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Abstract

Conjugated linoleic acids (CLAs) have anti-atherogenic effects in both in vitro and animal models. Most studies on CLAs were performed with either a CLA
mixture or purified 9cis (Z),11trans (E)-CLA or 10E,12Z-CLA isomers. However, the 9E,11E isomer has superior anti-carcinogenic and anti-inflammatory effects
compared with the more abundant CLAs. The 9E,11E-CLA isomer specifically increases interleukin-1 receptor antagonist (IL-1Ra), an important anti-inflammatory
mediator that is associated with decreased risk of coronary heart disease. The purpose of this present study was to determine if 9E,11E-CLA affects markers of
atherogenesis via regulation of IL-1Ra. In human umbilical vein endothelial cells (HUVECs), 9E,11E-CLA decreased such atherogenesis-related genes as
intercellular adhesion molecule-1, vascular cell adhesion molecule-1, monocyte chemoattractant protein-1, E-selectin, P-selectin and C–C motif chemokine
receptor-2. Treatment of RAW 264.7 cells with 9E,11E-CLA decreased their adhesion to HUVECs. This effect was reversed by inhibiting the phosphoinositide
3-kinase or mouse target of rapamycin pathways. IL-1Ra-deficient RAW 264.7 cells (siIL-1Ra RAW) bind more efficiently to HUVECs compared with the control
stable cells (si-control RAW). In addition, HUVECs treated with siIL-1Ra RAW-conditioned media induce significantly higher levels of intercellular adhesion
molecule-1, vascular cell adhesion molecule-1, monocyte chemoattractant protein-1 and E-selectin than HUVECs treated with si-control RAW-conditioned media.
Taken together, the data show that 9E,11E-CLA decreases the atherogenesis-related genes in HUVECs and alters adhesion of macrophages. In addition, the
induction of IL-1Ra by 9E,11E-CLA is partially responsible for the anti-atherogenic properties of this particular CLA isomer.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Atherosclerosis is the primary cause of heart disease and stroke,
collectively accounting for approximately 50% of all deaths in the
United States [1]. Epidemiological studies have uncovered a number
of risk factors for atherosclerosis, including high ratios of LDL/VLDL
(low-density lipoprotein to very-low-density lipoprotein), low levels
of HDL (high-density lipoprotein), high levels of homocysteine,
systemic inflammation, metabolic syndrome, obesity and diabetes,
high-fat diet, smoking and lack of exercise [1]. In spite of the
importance of hypercholesterolemia in atherosclerosis and cardio-
vascular diseases, lipid-lowering drugs (statins) decreased cardiovas-
cular incidence by only 30%, suggesting that other factors contribute
to the development of atherosclerosis [2]. In 1999, atherosclerosis was
first defined as an inflammatory disease [3]. Inflammation-related
factors, such as C-reactive protein and the white blood cell number,
are recognized as new biomarkers for atherosclerosis, which strongly
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support the definition of atherosclerosis. Recruitment of leukocytes to
endothelial cells (ECs) is an important initial step for atherosclerosis.
Functional changes on ECs are the initial event in the pathogenesis of
atherosclerosis. The tethering and rolling of leukocytes to ECs are
precisely controlled via a regulation of various adhesion molecules in
ECs [3,4]. Monocytes attached to ECs migrate into the subendothelial
space and consequently differentiate into macrophages. Macrophages
uptake oxLDL (oxidized low-density lipoprotein) via scavenger
receptors that lead to foam cell formation. Smooth muscle cells also
migrate from themedial portion of the arterial wall and form a fibrous
plaque via secreting extracellular matrix proteins, eventually leading
to plaque rupture [3,4].

