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Abstract Epidemiological data have shown an associa-

tion of the intake of industrial produced trans fatty acids

(TFA) and sudden cardiac death. The present study

examines the impact of elaidic acid (t18:1n-9) and linoe-

laidic acid (t18:2n-6) on the human aortic endothelial cell

functional response. Trans fatty acids predominately

incorporated into the phospholipid component while only a

minute fraction of the total fatty acids (FA) incorporated

into triacylglycerol. Trans fatty acids incorporated into the

plasma membranes at the expense of the saturated-FA,

stearic, palmitic, and to a lesser extent, myristic acid. Both

t18:1n-9 and t18:2n-6 induced a pro-inflammatory response

by elevating surface expression of intercellular adhesion

molecule-1 (ICAM-1). Neither oleic nor linoleic evoked a

pro-inflammatory phenotype under the maximal 50 lM

treatments. Both TFA and stearic acid increased phos-

phorylation of the ICAM-1 transcriptional regulator,

nuclear factor-jb (NF-jb), while oleic and linoleic acids

did not appear to alter the phosphorylation status. Elaidic

acid minimally affected endothelial cell growth, whereas

linoelaidic acid completely inhibited growth at 100 lM

and imparted limited cytotoxicity up to 300 lM. Stearic

acid induced cytotoxicity at concentrations above 75 lM,

while oleic and linoleic acids evoked gradual dose-dependent

growth inhibition with cytotoxicity occurring only at linoleic

acid concentrations greater than 200 lM. In conclusion,

t18:1n-9 and t18:2n-6 fatty acids effectively incorporated into

the phospholipid component of endothelial cells and subse-

quently induce a pro-inflammatory phenotype.
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Abbreviations

ANOVA Analysis of variance

BCA Bicinchoninic acid

BSA Bovine serum albumin

CHD Coronary heart disease

CO2 Carbon dioxide

EBM2 Endothelial basal medium

EC Endothelial cell(s)

FA Fatty acid(s)

FBS Fetal bovine serum

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

HAEC Human aortic endothelial cell(s)

HUVEC Human umbilical vein endothelial cell

ICAM-1 Intercellular adhesion molecule-1

IP-TFA Industrially produced-trans fatty acid(s)

NF-jb Nuclear factor-jb
PE Phycoerythrin

PL Phospholipid(s)

RP-TFA Ruminant produced-trans fatty acid(s)

SFA Saturated fatty acid(s)

t18:1n-9 Trans D9-octadeca-monoenoic acid (elaidic

acid)

t18:2n-6 Trans D9,12-octadeca-dienoic acid (linoelaidic

acid)
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TAG Triacylglycerol(s)

TBST Tris buffered saline-tween 20

TFA Trans fatty acid(s)

VCAM-1 Vascular cell adhesion molecule-1

Introduction

Trans fatty acid sources are either industrially produced

(IP-TFA) or ruminant produced (RP-TFA). Industrially

produced-trans fatty acids are generated by the partial

hydrogenation of vegetable fats and, to lesser extent, fish

oils using a high heat source, hydrogen gas, and a metal

catalyst. Industrially produced-trans fatty acids account for

a majority of the trans fats in the western diet, and the

IP-TFA content of partially hydrogenated fat could reach

as high as 60 % [1]. Naturally occurring RP-TFA arise

from the bio-hydrogenation in ruminant animals, which are

present in beef and sheep products, such as milk and

cheese. The RP-TFA present in meat and dairy products

comprise a maximum of 6 % of the fat content [1]. In

European countries, such as Denmark, aggressive measures

have drastically reduced IP-TFA in food products; as a

result, their major source of TFA is ruminant produced.

The RP-TFA intake in the general Danish population

consists of 85 % dairy products and the remaining 15 % in

ruminant meat products [2]. Conversely, TFA consumption

in the USA population is estimated to account for 4–12 %

of the total dietary fat intake, which equates to 13 g of

TFA/person/day based on the highest daily intake of TFA

[3]. Despite recent trends to drastically reduce trans fatty

acids from dietary intake in European countries, IP-TFA

are readily present in the western diet, particularly in the

USA. Trans fatty acid intake in Canada was as high as

8.4 g/person/day in the mid-1990s; however, following the

health Canada’s 2007 request to voluntarily reduce the

quantity of IP-TFA by food manufacturers, the average

daily intake dropped to 3.4 g/person/day (1.4 % food

energy) in 2008 [4]. Even with the significant reduction,

the TFA intake continues to exceed the World Health

Organizations recommendations of \1 % of food energy

consumption.

Epidemiological evidence has established a correlation

of TFA consumption with the risk of death from coronary

heart disease, primarily due to IP-TFA sources [5–7].

Mozaffarian et al. [8] performed a meta-analysis of four

prospective cohort studies investigating the association of

TFA intake with the incidence of coronary heart disease

(CHD) that resulted in a pooled relative risk of 1.23 (95 %

CI, 1.11–1.37; P \ 0.0001). Furthermore, these investiga-

tors evaluated TFA consumption and the risk of nonfatal

myocardial infarction in three retrospective case–control

studies, which assessed the TFA content in adipose tissue.

