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Introduction

Cardiovascular diseases, such as atherosclerosis, are the leading

cause of death in developed countries. Atherosclerosis is an

inflammatory process which involves several stages such as the

accumulation of cholesterol ester-filled foam cells, smooth muscle

cell migration into the intima, formation of necrotic core and

calcification (1). Among these stages of atherosclerosis development,

migration and proliferation of vascular smooth muscle cells (VSMCs)

is important events occurred during intimal hyperplasia (2). In the

intima, macrophages uptake and accumulate oxidized low-density

lipoprotein and that results in converting the macrophage to foam

cells. Then, migration of VSMC from the media into the intima

changes the relatively simple fatty streak to more complex lesion (3).

Intimal VSMC can contribute to form fibrous plaques through cell

proliferation, absorption of modified lipoproteins and secretion of

extracellular matrix proteins (3). In the healthy vasculature,

migration and proliferation of VSMCs are tightly regulated by

humoral mediators, cell cycle regulators, and cytokines (2). However,

in the diseased state, proliferation and migration of VSMCs from the

media into the intima of the vessel wall contribute to the

pathogenesis of atherosclerosis, such as plaque development and

reduction of the vessel lumen (2,4).

Cell cycle is an important factor in cell proliferation and migration.

Cell cycle regulators, such as cyclin-dependent kinases (CDKs), are a

family of proteins involved in cell cycle regulation; activated CDKs

control progression through the cell cycle checkpoints (5). The

increased expression of CDKs and cyclin D1 accelerates cell cycle

progression (6). Upon stimulation, VSMCs can undergo the G1/S

phase transition as they progress through the cell cycle. Cyclin D1/

CDK4 and cyclin E/CDK2 complexes can promote the transition from

G0/G1 to S phase and maintain cell cycle progression (7).

Dietary or plasma fatty acid (FA) compositions are known to be

associated with the occurrence of cardiovascular disease (8). Trans-

fatty acids such as trans-9 elaidic acid (C18:1 trans-9; EA) and trans-

11 vaccenic acid (C18:1 trans-11; TVA) are frequently found in

hydrogenated vegetable oils and dairy products, respectively. Intake

of trans-fatty acids has been suggested to promote atherosclerotic

lesion formation (9); specifically, EA has been associated with

increased atheroma lesion development in LDL receptor-deficient

mice (9). However, the role of TVA in the vasculature has not been

studied extensively. TVA is predominantly found in dairy products

(accounts for 60-80% of the total natural ruminant trans-fats), and it

is the precursor of conjugated linoleic acid (CLA) (10). It has been

suggested that TVA can exert beneficial effects, such as protecting

the arteries against atherosclerosis development, in the vascular

system of LDL receptor-deficient mice (11). In addition, in contrast to

EA, inflammatory responses in VSMCs following treatment with TVA

have not been observed (12).

Although TVA is abundant in milk and dairy products, its association
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Abstract Consumption of trans-fatty acids has been linked to an increased risk of cardiovascular

diseases, such as atherosclerosis. Milk and dairy products contain trans-fatty acids, such as trans-

vaccenic acid (TVA) and conjugated linoleic acid (CLA). Although artificially hydrogenated trans-fatty

acids (e.g., elaidic acid (EA)) are known to induce atherosclerosis, it is unclear whether ruminant trans-

fats, such as TVA, are associated with such diseases. Therefore, we investigated the effects of TVA on

vascular smooth muscle cells (VSMCs). VSMCs were treated with TVA, CLA, and EA at 0-100 μM for

24 h. Cell proliferation and migration increased upon treatment with EA, not with TVA and CLA. EA

increased protein expression of proliferation-associated proteins (cyclin-dependent kinase 4 (CDK4)

and cyclin D1), while TVA and CLA decreased CDK4 expression. These results suggest that TVA is not as

risky as other trans-fatty acids such as EA in the vascular system.
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with cardiovascular disease is not completely understood. Therefore,

in this study, we examined the effects of TVA on the proliferation and

migration of VSMCs, an initial event during atherosclerosis

progression. In addition, we investigated the expression of cell cycle

regulators, such as cyclin D1, CDK4, and CDK6, to identify the

underlying mechanisms.

