the activation of
NF-jB. To determine whether ACSO could alter the lev-
els of NF-jB activation induced by TNF-a in HUVECs,
cells were pretreated with ACSO (10 lg/mL) and then
exposed to TNF-a (0.1 ng/mL) for varying durations (0,
2, 5, 10, 15, 30, 45, 60, 120 min). The levels of phospho-
rylated relative to total IjB proteins were analyzed
using Bio-Plex immunoassay. First, very low levels of
phosphorylated IjB were detected in control cells and
the cells treated with ACSO alone, indicating that ACSO
alone did not induce the activation of NF-jB (data not
shown). Second, treatment with TNF-a alone promoted
high levels of IjB phosphorylation and the highest level
of phosphorylated IjB appeared at 60 min post treat-
ment (Fig. 7). Finally, although pretreatment with
ACSO did not change the dynamics of TNF-a-induced
IjB phosphorylation, ACSO treatment significantly
reduced the levels of phosphorylated IjB, particularly at
30–60 min post TNF-a treatment. Hence, ACSO treat-
ment mitigated TNF-a-induced activation of NF-jB in
HUVEC cells in vitro.

DISCUSSION

Coronary artery disease, such as atherosclerosis, is
the most prevalent disease, and a leading cause of mor-
bidity and mortality in many countries (Luscher and
Noll, 1994). During the pathogenic process of atheroscle-
rosis, monocytes and other immune cells adhere to endo-
thelial cells of the blood wall. The adhesion, together
with inflammatory cytokines such as TNF-a, promotes
the migration and proliferation of vascular smooth-mus-
cle cells and the formation of extracellular matrix, which
contributes to disease development and progression
(Sneddon et al., 2006) The adhesion of monocytes to

endothelial cells is likely mediated by intercellular adhe-
sion molecules, such as ICAM-1 and VCAM (Lee et al.,
2006). The expression of ICAM-1 can be induced by
TNF-a on endothelial cells. And increased ICAM-1 can
facilitate the adhesion of monocytes to endothelial cells,
and promote the formation of atherosclerostic lesion
(Meng et al., 2004; Chung, 2006). We found that TNF-a
treatment induced ICAM-1 mRNA transcription in a
dose- and time-dependent manner and increased the
numbers of THP-1 monocytes adhered onto HUVECs
and the porcine coronary arterial rings, consistent with
previous reports (Sneddon et al., 2006). Interestingly,
treatment with ACSO significantly inhibited the TNF-a-
induced ICAM-1 mRNA transcription and monocyte ad-
hesion onto HUVECs and the porcine coronary artery
tissues in vitro. To our knowledge, this was the first
study to show that ACSO treatment effectively inhibited
the TNF-a-induced ICAM-1 mRNA transcription and
monocyte adhesion.

Free radical species are important regulators for the
development of atherosclerosis. Although nitric oxide is
crucial for vasodilation of blood vessels, reactive oxygen
species (ROS) such as superoxide anion, hydrogen perox-
ide, and hydroxyl radical, play an important role in the
pathogenic process of atherosclerosis (Black, 2004; Van
et al., 2005; Cave et al., 2006). The formation of ROS
was regulated by intracellular enzymes, such as NADPH
oxidase, nitric oxide synthase, lipoxygenase, and cycloox-
ygenase (Ushio-Fukai, 2006; Miller et al., 2006). ACSO
has been shown to have strong antioxidant activity by

Fig. 4. Effects of TNF-a and ACSO on NOX4 mRNA transcription in
HUVECs. Serum-starved HUVECs were treated with, or without, TNF-
a (0.1 ng/mL) and/or ACSO (10 lg/mL) for 16 hr. The cells were har-
vested and total RNA was extracted and reversely transcripted into
cDNA. The levels of NOX4 mRNA transcripts were determined by
quantitative RT-PCR using the specific primers. Data are expressed as
mean � SEM of the levels of NOX4 mRNA transcripts from three inde-
pendent experiments of each group. *P < 0.05 or **P < 0.01 as com-
pared to TNF-a-treated or untreated cells, respectively.