With the inclusion of these retrospective studies, the meta-

analysis enhanced the association between TFA con-

sumption and the risk of developing CHD (pooled relative

risk 1.29; 95 % CI, 1.11–1.49; P \ 0.0001). Mozaffarian

et al. [8] cautions that although the correlation between

TFA intake and the risk of CHD are predominantly due to

IP-TFA, RP-TFA consumption could be as detrimental if

consumed in significant quantities. In a Danish 18-year

follow-up study, there was no indication of an association

of RP-TFA intake and the risk of CHD in men. In fact,

indications of an inverse correlation were observed in

women [9]. Additional studies should be performed in this

controversial relationship of RP-TFA consumption and the

risk of developing cardiovascular disease.

While most investigations have focused on the impact of

IP-TFA, Motard-Bélanger and colleagues [10] reported

that both IP- and RP-TFA consumption adversely affects

cholesterol homeostasis. Mozaffarian et al. [11] reviewed

the effects of TFA consumption on CHD. Trans fatty acid

consumption disrupts cholesterol homeostasis, resulting in

increased low-density lipoprotein cholesterol with a cor-

responding decrease in high-density lipoprotein cholesterol

levels. Additional evidence outlined in their review

emphasizes the pro-inflammatory impact of TFA, including

elevated levels of tumor necrosis factor-a, interleukin-6,

and C-reactive protein [11]. Bendsen et al. [12] conducted

a 16-week intervention study examining the effect of

IP-TFA consumption on biomarkers of inflammation in

overweight postmenopausal women. Elevated IP-TFA

intake increased TNF-a levels as well as soluble forms of

the TNF receptors. The investigators conclude that IP-TFA

consumption may involve the activation of TNF-a as a

possible mechanism leading to the development of car-

diovascular disease.

Saturated fatty acids (SFA), stearic acid in particular, are

believed to contribute to CHD by invoking lipid-mediated

vascular cell dysfunction [13–17]. In a population-based

cross-sectional study aimed at determining the effects of

SFA and TFA intake on the mean carotid artery intimal

medial thickness, elevated consumption of both of these

fatty acid classes were independently associated with

increased intimal medial thickness [18]. The authors con-

clude that elevated intake of SFA and TFA may lead to an

increased risk of subclinical atherosclerosis. Based on the

limited amount of evidence available, previously published

data suggest linoelaidic acid is more responsible for CHD

than elaidic acid [11, 19]; however, no direct assessment

has been performed in primary cells derived from the

vasculature. Endothelial cells (EC) are an integral com-

ponent of the development and progression of CHD, which

is hypothesized to possibly be the end result of chronic

systemic inflammation. Previous reports published from

our laboratory emphasized the significant role of long-
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chain saturated fatty acids in the generation of a pro-

inflammatory endothelial cell phenotype [20, 21]. In the

present study, we initiated in vitro studies to directly

evaluate the deleterious affects of two commonly con-

sumed TFA, elaidic and linoelaidic acids, in comparison to

their saturated counterpart, stearic acid. As previously

reported [22], TFA structurally resemble saturated fatty

acids. We hypothesized that TFA-supplemented endothe-

lial cells would develop a pro-inflammatory phenotype

similar to cellular responses following long-chain saturated

fatty acids, as previously reported [20, 21]. In this inves-

tigation, we initiated in vitro studies to compare the direct

effects of the TFA, elaidic and linoelaidic acids, as well as

stearic acid supplementation on the phenotypic and func-

tional responses in human aortic endothelial cells.

Materials and Methods

Materials

Human-derived aortic endothelial cells as well as the

growth medium comprised of EGM-2MV bullet kits

(endothelial growth medium-2 microvascular) were pur-

chased from Lonza Walkersville Inc. (Walkersville, MD,

USA). Fetal bovine serum was obtained from Invitrogen

Corporation (Carlsbad, CA, USA). Consumable tissue

culture materials were purchased from Fisher Scientific

(Pittsburgh, PA, USA). Western blot antibodies were

acquired from Cell Signaling Technology (Danvers, MA).

Fluorescently coupled antibodies were obtained from BD

Pharmingen (San Diego, CA, USA). All fatty acids were

purchased from Nu-Chek Prep Inc. (Elysian, MN, USA).

Gas chromatography standards were purchased from Res-

tek Corporation, Bellefonte, PA, USA). Additional chem-

icals and reagents were obtained from Sigma Chemical

Company (St. Louis, MO, USA), unless otherwise noted.

Human Aortic Endothelial Cell Culture

Primary human aortic endothelial cells (HAEC) were

maintained in endothelial basal medium-2 (EBM2) sup-

plemented with 5 % fetal bovine serum (FBS) and bullet

kit materials as specified by the manufacturer. Cell culture

passages of less than ten were experimentally utilized at

80–90 % confluence. Human aortic endothelial cells were

maintained at 37 �C in a humidified atmosphere in the

presence of 5 % CO2.

Fatty Acid Incorporation into Endothelial Cells

Fatty acid stock solutions (1 mM) were prepared by com-

plexing fatty acid free-bovine serum albumin (BSA) with

individual free fatty acids [23]. Sub-confluent endothelial

monolayers were cultured for 24 h in the presence or

absence of albumin bound-fatty acids (50 lM). Following

treatments, cells were trypsinized and washed in phosphate

buffered saline (PBS) supplemented with 0.1 % fatty acid

free-BSA. Cell pellets were resuspended in calcium and

magnesium-free PBS and sonicated to lyse the cells.