Materials and Methods

Cell culture and treatments Rat VSMCs, isolated from the aortas of

Sprague-Dawley rats, were cultured using DMEM medium (HyClone,

Rockford, IL, USA) with 10% fetal bovine serum (FBS; Atlas Biologicals,

Fort Collins, CO, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin.

Stock solutions of bovine serum albumin (BSA)-fatty acid complex

were prepared by dissolving fatty acids and fatty acid-free BSA

(1 mM) in phosphate-buffered saline (PBS), followed by filtration.

Cells were treated with TVA (C18:1 trans-11), EA (C18:1 trans-9) or

CLA (C18:2 cis-9, trans-11) (Sigma-Aldrich, St. Louis, MO, USA) at the

final concentrations of 0-100 μM for 24 h. The concentrations of

trans-fatty acids were determined based on previous literatures

where cells were treated with fatty acids up to 100 μM in cell culture

conditions (12). In addition, according to a recent report, plasma

concentrations of these trans-fatty acids were 3.7-4.4 μg/mL (13.1-

15.6 μM) (13).

Cell proliferation and migration (scratch) assay Cell proliferation

was determined using trypan blue dye exclusion test. Cells were

seeded in 12-well plates followed by treatment with fatty acids (0,

10, 50, and 100 μM) for 24 h. The number of viable cells was

determined by trypan blue dye exclusion and counted manually

using a hemocytometer. In addition, cell viability was determined

using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) assay at concentrations up to 200 μM for 24 h. For cell

migration (scratch) assay, cells were grown in 12-well plates up to

90% confluence and treated with fatty acids (0, 10, 50, and 100 μM);

three perpendicular wounds were inflicted on the cells using a yellow

pipette tip after which they were monitored for 18 h and the widths

of the wounds were photographed using an inverted light microscope

(40X magnification). To evaluate the scratch widths, four different

sites per scratch were monitored.

Cell lysate preparation, SDS-PAGE, and Western blot analysis After

the treatments, cells were lysed in radioimmunoprecipitation assay

(RIPA) buffer containing a protease inhibitor mixture. The cell lysates

were centrifuged at 21,000×g for 15 min at 4oC. The supernatants

were collected and protein concentrations were determined using

Bradford assay (Sigma-Aldrich). Protein samples were stored at −80oC

until use. For SDS-PAGE, 30 μg of protein was loaded into each well

of the gel and electrophoresed for 2 h. After separation, proteins

were transferred onto a nitrocellulose membrane using the semi-dry

gel transfer system (Bio-Rad, Hercules, CA, USA). The membranes

were blocked in buffer containing 2% BSA and incubated overnight at

4oC with primary antibodies. Primary antibodies (CDK4, CDK6, and

cyclin D1; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) were used

at a dilution of 1:2,000. After washing, the membranes were

incubated with the appropriate horseradish peroxidase-conjugated

secondary antibodies, at a dilution of 1:4,000, and visualized using

ECL detection reagents (Lugen, Seoul, Korea). Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH; Santa Cruz Biotechnology Inc.),

a housekeeping protein, was used as the loading control. Bands were

quantified using ImageJ (National Institute of Health, Bethesda, MD,

USA) software and normalized to GAPDH.

Statistical analysis Data were expressed as the mean±standard

error of the mean (SEM). Statistical significance was determined by

one-way or two-way ANOVA, followed by Student-Newman-Keuls

method using Sigma Stat 3.1 software (Systat Software Inc., San Jose,

CA, USA). A probability value (p-value) of less than 0.05 (p<0.05) was

considered statistically significant.

