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1. INTRODUCTION
Excessive consumption of dietary fat may enhance the rate of breast cancer metastasis. In
addition, it is generally accq)ted that the upregulation of endothelial cell adhesion molecules is
involved in the formation of blood-borne metastasis. Such a process may initiate migration of
tumor cells through the endothelium into underlying tissues and thus tumor cells cannot be
destroyed by the immune sptem. Although several adhesion molecules may be involved in this
process, it appears that the overexpression of ICAM-1 (intracellular adhesion molecule-1) may
play a critical role in bre^t cancer metastatic formation.
In our research we are the first to propose that lipid-enhanced breast cancer metastasis
may be connected to the overexpression of ICAM-1, The fact that a variety of fatty acids have
different effects on ICAM-1 induction may explain different effects of dietary lipids on breast
cancer metastasis. In the current grant application, we propose to study mechanisms of lipidinduced ICAM expression and bre^t tumor cell met^tatic formation on molecular, cellular and
whole animal levels.
Recent evidence indicates that also other inflammatory mediators, namely vascular cell
adhesion molecule-1 (VCAM-1) and monocyte chemoattractant protein-1 (MCP-1) can be
involved in fatty acid-induced cancer metastasis. Therefore, our research has been extended to
study effects of dietary lipids, primarily linoleic acid on the expression of VCAM-1 and MCP-1.
To date, our research was solely based on endothelial cell culture model system and
treatments including different dietary fatty acids.
2. BODY
a. Research accomplishments associated with Task 1,
Task 1. To identify the specific phosphorylation mechanism involved in Upid-mediated
induction of ICAM-1 expression.
The results obtained as a result of this T^k indicate that exposure to linoleic acid
increases protein Mmse C (PKC) and mitogen-activated protein (MAP) kin^e activities. In
addition, inhibition of both PKC and MAP-kinase prevented linoleic acid-mediated activation of
NF-KB. Endothelial cell exposure to linoleic acid also decreased cAMP levels, which indicates
that c-AMP-dependent protein kinase (PKA) is an unlikely participant in fatty acid-mediated
activation of NF-KB. Thus, in this research we identified two specific signal transduction
mechanisms responsible for fatty acid-mediated activation of NF-KB. Which of these two
pathways plays more important role in fatty acid-mediated activation of NF-KB and ICAM-1
gene expression requires fiirther studies. Such studies may involve transfections of endothehal
cells with specific NF-KB as well as IKB rqjorter contracts. Because endothehal cells are well
known to be difficult to transfect, we developed a special technique which allows us to achieve a
high-efficiency transfection of human endothelial cells. This technique was recently pubMshed
by our group (Kaiser and Toborek J. Vase. Res. 38:133-143, 2001) and it constitutes another
major accompMshment resulting fi-om this grant proposal. We were the first to report that
transfection of endothehal cells can achieve as high as 32% efficiency (Figure 1), This technique
also w^ employed in our research on NF-KB-mediated induction of ICAM-1 gene, as well as
other infiammatory genes in human endothelial cells (Toborek et al, Am. J. Clin. Nutr. 75,1 IPOS, 2002; Lee et al, J. Nutr. Biochem. 12, 648-654, 2001; Park at al, Nutr. Cancer, 41, 126134,2001).

Detailed descriptions of the obtained results are included in the appended publications.

Figure 1. Efficiency of liposome-mediatedtransfection
of human endothelial cells. Cells were tramfected for
1.5 h with the VR-3301 vector (5 p^mL) complexed
with 40 |ig/mL of DMRIE-C or lipofectin or with 36
Hg/mL of pFx-7. *Values marked with an asterisk are
significantly higher as compared to the values for
control cultures or cultures transfected with naked
plasmid DNA. ^Values in cultures ttansfected in the
presence of pFx-7 are significantly higher than values in
other experimental groups.
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b. Research accomplishments associated with Task 2.
Task 2. To test the hypothesis that induction of ICAM-1 expression mediated by
polyunsaturated but not saturated fatty acids, is the critical factor in promoting adhesion
of breast tumor cells to endothelial cells and their transendothelial migration.
Extensive studies were performed in relationship to this Task. We indicated that dietary
fatty acids can exert specific effects on ICAM-1 gene expression. Exposure to both linoleic acid
and linolenic acid induced a dose dependent increase in ICAM-1 mRNA levels. In addition,
these two fatty acids at the concentration of 90 ^imol/L stimulated induction of the ICAM-1 gene
to a similar extent, i.e., by approximately 30% as mcMured by the density of the appropriate
fluorescent bands. In contrast, exposure of endotheMal cells to oleic acid decreased ICAM-1
mRNA levels to approximately 50% of control values. The results of these experiments are
shown in Figure 2. The full report on dietary fatty acid-mediated expression of inflammatory
genes in human endothelial ceUs was recently accepted for pubHcation in the American Journal
of Clinical Nutrition (Toborek et al,. Am. J. CHn, Nutr. 75,119-125, 2002) and is also appended
to this Progress Report.
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Figure 2C. Effects of dietary fatty acids on intercellular
adhesion molecule-1 (ICAM-1) mRNA levels in human
endothelial cells as measured by RT-PCR, Endothelial
cells were exposed to specific fatty acids for 3 houre.
P-Actin was determie to indicate that the same amount
of RNA was iwed per sample.
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Figure 2C. Effects of dietary fatty acids on vascular cell
adhesion molecule-1 (VCAM-1) mRNA levels in human
endothelial cells as measured by RT-PCR. Endothelial
cells were exposed to specific fatty acids for 3 hours. PActin was determie to indicate that the same amount of
RNA was used per sample.

It appears that not only ICAM-1 but also another adhesion molecule, namely vascular cell
adhesion molecule-1 (VCAM-l), may play an important role in dietary fatty acid-mediated
cancer met^tasis. The effects of specific imsaturated fatty acids on VCAM-1 mRNA levels in
HUVEC are indicated in Figure 3. The most significant induction of the VCAM-1 gene (by 38%
m measured by the density of the fluorescent bands) was observed in cells treated with 90
Hmol/L of linoleic acid. In addition, exposure to 90 ^mol/L of linolenic acid resulted in a sHght
increase in VCAM-1 mRNA levels. Treatment with oleic acid had no effect on VCAM-1 gene
induction as compared to control cultures.
Our research on fatty acid-induced inflammatory responses in human endothelial cells
gained significant national and international attention and recognition. Our paper on this subject
pubKshed in the American Journal of Clinical Nutrition was accompanied by the Editorial
Comments and has been featured on several news releases, such as Reuters Health and the
Medical Post of Canada (please see the appended material).
Because of profound effects of linoleic acid on VCAM-1 gene expression, detailed
studies were performed on the mechanisms of this process. We indicated that the NF-KB binding
site plays the critical role in linoleic acid-induced VCAM-1 gene expression in human
endothelial cells. In addition, we indicated that common anti-inflammatory drugs, such as
Mpirin or sodium sahcylate can inhibit linoleic acid-mediated activation of NF-KB (Figure 4) as
well as linoleic acid-induced VCAM-1 expression (Figure 5).
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Figure 4, Pretreatment with aspirin, sodium salicylate or PDTC blocks linoleic
acid (LA)-induced NF-KB DNA-binding activity in human microv^cular
endothelial cells (HMEC-1) as measured by EMSA. HMEC-1 were pretreated
for 1 h with indicated concentrations of (A) aspirin or (B) sodium salicylate
before a 2 h treatment with 50 pM of linoleic acid (lanes 4-6). Lane 1, probe
alone; lane 2, treatment with 50 pM linoleic acid alone; lane 7, competition
study performed by the addition of excess unlabeled oligonucleotide using
nuclear extract from cells treated with 50 jiM linoleic acid.
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Figure 5. Pretreatment with aspirin impedes the induction of
VCAM-1 mRNA expression in linoleic acid-treated human
microvascular endothelial cells (HMEC-1),
Cells were
pretreated for 1 h with indicated concentrations of aspirin for 30
min with PDTC, before a 4 h treatment with 50 ^iM of linoleic
acid and assayed for VCAM-1 mRNA expression by RT-PCR.
LPS (1 ng/mL) w^ used as positive control.

b. Research accomplishments associated with Task 3.
Task 3. To test the hypothesis that diets enriched with polyunsaturated dietary fats but not
saturated fats increase metastasis formation and breast tumor development in an animal
model by induction of ICAM-1 expression.
Although our overall research related to this project progresses very well and has been
very productive, our animal studies had to be postponed compared to the original research plan.
A research technician and a postdoctoral scholar, who were originally assigned to perform the
animal studies, left my laboratory. Thus, I had to hire new research personnel, who required
additional training in animal studies. This training process is now finished, and we will be able
to start the animal studies soon. Therefore, I applied for a one year, no-cost extension, which
would allow us to complete this important part of our original proposal, hi addition, the no-cost
extension of our research project will allow us to finish other ongoing in vitro experiments and
write final papers and research reports.
3. KEY RESEARCH ACCOMPLISHMENTS
• To identify two specific phosphorylation pathways which are induced by dietary fatty acids
and participate in fatty acid-mediated activation of NF-KB.
• To estabHsh a new transfection technique which allows the transfection of human endothelial
cells with a high efficiency.
• To indicate that antioxidants and common anti-inflammatory drugs, such as aspirin, can
inhibit dietary fatty acid-mediated activation of NF-KB and adhesion molecule expression in
endothelial cells.
• To determine that the NF-KB binding site plays the critical role in linoleic acid-induced
expression of adhesion molecules in human endothelial cells
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5. CONCLUSIONS
Our studies have demonstrated that dietary fatty acids can exert highly specific effects on
NF-KB activation and expression of adhesion molecules in human endothehal cells. In addition,
we indicated that linoleic acid induces ICAM-1 and VCAM-1 expression through the activation
of NF-KB. More importantly, because the ability of cancer cells to interact with the endothelium
appeare to be a prerequisite for the potential of distant metastasis and because ICAM-1 and
VCAM-1 are considered to be a crucial adhesion molecule in this process, the present study may
have significant therapeutic imphcations m developing a novel strate^ agaii^t cancer metastasis.
These studies also provide a mechanistic insight of the role of specific dietary lipids in
metastasis. Therefore, data arising fi-om this grant proposal may allow dietary and molecular
intervention to protect against breast cancer metastasis.

Unsaturated fatty acids selectively induce an inflammatory
environment in human endothelial cells^-^
Michal Toborek, Yong Woo Lee, Rosario Garrido, Simone Kaiser, and Bemhard Hennig
ABSTRACT
Background: Activation of the vascular endothelium by dietary
fatty acids may be among the most critical early events in the
development of atherosclerosis. However, the specific effects of
fatty acids on inflammatory responses in endothelial cells are not
fully understood.
Objective: The present study focused on the induction of inflammatory genes in human endothelial cells exposed to individual
dietary fatty acids. Because of the significance of nuclear factor
KB (NF-KB) and activator protein 1 (AP-1) in the regulation of
inflammatory gene expression, we also determined the effects of
fatty acids on NF-KB and AP-1 transcriptional activation.
D^ign: Human umbilical vein endothelial cells were exposed to
dietary mono- and polyunsaturated 18-carbon fatty acids.
Transcriptional activation of NF-KB and AP-1 was determined in
human umbilical vein endothelial cells transfected with reporter
constructs regulated by these transcription factors. Induction of
the inflammatory genes was studied by use of reverse transcriptase-polymerase chain reaction.
Results: Of the fatty acids studied, linoleic acid stimulated
NF-KB and AP-1 transcriptional activation the most. In addition,
treatment with this fatty acid markedly enhanced messenger
RNA levels of tumor necrosis factor a, monocyte chemoattractant protein 1, vascular cell adhesion molecule 1, and intercellular adhesion molecule 1. Treatment with linolenic acid stimulated only a moderate induction of the genes encoding for these
inflammatory mediators, and exposure to oleic acid either had no
effect or resulted in decreased inflammatory gene messenger
RNA. In addition, exposure to both linoleic and linolenic acids
strongly stimulated induction of the phospholipid hydroperoxide
glutathione peroxidase gene.
Condusion: Specific unsaturated dietary fatty acids, particularly
linoleic acid, can selectively stimulate the development of a
proinflammatory environment within the vascular endothelium.
Am J Clin Nutr 2002;75:119-25.
KEY WORDS
Fatty acids, inflammatory genes, transcription
factors, human endothelial cells, atherosclerosis, nuclear factor
KB, activator protein 1

INTRODUCTION
Activation or dysfunction of the vascular endothelium is one of
the first events in the development of atherosclerosis (1, 2), and

See corresponding editorial on page 4.
selected dietary fatty acids may be among the most critical factors
that induce these processes. For example, lipids, including selective
fatty acids, may cause injury to the endothelium (reviewed in reference 3). It has been proposed that hydrolysis of triacylglycerolrich lipoproteins mediated by lipoprotein lipase, a key enzyme in
hpoprotein metaboUsm that is associated with the luminal site of
endothelial cells, may be an important source of high concentrations of fatty acid anions near the endothelium (4, 5). In support of
this notion, it was shown that lipoprotein lipase activity is increased
in atherosclerotic lesions (5-7). Lipoprotein lipase-derived remnants of lipoproteins isolated from hypertriglyceridemic subjects as
well as selective unsaturated fatty acids can disrupt endothelial
integrity (8, 9). Because the lipid composition of plasma and tissues is closely related to dietary fat intake (10), exposure of endothelial cells to individual fatty acids can be directly influenced by
the types of fatty acids consumed in the diet (10,11).
Strong evidence indicates that exposure to selected dietary unsaturated Ig-carbon fatty acids can directly affect endoflieUal cell metaboUsm. Significant amounts of data have been accumulated to show
that linoleic acid (18:2n-6) can induce marked injury to endothelial
cells. For example, it WM reported that this fetty acid can disrupt
endothelial cell integrity, alter functions of gap-junctional proteins
(12), increase concentrations of intracellular calcium, and induce cellular oxidative stress (13). In addition, the treatment of endotheUal
cells with linoleic acid and ttimor necrosis factor a. (TNF-ot) can activate caspase 3 activity and induce apoptotic cell death (14, 15). The
role of other dietary unsaturated 18-carbon fatty acids in endothelial
cell metabolism is less well understood. However, evidence indicates
that dietary oleic acid can protect endothehal cells against hydrogen
I«roxide-mduced oxidative stress (16) and reduce the susceptibility
of LDLs to oxidative modifications (17).
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Atherosclerosis is an inflammatory disease of the vascular
wall (18). Inflammatory reactions in endothelial cells are regulated primarily through the production of chemokines [eg,
monocyte chemoattractant protein 1 (MCP-1)], inflammatory
cytokines (eg, TNF-a), and adhesion molecules [eg, intercellular
adhesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1)]. Expression of these inflammatory
mediators and their effects are closely interrelated. In addition,
overexpression of MCP-1 (19), TNF-a (20), and ICAM-1 and
VCAM-1 (21) is a common feature of atherosclerotic processes.
Inflammatory genes, such as those encoding for MCP-1, TNF-a,
ICAM-1, and VCAM-1, are regulated by a variety of transcription factors (2, 22). It appears that nuclear factor KB (NF-KB)
and activator protein 1 (AP-1) play critical roles in these regulatory processes. The binding sites for these transcription factors
were identified in the promoter regions of various inflammatory
genes (22-25), and increased amounts of NF-KB were found in
atherosclerotic vessels (26, 27). In addition, selected fatty acids,
such as linoleic acid, can activate NF-KB in endothelial cells
(13). Moreover, effects mediated by NF-KB and AP-1 appear to
be interrelated. For example, it was shown that TNF-a-mediated
induction of VCAM-1 expression requires both activated NF-KB
and AP-1 (23).
Phospholipid hydroperoxide glutathione peroxidase (PHGPx)
is an antioxidant enzyme involved in detoxification of lipid
hydroperoxides in cellular membranes and lipoproteins (28).
Thus, this enzyme may play a critical role in antioxidant protection against oxidative stress induced by unsaturated fatty acids.
Although it is known that selected fatty acids can induce
oxidative stress and activate transcription factors responsive to
oxidative stress (13), the specific effects of unsaturated fatty
acids on inflammatory responses in endothelial cells are not fully
understood. Therefore, the focus of the present study was to
examine the induction of the inflammatory genes in human
endothelial cells exposed to specific 18-carbon, mono- and polyunsaturated fatty acids. In addition, because of the significance
of NF-KB and AP-1 in the regulation of the inflammatory genes,
the effects of unsaturated fatty acids on the activity of these transcription factors were also determined.