Internal standards (C23:0, phospholipid and triglyceride)

were added to a known volume of cell lysate, whereas

protein content was determined with the remaining lysate

using a bicinchoninic acid (BCA) protein assay kit (R and

D Systems, Elysian, MN).

Lipids were extracted using the Folch method with

chloroform: methanol (2:1) [24]. Fractionation of the lipid

classes into phospholipids (PL) and triacylglycerols (TAG)

was performed using thin layer chromatography using a

hexane: diethyl ether: acetic acid (70:30:1; by volume)

solvent system. The scraped lipid fractions were subjected

to acid-catalyzed esterification by heating for 90 min at

100 �C in a boron trifluoride-methanol solution (14 %).

The fatty acid methyl esters were separated by gas chro-

matography (Shimadzu GC2010; Shimazdu, Columbia,

MD, USA) as previously described [25]. Fatty acid peaks

were identified by retention times in comparison to

authentic standards. Data were analyzed with Shimadzu’s

GC solutions software and quantified as the mean quantity

of each fatty acid normalized to reflect the protein con-

centration of each sample.

Lipid Droplet Visualization

Excess triglycerides and cholesterol esters are often pack-

aged and stored intracellularly in the form of lipid droplets.

Human aortic endothelial cells were cultured in 4-well

Permanox chamber slides in EBM-2 complete medium

supplemented with albumin-bound fatty acids for 24 h. The

cellular neutral lipids were stained using an oil red O

staining kit as described by the manufacturer. These cells

were counterstained with modified Mayer’s hematoxylin

for visualization using an Olympus BX40 upright micro-

scope at 5009 magnification with an oil immersion

objective.

Flow Cytometric Analysis of HAEC Adhesion

Molecule Expression

Treated HAEC were trypsinized, washed in PBS contain-

ing 0.5 % BSA, and resuspended in the same buffer for

antibody labeling. Cells were labeled with 0.25 lg phy-

coerythrin (PE)-conjugated intercellular adhesion mole-

cule-1 (ICAM-1), which is also known as CD54, for

20 min at room temperature in the dark. Subsequently, the

cells were washed with PBS containing 0.5 % BSA and
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resuspended in 300 lL of the wash buffer. In order to

ensure binding specificity, an isotype control was estab-

lished for each data set. Data analysis was performed on a

FACSCalibur flow cytometer (Becton–Dickinson, San

Jose, CA, USA) equipped with a 15 mW air-cooled argon-

ion laser emitting at a 488 nm wavelength. The PE signal

was detected through a 585 nm band pass filter and

quantified using CellQuest Software (Becton–Dickinson).

Results indicate the mean fluorescent intensity of gated

endothelial cells, which excluded cellular debris and

particles.

Western Blot Analysis

Subconfluent HAEC were grown in six-well tissue culture-

treated plates in the presence or absence of albumin-bound

fatty acids in EBM-2 complete medium for 24 h under

standard tissue culture conditions. Treated cells were rinsed

in cold PBS and lysed on ice for 15 min in a 20 mM Tris–

HCl (pH 7.4) buffer containing 137 mM NaCl, 100 mM

NaF, 2 mM Na3VO4, 10 % glycerol, 1 % Nonidet P-40,

2 mM PMSF, 1 lg/ml leupeptin, 0.15 units/ml aprotinin,

and 2.5 mM diisopropyl fluorophosphate. Protein content

was determined using a BCA protein assay kit following

centrifugation of the detergent solubilized extracts to

remove insoluble matter. Proteins were electrophoretically

separated in 4–12 % polyacrylamide gradient gels and

transferred onto nitrocellulose membranes. Membranes

were blocked for 30 min at room temperature in 10 %

Roche Western Blocking reagent in Tris-buffered saline

supplemented with 0.1 % Triton X-100 (TBST). Blots

were probed with primary antibodies according to the

manufacturer’s recommendations. Secondary antibodies

were peroxidase-conjugated for protein detection using an

enhanced chemiluminescence (ECL) system (Amersham

Pharmacia Biotechnology, Piscataway, NJ, USA). Nitro-

cellulose membranes were stripped in 62.5 mM Tris–HCl

(pH 6.8) buffer containing 2 % SDS and 100 mM

b-mercaptoethanol for 30 min at 50 �C. Stripped blots

were washed six times in TBST, blocked, and reprobed

with an alternative antibody.