Results and Discussion

TVA does not affect the proliferation of VSMCs Proliferation of

VSMCs is a major event in the development of necrotic core after

immigration of cells from the media to the intima (3). To determine

whether TVA can modulate cellular proliferation, VSMCs were

treated with fatty acids (TVA, EA, or CLA) at concentrations of 10, 50,

or 100 μM for 24 h. For controls, cells were treated with fatty acid-

free BSA. Cell proliferation was determined by the trypan blue dye

exclusion test. Treatment of cells with TVA and CLA (10-100 μM) did

not affect cell proliferation, compared to controls (Fig. 1A). In

contrast, treatment of cells with EA (50-100 μM) significantly increased

the number of cells, compared to controls (Fig. 1A). Increased

proliferation of VSMCs is an important pathological process during

the development of atherosclerosis (2). Fatty acids, such as

docosahexaenoic acid, can suppress the proliferation of human

VSMCs by inhibiting the nuclear translocation of nuclear factor-κB

(NF-κB)-p65 in VSMCs (14). On the other hand, increased VSMC

proliferation has been observed, following treatment with oleic acid,

the most abundant unsaturated fatty acid in plasma (15). However,

the proliferative effects of EA on VSMCs have not been reported yet.

Thus, our results demonstrated that EA can induce VSMC proliferation,

however, this effect was not observed in cells treated with TVA and

CLA. In addition, cytotoxicity was determined using MTT assay.

Results showed that treatment of fatty acids (TVA, EA, and CLA) did

not affect the viability of VSMCs up to 200 μM, suggesting that these

fatty acids are not important contributors for cell viability in VSMCs

(Fig. 1B). In this study. both trypan blue dye exclusion and MTT tests

were used in measuring viability of cells. Our data showed increase

of cell proliferation by EA treatments only in trypan blue dye
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exclusion test. This is probably because live cells are manually

counted in trypan blue dye exclusion test while living cell’s

mitochondrial activity is measured in MTT assay. Thus, it is generally

considered that trypan blue dye exclusion test is more accurate in

measuring live cells. According to a recent report, some chemicals

can react with MTT or succinate dehydrogenase which may result in

inaccuracy of measuring live cells (16).

TVA does not affect the migration of VSMCs Migration of VSMCs

is an early and critical event in the development of atherosclerosis

(4). To determine whether TVA can modulate VSMC migration, cells

were treated with fatty acids (TVA, EA, or CLA) at the concentrations

of 10, 50, or 100 μM for 24 h. Figure 2 is a representative image of

VSMC migration. Treating VSMCs with TVA and CLA (10-100 μM) did

not affect their migration, whereas treating them with EA (10-100

μM) markedly increased their migration, compared to that of

controls (Fig. 2). Little is known about the effects of fatty acids on

VSMC migration. Docosahexaenoic acid significantly reduces VSMC

migration induced by interleukin-1β (17); in contrast, oleic acid

stimulates VSMC migration (18). These results indicate that the

effects on VSMC migration is dependent on the type of fatty acids,

and our results demonstrate that EA, not TVA and CLA, can stimulate

VSMC migration, which may contribute to the development of

intimal hyperplasia and atherosclerosis following consumption of

hydrogenated vegetable oil.

Protein expression of CDK4 and cyclin D1 is increased with EA but

not with TVA In order to investigate the underlying intracellular

mechanisms responsible for the observed proliferation and migration

due to the trans-fatty acids treatments, VSMCs were treated with the

three types of trans-fatty acids. Proliferation and migration of VSMCs

is regulated by several different factors, including cell cycle-related

molecules. For example, a cell cycle inhibitor, p21WAF1 is known to

Fig. 1. Effects of fatty acids on proliferation and cytotoxicity in VSMC.

(A) Cells were treated with TVA, CLA, and EA at the final concentrations

of 0, 10, 50, and 100 µM for 24 h. At the end of the treatment, cells

were trypsinized and trypan blue solution was added, to identify live

cells. The number of live cells was counted using a hemocytometer.

Asterisk indicates a significant difference compared to corresponding

control (p<0.05). (B) Cytotoxicity of fatty acids were determined using

MTT assay. Cells were treated with TVA, CLA, and EA at the final

concentrations of 0, 10, 50, 100, and 200 µM for 24 h. Experiments

were repeated three times. Data represent the mean±SEM.