Conjugated linoleic acid (CLA) is a mixture of positional and
geometrical isomers of LA (C18:2, n-6) that are generated by
biohydrogenation and oxidation of LA [5,6]. The main food sources
of CLA in the Western diet are meat and dairy products. During the
last two decades, CLA has been intensively studied due to its various
health-beneficial effects (reviewed by Wahle et al. [7]). Due to a
predominance of 9cis (Z),11trans (E)-CLA and 10E,12Z-CLA in the diet
and in dietary supplements, most studies were performed using these
two isomers or a mixture of CLAs. CLA reduces the development of
atherosclerosis by inhibiting lesion development and altering lipid
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Table 1
List of real-time PCR primers

Primer name Sequence

Human ICAM-1 forward ACTCAGCGGTCATGTCTGGAC
Human ICAM-1 reverse GGCATAGCTTGGGCATATTCC
Human VCAM-1 forward AGTGGTGGCCTCGTGAATG
Human VCAM-1 reverse CACGCTAGGAACCTTGCAGC
Human MCP-1 forward ATAGCAGCCACCTTCATTCC
Human MCP-1 reverse TGCACTGAGATCTTCCTATTGG
Human E-selectin forward TCCTATTCCAGCCTGCAATGT
Human E-selectin reverse AACCCATTGGCTGGATTTGTC
Human P-selectin forward AGGAGAGTGCCTCGAGACCA
Human P-selectin reverse TCCAGGGTAACAGGAGCAGGT
Human CCR-2 forward GGACGCATTTCCCCAGTACA
Human CCR-2 reverse CCGAGAACGAGATGTGGACA
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profile in animal models [8,9]. Possible targets for CLA activity include
nuclear factor κB, peroxisome proliferator-activated receptors, sterol
regulatory element-binding proteins and stearoyl-CoA desaturase
[10,11]. In contrast, CLA increased fatty streak development in the
aorta in a murine model of atherosclerosis [12]. 9Z,11E-CLA reduced
intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhe-
sion molecule-1 (VCAM-1) levels in human gastric carcinoma cells,
resulting in decreased adhesion of the carcinoma cells to laminin [13].
On the other hand, Nugent et al. reported no significant change on
prostaglandin E2 and ICAM-1 in healthy humans on CLAmix (3 g/day)
diet for 8 weeks [14]. Schleser et al. also showed no effect of 9Z,11E-
CLA and 10E,12Z-CLA on adhesion molecules in human aortic ECs
[14,15]. The discrepant results may be due to the isomer specificity of
CLA and cell and species differences in response.

We previously showed that 9E,11E-CLA has unique anti-inflam-
matory properties compared with other CLA isomers (9Z,11E-CLA,
9Z,11Z-CLA, 10E,12Z-CLA or 11Z,13E-CLA) in its ability to induce
interleukin-1 receptor antagonist (IL-1Ra) in a mouse macrophage
cell line, RAW 264.7 [16]. IL-1Ra is an endogenous antagonist to IL-1
signaling that plays an important role in coronary artery disease
[17,18]. In fact, an IL-1Ra polymorphism is closely associated with the
risk of coronary artery disease [19]. We hypothesized that 9E,11E-CLA
can affect atherogenic markers in part due to its unique ability to
increase production of IL-1Ra. In this present study, we demonstrated
effects of 9E,11E-CLA on atherogenesis-related genes in human
umbilical vein endothelial cells (HUVECs) and decreased adhesion
between macrophages and ECs.

2. Materials and methods

2.1. Materials

The CLA isomer 9E,11E-CLA (N98% purity) was purchased from Matreya (Pleasant
Gap, PA, USA). Lipopolysaccharide (LPS), bovine serum albumin (BSA) and SIGMA
FAST™ OPD were purchased from Sigma (Saint Louis, MO, USA). All primers for real-
time PCR were designed by using Primer Express (Applied Biosystems, Foster City, CA,
USA) and were purchased from either Operon Biotechnologies (Huntsville, AL, USA) or
the Nucleic Acid Facility at the Pennsylvania State University (University Park, PA, USA).
Real-time PCR reagent, SybrGreen and High-Capacity cDNA Archive Kit were purchased
from Applied Biosystems. BCECF-AM [2,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxy-
fluorescein acetoxymethyl ester] and tumor necrosis factor-α (TNF-α) were purchased
from Invitrogen (Carlsbad, CA, USA). LY294002 [phosphoinositide 3-kinase (PI3K)
inhibitor] and rapamycin [mouse target of rapamycin (mTOR) inhibitor] were
purchased from Calbiochem (La Jolla, CA, USA). Monoclonal anti-human VCAM-1
(CD106: VCAM-1) was purchased from R&D Systems (Minneapolis, MN, USA). All cell
culture media components and fetal bovine serum (FBS) were purchased from Gibco
(Gaithersburg, MD, USA). RAW 264.7 cells were purchased from ATCC (Manassas, VA,
USA), and HUVECs and EGM-2 (EC growth media-2) were purchased from Lonza
(Allendale, NJ, USA).