Growth Inhibition and Cytotoxicity Assay

Determination of the influence of fatty acids on cellular

growth inhibition and cytotoxicity was evaluated as pre-

viously described [20, 21]. Endothelial cells (5,000 cells/

well) were plated in a 96-well flat bottom plate and

maintained in EBM-2 complete medium for 6 h to permit

cell adherence. A subset of established wells were utilized

to determine cellular growth (X; baseline at day zero) by

administering WST-1 reagent (10 lL/well) and recording

optical density readings at 450 nm following a 90-minute

incubation under standard tissue culture conditions. All

other wells were replaced with EBM-2 complete medium

supplemented with varying concentrations of albumin-

bound fatty acids. Cell cultures were maintained for an

additional 48 h at 37 �C in humidified 5 % CO2. Following

the addition of WST-1 and 90-minute incubation, optical

density values were used to calculate growth inhibition or

cell loss based on the day zero baseline readings. Vehicle

controls (EBM-2 complete medium supplemented with

fatty acid free bovine serum albumin) determined the total

growth potential (Y). Cell growth (Z) was normalized to

100 % using the formula ((Y - X / X) 9 100). Effects of

fatty acid supplementation were ascertained by comparing

to Z values. Values from 100 to zero indicated growth

inhibition, whereas values less than zero indicated cell loss.

Results are expressed as the means ± standard deviations

of at least four determinations.

Apoptosis Detection

Endothelial cells (1.0 9 105) were cultured in six-well

plates overnight in EBM-2 complete medium. Spent media

was replaced with EBM-2 complete medium supplemented

with albumin-bound fatty acids and cultured under typical

conditions for 24 h. Following treatments, the cells were

rinsed in PBS and trypsinized from the plates. All spent

medium, PBS washes, and trypsinized cells were collec-

tively combined to ensure both adherent and non-adherent

cells were harvested for analysis. Cell pellets were labeled

in a solution containing Annexin V Fluorescein and pro-

pidium iodide, which was prepared as described by the

manufacturer (Roche Applied Science, Indianapolis, IN).

Cell suspensions were labeled in the dark at room tem-

perature for 20 min. Analysis was performed on a FAC-

SCalibur flow cytometer (Becton–Dickinson, San Jose,

CA) equipped with a 15 mW air-cooled argon-ion laser

emitting at a 488 nm wavelength. Annexin V was detected

through a 530 nm band pass filter, while propidium iodide

was detected through a 650 nm long pass filter. Data were

quantified using CellQuest software (Becton–Dickinson).

Data represent the mean ± standard deviation of three

determinations.

Statistical Analysis

Data represent the mean ± the standard deviation of at

least three determinations. Fatty acid profiles were com-

pared between control and experimental groups using

Student t tests. To account for multiple comparisons to a

single control group, significance levels were adjusted

using the Bonferroni correction, meaning differences were

only considered significant when P B 0.025. For the

apoptosis/necrosis data, where group variances were
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similar, analysis of variance (ANOVA) was used for initial

comparisons across all groups. If a significant difference

was detected across all groups, then Dunnett’s multiple

comparison test was used to compare each experimental

group to control. Group variances for the ICAM-1

expression data were not assumed to be equal, so multiple

Student t tests for unequal variances (Welch’s t test) were

used to compare treatment groups to control. To account

for the multiple comparisons to a single control group, the

Bonferroni correction was used to adjust the significance

levels. Here differences were only considered significant if

P B 0.017. Significant differences between treatment and

control groups are indicated with an asterisk in the tables.

Results

Cellular Incorporation of Trans Fatty Acids

Endothelial cells were supplemented for 24 h with trans

fatty acids (50 lM) prior to extraction and fractionation

into phospholipids and triacylglycerols. Table 1a summa-

rizes the fatty acid distribution in the EC phospholipids.

Both elaidic and linoelaidic cellular levels constitute a

minor component of the overall fatty acid profile in vehi-

cle-treated cells; however, both of the TFA were readily

incorporated into cellular phospholipids (40–54 % of total

FA content). This resulted in a 190-fold (P \ 0.025) and

275-fold (P \ 0.025) enrichment of t18:1n-9 and t18:2n-6,

respectively. Importantly, this incorporation coincides with

noteworthy and significant (P \ 0.025) decreases in satu-

rated fatty acids (SFA) namely myristic acid (36 % vehi-

cle-treated vs. 17 % TFA-treated), palmitic (32 % vehicle-

treated vs. 15 % TFA-treated), ?stearic (18 % vehicle-treated

vs. 8 % TFA-treated), and monounsaturated fatty acid

(MUFA) namely oleic acid (28 % vehicle-treated vs.

10–20 % TFA-treated) levels. The decrease in long-chain

polyunsaturated fatty acids (LC-PUFA) was also signifi-

cant (P \ 0.05) but it was to a lesser extent than that of

SFA and MUFA (approximately 12–25 %). The treatment

of t18:2n-6 reduced n-3 and n-6 PUFA to approximately an

equal extent, whereas effect of t18:1n-9 was very minimal

on n-6 PUFA reduction than that of n-3 PUFA. Interest-

ingly, the incorporation of TFA did not result in any sig-

nificant increase in the total fatty acid content in the

phospholipid fraction. Table 1b summarizes the fatty acid

distribution in the EC triacylglycerols. The fatty acid

amounts present in the TAG fraction remained relatively

low (2 % of total FA) to that of the phospholipid fraction in

vehicle-treated cells. Both TFA were also able to increase

incorporation into TAGs by 30–40 % of total fatty acid

content. This resulted in an enrichment of t18:1n-9 by

33-fold and t18:2n-6 by 60-fold. There appears to be a

small decrease (non-significant) in palmitic acid

(12–17 %), but this decrease appears to be compensated by

an increase in myristic acid, resulting in no overall change

in LC-SFA. It therefore appears that unlike their incorpo-

ration into phospholipids, the TFA did not incorporate at

the expense of other fatty acids; rather they simply accu-

mulated, causing an increase of total FA in TAGs by 40 or

80 % on t18:1n-9 or t18:2n-6 treatment, respectively.