MATERULS AND METHODS
Human umbilical vein endothelial cell cultures and fatty
acid treatments
Human umbilical vein endothelial cells (HUVECs) were isolated as described previously (29) and cultured in enriched Ml99
medium, which included 25 mmol HEPES/L, 54.3 X 10' U
heparin/L, 2 mmol L-glutamine/L, 1 n-mol sodium pyruvate/L,
200 X 10' U penicillin/L, 200 mg streptomycin/L, 0.25 mg amphotericin B/L (GibcoBRL, Grand Island, NY), 0.04 g endothelial cell
growth supplement/L (Becton Dickinson, Bedford, MA), and 20%
fetal bovine serum (HyClone, Logan, UT). Cells were determined
to be endothelial in origin by their cobblestone morphology and
uptake of fluorescently labeled acetylated LDL (l,r-dioctadecyl3,3,3',3'-tetramethylindocarbocyanine perchlorate; Molecular
Probes, Eugene, OR). All experiments were performed on cells from
passage 2. Confluent cell cultures were treated with < 180 fxmoVL
of oleic acid (18:ln-9), linoleic acid, or linolenic acid (18:3n-3)
(Nu-Chek Prep, Elysian, MN). Fatty acid-enriched experimental
media were prepared as described earlier (9).

To study the dose-dependent effects of specific unsaturated
fatty acids on messenger RNA (mRNA) levels of genes critical
in the endothelial cell inflammatory response, HUVECs were
exposed to 60, 90, and 180 [J-mol fatty acids/L. Preliminary
experiments showed that fatty acids consistently exerted a maximum effect on inflammatory gene induction at the concentration
of 90 fimol/L. Therefore, experiments with 180 ji-mol fatty acids/L
were discontinued and data are presented only from studies in
which HUVECs were exposed to 60 and 90 |xmol unsaturated
fatty acids/L.
Transfections and reporter gene assay
Transfections were performed as described earlier (30).
Briefly, HUVECs were seeded in 12-well plates and grown to
50-60% confluency in normal growth medium. Then, aliquots
of normal Ml99 medium were mixed with 36 mg/L of a liposome pFx-7 (Invitrogen, Carisbad, CA) and with 10 mg/L of
NF-KB- or AP-1-responsive plasmids (PNFKB-LUC or pAPlLuc, respectively) containing a luciferase reporter gene (Stratagene, La Jolla, CA). The transfection mixtures were incubated
at 37 °C for 30 min to allow DNA-lipid complexes to form.
Endothelial cell cultures were washed with Ml99 medium to
remove serum, and 1 mL transfection solution was added for
1.5 h to each well of the 12-well plate. After incubation, transfection solutions were aspirated and replaced with growth
medium for 24 h. Then, transfected cultures were treated with
specific unsaturated fatty acids for 24 h. Control groups consisted of transfected HUVEC cultures that were not exposed to
fatty acids.
Luciferase activity was measured by use of the Luciferase
Assay System (Promega, Madison, WI). Briefly, culture media
were removed and HUVECs were washed with phosphatebuffered saline and incubated with cell culture lysis reagent. Cell
lysates were centrifuged (12000 X g, 2 min, 4°C) to remove membrane debris, and 10 jtL of the cell extracts was mixed with 100 ^.L
luciferase assay reagent containing luciferin and ATP in a luminometer with automatic injection. Values are expressed in relative light units (RLU)/ji.g protein.
Transfection efficiency was monitored as described eariier
(30) by transfection of endothelial cells with the VR-3301 vector, which contains human placental alkaline phosphatase as the
reporter gene. Under the described conditions, transfection efficiency was determined to be 32% (30). All transfection studies
were repeated 3 times by using 6 wells in 12-well plates per
experimental group.
Reverse transcriptase-polymerase chain reaction analyses
Reverse transcriptase-polymerase chain reaction (RT-PCR)
was performed as described eariier (29, 31). Briefly, treated
HUVECs were lysed and the total RNA was extracted with use
of RNA STAT-60 (Tel-TEST, Inc, Friendswood, TX) according
to the procedure supplied by the manufacturer. Isolated RNA
was quantitated by measuring absorbance at 260 nm. A standard
reverse transcription reaction was performed at 42 °C for 60 min
in 20 |xL of 5 mmol MgCl,/L; 10 mmol tris-Cl/L, pH 9.0;
50 mmol KCl/L; 0.1% Triton X-100; 1 mmol dNTP/L; 1 X ^^
U recombinant RNasin ribonuclease inhibitor/L; 15 X 10 U
AMV reverse transcriptase/L; and 0.5 p-g oligo(dT),5 primer
(Promega). The sequences of the primer pairs used for PCR
amplification of the studied genes are shown in Table 1. For
quantitation, levels of mRNA of the studied inflammatory genes
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TABLE 1 ,
Sequences of the primer pairs used in the reverse tianscriptase-polymerase
chain reactions'
Studied mediator
MCP-1-'
Forward
Reverse
TNF-a^
Forward
Reverse
ICAM-1
Forward
Reverse
VCAM-1Forward
Reverse
PHGPx
Forward
Reverse
P-Actin
Forward
Reverse

Sequence of the primer pairs (5'-3')
CAG CCA GAT OCA ATC AAT GC
GTG GTC CAT GGA ATC CTG AA
GTG ACA AGC CTG TAG CCC A
ACT CGG CAA AGT CGA GAT AG
GGT GAC GCT GAA TGG GGT TCC
GTC CTC ATG GTG GGG CTA TGT CTC
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that corresponding to the P-actin gene) was quantified with
IMAGE GAUGE 3.0 software (Fuji) and expressed as average
pixel intensity. Experiments were repeated 4 times on different
days, and the values of relative fluorescence from the 4 experiments were statistically analyzed.
Statistical analysis
Statistical analysis was performed by using SYSTAT 8.0
(SPPS Inc, Chicago). One-way analysis of variance was used to
compare mean values among the treatments. When the overall
F values were significant, analysis of variance was followed by
post hoc Bonferroni tests to compare means from different treatments. A P value <0.05 was considered significant.

ATG ACA TGC TTG AGC CAG G
GTG TCT CCT TCT TTG ACA CT
RESULTS
TGT GCG CGC TCC ATG CAC GAG T
AAA TAG TGG GGC AGG TCC TTC TCT
AGC ACA ATG AAG ATC AAG AT
TGT AAC GCA ACT AAG TCA TA

Unsaturated fatty acids selectively induce NF-KB and AP-1
transcriptional activation
The effects of specific unsaturated fatty acids on NF-KB
transcriptional activation are shown in Figure lA. Treatment of

'ICAM-1, intercellular adhesion molecule ]; MCP-1, monocyte
chemoattractant protein 1; PHGPx, phospholipid hydroperoxide glutathione
peroxidase; TNF-a. tumor necrosis factor a: VCAM-I, vascular cell adhesion molecule 1.
^Primer pairs purchased from R&D Systems, Minneapolis.

and the gene encoding for PHGPx were related to p-actin
mRNA. The PCR mixture consisted of 2 p,L of a product of the
reverse transcription reaction, a Taq PCR Master Mix Kit (Qiagen, Valencia, CA), and 20 pmol of primer pairs in a total volume of 50 (i,L. For each individual gene, a linear range of PCR
amplification was established and the induction of the target
gene was studied within the range.
The following thermocycling conditions were used to determine the induction of the genes encoding for the studied inflammatory mediators:
MCP-1: 94 °C for 4 min; followed by 94 °C for 45 s, 55 "C for
45 s, 72°C for 45 s (repeated 25 times); followed by an extension
at 72 °C for 10 min;

Control 18:1
n-9
80

18:2
n-6

18:3
n-3

TNF-a

B

TNF-a: 94 °C for 4 min; followed by 94 °C for 45 s, 55 "C for
45 s, 72 °C for 45 s (repeated 28 times); followed by an extension
at 72''C for 10 min;
ICAM-1: 94 "C for 4 min; followed by 94°C for 45 s, 60 "C for
45 s, 72 °C for 60 s (repeated 28 times); followed by an extension
at 72 "C for 7 min;

.-S ^ 60
> s
'S *4*

*

« S

T

VCAM-1: 94°C for 60 s, 55°C for 60 s, 72''C for 60 s
(repeated 25 times); and

^ £ 20 "

PHGPx: 94"C for 4 min; followed by 94 °C for 40 s, 66 °C for
60 s, 72 °C for 2 min (repeated 20 times); followed by an extension at 72 °C for 7 min.
Induction of the P-actin gene was determined by using the
same number of cycles and thermocycling conditions as for the
target genes. Under these RT-PCR conditions, the P-actin transcript increased linearly in the range of 15-40 PCR cycles.
PCR products were separated by 2%-agarose gel electrophoresis, stained with SYBR Green I (Molecular Probes), and
visualized by using phosphorimaging technology CFLA-2000;
Fuji, Stamford, CT). The relative intensity of fluorescence (ratio
of the intensity of the band corresponding to the target gene to

*
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r—-

J
Control 18:1
n-9

18:2
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18:3
n-3

TNF-a

FIGURE 1. Mean (+SEM) fatty acid-induced nuclear factor KB
(NF-KB)-related (A) and activator protein I (AP-l)-related (B) transcription in human endothelial cells. Transcriptional activation was
measured by luciferase activity in human umbilical vein endothelial cells
transfected with an NF-KB-responsive or AP-1-responsive luciferase
reporter construct and exposed to specific unsaturated fatty acids
(90 (imol/L) for 24 h. Tumor necrosis factor a (TNF-a) treatment was
used as a positive control. RLU, relative light units. 'Significantly different from control cultures, P < 0.05.
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FIGURE 2. Effects of dietary fatty acids on monocyte chemoattractant protein 1 (MCP-I). tumor necrosis factor a. (TNF-a). intercellular adhesion
molecule 1 (ICAM-1). and vascular cell adhesion molecule 1 (VCAM-l) messenger RNA levels in human endothelial cells as measured by reverse
transcriptase-polymerase chain reaction (RT-PCR). Human umbilical vein endothelial cells were exposed to specific unsaturated fatty acids for 3 h.
P-Actin was used to indicate that the same amount of RNA was used per sample. The amplified PCR products were electrophoresed on a 2%-tns-borate
EDTA agarose gel, stained with SYBR Green I (Molecular Probes. Eugene, OR) and visualized by using phosphorimaging technology (FLA-2000:
Fuji, Stamford, CT). bp, base pair; M, marker: C, control.
endothelial cells with oleic acid did not significantly affect
luciferase activity in cells transfected with pNpKB-Luc. Compared with control cultures, linolenic acid exeited only a moderate effect on NF-KB transcriptional activation; however, treatment
of transfected endothelial cells with linoleic acid resulted in a
pronounced increase in luciferase activity, indicating a marked
increase in transcriptional activation of NF-KB.
Similar results were observed in endothelial cells transfected
with pAPl-Luc (Figure IB). Among the fatty acids tested,
linoleic acid stimulated AP-1 transcriptional activation most
markedly compared with control cultures. In contrast, linolenic
acid exerted more moderate effects, and oleic acid did not significantly affect luciferase expression.
Unsaturated fatty acids selectively induce the genes
encoding for MCP-1 and TNF-a
The effects of treatment with selected unsaturated fatty acids
on MCP-1 mRNA levels are shown in Figure 2. Among the
tested fatty acids, linoleic acid at the concentration of 90 ^Jlmol/L
stimulated the most pronounced induction of the MCP-1 gene
(51 ± 1.97% above the control values as measured by the density
of the fluorescent bands). Indeed, MCP-1 mRNA levels in
endothelial cells treated with 90 jtmol linoleic acid/L for 3 h

were in the range observed in cells exposed to 20 |xg TNF-a/L,
which was used as a positive control. MCP-1 mRNA levels also
increased in endothelial cells treated with 60 and 90 (xmol
linolenic acid/L (by 24 + 2.46% and 30 ± 5.25%, respectively).
In contrast, induction of the MCP-1 gene in endothelial cells
exposed to oleic acid was approximately at the range observed in
unstimulated endothelial cells.
The effects of treatment with selected unsaturated fatty acids
on TNF-a mRNA levels are also shown in Figure 2. Similarly to
the results for MCP-1 gene induction, treatment of HUVECs with
linoleic acid markedly induced TNF-a mRNA levels (21 ± 3.22%
above control values). In addition, linolenic acid at the dose of
90 jjimol/L stimulated similar induction of the TNF-a gene. Independent of the dose used, treatment with oleic acid did not significantly affect TNF-a mRNA levels in cultured HUVECs.
Unsaturated fatty acids selectively induce the genes
encoding for adhesion molecules
The effects of treatment with selected unsaturated fatty acids
on ICAM-1 mRNA levels is shown in Figure 2. Exposure to both
linoleic acid and linolenic acid induced similar dose-dependent
increases in ICAM-1 mRNA levels. Specifically, linoleic and
linolenic acids at the concentration of 90 |xmol/L stimulated
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FIGURE 3, Effects of dietary fatty acids on phospliolipid hydroperoxide glutathione peroxidase (PHGPx) mRNA levels in human endothelial cells as measured by reverse transcriptase-polymerase chain reaction
(RT-PCR). Human umbilical vein endothelial cells were exposed to specific unsaturated fatty acids for 24 h. RT-PCR was performed as
described in the legend to Figure 2. bp, base pair; M, marker; TNF, tumor
necrosis factor a; C, control.
induction of the ICAM-1 gene by 32 + 2.54% and 30 + 3.34%,
respectively. In contrast, exposure of HUVECs to oleic acid
decreased ICAM-1 mRNA levels to ~50% of control values.
The effects of specific unsaturated fatty acids on VCAM-1
mRNA levels in HUVEC are also shown in Figure 2. The most
significant induction of the VCAM-1 gene (by 38 + 2.20%) was
observed in cells treated with 90 nmol linoleic acid/L. In addition, exposure to 90 |xmol linolenic acid/L resulted in a slight
increase in VCAM-1 mRNA levels (14 ± 1.88%). Treatment with
oleic acid had no significant effect on VCAM-1 gene induction
compared with control cultures.
Unsaturated fatty acids Induce the gene encoding for PHGPx
The effects of selected fatty acids on PHGPx mRNA levels in
HUVECs are shown in Figure 3. Compared with the control,
treatment with oleic acid increased PHGPx mRNA levels by
=30%. However, both linoleic and linolenic acids strongly, and
dose dependently, stimulated induction of PHGPx gene in
HUVECs. In fact, treatment with 60 and 90 jimol linoleic acid/L
enhanced PHGPx mRNA levels by 60 ± 7.58% and 104 + 5.04%,
respectively. Furthermore, exposure to 60 and 90 jimol linolenic
acid/L increased die induction of the PHGPx gene by 108 + 6.48%
and 121 ± 4.36%, respectively.
DISCUSSION
Mono- and polyunsaturated 18-carbon fatty acids provide a
unique model for studying the cellular effects of fatty acids that
differ in unsaturation independent of carbon length (9). In addition, the unsaturated fatty acids used in the present study are major
dietary fatty acids. Endothelial cells were exposed to fatty acids at
concentrations of 60 or 90 p,mol/L, with an albumin concentration
in the experimental media of 60 (xmol/L. Normal plasma fatty acid
concentrations can range from =90 to 1200 (nmol/L; however,
most fatty acids are bound to plasma components, mostly albumin (32, 33). In fact, the main factor in the availability of fatty
acids for cellular uptake is determined by the ratio of fatty acids
to albumin. Normally, this ratio can range from 0.15 to 4 under