2.2. Cell culture

RAW 264.7 (RAW) cells were cultured in high-glucose Dulbecco's modified Eagle's
medium supplementedwith 8% heat-inactivated FBS, 5mg/ml of ciprofloxacin, 2 mM L-
glutamine,100mM sodium pyruvate and 100 μMnon-essential amino acids [20]. Starve
media were the RAWgrowthmedia with 1% heat-inactivated FBS. Stable cell lines were
previously generated in RAW 264.7 cells (siIL-1Ra and its control cell line) and were
cultured in RAW growth media with 0.3 mg/ml of Geneticin. Conditioned media
collected from RAW cells were treated with BSA or 9E,11E-CLA (100 μM) with or
without LPS (100 ng/ml) for 24 h. The media were centrifuged for 5 min at 5000 rpm.
The supernatant was collected and stored at −80°C. HUVECs were cultured in EGM-2
media; only passage numbers 2–5 of HUVECs were used in this study. Cells were all
maintained in a 5% CO2 humidified atmosphere at 37°C.

2.3. Preparation of BSA-conjugated CLA isomer

A total of 500 mmol/L 9E,11E-CLA was prepared in ethanol, and aliquots were
stored at−80°C until they were ready to conjugate with BSA. Thirty-two microliters of
the stock 9E,11E-CLA in ethanol was transferred to a brown glass vial and dried with
argon gas, while an equal volume of ethanol in another brown glass vial was dried for a
vehicle control. One hundred thirty-two microliters of 0.15 mol/L KOH was added to
both vials and vortexed under argon and was then incubated for 1 h at 70°C. At the end
of the incubation, 2 ml of filter sterilized BSA in PBS (1 mmol/L) was added to the
vehicle control and CLA isomer tomake a final fatty acid concentration of 8mmol/L. The
pH level was adjusted to 7.0–7.5. BSA-conjugated CLA isomer and its BSA control were
stored at −20°C until use.

2.4. RNA isolation and real-time PCR

Total RNA was isolated using Tri-Reagent (Sigma) according to the manufacturer's
instructions. Reverse transcription was performed using the High-Capacity cDNA
Archive Kit (Applied Biosystems) according to the provider's instruction. Real-time PCR
was performed as described previously [21]. Real-time PCR primers are shown in
Table 1. The housekeeping gene, β-actin or 18S, was used to normalize all the tested
genes. Data are shown as mean±S.E.M. with at least three independent experiments
with triplicate samples.

2.5. Quantification of VCAM-1 by ELISA

VCAM-1 ELISA was performed based on the work of Lemaire et al. [22], with some
modifications. Briefly, HUVECs (25,000 cells/well) were plated in a 96-well plate and
allowed to recover overnight. On the following day, the cells were treated with either
BSA vehicle control or 9E,11E-CLA as indicated for 24 h with or without TNF-α
activation (2 ng/ml) for the last 4 h. At the end of the 24-h incubation, the media were
removed and washed with PBS once. The primary antibody, 50 μl/well of 2.5-μg/ml
human monoclonal VCAM-1 antibody in PBS containing 1% BSA and 0.01% NaN3, was
added to the plate and incubated at 4°C for 1 h. The cells were washed four times with
PBS containing 1% BSA and then incubated with peroxidase-conjugated goat anti-
mouse immunoglobulin (Ig) G diluted 1:500 in PBS containing 1% BSA at 4°C for 1 h.
After the secondary antibody incubation, the cells were washed four times with PBS.
One hundred microliters of fresh SIGMA FAST™ OPD was added to detect VCAM-1 in
HUVECs at 490 nm.