Furthermore, TFA also enhanced some accumulation of

LC-PUFA, particularly n-3 PUFA. The overall increase in

FA in TAG contributes to an increase of 3–3.5 % of total

cellular fatty acids.

Lipid droplet formation is indicative of an accumulation

of TAGs being packaged and stored intracellularly. Fig-

ure 1 depicts representative oil red O- and hematoxylin-

stained EC supplemented with varying fatty acids (50 lM).

Stearic acid-supplemented cells lacked the presence of

detectable lipid droplets, which corresponded to the vehicle

control cells. As indicated with arrows, lipid droplet

accumulation was readily visible in oleic- and linoleic-

supplemented EC. The trans fatty acids, elaidic and lino-

elaidic, did present lipid droplets; however, the abundance

of these droplets was substantially less apparent than their

cis fatty acid counterparts.

Effect of Trans Fatty Acid Supplementation

on Pro-inflammatory Responses in EC

Adhesion molecule surface expression is indicative of the

inflammatory status of EC; therefore, our laboratory

quantified intercellular adhesion molecule-1 (ICAM-1;

CD54) levels in fatty acid supplemented EC. Cultured EC

have basal levels of ICAM-1 surface expression under

standard tissue culture conditions. Endothelial cells were

supplemented with various fatty acids for 24 h prior to flow

cytometric analysis. Table 2 summarizes the results of the

relative abundance of ICAM-1 surface expression. Our

laboratory previously identified the pro-inflammatory

impact of saturated fatty acids, namely stearic acid, on

HAEC. Trans fatty acid-supplementation met or exceeded

ICAM-1 expression levels in comparison to stearic acid.

The highest level of ICAM-1 expression was observed with

elaidic acid (50 lM); however, it is important to note that

the quantity of ICAM-1 basal expression is only a per-

centage of the cell’s ability to respond to cytokine stimu-

lation. cis fatty acid supplementation did not significantly

elevate basal ICAM-1 expression in comparison to the

vehicle.

Although linked to various signaling mechanisms,

phosphorylation of NF-jb has been associated with the

pathway leading to ICAM-1 transcription and subsequent

deployment to the plasma membrane [20, 21]. Following a

24-hour fatty acid supplementation, EC lysates were
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electrophoretically separated, transferred, and probed using a

phospho-specific (Ser468) antibody for NF-jb in comparison

to GAPDH loading controls. As shown in Fig. 2, EC sup-

plemented with the TFA, elaidic and linoelaidic, demon-

strated dose-dependent increases in NF-jb phosphorylation.

With the exception of only a very slight increase in the

phospho-NF-jb levels observed following 50 lM oleic acid

supplementation, oleic and linoleic acid-supplementation did

not substantially enhance the phosphorylation status of NF-

jb. As previously reported by our laboratory, stearic acid-

supplemented HAEC also increased NF-jb phosphorylation

in a dose-dependent manner [20].

Table 1 Analysis of the phospholipid fatty acid profile (A) and triacylglycerol fatty acid profile (B)

Fatty acid Vehicle Elaidic (50 lM) Linoelaidic (50 lM)