123

various conditions, with an average of =1 (32, 33). Thus, the
experimental conditions used in the present study, which resulted
in a ratio of fatty acids to albumin of 1 or 1.5, were within the
physiologic range.
One of the most important functions of the vascular endothelium is to regulate inflanunatory reactions (1). The development
of inflammatory reactions is a normal defense mechanism in
response to injury or activation of the vessel wall. The physiologic significance of such reactions is to maintain and repair the
normal structure and function of the vessel wall. However,
excessive inflammatory reactions with the development of a positive feedback inflammatory cycle can lead to severe tissue damage and are associated with vascular pathology, including the
development of atherosclerotic plaques (34).
Induction of genes encoding for mediators of the inflammatory response, ie, inflammatory cytokines, chemokines, and adhesion molecules, can initiate leukocyte infiltration of the vessel
wall. These mediators of the inflammatory response interact
closely with each other in vivo. For example, ICAM-1 and
VCAM-1 facilitate leukocyte adhesion to the vascular endothelium and both MCP-1 (35) and, to a lesser extent, TNF-a (36,37)
are potent chemoattractant factors that play a significant role in
recruiting lymphocytes and monocytes into the vessel wall. In
addition, TNF-a is a strong inducer of inflammatory reactions
and can stimulate overexpression of MCP-1, inflammatory
cytokines, and the adhesion molecules ICAM-1 and VCAM-1
(38). In fact, these strong proinflammatory properties of TNF-a
were the reason that this cytokine was used as the positive control in our present study. In addition, the inflammatory genes
examined in the present study, ie, those encoding for VCAM-1,
ICAM-1, TNF-a, and MCP-1, are regulated by similar transcription factors, with dominant roles of NF-KB and AP-1 (22-25).
The importance of NF-KB and AP-1 in the induction of
inflammatory reactions prompted us to study the effects of specific fatty acids on the transcriptional activity of these transcription factors in human endothelial cells. Among the unsaturated
fatty acids studied, linoleic acid induced both NF-KB and AP-1
transcriptional activation most markedly. These data agree with
our previous results in which our use of an electrophoretic
mobility shift assay showed a marked activation of NF-KB (13)
and AP-1 (39) in endothehal cells exposed to linoleic acid. It is
possible that fatty acid-induced endothelial cell oxidative stress
and disturbances in the glutathione redox status are responsible
for the activation of these oxidative stress-responsive transcription factors. Intercellular glutathione is the major nonprotein
thiol compound that regulates the cellular redox status. Depletion of glutathione concentrations and alterations in the equilibrium between the reduced and oxidized derivatives of glutathione
can stimulate activation of NF-KB (40). To support this notion,
we showed that exposure of endothelial cells to unsaturated fatty
acids can result in a marked decrease in cellular glutathione concentrations and activation of NF-KB (9, 13). In addition, the glutathione precursor iV-acetylcysteine prevented fatty acid-induced
activation of NF-KB (41).
Glutathione peroxidases are a family of antioxidant enzymes
that utilize glutathione in the reduction of hydrogen peroxide and
alkyl hydroperoxides. Among the various glutathione peroxidases, PHGPx plays a unique role. In addition to reducing hydrogen peroxide and soluble hydroperoxides, PHGPx is the only
antioxidant enzyme that can reduce hydroperoxy fatty acids that
are integrated in cellular membranes (42) or lipoproteins (43).
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PHGPx was also shown to be involved in silencing activities of
cyclooxygenase or 5- and 15-lipoxygenases (44, 45), enzymes
involved in the metabolism of unsaturated fatty acids. Results of
the present study showed that exposure of endothelial cells to
specific unsaturated fatty acids can markedly stimulate induction
of PHGPx mRNA. In addition, the fatty acid-stimulated
increases in PHGPx mRNA levels appeared to be correlated with
the amount of unsaturated bonds in fatty acid molecules. For
example, linolenic acid, followed by linoleic acid, enhanced
induction of the PHGPx gene most markedly.
The present study provides compelling evidence that linoleic
acid can induce profound inflammatory responses in cultured
human endothelial cells. In fact, among all the unsaturated fatty
acids studied, linoleic acid stimulated induction of inflammatory
gene mRNA most markedly. Because expression of the inflammatory genes is regulated primarily by NF-KB and AP-1, a strong
induction of NF-KB and AP-1 transcriptional activation by linoleic
acid may explain the marked induction of the studied genes. In
addition, not only linoleic acid but also specific oxidative products
of this fatty acid can exert proinflammatory effects (46,47). However, we observed that the lipoxygenase metabolites of linoleic
acid, such as 13-hydroperoxyoctadecadienoic acid (13-HPODE)
or 13-hydroxyoctadecadienoic acid (13-HODE), induce a different pattern of inflammatory responses in endothelial cells than does
free linoleic acid. Specifically, exposure of HUVECs to 13-HPODE
or 13-HODE does not induce the expression of VCAM-1 or E-selectin
(48). In addition, polyunsaturated fatty acids, such as linoleic acid,
can be nonenzymatically converted to 4-hydroxynonenal. However, exposure of HUVECs to 4-hydroxynonenal markedly stimulates apoptosis of vascular endothelial cells but does not result in
activation of NF-KB or induction of adhesion molecules (49).
Thus, even though linoleic acid can be converted to oxidized
metabolites, it appears unlikely that 13-HPODE, 13-HODE, or
4-hydroxynonenal can contribute significantly to inflammatory
reactions induced by this fatty acid. On the other hand, the effects
of other metabolites of polyunsaturated fatty acids, eg, derivatives
of the cytochrome P450 pathway, on inflammatory reactions in
human endothelial cells remain to be determined. Our recent data
suggest that epoxide metabolites of linoleic acid may have proinflammatory properties (50).
Although our data clearly indicate that specific unsaturated
fatty acids can induce proinflammatory effects in endothelial
cells, opposite results were reported when cells were exposed to
selected n-3 or n-6 fatty acids for <72 h and coexposed to
inflammatory cytokines, such as interleukin 1(3 (IL-ip) orTNF-a,
for an additional 12 h. When such experimental approaches were
used, preexposure to fatty acids inhibited cytokine-induced
expression of inflammatory mediators, such as VCAM-1, on the
surface of endothelial cells (51). Similar inhibition of ICAM-1
expression was also observed in cells pretreated with 13-HPODE
before stimulation with IL-ip. However, simultaneous administration of 13-HPODE with IL-ip or TNF-a resulted in additive
effects on ICAM-1 production (48). We showed that preexposure
of endothelial cells to linoleic acid can cross-amplify TNF-amediated induction of cellular oxidative stress and endothelial cell
dysfunction (13) but does not potentiate or even inhibit NF-KBdependent transcription (13, 41). To explain this phenomenon, it
was proposed that fatty acid-induced activation of NF-KB could
lead to increased numbers of NF-KB inhibitory subunits, which,
in turn, could prevent further activation of this transcription factor in cells exposed to cytokines at later time points (13).

In contrast with linoleic and linolenic acids, which exerted
strong or moderate proinflammatory responses, respectively, oleic
acid diminished inflammatory gene mRNA levels in endothelial
cells. These data agree with previous reports on antioxidant effects
mediated by oleic acid. For example, a diet enriched in oleic acid
markedly decreases LDL susceptibility to oxidation and LDLprotein modification in mildly hypercholesterolemic patients (10).
Similar results were obtained in experimental animals fed a diet
enriched in oleic acid (52). Extensive evidence also indicates the
protective and antioxidant effects of oleic acid on endothelial cell
activation. Cellular treatment with this fatty acid protects endothelial cells against cytokine-induced VCAM-1, ICAM-1, or
E-selectin overexpression (53). In addition, supplementation with
oleic acid protects endothelial cells against hydrogen peroxideinduced cytotoxicity (16) and against dysfunction of the endothelial barrier as mediated by oxidized LDL (54).
In conclusion, the present study showed that specific unsaturated dietary fatty acids can induce highly individual effects on
endothelial cell activation and contribute differently to induction
of the inflammatory genes in vascular endothelial cells. Among
the fatty acids studied, linoleic acid stimulated inflammatory
gene mRNA most markedly. In contrast, oleic acid appeared to
silence the induction of various proinflammatory genes in
endothelial cells. These results showed that specific unsaturated
dietary fatty acids, such as linoleic acid and to a lesser extent
linolenic acid, can stimulate the development of proinflammatory environments within the vascular endothelium.
El
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Links between food and vascular disease''-^
John C Rutledge
The article by Toborek et al (1) in this issue of the Journal is
this group's next logical step in a theme targeting the actions of
ingested lipids on the vascular system (2, 3). Over the past
decade, these investigators have contributed a substantial body
of literature investigating the dietary links to vascular physiology
and pathophysiology. The current article reports that specific
unsaturated dietary fatty acids, particularly linoleic acid, can
stimulate a proinflammatory environment within the vascular
endothelium. For many years this concept has remained elusive
in the context of how a diet-vascular interaction could occur in
this complex system. The authors have pursued this concept in a
systematic and logically progressive fashion. Their work and this
article specifically show that specific lipids can, without any
modification, perturb vascular enclothelial cells and promote a
proinflammatory environment (4, 5). This finding separates this
study from much previous work indicating that lipids must be
modified to stimulate and activate endothelial cells.
These studies provide part of the foundation for future studies
of diet-vascular interactions in more complex organ systems and
whole organisms, including humans. These ftiture studies are
essential for determining the pathophysiologic relevance of the
present experiments performed in cell culture. Additionally,
basic mechanistic studies are needed to determine the exact
sequence in which certain ingested lipids activate endothelial
cells (6) and the modalities and therapies by which the process
of endothelial cell activation can be prevented or attenuated
(7). Additional interesting experiments may determine the mechanisms by which endothelial cell activation is amplified by
specific lipids, such as linoleic acid.
It is clear that multiple mechanisms exist by which the vascular endothelium can be activated and the vascular wall
injured. The studies by Hennig et al (2) show that specific
lipids, ie, fatty acids, can injure vascular endothelium without
modification. Thus, it is clear that our reliance on measuring

classic blood lipid indexes, such as total cholesterol, triacylglycerol, HDL cholesterol, and LDL cholesterol, remains rudimentary. Future analysis may include more comprehensive
dietary phenotyping and plasma lipid composition, including
specific phospholipids and fatty acids. Although the authors
have identified a specific culprit in the activation of the vascular endothelium, many more of these "bad actors" may exist in
the diet. In the coming years, our major challenge will be to
identify additional pathogenic lipids and other blood components that activate endothelial cells, investigate their mechanisms, and develop treatment regimens to prevent the development of vascular disease, the most costly disease in our country
in terms of both lives lost and health care dollars.
|]
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Some unsaturated fats promote inflammation: study
By Suzanne Rostler
NEW YORK, Jan 03 (Reuters Health) - A type of unsaturated fatty acid found in com and safflower oil
appears to activate genes that promote inflammation inside blood vessels, a risk factor for heart disease,
new research suggests.
This fatty acid, known as linoleic or omega-6 fatty acid, also appeared to reduce cells' ability to protect
themselves from oxidative damage. Oxidative damage is caused by free radicals, byproducts of the
body's normal processes that can damage body tissues.
While unsaturated fatty acids in general are thought to be healthier than saturated fat, the findings
support previous research showing that omega-6 fatty acid can injure cells lining the insides of blood
vessels, leading to inflammation.
"If people consume high amounts of antioxidants, unsaturated fats could be healthier than saturated
fats," Dr. Michal Toborek of the University of Kentucky in Lexington, a study author, told Reuters
Health, He stressed that other types of unsaturated fatty acids have been shown to protect against heart
disease.
"The real problem is that people eat high-fat diets, which are rich in omega-6 fatty acids, without
balancing such diets with antioxidants," compounds that neutralize free radicals, Toborek added.
To investigate how certain fatty acids lead to inflammation, the researchers exposed human cells that
line the insides of blood vessels, making up the endothelium, to several different unsaturated fatty acids
in a test tube. Omega-6 fatty acid substantially increased the activity of two proteins that triggered an
inflammatory gene, while linolenic (omega-3) acid, found in fish oil, had only a moderate effect on
these proteins.
Both omega-3 and omega-6 stimulated the formation of a protein blocking an enzyme that normally
protects against free radicals and allows cells to defend themselves against oxidative stress.
Oleic acid, the predominant fatty acid in olive oil, either had no effect or helped block processes leading
to inflammation, the researchers report in the January issue of the American Journal of CKnical
Nutrition.
"Specific unsaturated dietary fatty acids can induce highly individual effects on endothelial cell
activation and contribute differently to induction of the inflammatory genes in vascular endotheHal
cells," the study concludes.
In an interview, Toborek said that more research into the health effects of different types of fat is sorely
needed.
"This is an important issue because more and more Americans consume fast and convenient foods,
which contain high amounts of omega-6 fatty acids," he said.
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Linoleic acids may inflame
endothelial cells
By Nancy Deutsch