2.6. Adhesion assay

Adhesion assay was performed to measure the cell-to-cell interaction between
macrophages and ECs [23–25]. Briefly, HUVECs (25,000 cells/well) were plated in a 96-
well plate and incubated overnight. On the following day, the cells were treated with
either BSAvehicle control or 9E,11E-CLA as indicated for 24 hwith or without 2 ng/ml of
TNF-α for the last 4 h. RAW cells or stable RAW cells were fluorescently labeled with
BCECF-AM (1 μM final concentration) in PBS by incubating them at 37°C for 45min. The
RAW cells were incubated with HUVECs at 37°C for 1 h. At the end of the 1-h
incubation, unattached RAW cell lines were removed by washing twice with PBS. One
hundredmicroliters of lysis buffer (10×: 50 μMof Tris buffer with 0.1% of SDS at pH 7.4)
was added, and the fluorescence intensity was measured on excitation at 480 nm and
emission at 530 nm.

2.7. Statistics

Data were normalized and equal variance was tested with Minitab (State College,
PA, USA). The normalized data were analyzed by one-way analysis of variance. Tukey's
family error rate was used for a one-way multiple comparison (Pb.05). Values with an
asterisk are different from the vehicle-treated control at the Pb.05 level.

3. Results

3.1. 9E,11E-CLA inhibits initial atherogenesis-related genes in HUVECs

To determine the effects of 9E,11E-CLA on atherogenesis-related
genes in ECs,we examinedmRNA levels of ICAM-1, VCAM-1,monocyte
chemoattractant protein-1 (MCP-1), C–C motif chemokine receptor-2
(CCR-2), E-selectin and P-selectin. HUVECs were treated with 100 μM
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9E,11E-CLA for 24 h with or without TNF-α activation for the last 4 h.
Fig.1 shows that the atherogenic target genes induced by TNF-α in ECs
are decreased by 9E,11E-CLA. ICAM-1, VCAM-1 and CCR-2mRNA levels
are induced to 185-, 1330- and 11-fold, respectively, by TNF-α
activation, but their induced levels are significantly attenuated by
40%, 95% and 70%, respectively, with 9E,11E-CLA (Pb.05). 9E,11E-CLA
also reduces TNF-α-induced MCP-1 (15-fold) and E-selectin (330-
fold) mRNA levels by 70% and 66%, respectively. In addition, 9E,11E-
CLA reduced basal levels of E-selectin, P-selectin andMCP-1. P-selectin
mRNA levels arenot significantly increased by TNF-α, although9E,11E-
CLA decreases its mRNA levels by 90% and 85% with and without TNF-
Fig. 1. 9E,11E-CLA attenuates mRNA levels of adhesion molecules in HUVECs. HUVECs were trea
stimulation. Total RNA was isolated and real-time PCR was performed as described in Sectio
difference is indicated by different letters (Pb.05).
α, respectively. P-selectin is immediately induced and peaked at
10 min after TNF-α activation, and it quickly declines after 3 h [26,27],
which may explain the lack of its induction in this present study.

3.2. 9E,11E-CLA inhibits TNF-α-induced VCAM-1 levels in a
dose-dependent manner in HUVECs

Among six genes tested, VCAM-1 showed the most significant
reduction by 9E,11E-CLA in its mRNA levels (Fig. 1). Alteration of
VCAM-1 protein levels was measured by ELISA. Fig. 2 shows that the
alteration of VCAM-1 mRNA accumulation corresponds to the protein
ted with vehicle control or 100 μM 9E,11E-CLA for 24 h with or without TNF-α (2 ng/ml)
n 2. Data are from two independent experiments with triplicate samples. Significant



Fig. 2. 9E,11E-CLA inhibits VCAM-1 expression in a dose-dependent manner in HUVECs.
HUVECs were treated with different concentrations of 9E,11E-CLA for 24 h with or
without 2 ng/ml of TNF-α stimulation as described in Section 2. HUVECs were washed
two times with PBS and VCAM-1 ELISA was performed as described in Section 2. Data
represent two independent experiments with triplicate samples. Asterisks indicate a
significant difference compared with vehicle control with TNF-α activation (Pb.05).
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levels of this gene. Without TNF-α activation, there was no significant
change in VCAM-1 protein levels by 9E,11E-CLA in HUVECs. 9E,11E-
CLA decreases TNF-α-induced VCAM-1 expression in a dose-depen-
dent manner.