A

10:0 (capric acid) 0.05 ± 0.01 0.10 ± 0.05 0.09 ± 0.02

12:0 (lauric acid) 0.11 ± 0.01 0.09 ± 0.06 0.14 ± 0.02

14:0 (myristic acid) 9.39 ± 0.59 4.76 ± 0.23b 3.76 ± 0.11b

16:0 (palmitic acid) 83.11 ± 4.68 41.87 ± 2.10b 38.40 ± 0.57b

18:0 (stearic acid) 48.87 ± 3.40 21.78 ± 1.04b 24.26 ± 0.64b

t18:1n-9 (elaidic acid) 0.31 ± 0.09 107.27 ± 5.09b 0.65 ± 0.35

18:1n-9 (oleic acid) 75.02 ± 2.90 51.12 ± 1.24b 30.19 ± 0.61b

t18:2n-6 (linoelaidic acid) 0.25 ± 0.02 0.12 ± 0.08 153.74 ± 23.18b

18:2n-6 (linoleic acid) 4.06 ± 0.02 4.43 ± 0.19 3.59 ± 0.15b

20:0 (arachidic acid) 0.37 ± 0.04 0.22 ± 0.01 0.19 ± 0.04

18:3n-6 ( c-linolenic acid) 0.23 ± 0.01 0.11 ± 0.00b 0.06 ± 0.01

18:3n-3 (a-linolenic acid) 0.75 ± 0.08 0.43 ± 0.04b 0.38 ± 0.05b

20:4n-6 (arachidonic acid) 27.82 ± 2.60 24.46 ± 1.51 21.10 ± 1.74

20:5n-3 (eicosapentaenoic acid) 2.96 ± 0.30 1.88 ± 0.07 1.70 ± 0.03b

22:6n-3 (docosahexaenoic acid) 9.19 ± 1.14 7.95 ± 0.41 6.50 ± 0.73

Total 262.48 ± 15.89 266.61 ± 12.12 284.73 ± 28.22

B

10:0 (capric acid) 0.20 ± 0.07 0.13 ± 0.02 0.11 ± 0.03

12:0 (lauric acid) 0.05 ± 0.00 0.09 ± 0.01 0.14 ± 0.08

14:0 (myristic acid) 0.48 ± 0.04 0.62 ± 0.22 0.43 ± 0.04

16:0 (palmitic acid) 2.42 ± 0.35 2.01 ± 0.1 2.13 ± 0.09

18:0 (stearic acid) 0.93 ± 0.21 0.89 ± 0.2 0.99 ± 0.09

t18:1n-9 (elaidic acid) 0.05 ± 0.04 2.39 ± 0.91a 0.01 ± 0.01

18:1n-9 (oleic acid) 1.24 ± 0.38 1.62 ± 0.57 1.57 ± 0.11

t18:2n-6 (linoelaidic acid) 0.02 ± 0.02 0.01 ± 0.00 4.40 ± 0.47b

18:2n-6 (linoleic acid) 0.16 ± 0.02 0.15 ± 0.05 0.21 ± 0.01

20:0 (arachidic acid) 0.04 ± 0.01 0.04 ± 0.01 0.05 ± 0.02

18:3n-6 (c-linolenic acid) 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01

18:3n-3 (a-linolenic acid) 0.03 ± 0.01 0.04 ± 0.00 0.05 ± 0.02

20:4n-6 (arachidonic acid) 0.06 ± 0.01 0.07 ± 0.07 0.12 ± 0.03

20:5n-3 (eicosapentaenoic acid) 0.04 ± 0.02 0.04 ± 0.03 0.04 ± 0.01

22:6n-3 (docosahexaenoic acid) 0.02 ± 0.02 0.02 ± 0.01 0.04 ± 0.01

Total 5.78 ± 1.21 8.14 ± 2.21 10.34 ± 1.03

Endothelial cells were treated with fatty acids (50 lM) for 24 h under standard culture conditions prior to analysis

Phospholipids and triacylglycerols were resolved using thin layer chromatography and extracted as described in the methods

Fatty acid quantification was based on an internal standard and normalized to protein content

Results are expressed as the mean ± the standard deviation of three experiments
a, b Denotes statistically significant differences at P B 0.05, P B 0.25, respectively in comparison to the vehicle control

Values are expressed in lg/mg protein ± SD
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Effect of Trans Fatty Acid Supplementation on HAEC

Growth Inhibition and Cytotoxicity

In Fig. 3a the effect of TFA supplementation on EC growth

is compared to stearic acid. Stearic acid-induced total

growth inhibition was observed at 50 lM and significant

cytotoxicity occurred at concentrations greater than 75 lM.

While linoelaidic acid did invoke a low degree of EC

cytotoxicity at the highest concentrations, a steady dose-

dependent effect on growth inhibition was observed at

concentrations greater than 25 lM. Elaidic acid minimally

impacted EC growth and demonstrated no indication of

affecting cellular cytotoxicity. Oleic and linoleic acid, the

cis counterparts to the TFA, did negatively influence the

growth potential of the EC, especially at concentrations

greater than 150 lM. Linoleic acid supplementation was

more potent than oleic, resulting in cell loss at the highest

concentrations.

Fig. 1 Effect of fatty acid

supplementation on the

accumulation of neutral lipid

storage. Human aortic

endothelial cells were

supplemented with 50 lM of

each individual fatty acid for

24 h at 37 �C in 5 % CO2. As

described in the methods, lipid

droplets containing

triacylglycerols were stained

with oil red O, and nuclei were

counterstained with

hematoxylin for cellular

definition (9500 magnification).

Treatments included a vehicle,

b stearic acid, c oleic acid,

d elaidic acid, e linoleic acid

and f linoelaidic acid. Lipid

droplets are indicated by the

arrows. No excess accumulation

of lipid droplets was observed

when HAEC were

co-supplemented with both

fatty acids

Table 2 Effect of fatty acid supplementation on HAEC ICAM-1

expression

Fatty Acid Concentration

5 lM 25 lM 50 lM

Vehicle 194.3 ± 20.5

Elaidic 239.6 ± 4.1 328.3 ± 11.0a 422.8 ± 10.0a

Linoelaidic 270.5 ± 2.4 325.4 ± 13.1a 383.3 ± 21.2a

Stearic 206.3 ± 12.3 246.3 ± 7.4 386.1 ± 13.8a

Oleic 191.1 ± 18.3 217.6 ± 1.0 216.8 ± 4.3

Linoleic 181.1 ± 2.6 229.9 ± 2.4 219.3 ± 3.5

Endothelial cells were supplemented with varying concentrations of

fatty acids for 24 h under standard culture conditions

Relative ICAM-1 membrane expression levels were quantified by

flow cytometry and are presented as the mean fluorescent inten-

sity ± the standard deviation of three determinations
a Denotes statistically significant differences (P B 0.017) in com-

parison to the vehicle control
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Effect of Fatty Acid Supplementation on HAEC