Back to Cover
LEXINGTON, KY. - Contrary to popular belief, not all unsaturated fatty
acids are healthier than their saturated counterparts.
Unsaturated fatty acids have been touted as healthier for their ability to
protect against heart disease by decreasing plasma cholesterol, but select
types may do more harm than good, a new study suggests.
Lead researcher Dr. Michal Toborek of the University of Kentucky, found
one specific dietary unsaturated fatty acid known as linoleic acid can initiate
oxidative stress and inflammation in himian endothelial cells.
"The real problem is people eat high-fat diets, which are rich in linoleic
acid, without balancing such diets with antioxidants," he said.
Researchers exposed human umbilical vein endothelial cells to dietary
mono- and polyunsaturated 18-carbon fatty acids,
Linoleic acid, most commonly found in com oil, was found to be the most
likely to stimulate the development of a pro-inflammatory environment
within blood vessels.
The study was undertaken because the specific effects of fatty acids on
inflammatory responses in endotheUal cells is not well understood, and some
previous research had indicated linoleic acid could disrupt the integrity of
vascular endothelial cells, according to Dr. Toborek.
The authors plan fiirther studies.
"This is an important issue, because more and more Americans consume
fast and convenient foods which contain high amounts of linoleic acid," Dr.
Toborek sais.
Back to Contents
This study appeared in the American Journal of Clinical Nutrition.
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NEW YORK (Reuters Health) - A type of unsaturated fatty acid found in
com and safflower oil appears to activate genes that promote
inflammation inside blood vessels, a risk factor for heart disease, new
research suggests.
This fatty acid, known as linoleic or omega-6 fatty acid, also appeared to
reduce cells' ability to protect themselves from oxidative damage,
Oxidative damage Is caused by free radicals, byproducts of tie body's
normal processes that can damage body tissues.
While unsaturated fatty acids in general are thought to be healthier than
saturated fat, the findings support previous research showing that omega6 fatty acid can injure cells lining the insides of blood vessels, leading to
inflammation.
"If people consume high amounts of antioxidants, unsaturated fats could
be healthier than saturated fats," Dr. Michal Toborek of the University of
Kentucky In Lexington, a study author, told Reuters Health. He stressed
that oUier types of unsaturated fatty acids have been shown to protect
against heart disease.
"The real problem is that people eat high-fat diets, which are rich in
omega-6 fatty acids, without balancing such diets with antioxidants,"
compounds that neutralize free radicals, Toborek added.
To investigate how certain fatty acids lead to inflammation, the
researchers exposed human cells that line the insides of blood vessels,
making up the endothelium, to several different unsaturated fatty acids In
a test hjbe. Omega-6 fatty acid substantially Increased the activity of towo
proteins that Wggered an Inflammatory gene, while linolenic (omega-3)
acid, found in flsh oil, had only a moderate effect on these proteins.
Both omega-3 and omega-6 stimulated the formation of a protein blocking
an enzyme that normally protects against free radicals and allows cells to
defend themselves against oxidative stress.
Oleic acid, the predominant fatty acid in olive oil, either had no effect or
helped block processes leading to Inflammation, the researchers report in
ttie January issue of ttie American Journal of Clinical Nutrition.
"Specific unsaturated dietary fatty acids can Induce highly individual
effects on endotheiial cell activation and contribute differenfly to induction
of the inflammatory genes in vascular endotheiial cells," flie study
concludes.
In an interview, Toborek said that more research into the health effects of
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different types of fat is sorely needed.
"This Is an important Issue because more and more ^MTiericans consume
fast and convenient foods, which contain high amounts of omega-6 fatty
acids," he said.
SOURCE: American Journal of Clinical Nutrition 2002;75:119-125.
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Linoleic Acid-lnduced VCAM-1 Expression in Human Microyascular
Endothelial CeUs Is Mediated by the NF-KB-Dependent Pathway
Hyen Joo Park, Yong Woo Lee, Berahard Hennig, and Mlchal Toborek
Abstract: Vascular cell adhemon molecule-1 (VCAM-1) has
been reported to play an important role in cancer metastasis
via the adhesive interaction between tumor cells and endothelial cells. In this study, we examine the effects oflinoleic
acid on VCAM-I expression and its transcriptional regulator}' mechanism in Imman microvascular endothelial cells
(HMEC-I). Time- and dose-dependent increases of VCAM1 mRNA levels were observed in linoleic acid-treated
HMEC-I as detected by reverse tramcriptase-polymerase
chain reaction. Flow cytometry analysis showed a significant and dose-dependent upregulation of VCAM-1 egression in IIMEC-1 stimulated with linoleic acid compared
with controls. To clarify the transcriptional repilatory pathway, we investigated the role of nuclear factor-KB (NF-KB)
in the expression of VCAM-1 by linoleic acid in HMEC-1,
Nuclear extractsfrom HMEC-l stinmlated with linoleic acid
showed a dose-dependent ittcrease in binding activity to the
NF-KB consensus sequences. These ejfecti were preventable
by cotreatment wftA inhibitors of NF-KB activity, such as sodium salicylate, aspirin, or pyrroUdine dithiocarbamate. In
addition, pretreatment with NP-KB inhibitors markedly suppressed the ability of linoleic acid to induce VCAM-1 gene
expression. The role of NF-KB in linoleic acid-induced
VCAM-l expression was confirmed by functional promoter
studies in HMEC-1 transfected with reporter constructs of
the VCAM-I promoter with or without mutated NF-KB binding site. Tliese results indicate that limtleic acid upregtdates
VCAM-1 expression in HMEC-1 though the NF-KB-dependent pathway.
Introfluction
Dietaiy fat is considered to be one of tfie main risk factors
of carcinogenesis. For eramplCs a positive correlation was
reported between dietary fet intefce and increased risks for
the development of breast, colon, and prostate cancers (1-3).
However, the role of dietaiy fat in the development of human breast cancer has recently bsm quMtioned. Although
date obteined from animal studies (reviewed in Ref 4), in-

ternational coiTclatlon analyses (5,6), and meta-arolysis of
dietary fet intervention studies (7) strongly indicate the associarion between fet consumption and the development of
breast cancer, data from prospective cohort studies on dietary fet and breast cancer (8-10) suggested that dietaiy fat
might not be a risk factor for human breast cancer. Among
different dietary ferty acids, it appeare dmt linoleic acid
(C18:2, n-6) can promote carcinogenesis (11-14), In addition to ite role in carcinogenesis, dietary linoleic acid can
also enhance the metestatic formation of maimmaiy tumora.
For example, a linoleic acid-enriched diet increased tfie rate
of metastasis of mammary cancer to the lung in rats (15).
The fomation of blood-bome metastasis is a complex
process that requires several steps. However, a growing
body of evidence indicates that the direct adhesive interaction between tumor cells and endothelial cells is the critical
event in metastasis tbraiation (16,17), This process requires
the binding of tomor cells to spwiflc adhesion molecules on
the surfece of endothelial cells followed by migration of
tumor cells through the endotlielium into underlying tissues
(16). Evidence indicates that, among several adhesion molecules tliat can he involved in this process, vascular cell adhesion molecule-l (VCAM-1) may play one of the most
important roles. For example, it was demotwtrated diat
VCAM-1 fecilitated adhesion of metastatic breast tumor
cells txi endothelial cells stimulated by shear stress (18). hi patients with breast cancer or gMtric cancere, serum levels of
soluble VCAM-1 were closely correlated with disease progrrasion (19,20). Upregulation of VCAM-1 was also shown
to be involved in adhesion of RAWl 17 lymphoma cells (21)
or melanoma cells to hepatic sinusoidal endothelial cells
(22). In addition, evidence indicated the role of VCAM-1 in
adhesion of B9/BM1 cells to bone marrow-derived endothelial cells (23) and adhesion of DU145 cells (the cell line derived from cerebral metastasis of prostetc carcinoma) to
human brain microvascular endothelial cells (24).
VCAM-1 is a 110-kDa member of the immunoglobulin
gene superfkmily first described as a cytokine-inducible endothelial adhesion protein (25). It facilitates tumor cell adhesion through binding of an integrin countorreceplor, very

H. J. P«tk, Y. W. Lee. andM. Tolwtdc «re affiliatea wilh tlie Oepailmeiit of Surety and B, Hejmig wsdi the DepMhnent of Animal Sciences, University of
Kentucky Medical Center, Lexington, KY ^536.

late aiitigen-4 (26). Functional studies on the activity of the
VCAM-1 gene promoter have shown ihat replation of
VCAM-1 gene expression in endolhslial cells appears to be
complex and related to the %pe of stimuli. For example,
VCAM-1 induction by inflammatory cytokines, such as
intcrleukin (IL)-ip or tumor necrosis fector-a (TNF-a), as
well as by lipopolysaccharide (LPS), strongly relies on actiwtion of nuclear traMcription ftctor-KB (NF-KB) (27,28).
In contrast, recent evidence indicated Hmt IL-4-induced
VCAM-1 expression is independent of NF-KB activation
(29,30). Thus the specific role of NF-KB in linoleic acidinduced overexpression of the VCAM-1 pne is uncertain
and was chosen as flie subject of the present study.
Because of the significance of dietery Hnoleic acid and
VCAM-1 expression in cancer metestesis, tlie aim of the
present study was to investigate the molecular signaling
pathways involved in linoleic acid-induced VCAM-1 upregulation in human microvMCular endothelial cells. We
have determined fliat linoleic acid can induce VCAM-1 expression at the mRNA and protein levels. Furthermore, we
provide evidence dmt linoleic acid-stiraulated expression of
flie VCAM-1 gene is mediated by activation of NF-xB.
Materials and Methods
Cell Culture
Human nuciwvascular endothelial cells (HMEC-1) were
a generous gift from Dr. Eric Smart (Univereily of Kentucky
Mediral Center). HMBC-1 were cultural in MCDB 131
medium (Sigma, St, Louis, MO) enriched with 10% fetal bovine sennn, l%penicillin-streptomycJn, 1 ng/mlhydrocortisone, and 0.01 (xg/ml epidermal powth factor in a 5% CO,
atmosphere at 37=C. Linoleic acid (>99% pim; Nu-Chek
Prep, Elysian, MN) was added to the medium as described
previously (31). hi the present study, linoleic acid was used
at <50 pM, i.e., levels tiiat do not induce cytotoxic effects in
vascular endothelial cells (32).
In selected experiments, lIMEC-l were pretreated for 1 h
with salicylates (aspirin or sodium salisylate) or for 30 min
with pyiTolidine dithiocaitamate (PDTC). Salicylates were
used at <10 mM and PDTC at <25 nM,
Electrophoretic Mobility Shift Assay
Nuclear extracts from HMEC-l were prepared according to the method of Beg et al. (33). Binding reactions
were perfonned in a 20-nl volume containing 4-10 pg of
nuclear protein extracts, 10 mM Tris-HCl, pH 7,5, 50
mM NaCl. 1 mM EDTA, 0.1 mM dithiotlireitol, 10%
glycerol, 2 |ig of poly(dl-dC) (nonspecific competitor),
and 40,000 cpm of ^^P-labeled specific oligonucleotides that contained the consensus sequence for NF-KB site
(5'-AGTTGAGGQGAClTTCCCAGQ-3'). The resultant
protein-DNA complexes were resolved on native 5% polyacrylamide gels using 0.25^ TEE buffer (50 mM TrisCl, 45
mM boric acid, 0.5 raM EDTA, pH 8.4). Competition studVol. 41, Nos. I&2

ies were performed by the addition of a molar excess of unlabeled oligonucleotide to fte binding reac^on. Rabbit polyclonal anti-p50 and anti-p65 antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA) were employed in supershift experiments.
Reverse Transcriptase-Polymerase Chain Reaction
Totol RNA was extracted by the use of TRIreagent (Sigma) and reverse-transcribed at 42''C for 60 min in 20 pi of
5 mM MgCI,, 10 mM TrisHCl. pH 9.0,50 mM KCI, 0.1%
Triton X-106,1 mM dNTP, I U/^ll of recombinant RNasin
ribonuclease inhibitor, 15 U/pgof avianmyeloblastosis virus reverse transcriptase (RT), and 0.5 lig of oligo(dT),5
primer. For amplification of VCAM-1 and of p-actin (a
housekeeping gene), the following primer combinations
were used: 5'-ATGACATGCTTGAGCCAGG-3' and 5'OTGTCTCClTCTTTGACACT-3' (VCAM-1; expecting
260-bp
fragment)
(34)
and
5'AGCACAATGAAGATCAAGAT-3'
and
5'TGTAACQCAACTAAGTCATA-3' (P-actin; expecting
188-bp fiagment) (35). The polymerase chain reaction (PCR)
mixture coraisted of a Taq PCR Master Mix Kit (Qiagen,
Valencia, CA), 2 (il of the RT reaction, and 20 praol of
primer pairs in a total volume of 50 ^l TTiemiocycling was
perfonned according to the following profile: 94°C for 1
rain, 55==C for 1 min. and 72°C for 1 min, repeated 20 limes.
Amphfication was linear witfiui tlie range of 15-30 cycles.
PCR products were separated by 2% agarose gel eleclrophoresis, stained with SYBR Green I (Molecular Probes,
Eugene, OR), and visualized using phosphoimaging technology (FLA.2M0, Fuji, Stamford, CN).
Flow Cytometry for VCAM-1 Determination
VCAM-1 protein expression was determined by flow
cytometty. Briefly, HMEC-1 were grown to confluence on
sfat-well culture plates and treated with linoleic acid for 12 h.
HMEC-1 were then washed with Hanks' buffer and gently
Imrvested by trypsin-EDTA. Cells were washed twice with
phosphate-buflered saline (PBS) and incubated for I h on
ice with saturating amounts of monoclonal moiae anti-human VCAM-1 antibody labeled witi» fluorescein isottiiocyanate (R&D Systems, MinneapoUs, MN). Fluorescein
isothiocyanate-Iabeled mouse anti-human IgGl was used as
the isotype control (R & D Systems). After incubation with
antibodies, samples were washed twice with ice-cold PBS
and analyzed with 10,000 cells/sample in a fluorescenceactivated cell sorter (Becton Dickinson. San Jose, CA). After correction for unspecific binding (isotype conlrol), specific mean fluorescence intensity was expressed as the
indicator of VCAM-1 protein expression.
Transient Transfection and Reporter Gene Assays
Transient transfections of HMEC-1 were performed using pFx-7 (Inviti-ogen, Carlsbad, CA) as (tescribed earlier
(36). Cells were transfected with 10 pg of the VCAM-1 proJ27