Fig. 5. Effects of TNF-a and ACSO on mitochondrial membrane
potential in HUVECs. Serum-starved HUVECs were treated with, or
without, TNF-a (0.1 ng/mL) and/or ACSO (10 lg/mL) for 16 hr. The
cells were stained with fluorescent dye JC-1 for 15 min, washed and
then subjected to flow cytometry analysis. (a) Untreated control; (b)
Treated with TNF-a alone; (c) Treated with ACSO alone, or (d) Treated
with TNF-a and ACSO. The cells with higher mitochondrial membrane
potential are indicated in red dots (gated region R2), while the cells
with lower mitochondrial membrane potential (depolarization) are
shown in green dots (gated region R3). The numbers refer to the per-
centage of positive staining cells. Cellular debris and dead cells had
been eliminated by an electronic gate on normal and apoptotic cells in
FSC vs. SSC.
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scavenging hydroxyyl redicals (Salman et al., 1999). We
tested whether ACSO could modulate the TNF-a-medi-
ated superoxide anion production in HUVECs and found
that treatment with ACSO significantly reduced the
TNF-a-mediated superoxide anion production. Further-
more, we found that ACSO treatment dramatically sup-
pressed the TNF-a-mediated upregulation of NOX4
mRNA transcription in HUVEC cells. Indeed, NADPH

oxidase and subsequent ROS generation have been
described to modulate intracellular signaling, leading to
aberrant proliferation or apoptosis, cellular hypertrophy,
expression of inflammatory molecules, remodeling of
extracellular matrix, or impairment of nitric oxide
release (Li and Shah, 2003) Therefore, the reduced levels
of NOX4 expression and superoxide anion production in
endothelial cells by ACSO may contribute to the protec-
tive effect of ACSO on inhibiting the development and
progression of atherosclerosis.

Mitochondria is one the most important intracellular
component to regulate inflammatory response and sur-
vival in endothelial cells and the change in the mito-
chondrial membrane potential is a sensitive indicator of
oxidative stress and inflammation (Nicholls, 2004; Szila-
gyi et al., 2006). We found that ACSO inhibited the
TNF-a-induced depolarization of mitochondrial mem-
brane potential, determined by the JC-1-based FACS
analysis (Legrand et al., 2001). As a mitochondrial func-
tion marker, decreased Dwm has been linked to the
increase of superoxide anion production and oxidative
stress (Plotkowski et al., 2002). Co-treatment of ACSO
inhibited superoxide overproduction and reversed ICAM-
1 expression induced by TNF-a. Taken together, we
believe that ACSO-induced decrease of oxidative stress
(shown by restoration of Dwm) maybe the underlying
mechanism for ICAM-1 mRNA changes.

The MAPK family is involved in inflammatory factor-
mediated signaling (Cuschieri and Maier, 2005). To
understand the mechanism(s) underlying the action of
ACSO in TNF-a-mediated HUVEC activation, we exam-
ined the impact of ACSO treatment on the phosphoryla-
tion of ERKl/2, p38 and JNK in HUVECs following
treatment with TNF-a in vitro. We found that following
TNF-a treatment, the relative levels of phosphorylated
ERK1/2, JNK and p38 proteins were significantly ele-
vated. However, treatment with ACSO significantly
reduced the TNF-a-induced phosphorylation of ERK1/2

Fig. 6. The dynamics of TNF-a-induced JNK, ERK1/2 and p38
phosphorylation in HUVECs. HUVECs were sequentially treated with
ACSO (10 lg/mL) for 1 hr and then with TNF-a (0.1 ng/mL) for varying
durations (0, 2, 5, 10, 15, 30, 45, 60, and 120 min). The levels of phos-
phorylated relative to total proteins for each MAPK event were deter-
mined by Bio-Plex immunoassay system. The pane A, B, or C show
the relative levels of phosphorylated to total ERK1/2, JNK, or p38,
respectively. Date are presented as the mean � SEM of the levels of
phosphorylated relative to that of total protein for each event from
three independent experiments. Very low levels of phosphorylated pro-
teins for each event in the cells treated with DMSO or ACSO alone
were detected (data not shown).