3.3. 9E,11E-CLA attenuates the adhesion activity of macrophage cells
to ECs

9E,11E-CLA decreases the atherogenesis-related genes that are
involved in the initiation of the development of a fatty streak lesion in
HUVECs. To determine whether the changes of the atherogenesis-
related genes by the CLA isomer affect adhesion activity, we
performed adhesion assay as described in Section 2. 9E,11E-CLA-
treated HUVECs with TNF-α activation have less macrophage
adhesion (Fig. 3). TNF-α activation increased the cell-to-cell adhesion
activity to 4.5-fold compared with the non-TNF-α-activated group.
The induced cell-to-cell adhesion activity is inhibited by 9E,11E-CLA
starting from 100 μM concentration in a dose-dependent manner.
These results suggest that the changes of adhesion molecules by
9E,11E-CLA in HUVECs affect the functional level of the cell-to-cell
Fig. 3. 9E,11E-CLA reduces the adhesion activity of macrophages and ECs. HUVECs were
treated with different concentrations of 9E,11E-CLA as indicated for 24 h with or
without 2 ng/ml of TNF-α activation for the last 4 h. BCECF-AM-labeled RAW cells were
incubated on the treated HUVECs for 1 h at 37°C. After washing with PBS twice, lysis
buffer was added to each well. Fluorescence intensity was measured on excitation at
480 nm and emission at 530 nm. Data represent three independent experiments with
triplicate samples. Asterisks indicate a significant difference compared with vehicle
control with TNF-α activation (Pb.05).
interaction. There was no sign of overt toxicity with 9E,11E-CLA
treatment up to 200 μM, as determined by trypan blue exclusion (data
not shown).
3.4. IL-1Ra alone is not enough to change the adhesion activity of
macrophage cells and ECs

Through the use of siRNA in RAW cells, evidence supports that IL-
1Ra contributes to the 9E,11E-CLA-dependent decrease in pro-
inflammatory cytokines, IL-1α, IL-1β and IL-6 [16]. Additionally, IL-
1Ra−/− mice accumulate inflammatory mononuclear cells and
thickened intima by neointimal hyperplasia [28]. Thus, IL-1Ra is also
a crucial regulator in vascular biology. We hypothesized that IL-1Ra
affects the cell-to-cell interaction adhesion activity; however, 9E,11E-
CLA does not significantly induce IL-1Ra levels in HUVECs (data not
shown). Fig. 4 shows that mouse recombinant IL-1Ra (rIL-1Ra) does
not alter the adhesion activity of macrophage cells or ECs. The amount
of IL-1Ra protein produced when RAW cells were treated with 9E,11E-
CLA is approximately 20–30 ng/ml.Within that range of rIL-1Ra, there
is no significant adhesion activity change when it was added to either
HUVECs (Fig. 4A) or RAW (Fig. 4B). These data suggest that increase of
Fig. 4. rIL-1Ra does not alter the adhesion activity of HUVECs and RAW cells.
(A) HUVECs were treated with different concentrations of rIL-1Ra for 24 h as indicated.
At the end of the 24-h incubation period, TNF-α (2 ng/ml) was or was not added to
activate HUVECs for the last 4 h. RAW cells were labeled with BCECF-AM as described in
Section 2. HUVECs and RAW cells were incubated together for 1 h, and fluorescence
intensity was measured on excitation at 480 nm and emission at 530 nm. (B) RAW cells
were treated with different concentrations of rIL-1Ra for 24 h and then labeled with
BCECF-AM. HUVECs were activated with TNF-α (2 ng/ml) for 4 h before the adhesion
assay began. At the end of the 1-h incubation, fluorescence intensity was measured on
excitation at 480 nm and emission at 530 nm. Data represent two independent
experiments with triplicate samples.
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IL-1Ra by itself cannot be enough to explain the effect of 9E,11E-CLA
on adhesion.
3.5. Changes in adhesion activity of macrophage cells by 9E,11E-CLA may
be indirectly regulated by IL-1Ra induction