nioter constructs with or without mutated NF-KB site (pF3mNF-KB-CAT3 and pF3-CAT3, respectively) and cottansfected wife 4 |ig of the pGL3-Luc control vector (Promega.
Madison, WV) to normalize transfection rates. Tlte reporter
constructs, pF3-inNF-KB-CAT3 and pF3-CAT3. were kind
gifts from Dr. Andrew S. Neish (Emory Univem%- School
of Medicine). Generation of these constructs was descnbed
and characterized earlier (27.37). After transfection. cultures
were maintained in noraal growth medium for 24 h and then
exposed to 50 pM linoleic acid for an additional 24 h in
MCDB 131 medium enriched witti 5% fetal bovine serum.
After tteatoent exposure, cells were washed twice wifli PBS
and l^ed in IM nl of reporter lysis buffir (Promega). Chloramphenicol acelyltransfetase (CAT) activity was determined using the method of Gorman et al. (38). The cell
lysates, nontwlized for protein lewis, were incubated for 4 h
at 3TC wiA a reaction mixture composed of 125 raM
TrisHCl(pH 7.8),0.83 raMacetylcoenzyme A,and3 ^1 of
['*C]chloramphenicol (25 |iCi/ml; Amerahara Pharmacia
Biotecli, Piscataway, NJ). Then swetyteted and nonacetylated ftjTOis of chloramphenicol were extracted with ethyl
acetate and separated by thin-layer chromatography using
the solvent system with chloroform-methanol (95:5, vol/
vol). Alter autoradiography, the zones corresponding to acetylated or nonacelylated chloramphenicol w«e cut ft-om
the plates, and radioactivi^ was counted in a liquid scintillation counter for quantitation of CAT activity. The CAT activity was normalized according to luciferase activi^, which
was determined using the Luciferase Assay System
(Promega) according to the manufacturer's protocol.
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Statistical Analysis
Routine statistical analysis of data vras completed using
SYSTAT 7.0 (SPSS, Chicago, IL). One-way anal^is of
variance was mei to compare mean r^ponses among the
h-eatments. The treatment mems were compared using Bonferroni's least significant difference procedure. P < 0,05 was
considered significant.
Rraults
Linoleic Acid AcUvatss NF-KB In HMEC-1
To determine whether linoleic acid can activate W-KB in
IIMEC-1, cells were exposed to this fetty acid for 2 li, and
NF-KB binding was analyzed by electrophoretic mobility
shift assay (EMSA) using nuclear extracts of the ttaited
cells. Results of ttiese expmmente are shown in Fig. 1, A
and B. Figure lA depicts the ef&cte of linoleic acid on the
binding activity of NF-KB in HMEC-1. A slight endogenous
activity of NF-itB was observed in control cultures (Fig. 1 A,
Lane 2). However, when the cells were stimxilated with 50
|iM linoleic acid, a marked increase in NF-KB binding activity vTOS detected. This binding was specifically inhibited by
an unlabele4 competitor DN A containing ttie consensus NF128
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Figure 1. A; ttcatmeiit with 50 fM linoleic arid (LA) «*ances nuclew
fector-KB (NF-KB) binding in hrnntm Biicrovasculat endoAelial cells
(HMEC-1) as smalyzed by electn^lwmtic moWli^ shift essay. HMBC-l
were tintteated (Lane 2) ot trrated Ibr 2 h wife increasing doses of linoleic
acid (Lanes 4-6). Competition stiuiy was peribnned by addition of excess
unlabeW oligonucleotide (Lane 7) using nuclear exiracte ftom cells ti««ttd
with 50 nM linoleic acid. Lane I, probe alone; Ims 3, lipopoIyBaccharide
(LPS, 1 nft'itil, positive control), B: superehift analysis of LA-induced NFKB binding actr»% In HMK-l. Nuclear extracK were prepared from celte
treatetl with 50 nM linoleic acid for 2 h (Lanes 2-4) and incubated with
snti-p5t) antibody (Lane 3) or anti-p65 antibody (Lane 4) for 25 min bcfcre
addition of "P-labeled prabe. tm\e 1, probe alone. SS, bands shited 1^
^eciSc antibodies.
KB sequence (Fig. lA, Lane 7).
NF-KB binding was confirmed

In addition, the identity of
by supershift experiments
with antibodies agait«t specific NF-KB subunits, p50 and
p65 (Fig. IB, Lanes 3 and 4).
To fiirther study linoleic acid-induced activation of NFKB, HMEC-1 were pretreated for 1 h with aspirin or sodium
salicylate or for 30 min wifli PDTC before a coexposure to
linoleic acid for 2 h. Both salicylates and PDTC are widely
used as inhibitors of NF-KB activation. Pretreatment witii
aspirin (Fig. 2A), sodium salicylate (Fig. 2B), or PDTC (Fig.
2C) resulted in dose-dependent inhibition of NF-KB activation in HMEC-1 exposed to linoleic acid.
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Ffgiirc 2. Pietreatment with aspirin, sodiuni sallcylate, or ^trolidme dtjhiocaAamate (PDTQ Mocks Bnoleic acid-indoced NF-KB DNA-binding activit>' in
HMEC-1 ns measm-ed by electtoplwretic moWU^ sWftassay. HMEC-l were pretteatcd for I b with indicated concentmtions of aspirin (A) m sodium salicylats
(B) or for 30 min widi PDTC (C) Ijefote 2 li of taataient with SO nM linoleic acid (Lanes 4-6). Lane 1, probe alone; Lane 3.50 jiM linoleic acid alone; Lane 7.
coTMpetitjon study performed by addition of excess unlabeled oligonucleotide using nuclear extract from cells tteated with $0 nM linoleic acid.

Linoleic Acid Induces VCAM-l Expression in HMEC-l
To investigate whether exposure to Unoleic acid can induce expression of VCAM-l in mkiravascular endothelial
cells, HMEC-l weie toated with 50 |»M linoleic acid for inclosing time pwiods, and the VCAM-1 mRNA level was determined by semiquaotitati-^ RT-PCR. As shown in Fig. 3,
low levels ofconstitotively expressed "VCAM-l mRNA were
detected in control cells (no linoleic acid supplementation).
On tiie other hand, mRNA transcripts for VCAM-l weis
clearly increased in linoleic acid-ttrated odls. Upregulation
of VCAM-1 expression was obser\«d after 1 h of exposure to
linoleic acid, reaching nwximal levels at 4 h (Fig. 3A).
Figure 3B shows that 4 h of expomre of HMEC-l to linoleic add rraultai in a dose-dependent increase in the VCAM-l
mRNA. "Bje most marked VCAM-l expressicm mm observed
in HMEC-l cultures treated with 50 pM linoleic acid AddiVol. 41, Nos, 1&2

tional increase in linoleic acid concentration did not fiirtlier
potentiate VCAM-l expression (data not shown).
Figure 4 indicates the effects of increasing concentrations
of linoleic acid treatment on VCAM-l protein expression as
measured by flow cytometry. In agreement with RT-PCR
date, VCAM-l protein was constilutively expressed in untreated HMEC-l. However, m cells treated mih linoleic acid
for 12 h, expression of this adhesion molecule was markedly
upregalated in a dose-dependent manner.
Linoleic Acld-lnduccd VCAM-l E.<pression in HMEC-l
Is Mediated by NF-KB
To determine whether linoleic acid-niediated activation
of NF-KB. is involved in tipreguktion of VCAM-l, expression of the VCAM-l gaie was studied in HMEC-l pre129
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Wgure 4. Linoleic acid increases VCAM-1 pratein expression in HMEC-l
as measured by flow cyiomeiry. HMTC-l were exposed to incraising concentrations of Imolcic acid for 12 h. Values ore means ± SD expressed as
relative fluorescence intensity and corrected for uaspecific binding,». SignificanUy difftrent ftom untteated control (P < 0.05).
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similar construct tliat had a mutated NF-KB binding site
(pF3-mNF-KB-CAT3). As indicated in Fig. 6, exposure to
linoleic acid induced CAT activity only in cells tamsfected
wifli the pF3-CAT3 construct, to contest, mutation of the
NF-KB site completely itihiMted linoleic acid-induced stimuktion of CAT activity in HMEC-1 transfected with the
pF3-tnNF-KB-CAT3 constract

4-P-Acdn
IMtp*

Discussion
''■^-■-tji^s*!

Figure 3. Time- and dose-dependent upregulalion of vasculai all adhesion Molecule-l (VCAM-1) mRNA exptession in HMEC-1 induwd by
linoleic acid as measui-ed by teverae tmnscriptts«-polym«iase chain rwction (RT-ICR). HMK:-1 were exposed to 50 pM linoldc acid for indicated
period of time (A) or treated with incKMsing concenttations of linoleic acid
for 4 b (B). PCR products were analyzed 1^2% agarose gel electtoplioiesis
and visualized using pho^hoimagtag. Ptedicleil siies of RT-PCR products
for VCAM4 and p-nctin are 260 and 188 bp, respectively. M, molecular
weiglit msAets (WO-bp DNA ladder).

treated with different doses of NF-KB inhlbitore and exposed
to SO |iM linoleic acid for 4 h. Similar to ow studies presented in Fig. 2, aspirin, sodium salicylate, and PDTC ^rere
employed to inhabit NF-KB. E^cts of these NF-KB inhibitore on linoleic acid-induced ovaexpression of the VCAM1 gene are reflected in Fig. 5, As indicated, 1 h of pretreatment with increasing doses of a^irin (Fig. 5A) or sodium
salicylate (Fig. 5B), as well as 30 min of teatmort with
PDTC (Fig. 5C), markedly and in a dose-dependent manner
decreased linoleic acid-mediated stimulation of the VCAM1 gene.
To fiirther determine that the NF-KB binding site plays
tiie aritical role in linoleic acid-induced VCAM-1 gene expression in HMEC-1, cells were transfected with the construct of normal VCAM-l promota* (pF3-CAT3) or with a
130

Adhesive interactions between vascular endothelial cells
and tumor cells play a critical role in thr process of melastatic tumor dissemination. This process is mediated by adhesion molecules, which are expressed on the surface of
endotheUal cells, and specific integrin receptors, which ate
present on tumor cells. After adhesion, tumor cells can migrate across the vascular endotheliura and estabUsh new
metastatic colonies, to addition, this process protects tumor
cells against destruction hy cells of the immune system (17).
Thus, although adhesion molecules do not directly influence
carcmogenesis, th<^ can markedly stimulate blood-borne Uimor metastasis. It appears fliat, among different adhesion
molecules involved in endothelial cell-tumor cell inter^tions, VCAM-l may play one of the most important roles
(19-24). Furthermore, detennination of VCAM-1 expression can serve as an important marker in cancer diagnosis. It
is well known that angiogenesis, i.e., the fonnation of new
capillaries from preexisting blood vessels, is essential for tiimor growth and metast^is (39). Because adhesion molecules, including VCAM-1, are expressed on the surface of
newly formed vascular endotheliura, their elevated levels
can indicate an active angiogenesis (19). Thus overexpression of VCAM-l cm have two distinctive features in cancer
biology and diagnosis: 1) it can stimulate metastasis through
facilitation of tuitjor cell adherence to the vascular endotheNutrition and Cancer 2001

Jiaolac sdd ;

.

2

3

10 (mJM)

+

+

+

+

3001^-

• VCAM-l

P-Astin
100 tp-*'

UnolelcAcW(50|iM)
(A)

Imoleie add :

+

I
+

5
+

10 (sMi
+
■ VCAM-l

300 tp-

P-AsAi
lOObp-*

CB)
BDTC
:
littidttcaKd :

+

I
+

300bp-

10
+

2S (^Si
+

VCAM-1

P-Asta
100 l)p-

(C)
Figure S. Prctrentnicnt with aspirin. Mdium saUcylatc, or PDTC impcsdes
induction of VCAM-l niRNA expression in linoleic acid-treated HMEC-I.
Cells wstc presreated fer 1 li witl» indicated conceultatiojw of aspirin (A) or
sodiun\ SBlicylate (B> or for 30 min wifc PDTC (C) bcfcie 4 h of iteatmcnt
with 50 (iM linoleic acid and assayed for VCAM-l niRNA expression by
RT-PCR. LPS Cl n^JtJ) was used as positive control,

liinn, and 2) it can sa-ve as a maricer of angiogenesis, which
is associated with tumor growth.
Vol. 41, Nos. 1&2

Wgure 6. Fnrictiona) analysis of NF-wB binding site of the human VCAM1 promoter in linoleic add-tertsd HMK-l. Cells wei« IransfscKd with
p?3-C.A,T3 or pFJ-mNF-icB-CATS construct and untreated or Uwted widi
SO )M linoleic acid for 24 h, Mutorion of NF-icB site in VCAM-i promoter
construct completely inhibited linoleic pcid-induced chkirsmphenicol
ttansfcrase (CAT) activi^. *, Sigroflcanfly aiflfcrentfl»m untreated control
CP<0.05),

A raimbar of clinical and animal studies haw implicated
the intake and composition of dietary Ms in expression of endottielial cell adhesion molecules, including upregulation of
VCAM-1 (^)-43), In the average American diet, fat accounts
for 35-40% of energy (44), and such owrconsiimption of
foods rich in fat nmy be a major risk for cancer development
and metastasis. Althoijgh the role of dietary fat in human
breast cancer has been recently questioned (8-10), dietaiy
fectors, incltiding excessive intake of fat, are considered to
contribute to 35% of all cancers (1). Part of the carcinogenic
and prametestatic effects of dietary fet cm be related to modulation of the functions of the vasculm- endothelium. It appears that, among different dietary tatty acids, linoleic acid
can alter eudothelial cell metabolism most significantly (45)
and, thus, teduce the development of cancer metastasis
(12,13,15). Because it is an unsaturated fatty acid, linoleic
acid can unitergo peroxidative pathw^s initiated by hydrogen absttaction followed by oxygen ateck on the generated
lipid all<yl radical (46). Se\'eral reports suggest that linoleic
acid can act as a potent prooxidant in endothelial cells in culture. For example, linoleic acid can etJiance radical adduct
formation in endotlielial cells exposed to iron-induced oxidative stress (47), dec^se glutathione levels (31), and increase
peroxisonml P-peroxidation (48), a pathway that leads to the
production of hydrogen peroxide. Degradation of linoleic acid
via peroxidative pathways also can lead to formation of highly cytotoxic producte, such as linoleic acid hydroperoxides
or4-hydroxy-2-(E)-noncnal (49). Metabolism of polyunsaturated fatty acids Ihrou^ Hpcxygenase-mediated procrases
also may play ao important role in cancer biology. For example, it was shown tliat 12(^-hydroxyeicosat£traenoic acid, a
metabolite of arachidonic acid generated in the reaction catalyzed by 12-lipoxygenase, can influence migiogenesis wid
foimation of cancer metastasis (50), However, endothelial
cell effects of linoleic acid Imve been primarily studied in
131