Fig. 7. Inhibitory effects of ACSO on TNF-a-induced phosphoryla-
tion of IjB in HUVECs. The levels of IjB phosphorylation was deter-
mined by the Bio-Plex immunoassay. HUVECs were pretreated with
ACSO (10 lg/mL) for 1 hr and then with TNF-a (0.1 ng/mL) for differ-
ent durations (0, 2, 5, 10, 15, 30, 45, 60, and 120 min). The levels of
phosphorylated and total IjB proteins were detected by Bio-Plex im-
munoassay system. Data are presented as mean � SEM of the levels
of phosphorylated relative to that of total IjB protein from three inde-
pendent experiments. Very low levels of phosphorylated IjB proteins
in the cells treated with DMSO or ACSO alone were detected (data
not shown).
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and JNK, but not p38. These findings are consistent
with previous observation that the ERK1/2 and JNK,
but not P38, is involved in the TNF-a-induced endothe-
lial permeability (Kumar et al., 1998; Kuldo et al., 2005).
The downregulation of ERK1/2 and JNK phosphoryla-
tion should negatively affect downstream JNK activa-
tion, which is a crucial regulator for cell activation.
Therefore, ACSO is likely to protect endothelial cells
from inflammation-triggered ERK1/2 and JNK activa-
tion, associated with the inhibition of atherosclerostic
progression. However, whether ACSO can directly affect
the phosphorylation of ERK1/2 and JNK or indirectly
through other factors remains unclear. Further investi-
gations including siRNA knockdown or chemical inhibi-
tor for MAPKs are warranted.

NF-jB is a cytoplasmic component and its activation is
the critical process for the downstream activation and
gene expression in endothelial cells. TNF-a can induce
the phosphorylation of IjB, through its receptor, and
result in the activation and translocation of NF-jB to the
nucleus, promoting the expression of downstream genes,
such as ICAM-1. The activation of NF-jB is also regu-
lated by JNK signaling through inducing b-TrCP and
protecting NF-jB from degradation (Kuldo et al., 2005).
Furthermore, activation of both NF-jB and JNK together
induce a number of gene expressions (Min and Pober,
1997). TNF-a treatment induced higher levels of IjB
phosphorylation, which indicative of higher levels of NF-
jB activation. We found that treatment with ACSO sig-
nificantly inhibited the phosphorylation of IjB, suggest-
ing that ACSO treatment inhibited the activation of NF-
jB in HUVEC cells in vitro. Collectively, we hypothesized
that the inhibitory effects of ACSO on monocyte adhesion
to HUVEC and porcine coronary arterial rings may be
mediated by inhibiting the TNF-a-mediated signaling by
suppressing the phosphorylation of ERK1/2 and JNK, as
well as the activation of NF-jB by reducing TNF-a-medi-
ated IjB phosphorylation. These in turn mitigate the
TNF-a-induced upregulation of ICAM-1 expression and
inhibit the TNF-a-induced superoxide anion production
by reducing the expression of NOX4 in HUVECs in vitro.
However, more detailed investigations in the direct link
between ACSO-induced ICAM-1 downregulation and
decrease of MAPKs and NF-jB are warranted. If proven
to be true, ACSO or similar compounds may be beneficial
in preventing/inhibiting the development and progres-
sion of atherosclerosis.

In summary, our studies presented the first evi-
dence that ACSO treatment effectively reduced TNF-
a-induced ICAM-1 mRNA transcription, associated
with inhibiting monocyte adhesion to HUVECs and
porcine coronary arterial tissues in vitro. Further-
more, ACSO protected cells from TNF-a-induced depo-
larization of mitochondrial membrane potential and
overproduction of superoxide anion, which may be
associated with the inhibition of NOX4 mRNA tran-
scription in HUVECs. In addition, ACSO treatment
mitigated the TNF-a-induced phosporylation of JNK,
ERK1/2 and IjB, but not p38, in HUVECs. Therefore,
our data may provide new insights into understanding
the mechanism(s) underlying the action of ACSO in
inhibiting the pathogenic process of atherosclerosis.
These findings may aid in design of new therapy for
intervention of atherosclerosis and other related cardi-
ovascular diseases.
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