Stable cell lines expressing low IL-1Ra were generated in RAW
264.7 cells previously [29]. The adhesion activity of IL-1Ra-deficient
RAW 264.7 cells (siIL-1Ra RAW) cells was higher than that of control
stable cells (si-control RAW) and wild-type RAW cells to TNF-α-
activated HUVECs (Fig. 5A). The basal binding activity of siIL-1Ra RAW
cells to non-activated HUVECs was also higher than that of si-control
RAW to HUVECs, suggesting that siIL-1Ra RAW cells have a higher
adhesion activity to HUVECs compared with its control RAW cells to
HUVECs. As previously shown, the induced IL-1Ra levels by 9E,11E-
CLA are abolished with LY294002 and rapamycin in RAW cells,
suggesting that the IL-1Ra induction by 9E,11E-CLA is regulated via the
PI3K/mTOR pathway. Fig. 5B shows that RAW cells co-treated with
LY294002 or rapamycin have a higher adhesion activity to TNF-α-
activated HUVECs than RAW cells treated with 9E,11E-CLA alone.
Without TNF-α activation, there is no change observed among
treatment groups. This result confirms the importance of IL-1Ra
Fig. 5. IL-1Ra deficiency in RAW cells affects the adhesion activity of RAW cells, and
LY294002 and mTOR reverse the decrease in the adhesion activity of 9E,11E-CLA.
(A) Three cell lines, RAW cells (wild type), siIL-1Ra RAW cells and si-control RAW cells,
were labeled with BCECF-AM. HUVECs were plated in a 96-well plate and on the
following daywere activatedwith 2 ng/ml of TNF-α for 4 h. The labeled RAW cells were
plated on HUVECs for 1 h at 37°C. (B) RAW cells were plated and starved for 24 h. On the
following day, the RAW cells were pre-treated with DMSO, LY294002 (14 μM) or
rapamycin (20 nM) for 30 min and co-treated with 100 μM 9E,11E-CLA for 10 h. The
treated RAWcells were harvested and labeledwith BCECF-AM. HUVECswere plated and
activated with 2 ng/ml of TNF-α for 4 h. The labeled RAW cells were incubated with
HUVECs for 1 h at 37°C. Fluorescence intensity was measured on excitation at 480 nm
and emission at 530 nm. Data represent two independent experiments with triplicate
samples. A significant difference is indicated as a different letter or asterisk (Pb.05).
regulation by 9E,11E-CLA in altering the cell-to-cell adhesion activity
in macrophage cells to HUVECs.

3.6. Macrophage-secreted factors from siIL-1Ra RAW and si-control RAW
cells regulate atherogenesis-related gene expression differently
in HUVECs

Whether 9E,11E-CLA-induced factors from macrophages could
affect adhesion molecules in HUVECs was examined. Since the IL-1Ra
siRNA cell lines were utilized in this study, the role of this endogenous
anti-inflammatory molecule on cell-to-cell communication was also
explored. The conditioned medium from each RAW cell line was
collected after LPS or LPS plus 9E,11E-CLA treatment (Fig. 6). mRNA
levels of ICAM-1, VCAM-1, MCP-1 and E-selectin induced by siIL-1Ra
RAW LPS-conditioned media were significantly higher than those of
the genes induced by si-control RAW LPS-conditioned media in
HUVECs. LPS plus 9E,11E-CLA-conditioned media from siIL-1Ra RAW
cells did not decrease the induced mRNA levels of ICAM-1, VCAM-1,
MCP-1 and E-selectin; however, LPS plus 9E,11E-CLA-conditioned
media from si-control RAW cells significantly decreased these
transcripts in HUVECs. mRNA levels of CCR-2 and P-selectin did not
show a significant difference between HUVECs treated with siIL-1Ra
RAW-conditioned media and those treated with si-control RAW-
conditioned media. However, LPS plus 9E,11E-CLA media from si-
control RAW cells increased P-selectin mRNA levels to 2.5-fold in
HUVECs compared with its levels in HUVEC-treated LPS-conditioned
media from si-control RAW. These data show that 9E,11E-CLA
treatment of macrophages produces signaling molecules that affect
gene expression in the EC. In addition, a subset of the genes affected in
this manner results from IL-1Ra-dependent events in the
macrophage.