cells (30). These conflicting rqjorts on the role of NF-KB
cells isolated from major vascular vessels, swch as pulmonary
activation in VCAM-l gene expression prompted us to invesartery (31,32,51) orumbilical veins (52). It is well known that
tigate the role of tMs ti-anscription fector in linoleic a;idthe structure and fanctions of endofhelial cells fliat originated
mediated stimulation of VCAM-l in HMEC-1. Intns present
from dif&imt tissues and vessels can differ maAedly (53).
study, two different lines of expeilments proved that linoleic
Therefore, the present study focused on mechanistic eS&As of
acid-induced activation of NF-KB and induction of the
linoleic acid on induction of VCAM-l in human microvasVCAM-l
gene are interrelated. Firet, prete^tinent of the
cular endothelial cells, i.e., flie cell l^e that is most relevant
HMEC-1
with
inhibitors of NF-KB activation, such as salicyto cancer metestasis.
tates or PDTC, completely inhibited linoleic acid-induced
In the present study we report that treatment of HMEC-1
VCAM-l expression (Fig. 5). Second, reporter gene assays
with linoleic acid resuhs in an increase of tl\e steady-state
were perforaied using normal VCAM-l promoter rqsorter
concentration of the VCAM-l mRNA in a time- and doseconstruct as well as similar constnict but witii mutated NF-KB
dependent manner (Fig. 3). In addition, flow ^ometiy analbinding site. As indicated in Fig. 6, mutation of die NF-KB
ysis showed that linoleic acid-indnced upregulation of the
binding site in flie VCAM-l promoter region completely
VCAM-l gene is correlated wifc a significant and doseabolished linoleic a:id-induced expression of the reporter
dependent overexpression of VCAM-l protein in HMEC-1
gene. These results specifically mdicate the importance of
(Fig. 4). These results me in agreement with earlier reporte
NF-KB activation in linoleic acid-induced expression of die
tlrnt indicated upregulation of another adb«ion molecule,
VCAM-l gene. On die otlier hand, low doses of Hnoleic acid,
such as intercellular wlhesion molecule-1, in endothelial
such as 10 or 25 jiM, stimulated VCAM-1 expression (Figs. 3
cells tteated with linoleic acid (52). Recent evidence also inand 4) but were not sufficient to activate NF-KB. TO explain
dicated that an oxidized derivative of Unoleic acid, IS-hythis discrepancy, it should be pointed out that the promoter redroperoxyoctadecadienoic acid, can induce VCAM-l gene
gion of the VCAM-l gene contains binding sites not only for
expression in endothelial cells (54). On the other hand, a 72NF-KB, but also for several other tonscription factors, such as
hpreexposure of endothelial cells to selectedn-3 orn-6 fetiy
AP-1, SP-1, GATA-1, or Bts (273). It is possible tot, in low
acids, followed by a cotreatment with E.-1P or TNF-a for an
concentimtions of linoleic acid, these other transcription facadditional 12 h, resulted in an inliibition of cytokine-induced
tors may participate in induction of the VCAM-l gme. In
VCAM-l expression compared with cells that were not precontrast, in higher concentrations of linoleic acid, such as 50
treated with fetty acids (55). However, a very different
HM, it appears tot activation ofNF-KB is the critical fector in
experimental setting used in that stady was, most likely, reinduction of VCAKi-1 expression.
sponsible fwr this discrepancy widi our present results.
In coiiclusion, our studies have demonstrated that linoleic
The current study also reveals that treatment of HMEC-1
acid induces VCAM-l expreraion in HMEC-1 thitjugh the
with linoleic acid can activate NF-KB. These results are in
activation of NF-KB. More importantly, because the ability of
agreement with earlier- reports on NF-KB acti-ration by linocMcer cells to interact with fte endothelium appears to be a
leic acid in porcine pulmonaiy artery endothelial cells (51,
prerequisite for the potential of distant metastasis and because
56). It is possible that linoleic acid-mediated induction of
VCAM-l is considered to be a crucial adhesion molecule in
oxidative stress (51), a decrease in cellular glutathione (31),
and alteimtions of cellular redox status (31,51) are responsithis process, to present study m^ have significant therapeuble for activation of NF-KB. To support die role of oxidative
tic implications in developing a novel strate^ against cancer
stress in linoleic acid-induced activation of NF-KB, this efmetastasis. Finally, tose studies provicte a mechanistic infect was attenuated by salicylates and PDTC (Fig. 2). Aspisist into the role of specific dietary lipids in metastasis.
rin and sodium salicylate have been shown to specifically
inliibit the activation of NF-KB by preventing the degradaAcknowledgments and Notes
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Abstract
Linoleic acid is a dietary fatty acid that appears to play an important role in activation of the vascular endothelium under a variety of
pathological conditions, including development of atherosclerosis or cancer metastasis. Evidence indicates that inflammatory responses may
be an underlying cause of endothelial cell pathology induced by linoleic acid. However, the profile of inflammatory mediators and the
potential mechanisms involved in inflammatory reactions stimulated by the exposure to linoleic acid are not fully understood. The present
study focused on the mechanisms of linoleic acid-induced expression of monocyte chemoattractant protein-1 (MCP-1) gene in human
microvascular endothelial cells (HMEC-1). Treatment of HMEC-1 with increasing doses of linoleic acid markedly activated an oxidative
stress-responsive transcription factor, nuclear factor-KB (NF-KB). In addition, exposure to linoleic acid induced a time- and concentrationdependent overexpression of the MCP-1 gene. Increased MCP-1 mRNA levels were observed in HMEC-1 treated with linoleic acid at doses
as low as 10 ^M. Linoleic acid-induced overexpression of the MCP-1 gene was associated with a significant elevation of MCP-1 protein
levels. Most importantly, preexposure of HMEC-1 to antioxidants, such as pyrroiidine dithiocarbamate (PDTC) or N-acetylcysteine (NAC),
attenuated linoleic acid-induced MCP-1 mRNA expression. The obtained results indicate that linoleic acid triggers MCP-1 gene expression
in human microvascular endothelial cells through oxidative stress/redox-related mechanisms. © 2001 Elsevier Science Inc. All rights
reserved.
Keywords: dietary fatty acids; vascular endothelium; cancer metastasis; atherosclerosis; oxidative stress

1. Introduction
Induction of inflammatory genes plays an important role
in the physiological and pathological functions of the vascular endothelium. For example, the overexpression of adhesion molecules on the surface of endothelial cells may
stimulate adhesion and migration of both tumor cells or
monocytes/macrophages across the vascular endothelium
[1]. In addition, increased expression of chemokines, such
as monocyte chemoattractant protein-1 (MCP-1) may play a
critical role in the biology of vascular dysfunction. A member of the CC chemokine family, human MCP-1 stimulates
chemotaxis and transmigration of monocytes, lymphocytes,
and granulocytes [2]. Increased production of MCF-1 may
be involved in a variety of processes, including early phases
of atherosclerosis [3,4] and cancer metastasis [5-7].
♦Corresponding author. Tel.: +1-859-323-4094; fax: +1- 859-3232705
E-mail address: mjtoboOO@pop.uky.edu (M. Toborek).

There are at least two distinct mechanisms by which
MCP-1 may participate in cancer metastasis: MCF-1 may
induce the unidirectorial migration of inflammatory cells
[2]. MCP-1 may be chemotactic to tumor cells [5]. This
latter effect was demonstrated using MCF-7 cells, a cell line
obtained from human breast carcinoma [5]. The chemotactic influence of MCP-1 on tumor cells was shown to be
mediated by a receptor-stimulated signaling pathway [8].
Thus, it appears that MCP-1 can directly attract tumor cells
and induce tumor cell migration across the vascular endothelium with the subsequent generation of tumor metastasis.
In addition to such direct effects, chemotactic properties of
MCP-1 towards leukocytes may also indirectly affect tumor
metastasis. Leukocytes attracted and activated by MCP-1 in
the proximity of the endothelium can migrate across the
endothelium and degrade extracellular matrix proteins,
which separate the endothelium from the underlying layers
of the vascular waU [9,10]. Such a process can markedly
facilitate invasion of tumor cells, a process associated with
the development of metastasis. To support the role of
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MCP-1 in tumor metastasis, it was demonstrated that levels
of this chemokine were elevated in serum of ovarian cancer
patients [6] and in urine of patients with bladder cancer [7].
• In fact, the urinary MCP-1 levels were strongly correlated
with tumor stage, grade, and distant metastasis [7].
Selected dietary fatty acids can modulate inflammatory
responses in numerous tissues, including the vascular endothelium [11]. However, it appears that the effects mediated
by individual fatty acids are very specific, and are influenced by diet and types of dietary fat. Among different
dietary fatty acids, linoleic acid may play one of the most
critical roles in induction of alterations of endothelial cell
metabolism [11,12]. It was reported that this fatty acid can
disrupt endothelial cell integrity, alter functions of gapjunctional proteins [13], increase levels of intracellular calcium, and induce cellular oxidative stress [14]. In clinical
studies, a positive correlation was found between linoleic
acid levels in the phospholipid fractions of human coronary
arteries and ischemic heart disease [15] as well as between
concentrations of linoleic acid in adipose tissue and the
degree of coronary artery disease [16]. Evidence also indicates that dietary linoleic acid also can promote carcinogenesis. In fact, it was demonstrated that when the dietary
content of linoleic acid exceeded 4-5% of total calories,
any additional fat linearly increased chemically-induced tumor incidence [17,18]. In addition to its role in carcinogenesis, dietary linoleic acid can also enhance the metastatic
formation of mammary tumors. For example, a linoleic
acid-enriched diet increased the rate of metastasis of mammary cancer to the lung in rats [19]. However, detailed
mechanisms of linoleic acid-stimulated cancer metastasis
are not fully understood, and we hypothesize that induction
of vascular endothelial cell inflammatory genes, such as
genes encoding for adhesion molecules or chemokines, including MCP-1, may markedly contribute to carcinogenesis
and cancer metastasis induced by this fatty acid.
Because of the importance of MCP-1 induction in vascular biology, and because of the involvement of linoleic
acid in the pathology of the vascular endothehum, the
present study was designed to examine the regulatory mechanisms of linoleic acid-induced MCP-1 gene expression in
microvascular endothelial cells. We demonstrate that linoleic acid can trigger overexpression of the MCP-1 gene,
leading to increased MCP-1 production, through an oxidative stress-related mechanism.

2. Methods
2.1 Endothelial cell culture
Human microvascular endotheUal cells (HMEC-1) were
a generous gift from Dr. Eric Smart (University of Kentucky
Medical Center). HMEC-1 were cultured in MCDB 131
media (Sigma, St. Louis, MO) enriched with 10% fetal
bovine serum, 1% peniciUin/streptomycin, 1 pig/ml hydro-
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cortisone and 0.01 ^g/ml epidermal growth factor in a 5%
CO2 atmosphere at 37°C. Linoleic acid (>99% pure) was
obtained from Nu-Chek Prep (Elysian, MN). The medium
was enriched with linoleic acid as described previously [20].
In selected experiments, HMEC-1 were pretreated for 30
min with pyrrolidine dithiocarbamate (PDTC, Sigma, St.
Louis, MO) at the levels of up to 25 jiM or with N-acetylcysteine (NAC, Sigma, St. Louis, MO) at the levels of up to
50 mM.
2.2. Electrophoretic mobility shift assay (EMSA)
Nuclear extracts from HMEC-1 were prepared according
to the method of Beg et al [21] as described earlier [22].
Binding reactions were performed in a 20 /xl volume containing 6 ixg of nuclear protein extracts, 10 mM Tris-HCl,
pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.1 mM dithiothreitol,
10% glycerol, 2 /jLg of poIy[dI-dC] (nonspecific competitor)
and 40,000 cpm of ^^P-labeled specific oligonucleotides that
contained the NF- KB sequence specific for the NF- KB site
binding site in the MCP-1 promoter (5'-AGA GTG GGA
ATT TCC ACT CA-3'). The resultant protein-DNA complexes were resolved on native 5% polyacrylamide gels
using 0.25 X TBE buffer (50 mM Tris-Cl, 45 mM boric
acid, 0.5 mM EDTA, pH 8.4). Competition studies were
performed by the addition of a molar excess of unlabeled
oligonucleotide to the binding reaction. Rabbit polyclonal
anti-p50 and anti-p65 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) were employed in supershift experiments.
2.3. Reverse transcriptase-polymerase chain reaction (RTPCR)
Total RNA was extracted by the use of TRI reagent
(Sigma, St. Louis, MO) and reverse-transcribed at 42°C for
60 min in 20 /il of 5 mM MgClj^ 10 mM Tris-HCl, pH 9.0,
5.0 mM KCl, 0.1% Triton X-100[ 1 mM dNTP, 1 unit/^1 of
recombinant RNasin ribonuclease inhibitor, 15 units/^g of
AMV reverse transcriptase, and 0.5 ^g of oligo(dT)j5
primer [22]. For amplification of MCP-1 and of ^-actin (a
housekeeping gene), the following primer combinations
were used: 5'-CAG CCA GAT OCA ATC AAT GC-3' and
5'-GTG GTC CAT GGA ATC CTG AA-3' (MCP-1; expecting 198-bp fragment; R&D Systems, MinneapoUs, MN)
and 5'-AGC ACA ATG AAG ATC AAG AT-3' and 5'TGT AAC GCA ACT AAG TCA TA-3' O-actin; expecting
188-bp fragment) [23]. The PCR mixture consisted of a Taq
PCR Master Mix Kit (Qiagen, Valencia, CA), 2 pi of the
reverse transcriptase reaction, and 20 pmol of primer pairs
in a total volume of 50 pi. Thermocycling was performed
according to the following profile: 94°C for 1 min, 55°C for
1 min, and 72°C for 1 min, repeated 20 times. Amplification
was linear within the range of 15-25 cycles. PCR products
were separated by 2% agarose gel electrophoresis, stained
with SYBR® Green I (Molecular Probes, Eugene, OR) and
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Fig. 2A. Time-dependent upregulation of MCP-1 mRNA expression by
linoleic acid in human microvascular endothelial cells (HMEC-1). Cells
were exposed to 50 ^M linoleic acid for up to 4 h. The levels of MCP-1
mRNA were determined by RT-PCR. KR products were analyzed by 2%
agarose gel electrophoresis and visualized using phosphoimaging. The
predicted sizes of RT-PCR products for MCP-1 and P-actin (represented
by arrows) are 198 bp and 188 bp, respectively. M, molecular weight
markers (100-bp DNA ladder).

linoleic acid-induced stimulation of the MCP-1 mRNA is
dose dependent. Maximal induction of the MCP-1 gene
was detected in HMEC-1 exposed to linoleic acid at the
dose of 50 [xM.
The quantitative sandwich enzyme immunoassay technique was employed to determine whether linoleic acidmediated induction of the MCP-1 gene is paralleled by a
concomitant production of MCP-1 protein. Concentration of
MCP-1 protein was determined in culture supematants from
HMEC-1 treated with different doses of linoleic acid for
16 h (Figure 3). Consistent with the data on MCP-1 gene
expression, treatment with linoleic acid resulted in a doseliuoMc add (MM)
M
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Fig. 3. Linoleic acid increases production of MCP-1 protein in human
microvascular endothelial cells (HMEC-1). Cells were treated with increasing concentrations of linoleic acid for 16 h. Concentration of MCP-1 was
measured by ELISA in the aliquots of culture media. Values represent
mean ± SD. *Statistically significant compared to the control group (P
<0.05).

dependent upregulation of MCP-1 protein levels. Significant elevations of MCP-1 levels were observed in cultures
exposed to 10 and 50 /iM of linoleic acid.
3.3. Antioxidants attenuate linoleic acid-induced MCP-1
gene expression
To determine whether linoleic acid-mediated MCP-1
gene expression is mediated by an oxidative stress-related
mechanism, HMEC-1 were pretreated for 30 min either with
pyrrolidine dithiocarbamate (PDTC) or with N-acetylcysteine (NAC), followed by a 4 h treatment with 50 IJM of
linoleic acid. Both PDTC and NAC are widely used as
antioxidant compounds to study redox regulation of intracellular signaling pathways and of cell function [25,26]. As
shown in Figure 4A, PDTC attenuated linoleic acid-induced
MCP-1 mRNA levels. Similar effects were observed when
HMEC-1 were pretreated with NAC prior to exposure to
linoleic acid (Figure 4B).