Apoptosis/Necrosis

To obtain evidence to support the observations in the growth

inhibition and cytotoxicity studies, EC were supplemented

with fatty acids (either 75 or 100 lM) for 24 h prior to

assessing cell viability. Table 3 compares individual fatty acid

treatments with a vehicle control in terms of the percentages of

cells classified as viable, apoptotic, or necrotic. The TFA,

elaidic and linoelaidic acid, slightly affected the overall via-

bility of the cell population, which corresponded with elevated

percentages of apoptotic and necrotic cells, particularly at the

100 lM dose. Oleic and linoleic supplementation affected

cellular viability to a lesser extent with the exception of an

unexplained shift in the population dynamics following lino-

leic acid (75 lM) supplementation. Stearic acid supplemen-

tation clearly demonstrated a significant decrease in cell

viability with corresponding increases in apoptotic and

necrotic events. This evidence reinforces the findings from the

growth inhibition and cytotoxicity studies.

Discussion

Endothelial cells supplemented with either elaidic or

linoelaidic fatty acids significantly altered the cellular

profile. Interestingly, these fatty acids incorporated into

cellular phospholipids, mainly at the expense of myristic,

palmitic, and stearic acids, without causing any net gain in

total fatty acid levels. Our laboratory previously reported

[20] that stearic acid also incorporated into the phospho-

lipid fraction at the expense of palmitic acid without

causing any net increase in total fatty acid content in this

fraction. However, in the triacylglycerol fraction, incor-

poration of TFA was minimal (2–4 lg/mg proteins) com-

pared to phospholipids (100–150 lg/mg protein) and did

not occur at the expense of any other fatty acid. As shown

previously [20], stearic acid incorporation into the TAG

fraction was minimal (8 lg/mg protein) compared to its

incorporation into phospholipids (70 lg/mg protein). In

contrast to saturated and trans fatty acids, oleic acid, a cis

fatty acid, incorporated substantially in both phospholipid

(80 lg/mg protein) and TAG (20 lg/mg proteins) frac-

tions. This data clearly demonstrates that TFA not only

structurally resemble saturated fatty acids but they also

incorporate into the cell in a similar fashion to that of

saturated fatty acids. The fatty acid incorporation results

are consistent with the formation of lipid droplets, which

are comprised of TAGs and cholesterol esters. Elaidic and

linoelaidic fatty acids did generate a few lipid droplets,

whereas vehicle and stearic acid supplemented cells were

devoid of oil red O-stained droplets. This data suggests that

Fig. 2 Effect of fatty acid supplementation on the phosphorylation

of the transcriptional regulator of ICAM-1, NF-jb. Human aortic

endothelial cells were supplemented with varying concentrations of

fatty acids for 24 h under typical tissue culture conditions. Endothe-

lial cell lysates (15 lg/sample) were electrophoretically separated in a

4–12 % polyacrylamide gradient gel and subsequently transferred

onto nitrocellulose membranes. Using phospho-specific antibodies to

detect the activation state of the transcriptional activator, NF-jb, the

relative impact of each fatty acid was ascertained. a Elaidic and

linoelaidic, b oleic and linoleic, c and stearic acid-supplemented cells

were compared. Glyceraldehyde 3-phosphate dehydrogenase (GAP-

DH) was used as the protein loading control
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the polyunsaturated fatty acids, oleic and linoleic, effi-

ciently converted excess fatty acid accumulation into the

neutral lipid packages, whereas TFA have a limited

capacity for being incorporated into lipid droplets. This

further suggests that TFA act more like saturated fatty

acids.

Next we compared the functional properties of saturated

and cis/trans unsaturated fatty acids. We have previously

reported the pro-inflammatory effects of long-chain satu-

rated fatty acids, particularly stearic acid [21]. Within this

report, we demonstrated that elevated phosphorylation of

NF-jb (Ser468) corresponded with increased ICAM-1

surface expression in non-challenged endothelial cells.

Both elaidic and linoelaidic acids induced phosphorylation

of the transcriptional regulator, NF-jb, consistent with

stearic acid. The phosphorylation levels corresponded to

increased non-challenged ICAM-1 surface expression.

Importantly, the TFA enhanced ICAM-1 expression to

levels equal to or surpassing those of stearic acid-supple-

mented cells. The cis counterparts did not appear to alter

the phosphorylation status or the corresponding ICAM-1

surface expression. These results portray a pro-inflamma-

tory endothelial cell phenotype that is consistent with our

previous findings, which focused primarily on linoelaidic

acid [25, 26]. Sanadgol et al. [27] reported that elaidic acid

supplementation did not diminish tumor necrosis factor-a
or lipopolysaccharide-induced upregulation of ICAM-1,