4. Discussion

Atherosclerosis has been defined as an inflammatory disease [3],
although hypercholesterolemia is a contributory risk factor. The anti-
atherogenic effects of CLA vary in in vitro and in vivo models
(reviewed byWahle et al. [7], Wang & Jones [30] and Nagao & Yanagita
[31]). CLA reduced the risk of the development of atherosclerosis in
rabbits and hamsters [8,9,32]. Toomey et al. showed that CLA (9Z,11E-
CLA/10E,12Z-CLA, 80:20 blend) fed to apolipoprotein E-deficient mice
suppresses atherosclerotic lesions by attenuating pro-inflammatory
genes, such as matrix metalloproteinase-9 and platelet endothelial
cell adhesion molecule-1, and enhances apoptotic genes, such as
caspase-3 [33]. On the other hand, Schleser et al. showed no effect of
9Z,11E-CLA and 10E,12Z-CLA to reduce adhesion molecules in human
aortic ECs [14,15]. Nugent et al. reported that CLA did not affect
prostaglandin E2 and ICAM-1 in healthy humans [14]. Another human
CLA study reported that 2-month CLA supplementation had no
change on lipid profiles, such as the levels of cholesterol, LDL, HDL and
triglycerides, and platelet aggregation in healthy subjects [34,35].
Munday et al. reported that CLA increases fatty streak development in
the aorta in mice fed a high-fat diet [12]. This discrepancy of
atherogenesis-related effects of CLA may be due to the relative
amounts and composition of the CLA used in the study. Minor CLA
isomers, such as 9E,11E-CLA, have not been examined for their role in
inhibiting atherogenesis.

9E,11E-CLA has an anti-inflammatory effect by enhancing IL-1Ra
while attenuating pro-inflammatory cytokines such as IL-1α, IL-1β
and IL-6 [16]. In addition, the induction of IL-1Ra by the CLA isomer is
diminished by PI3K (LY294002) and mTOR (rapamycin) inhibitors
[29]. It was hypothesized that the anti-inflammatory effects of 9E,11E-
CLA, in particular, enhancing IL-1Ra, may reduce pro-atherogenic
factors in ECs. 9E,11E-CLA attenuates mRNA levels of pro-atherogenic
genes stimulated with TNF-α, such as adhesion molecules in HUVECs,



Fig. 6. Conditioned media from siIL-1Ra RAW cell line and si-control RAW cell line regulate atherogenesis-related genes in HUVECs. siIL-1Ra RAW- and si-control RAW-conditioned
mediawere collected as described in Section 2. Twenty percent of siIL-1Ra RAWor si-control RAW-conditionedmediawas treated in HUVECs for 24 h. siIL-1Ra RAW-conditionedmedia
collected after BSAwithout LPS were used as a negative control set as 1. RNAwas isolated and real-time PCR was performed as described in Section 2. Data represent two independent
experiments with triplicate samples. The asterisk indicates a significant difference compared with the LPS group, while the plus mark indicates a significant difference compared with
the LPS group in the si-control media-treated group (Pb.05).
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and functional levels of the adhesion activity of HUVECs and RAW
cells. Adhesionmoleculesmediate the cell-to-cell interactions that are
involved in the initial event of atherosclerotic lesions. There are four
major families of adhesion molecules: selectins, selectin ligands,
integrins and the Ig family of proteins [36,37]. The selectins and
selectin ligands are involved in leukocyte rolling, and the integrins
andmembers of the Ig superfamily are involved in leukocyte adhesion
and transmigration. The TNF-α-induced P-selectin and E-selectin are
reduced by 9E,11E-CLA, although no robust induction of P-selectinwas
observed in this study. This may be explained by the different
regulation patterns of the two selectins. The production of E-selectin
is regulated by the expression of P-selectin, whichwas induced almost
immediately (within minutes of cytokine recognition). On the other
hand, E-selectin expression peaks around 6–12 h after cytokine
recognition [38]. TNF-α was added for the last 4 h of the total 24-h
treatment with 9E,11E-CLA in this study, thus missing the immediate
induction of P-selectin. Double knockout of MCP-1 and LDL receptor in
mice reduced lipid deposition in aortas (83%) and fewermacrophages
in their aortic walls [39]. MCP-1 levels were decreased by 9E,11E-CLA.
MCP-1 binds to CCR-2, and CCR-2-deficient mice have a phenotype
similar to that of MCP-1-deficient mice [40]. Anti-MCP-1 gene therapy
had beneficial effects on atherosclerosis, such as stabilizing a plaque
prior to rupture [41].