Fig. 2. Effects of fatty acids on VSMC migration. Cells were treated with TVA, CLA, and EA (0, 10, 50, and 100 µM), and three perpendicular wounds

were inflicted on them using a pipette tip, following which they were grown for 18 h. The widths of the wounds were photographed using an

inverted microscope (40X magnification).
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be associated with the inhibition of VSMC proliferation (19). Normal

cell proliferation depends on the tightly regulated activation of

cyclin/cyclin-dependent kinase complexes. Cyclin D1, CDK4, and

CDK6 are among the central mediators of the G1/S phase transition

(20). In this study, since EA affected the proliferation and migration of

VSMCs, we evaluated the protein expression of cyclin D1, CDK4, and

CDK6 using Western blot analysis. Protein expression levels of CDKs

has been measured as a marker of cell cycle progression in smooth

muscle cells (21). The protein expression of CDK4 was significantly

decreased in cells treated with TVA at 50-100 μM, compared to that

in the controls (Fig. 3A). CLA also significantly decreased the

expression of CDK4 at the concentrations of 10-100 μM (Fig. 3A).

However, CDK4 expression was markedly increased in cells treated

with EA at the concentrations of 50-100 μM (Fig. 3A). Expression of

cyclin D1 protein was significantly increased EA at 100 μM, but both

TVA and CLA did not affect the protein expression at all the

Fig. 3. Effects of fatty acids on the expression of CDK4, Cyclin D1 and CDK6. Protein expression of (A) CDK4, (B) Cyclin D1, and (C) CDK6 was

measured in VSMCs treated with fatty acids (TVA, EA, and CLA; 0, 10, 50, and 100 µM) for 24 h. Whole cell lysates were used to measure the

expression of proteins. Densitometry results were normalized to GAPDH. Results represent the mean±SE, with n=3. The Western blot picture

shown is a representative of three independent experiments. Asterisk indicates a significant difference compared to corresponding control

(p<0.05).
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concentrations tested (Fig. 3B). CDK4/cyclin D1 complex predominantly

promotes G1/S transition of the cell cycle and their protein expression

is a critical regulator of cell proliferation (6). Thus, cyclin D1 and CDK4

are often upregulated in rapidly dividing cells and decrease of CDK4

attenuates cell proliferation (22). Our results demonstrated that the

increased cell proliferation due to EA treatment is associated with

the increased protein expression of CDK4 and cyclin D1. The results

also suggest that the unaltered proliferation and migration in cells

treated with TVA and CLA are due to the decrease or unchanged

expression levels of CDK4 and cyclin D1. CLA is a naturally occurring

group of positional and geometric isomers of linoleic acid and TVA is

a precursor of CLA (10). It has been reported that CLA decreases NF-

κB activation in VSMCs (23). According to a recent report, decreased

activation of NF-κB is associated with the inhibition of VSMC

migration and proliferation through cell cycle arrest, ERK1/2 and

MMP-9 (24). In contrast, trans-fatty acids, such as EA has been

shown to increase inflammatory responses in vascular cells via NF-κB

activation (25). These previous studies suggest that cellular response

(e.g., cell cycle related molecules) due to trans-fatty acids is not

identical but is dependent on the type of trans-fatty acids. These are

probably due to the structural difference and whether it is produced

naturally or artificially. CDK6 protein expression in cells treated with

TVA, EA, or CLA remained unaltered and this implies that CDK6 is not

a major factor for cell proliferation when cells are treated with TVA,

EA and CLA in VSMCs (Fig. 3C).

Taken together, our data suggest that, unlike EA, ruminant trans-

fatty acids TVA and CLA had no atherogenic effects, such as cell

proliferation and migration in VSMCs. However, further studies will

be useful to identify the detailed cardiovascular effects of ruminant

trans-fatty acids, using in vivo and in vitro experiments.
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