-MCM
4. Discussion

200%-

P-Artm

Figure 2B, Dose-dependent upregulation of MCP-1 mRNA expression by
linoleic acid in human microvascular endothelial cells (HMEC-l). Cells
were exposed to increasing concentrations of linoleic acid for 4 h. The
levels of MCP-1 mRNA were determined as described in the legend to
Figure 2A.

Linoleic acid is the major dietary fatty acid present in
high concentrations in com, soy, sunflower, or safflower
oils. It is estimated that it provides approximately 7-8% of
the average dietary energy intake [27]. Such a high consumption of linoleic acid may markedly affect endotheHal
cell metabolism. It is widely recognized that the lipid composition of plasma lipoproteins is closely related to dietary
fat intake [28]. In addition, it has been proposed that hydrolysis of triglyceride-rich lipoproteins mediated by lipoprotein lipase, a key enzyme in lipoprotein metabolism
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bilical veins [22,32,34]. It is well known that endothelial
cells froitn different tissues and vessels can differ markedly
in their structure and functions [45]. In the present study, we
report that linoleic acid can activate NF-KB in microvascular endothelial cells, i.e., the type of endothelial cells that
provide a most relevant experimental model to study vascular mechanisms of cancer metastasis. In addition, it
should be noted that in the present study linoleic acidmediated NF-KB activation was detected using the NF- KB
oligonucleotide probe specific for the NF-KB binding site of
the human MCF-1 promoter region.
AP-1 is another transcription factor that is activated by
alterations of cellular redox status. However, the specific
mechanisms of such activation appear to be complex. AP-1
is composed of the Jun and Fos gene products, which can
form heterodimers (Jun/Fos) or homodimers (Jun/Jun). It
has been demonstrated that under specific experimental conditions, both oxidants and antioxidants can lead to activation of this transcription factor [46,47]. For example, oxidation of cysteine residues of c-Fos and c-Jun (Fos Cys-154
and Jun Cys-272, respectively) can convert the AP-1 subunits into inactive forms and inhibit binding activity of this
transcription factor [48]. However, oxidative stress also can
induce the mitogen-activated protein kinase (MAPK) cascade which can lead to AP-1 activation [49], Linoleic acid
and its oxidative derivatives can stimulate both c-Fos and
c-Jun mRNA expression, as well as activate MAPK in rat
aortic smooth muscle cells [50]. In addition, in support of
the possible involvement of NF-KB and AP-1 activation in
Hnoleic acid-induced MCP-1 gene in HMEC-1, the critical
role of these transcription factors in MCP-1 gene expression
was demonstrated in cells stimulated with tumor necrosis
factor-a (TNF-a) [51,52].
The promoter region of flie MCP-1 gene also contains GAS
and SP-1 binding sites [41,53]. However, their possible involvement in hnoleic acid-induced overexpression of the
MCP-1 gene is not fully underatood. It is known that the
transcription factor STATla specifically interacts with GAS
binding sites. Our unpublished observations uidicate that activation of STATla can be regulated by cellular oxidative status. However, there is no existmg evidence whether this transcription can be activated by linoleic acid treatment in cultured
microvascular endothelial cells. In addition, evidence indicates
that activation of the SP-1 transcription factor can be regulated
by the cellular redox status and that it plays a critical role in
interleukin-4-mediated induction of the vascular adhesion molecule-1 (VCAM-1) gene expression [54]. However, at the
present time it is unknown if a sunilar mechanism also is
involved in linoleic acid-mediated overexpression of the
MCP-1 gene in HMEC-1.
In conclusion, the present study provides compelling
evidence that linoleic acid can induce MCP-1 expression in
human microvascular endothelial cells, a cell model used
for studying mechanisms of cancer metastasis. These data
may contribute to a better understanding how dietary lipids
can induce production of the inflammatory mediators in the
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microvasculature and contribute to a variety of pathological
alterations, such as cancer metastasis.
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Abstract
Liposome-mediated transfection of endothelial cells provides a valuable experimental technique to study cellular
gene expression and may also be adapted for gene therapy studies. However, the widely recognized disadvantage of liposome-mediated transfection is low efficiency.
Therefore, studies were performed to optimize transfection techniques in human endothelial cells. The majority
of the experiments were performed with primary cultures of human umbilical vein endothelial cells (HUVEC).
In addition, selected experiments were performed using
human brain microvascular endothelial cells and human
dermal microvascular endothelial cells. To study transfection rates, HUVEC were transfected with the pGL3
vector, containing the luciferase reporter gene, complexed with several currently available liposomes, such
as different Perfect Lipid (pFx) mixtures, DMRIE-C, or
lipofectin. The optimal transfection rate was achieved In
HUVEC transfected for 1.5 h with 5 jig/ml of DNA plasmid
in the presence of 36 ng/ml of pFx-7. In addition, transfection with the VR-3301 vector encoding for human placental alkaline phosphatase revealed that, under the described conditions, transfection efficiency in HUVEC was
approximately 32%. Transfections mediated by other
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liposomes were less efficient. The usefulness of the
optimized transfection technique was confirmed in
HUVEC transfected with NF-KB or AP-1-responsive constructs and stimulated with TNF or LPS. We conclude
that among several currently available liposomes, pFx-7
appears to be the most suitable for transfections of cultured human endothelial cells.
Copyriglit©2001 S. Karger AG, Basei

Introduction

Cellular transfections (physical-chemical methods of
introducing genes into cells) provide powerful experimental tools to study gene regulation in vivo and in vitro [1].
In addition, transfection techniques are used to deliver
foreign DNA in gene therapy strategies [2, 3]. Stable
transfections refer to the production of a population of
cells in which the gene of interest is stably expressed in the
cell. Thus, the gene is not only introduced into the cell but
also is integrated into the host DNA and reproduced during cell cycles or cell division. The second general type of
transfection is transient transfection, during which plasmid DNA is introduced into a cell population but no stable cell lines are isolated. Instead, gene expression is studied shortly after the transfection procedure, usually within
24-72 h [4]. The advantage of the second approach is the
simplicity of the technique and the fact that the same
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preparation of DNA can be introduced into various cell
types. Because cellular membranes create barriers for
large and highly charged DNA molecules to enter cellular
compartments, several techniques have been developed
to facilitate cellular transfections. Transfection methods
include calcium-phosphate precipitation, electroporation,
detergent-DNA complexes, DNA-DEAE complexes, microinjection, virus-mediated transfection, introduction of
DNA via particle bombardment and lipid-mediated
transfection [2, 5]. In transfections performed in vitro in
cultured cells, cationic lipids have become standard carriers of plasmid DNA [6].
Endothelial cells are a promising target in somatic gene
therapy in cardiovascular disorders, ischemic disease [7]
and cancer [8, 9], since the endothelium is involved in
these pathological stages and endothelial cells are accessible for gene transfer via circulation [10]. Several experimental and clinical studies have demonstrated the therapeutic potential of somatic gene therapy in vascular diseases. For example, in the treatment of restenosis, positive results were obtained when animals were transfected
with the genes encoding for vascular endothelial growth
factor, nitric oxide synthase, thymidine kinase, retinoblastoma, growth arrest or antisense oligonucleotides
against transcription factors [10, 11]. In atherosclerosis,
gene therapy strategies have been used in the treatment of
vascular proliferation, endothelial dysfunction, thrombosis, and ischemia as well as in modification of the blood/
biomaterial interface [12]. It has also been reported that
transfer of genes encoding for cyclooxygenase and endothelial nitric oxide synthase can protect against intimal
hyperplasia in angioplasty-injured carotid arteries [13].
Clinical trials indicated that substantial therapeutic benefits could be obtained by intramuscular injections of
naked DNA plasmid encoding for human vascular endothelial growth factor in patients with severe peripheral
arterial disease [14].
The most efficient transgene expression can be
achieved by using adenoviruses [15]. In fact, with adenovirus vector, recombinant genes can be delivered to
approximately 100% of endothelial cells of normal human vessels in organ cultures [16]. However, adenoviral
vectors can induce injury to the vessel wall. For example,
in arteries transduced with replication-defective adenoviral vector AdRSVn-LacZ, a marked accumulation of macrophages and increased intimal cellularity were reported.
In addition, in' hypercholesterolemic cynomolgus monkeys, this vector caused an increase in vessel wall inflammation and progression of early atherosclerotic lesions
[17]. Viral transduction can also induce changes in endo-
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thelial cell phenotype [18]. Therefore, nonviral transfections, including cationic liposomes, remain attractive carriers to facilitate the entry of foreign DNA into endothelial cells.
The aim of the present study was to optimize a transfection technique using different, currently available cationic liposomes in cultured human endothelial cells.
Transfection rate was established using liposomes complexed with the pGL3 vector, driven by the simian virus
40 (SV40) promoter and containing the luciferase reporter gene. In addition, the efficiency of transfection was
studied by employing the VR-3301 vector driven by the
cytomegalovirus (CMV) promoter ligated to the human
placental alkaline phosphatase reporter gene (hpAP). We
found that cultured human endothelial cells can be efficiently transfected.

Materials and Methods
Endothelial Cell Cultures
Human umbilical vein endothelial cells (HUVEC) were isolated
as described previously [19]. They were maintained in growth
medium containing Ml99, 25 mM HEPES, 54.3 U/ml heparin,
2 mM L-glutamine, 1 |iA/ sodium pyruvate, 200 U/ml penicillin,
200 |ig/ml streptomycin, 0.25 |ig/ml amphotericin B (all reagents
from Gibco BRL, Grand Island, N.Y., USA), 40 ng/ml endothelial
cell growth supplement (ECGS, Becton Dickinson, Bedford, Mass.,
USA), and 20% FBS (HyClone Laboratories, Inc., Logan, Utah,
USA).
Cells were determined to be endothelial by their cobblestone morphology and uptake of fluorescent labeled acetylated LDL (l,r-dioctadecyl-3,3,3'3'-tetramethyl-indocarbocyanine perchlorate; Molecular Probes Inc., Eugene, Oreg., USA). All experiments were conducted with cells from passage two.
Selected experiments also were performed using human aortic
endothelial cells (HAEC), immortalized human brain microvascular
endothelial cells (HBMEC) and immortalized human dermal microvascular endothelial cells (HMEC-1). HAEC were purchased from
Clonetics Corp., (Walkersville, Md., USA) and cultured in medium
supplied by the manufacturer. HBMEC (a generous gift from Dr. M.
Fiala, UCLA School of Medicine) were isolated from a brain biopsy
of an adult female with epilepsy and immortalized by transfection
with SV40 large-T antigen. They were cultured in RPMI-1640
medium (Gibco BRL), supplemented with 10% FBS (HyClone Laboratories), 10% NuSerum IV (Becton Dickinson), 1% nonessential
amino acids, 1% vitamins, 5 U/ml heparin, I mA/sodium pyruvate,
2 mM L-glutamine (all reagents from Gibco BRL), and 30 ng/ml
ECGS (Becton Dickinson) [20, 21].
HMEC-I (a generous gift from Dr. E. Smart, University of Kentucky) were isolated from dermal microvessels and immortalized by
transfection with SV40 large-T antigen. They were cultured in
MCDB-131 medium (Gibco BRL) supplemented with 10% FBS
(HyClone Laboratories), 200 U/ml penicillin, 200 ng/ml streptomycin (Gibco BRL), 10 ng/ml endothelial growth factor (Calbiochem,
San Diego, Calif, USA) and I mg/ml hydrocortisone (Sigma).
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Each experiment was performed at least in triplicate on at least
four (and up to 12) independent cultures.
Liposome Comers for Transient Tramfection and Transfection
Procedure
The PerFect Lipid Transfection kit (Invitrogen, Carlsbad, Calif.,
USA), DMRIE-C, and lipofectin (Gibco BRL, Grand Island, N.Y,
USA) were used for transfections of endothelial eells. The PerFeet
Lipid Transfection kit provides eight different compositions of lipids
(pFx 1-8), and each of these lipids was employed in the present
study. Molecular weights of different pFx mixtures vary from 847
(pFx-4) to 2,617 (pFx-8). The molecular weight of pFx-7, the liposome used in the majority of our experiments, is 1,011. DMRIE-C
(moleeular weight 646) was used because it resembles a lipid earrier
which was previously used successfully for endothelial cell transfections [5]. Lipofectin (molecular weight 669.5), which was employed
in our earlier study [22], is widely used in transfection of endothelial
cells. Selected experiments also were performed using cytofectin
GCV (Glen Research, Sterling, Va., USA), DAC-30 (Eurogentee,
Sereing, Belgium), and SuperFect (Qiagen, Valencia, Calif, USA).
These additional liposomes were selected based on a recent report
which demonstrated that cytofectin GCV or SuperFect can mediate
uptake of antisense oligonucleotides in cultured human iliac artery
endothelial cells with high efficiency [23].
For transfection studies, endothelial cells were seeded in 12-well
plates and grown to 50-60% confluency in normal growth medium.
To perform transfections, aliquots of normal Ml 99 were mixed with
different concentrations of specific lipid carriers in polystyrene
tubes, mixed with plasmid DNA and incubated at 37°C for 30 min
to allow the formation of DNA-lipid complexes. Endothelial cell cultures were washed three times with M199 to remove serum, and 1 ml
of transfection solution was added to each well of the 12 well plates.
Controls consisted of endothelial cells incubated with plasmid DNA
alone or liposomes complexed with a carrier plasmid. After incubation, transfection solutions were aspirated and replaced with growth
medium. Cells were maintained in these conditions for 48 h before
assays for reporter genes were performed.
pGL3 Vector and Lmiferase Reporter Gem Assay
To monitor the transfection rate, endothelial eells were transfected with individual liposomes complexed with the pGL3 Luciferase Reporter Vector (Promega, Madison, Wise, USA). This vector
contains the SV40 promoter and enhancer sequence and firefly lueiferase as a reporter gene. Following the transfection process, luciferase activity was measured by Luciferase Assay System (Promega)
according to the instructions supplied by the manufacturer. Briefly,
culture media were removed and cells were washed three times with
PBS and incubated for 10 min with 60 jil of Cell Culture Lysis
reagent. Attached cells were then scraped, centrifuged to remove
membrane debris, transferred to new tubes, and stored at -80 "C
until analysis. For luciferase assay, 10 nl of the cell extracts were
mixed with 100 (il of Luciferase Assay Reagent containing luciferin
and ATP in a luminometer with automatic injection. Light emission
was measured every 0.5 s, for 10 s. Values are expressed in RLU/jig
protein. Cellular proteins were measured using Bradford reagent
(Bio-Rad, Hercules, Calif, USA).
VR-3301 Vector and Alkaline Phosphatase Reporter Gene Assay
To establish transfection efficiency, endothelial cells were transfected with VR-3301 vector (Vical Inc., San Diego Calif, USA)
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mixed with pFx-7, DMRIE-C or lipofectin. The VR-3301 vector contains CMV promoter/enhancer which regulates expression of the
hpAP gene. Transfected endothelial cells were fixed in 4% paraformaldehyde for 1 h and then washed 3 times with PBS. Following heat
inactivation of endogenous alkaline phosphate isoenzymes of nonplaeental origin (30 min at 65 °C), cells were stained for hpAP using
an azo dye coupling technique [24]. Briefly, 0.2 ml of naphtol AS-MX
phosphate (0.25% alkaline solution, Sigma) were mixed with 4.8 ml
of 0.1 Af Tris-HCl buffer (pH 10.0) and 10 mg of fast red TR salt
(Sigma). The stain mixture was filtered immediately before use, and
cells were stained for the presence of hpAP for 15 min at room temperature. In independent sets of experiments, fluorescence of transfected cells was determined either by flow cytometry (in cell suspension) or fluorescent microscopy (in cells cultured on glass-bottom
dishes) using rhodamine filter sets. Data are expressed as a percentage of eells in which activity of hpAP was detected.
Employment ofthe Optimized Transfection Conditions to Study
Activation ofTranscription Factors in Endothelial Cells
To determine whether the optimized transient transfection technique is useful in studies on transcription factor activation in endothelial cells, HUVEC were transfected for 1.5 h with 5 jig of NF-KB or
AP-1 reporter plasmids (Stratagene, La JoUa, Calif, USA) mixed
with 36 ng/ml of pFx-7. NF-KB responsive plasmid contained five
repeats of NF-KB enhancer elements, and AP-1-responsive plasmid
contained seven repeats of AP-1 enhancer elements, linked to basic
TATA element and the firefly luciferase reporter gene. Following
transfection, cells were incubated in normal growth medium for 24 h.
Then, HUVEC were treated with either TNF (10 ng/ml) or LPS (1
lig/ml) in a medium containing 10% FBS for 24 h. At the end of the
incubation time, cells were washed with FBS, lysed, and measured
for luciferase activity using Luciferase Assay Reagent (Promega).
Cell Proliferation (5-Bromo-2'-Deoxyuridine Incorporation
Assay)
Endothelial cell proliferation was determined by the 5-bromo-2'deoxyuridine (BrdU) incorporation assay according to the procedure
supplied by the manufacturer (Roche Diagnostics, Mannheim, Germany). This assay takes advantage of the incorporation of BrdU,
instead of thymidine, into the DNA of proliferating eells. Briefly,
immediately following transfections, endothelial cells were incubated for 12 h with 10 nM BrdU diluted in normal growth medium.
Then, cuhures were fixed and incubated with monoclonal anti-BrdU
antibody labeled with peroxidase. Following a 30-min incubation,
tetramethylbenzidine was added as a substrate for peroxidase and,
after a 10-min interval time required for color development, absorbanee was read at 370 nm. The results were expressed as percentage
of control.
Statistical Analyst
Statistical analysis was performed using SYSTAT 8.0 (SPPS Inc.,
Chicago, 111., USA). One-way or two-way ANOVA was used to compare the mean values among the treatments. Two-way ANOVA was
employed in statistical analysis of all experiments which included at
least two variables, such as time and different treatment factors.
When the overall F values were significant, ANOVA was followed by
a posthoc Bonferroni test to compare means from different treatments. Statistical probability of p < 0.05 was considered significant.
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Fig. 1. Comparison of transfection rates mediated by different pFx
mixtures. Cells were transfected for 3 h with 5 ng/ml of the pGL3
vector complexed with 36 ng/ml of individual pFx lipids. Transfections were followed by a 48-hour recovery period in normal growth
medium, after which the reporter gene assay was performed. Values
are mean ± SEM. *Values in cultures transfected by pFx-7 are significantly higher than values from groups transfected with other pFx
lipids.