whereas oleic acid supplementation suppressed the

inflammatory response. This evidence suggests that TFA

not only invoke a pro-inflammatory response, but they also

assist in maintaining the activation status. Furthermore,

Rezamond et al. [28] found elevated mRNA expression of

pro-inflammatory markers, including interleukin-1b and

ICAM-1, in bovine mammary epithelial cells supplemented

with elaidic acid. In a cross-sectional study of 730 women

from the nurses’ health study I cohort, TFA intake was

associated with elevated plasma levels of C-reactive pro-

tein, soluble tumor necrosis factor receptor-2, E-selectin,

soluble ICAM-1, and soluble VCAM-1 [29]. The authors

Fig. 3 Effect of fatty acid supplementation on HAEC growth

inhibition and cytotoxicity. Human aortic endothelial cells were

supplemented with albumin-bound fatty acids at varying concentra-

tions for 48 h at 37 �C in 5 % CO2. Cells were administered WST-1

assay reagent, as described in the methods, to ascertain the metabolic

activity. Values less than 100, but above 0, represent growth

inhibition, whereas values falling below 0 indicate cell loss in

comparison to the day 0 initial population. Calculations of these

values are described in the methods. a Elaidic, linoelaidic, and stearic

acids are shown, whereas b oleic and linoleic acids portray the cis
counterparts to the TFA. Data represent the mean ± the standard

deviation of at least four determinations

Table 3 Effect of fatty acid supplementation on endothelial cell

apoptosis/necrosis

Apoptosis/necrosis detection (mean percentage ± SD)

Viable Apoptotic Necrotic

Vehicle 78.0 ± 2.0 9.0 ± 1.3 13.1 ± 0.7

Elaidic (lM)

75 74.3 ± 3.8 12.6 ± 2.0 13.2 ± 1.8

100 70.6 ± 1.6a 12.8 ± 1.2a 16.6 ± 2.5

Linoelaidic (lM)

75 73.0 ± 3.6 12.2 ± 0.6a 14.8 ± 3.1

100 69.6 ± 3.1a 13.7 ± 0.6a 16.7 ± 2.7

Linoleic (lM)

75 72.5 ± 2.2a 11.2 ± 1.9 16.4 ± 0.5a

100 75.6 ± 1.3 10.7 ± 1.2 13.8 ± 2.3

Oleic (lM)

75 74.2 ± 2.6 13.4 ± 2.6 12.4 ± 3.1

100 76.0 ± 2.0 11.3 ± 3.4 12.8 ± 1.4

Stearic (lM)

75 66.4 ± 5.2a 20.3 ± 3.6a 13.6 ± 1.3

100 50.2 ± 3.2a 32.8 ± 2.2a 17.0 ± 1.0a

Prior to apoptosis/necrosis analysis using flow cytometry, endothelial

cells were supplemented with individual fatty acids for 24 h at 37 �C

in 5 % CO2

The data reflects the percentage of cells observed in each classifica-

tion. Results are expressed as the mean ± the standard deviation of

three determinations
a Denotes significant differences (P B 0.025) in comparison to the

vehicle control
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conclude that elevated TFA intake could lead to a chronic

pro-inflammatory endothelial cell phenotype, which could

progress into CHD.

Consistent with our previous reports, stearic acid-sup-

plemented endothelial cells invoke cytotoxicity at con-

centrations surpassing 75 lM [20, 21]. Unlike stearic acid,

elaidic and linoelaidic acids do not adhere to the same

growth inhibition and cytotoxicity observations. Elaidic

acid appears to be well tolerated in terms of endothelial cell

growth inhibition, whereas linoelaidic acid did significantly

inhibit growth at concentrations [50 lM and limited cell

loss was apparent at concentrations exceeding 150 lM.

Flow cytometric determination of apoptosis and/or necrosis

clearly demonstrated the negative impact of stearic acid

supplementation on endothelial cell viability; moreover,

premature cell loss in the stearic acid-supplemented EC

likely skewed the overall percentages, thereby minimizing

the negative impact. Trans fatty acids did slightly impact

endothelial apoptosis/necrosis albeit at relatively low per-

centage alterations. A recent report by Qiu et al. [30]

claimed that relatively high concentrations of elaidic acid

induced apoptosis in HUVEC cells. This TFA-induced

apoptosis involved the activation of caspases 3, 8, and 9.

Zapolska-Downar et al. [31] also assessed TFA’s ability to

induce apoptosis in HUVEC by comparing both elaidic and

linoelaidic fatty acids. They also describe a caspase-3

dependent induction of apoptosis; however, the concen-

trations used in this study were exceedingly high (up to

5 mM). Consistent with our observations, linoelaidic acid

appeared to be potentially more detrimental than elaidic

acid.

In conclusion, both elaidic and linoelaidic fatty acids

incorporate into endothelial cell phospholipids, and TFA

are capable of being incorporated into triacylglycerols to a

limited extent. Elaidic acid-supplemented endothelial cells

portrayed the most pro-inflammatory phenotype. Further-

more, in contrast to stearic acid (as shown previously) [20],

elaidic acid did not negatively impact human aortic endo-

thelial cell growth; however, cellular incorporation of TFA

from industrially produced dietary sources into the vascu-

lature could lead to a sustained inflammatory state as ela-

idic acid is significantly more abundant than linoelaidic in

the IP-TFA. The concentration of trans fatty acids

(5–50 lM) used in the present study were within the

physiological range found in fasting 20-years-old non-

Hispanic white individuals (30–103 lM) [32]. The pro-

inflammatory effects observed in this in vitro study,

therefore, suggest an association of dietary TFA with CHD.
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