VCAM-1 is highly expressed in endothelium in fibrous and lipid-
containing plaques [42], suggesting its importance and correlation in
atherosclerosis. Protein levels of VCAM-1, one of the most important
adhesion molecules in the leukocyte recruitment to atherosclerotic
lesions [36,37], were decreased in HUVECs by 9E,11E-CLA in a dose-
dependent manner. The adherence of macrophages to 9E,11E-CLA-
treated HUVECs decreased in a dose-dependent manner. 9E,11E-CLA-
treated macrophages bind less to laminin compared with vehicle
controls, and the same pattern is shown in LPS-challenged groups. The
decrease in adhesion activity of RAW cells treated with 9E,11E-CLA to
TNF-α-activated HUVECs was diminished with the PI3K and mTOR
kinase inhibitors LY294002 and rapamycin. These treatments also
decreased IL-1Ra induction by this CLA isomer in RAW cells,
suggesting a potential involvement of IL-1Ra derived from RAW
cells in adhesion activity [29].
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IL-1Ra is expressed in human ECs and atherosclerotic lesions
[43,44]; however, 9E,11E-CLA does not significantly increase IL-1Ra in
HUVECs (data not shown). siIL-1Ra RAW cells were utilized and
conditioned RAW media experiments were performed in HUVECs to
investigate the effects of IL-1Ra produced by 9E,11E-CLA in macro-
phages to ECs. Co-culture study and conditioned media study with
RAW 264.7 cells and HUVECs were previously used by others [45,46].
siIL-1Ra RAW cells bind more to TNF-α-activated HUVECs compared
with control RAW cells. Conditioned media of siIL-1Ra RAW LPS
overall increase the mRNA levels of the adhesion molecules in
HUVECs compared with their levels in si-control-treated HUVECs.
Although the major difference between the two conditioned media is
the level of IL-1Ra, it is worthwhile to note that the conditionedmedia
contain LPS and 9E,11E-CLA, as well as various unknown factors
secreted by RAW cells. The comparison of siIL-1Ra RAW-conditioned
media and si-control RAW-conditioned media indicates a dramatic
difference of macrophage-secreted factors from the two stable cell
lines. Overall, siIL-1Ra RAW-conditioned media-treated HUVECs
express significantly higher levels of ICAM-1, VCAM-1, MCP-1 and E-
selectin with no beneficial effect of 9E,11E-CLA. Surprisingly, rIL-1Ra
treatment of HUVECs and RAW cells showed that this molecule alone
does not alter the adhesion activity of both cell lines in a range of IL-
1Ra's secreted by RAW cells upon 9E,11E-CLA treatment. This result
suggests that factors secreted from siIL-1Ra RAW cells enhance the
adhesion molecules and that 9E,11E-CLA's effect to alter the adhesion
activity may be secondary to IL-1Ra-level alteration.

Although 9E,11E-CLA decreased adhesionmolecules and activity in
HUVECs, mRNA levels of ADAMTS1 (a disintegrin-like and metallo-
peptidase-1) were enhanced by this particular CLA isomer in RAW
cells [16]. ADAMTS1 is an extracellular metalloproteinase known to
participate in a variety of biological processes that include inflamma-
tion, angiogenesis and development of the urogenital system [47,48].
ADAMTS1 weakens plaque in atherosclerosis lesion; therefore, it is an
important factor in the later stage of atherosclerosis fatty streak lesion
formation, which can be a potential negative effect of 9E,11E-CLA
in atherogenesis.

Taken together, the data show that 9E,11E-CLA attenuates adhesion
molecules and adhesion activity in HUVECs stimulated by TNF-α. Not
only IL-1Ra but also other secretory factors by 9E,11E-CLA in
macrophage cells play a role to regulate the adhesion activity. With
this in vitro result of 9E,11E-CLA's potential health benefits, an in vivo
study may bring us more interesting insights into this unique CLA
isomer at biological and physiological levels.
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