Results

Transient Transfection Rates Mediated by Different
pFx Liposomes
To determine the most effective pFx liposome as a
mediator of transient transfection of endothelial cells,
HUVEC were transfected with 5 ng/ml of the pGL3 vector complexed with 36 |a,g/ml of each liposome provided
in the PerFect Lipid Transfection kit. Figure 1 indicates
transfection rates, as determined by luciferase activity,
mediated by individual pFx liposomes. Transfections
were performed for 3 h, followed by a 48-hour recovery
process. Only minimal transfection rates (range of 3-7
RLU/|j,g protein) were determined in HUVEC exposed to
the pGL3 vector alone. Except for pFx-1 and pFx-4, all
remaining pFx liposomes successfully mediated transfection of HUVEC. However, the most marked transfection
rate was observed in cells transfected with pFx-7. Therefore, optimization of transfection conditions was performed with this liposome.
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I
I 20 ng/ml DMRIE-C, Lipofcctin or pFx-7
KW/A 40 ng/ml DMRTE-C or Lipofcctin or 36 Jlg/ml pFx-7
60 ng/ml DMRIE-C or Lipofcctin or 44 (ig/ml pFx-7

J Vase Res 2001;38:133-143

Control

pGL3

DMRIE-C Lipofcctin
+ pGL3

+ pOL3

pFx-7
+ pGL3

Fig. 2. The effect of liposome concentrations on transfection rates in
HUVEC. Cells were transfected for 1.5 h with 5 ng/ml of the pGL3
vector complexed with different concentrations of pFx-7, DIVIRIE-C
or lipofcctin. Values are mean ± SEM. *Values are statistically significant as compared to the values in the group transfected with the
preceding concentration of a given liposome. tValues in cultures
transfected in the presence of 36 |ig/ml pFx-7 are significantly higher
than transfection rates in other experimental groups.

Comparison of Transfection Rates Mediated by
DMRIE-C, Lipofcctin, or pFx-7 and Optimization of
Liposome Concentrations
DMRIE-C reagent and lipofcctin are commercially
available liposomes, widely used to initiate transient or
stable transfections. To establish the most suitable liposome carrier and the optimal liposome concentration for
transient transfection of endothelial cells, the pGL3 vector (5 iig/ml) was complexed with different concentrations
of DMRIE-C, lipofcctin or pFx-7. Transfections were performed for 1.5 h, followed by a 48-hour recovery period.
Results of these experiments are reflected in figure 2.
Liposomes at the concentrations of 20 jig/ml (or lower data not shown) appeared to be ineffective in HUVEC
transfection. However, an increase in liposome concentrations from 20 to 40 )ig/ml for DMRIE-C or lipofectin
and to 36 jig/ml for pFx-7 resulted in an increase of transfection rates, as measured by luciferase activity. In particular, a dramatic increase (approximately 250 times) in
transfection rate was detected in HUVEC transfected
with pGL3 complexed with pFx-7 at the concentration of
36 ng/ml. The rate of transfection mediated by this con-
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centration of pFx-7 was approximately 8.5 times higher
compared to transfection induced by 40 ^ig/ml lipofectin.
In addition, the transfection rate achieved by pFx-7
exceeded that mediated by 40 ng/ml DMRIE-C by almost
5 times. Further increase in concentrations of DMRIE-C,
lipofectin or pFx-7 decreased transfection rates. It appears that a marked cytotoxicity observed in endothelial
cell cultures exposed to high doses of liposomes was
responsible for this phenomenon.
In separate experiments, transfection rates mediated
by pFx-7 at the dose of 36 jig/ml were compared to those
mediated by cytofectin GCV (used at the concentration
range of 1-40 ng/ml), DAC-30 (concentration range of 530 |ig/ml), and SuperFect (concentration range of 20-80
|ig/ml). Among these liposomes, transfection of HUVEC
mediated by pFx-7 also resulted in the highest transfection rates (data not shown),
Liposome-Mediated Toxicity in Cultured Endothelial
Cells
When introduced into cell cultures, liposomes can
induce cytotoxic effects which depend on lipid concentration and transfection time. Therefore, their toxic effects
were also measured in cultured endothelial cells. BrdU
incorporation assay, which reflects cell proliferation, was
used in these studies. As indicated in table 1, treatments
with lipofectin appeared to be most toxic in cultured
endothelial cells. Diminished incorporation of BrdU was
observed in endothelial cells incubated with 40 or 60 |ig/
ml of lipofectin for as short as 1 h. In addition, when cells
were treated with lipofectin for 3 h, even lower doses of
this liposome decreased proliferation of endothelial cells.
Transfection mediated by pFx-7 resulted in a moderate toxicity. Endothelial cell proliferation was not statistically decreased when this liposome was used at the doses
of up to 36 |xg/ml for 1 or 1.5 h. However, a higher dose
(i,e,, 44 p.g/ml) of pFx-7 as well as a 3 h incubation time
markedly diminished incorporation of BrdU in transfected HUVEC (table 1), In general, the most marked
cytotoxicity was observed when endothelial cells were
exposed to high doses of liposomes for 3 h, Liposomemediated toxic effects similar to those detected in
HUVEC were observed in cultures of HAEC (data not
shown).
Although 1,5-hour treatments with liposomes at concentrations which mediated the optimal transfection rates
as reported in figure 2 did not affect BrdU incorporation,
they resulted in morphological changes of cultured endothelial cells. Because the character of these changes was
similar for all studied liposomes, they are documented
Liposomes and Endothelial Cell
Transfection

Table 1. Toxic effects of different transfection carriers as measured
by the incorporation of BrdU assay
Transfection
carrier

Exposure time
Ih

1,5 h

31i

98.7 + 3.94
97.1+4.70
79.4+8,49'
60.9+4.06"

94.1 ±1.97
91.7+2.57
74.1±4,96»'«
54.3+0.33"'=

69.9+0.82'.b
59.4±4.75».>'
47.3+4.69'.''
47.4+5.47"

DMRIE-C, jig/ml
10
98.5 + 6.37
20
105.2 ±4.45
40
101.7 + 2.69
60
102.4±1.22

90.5 ±1.31
87.3 ±7.32
86.1 ±1.38"
81.2±2.01".''

96.6 ±2.10
76.2±1.47».<=
74.4+3.17".''
64.7±2.55».t'

pFx-7, p.g/ml
12
24
36
44

92.2 ±3.07
86.9 ±2.30
84.2 ±4.79
61.5 ±4.94"-'=

93.5+4.28
85.6 ±3.22
66.7+0.98">'=
52.6+2.69". <=

Lipofectin, lig/ml
10
20
40
60

98.4±3.30
95.1+2.63
88.7 ±5.82
65.0±3.11".'=

Values are mean + SEM and are expressed as percentage of control.
" Statistically different as compared to control, i.e., non-transfected
cells.
^ Statistically different as compared to the values in the group
transfected with the same concentration of a given liposome for the
preceding exposure time.
<= Statistically different as compared to the values in the group
transfected for the same exposure time with the preceding concentration of a given liposome.

only for pFx-7, the liposome which produced the highest
transfection rates in HUVEC. Figure 3A reflects morphological alterations of HUVEC, as observed under a phasecontrast microscope, after a 1,5-hour incubation with
36 |ig/ml pFx-7 complexed with 5 pg/ml of the pGL3 vector, Cytotoxic effects of this complex included cellular
shrinkage and detachment. However, a 48-hour recovery
period following transfection, during which cells were
maintained in normal growth medium, allowed HUVEC
to regain normal morphological features. This phenomenon is shown in figure 3B, a photograph of the same culture as depicted in figure 3A, but taken after the recovery
period.

J Vase Res 2001;38:133-143

137

Optimization ofPlasmidDNA Concentration and
Transfection Time for Transient Transfection of
Endothelial Cells
Both the amount of plasmid DNA used for transfection and transfection time are important factors which
can determine the transfection rate. Figure 4 shows transfection rates in HUVEC transfected with different
amounts of the pGL3 vector complexed with pFx-7 at the
concentration of 36 ng/ml as well as with DMRIE-C or
Hpofectin at the concentration of 40 |xg/ml. Maximum
transfection rate was observed in cells transfected with
5 |xg/ml of plasmid DNA. In cells transfected with either 2
or 10 ng pGL3/ml, transfection rates were minimal as
compared to 5 (xg/ml of the pGL3 vector.
To determine the optimal transfection time, HUVEC
were transfected for 1, 1.5 or 3 h, followed by a 48-hour
recovery period. Time-dependent effects on liposomemediated transfection are also shown in figure 4. As
reflected in this figure, most successful HUVEC transfections resulted from 1.5-hour transfection time. Transfection rates in cells exposed to liposomes for that period of
time were constantly higher than those in HUVEC transfected for 1 h. In addition, extension of transfection time
to 3 h did not result in higher transfection rates. It appears
that cytotoxicity of liposomes, as reported in table 1,
could affect transfection rates in HUVEC transfected for
3h.

Fig. 3. The effect of pFx-7-mediated transfection on HUVEC morphology as observed
under a phase-contrast microscope. Cells
were transfected for 1.5 h with the pGL3
vector complexed with 36 ng/ml of pFx-7.
A Cell morphology at the end of the 1.5-hour
transfection period. B Cell morphology at
the end of the 48 hour recovery period in
which cells were maintained in normal medium.

Fig. 4. Comparison of transfection rates mediated by DMRIE-C, lipofectin, or pFx-7
under different concentrations of plasmid
DNA and transfection times. HUVEC were
transfected for 1, 1.5 or 3 h with different
concentrations of the pGL3 vector complexed with DMRIE-C or lipofectin at the
concentration of 40 ng/ml or with pFx-7 at
the concentration of 36 |ig/ml. Values are
mean ± SEM. Luciferase activities in control (nontransfected) cells and in cells transfected with naked pGL3 were negligible and
were not plotted. *Values in cultures transfected with 5 |ig pGL3/ml are significantly
higher than values from groups transfected
with other amounts of plasmid DNA. I^Values in cultures transfected for 1.5 or 3 h in
the presence of 36 ng pFx-7/ml complexed
with 5 ng pGL3/ml are significantly higher
than transfection rates in other experimental
groups.
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Efficiency of Transient Transfection in Endothelial
Cells
Previously described experiments allowed us to determine the optimal transfection conditions for HUVEC
using individual liposomes , i.e., pFx-7 at the concentration of 36 ^ig/ml, DMRIE-C or lipofectin at the concentration of 40 tig/ml, a transfection time of 1.5 h, and plasmid
DNA concentration of 5 |xg/ml. Using these experimental
settings, transfection efficiency was measured by determination of activity of human placental alkaline phosphatase (hpAP) in HUVEC transfected with the VR-3301
vector, encoding for hpAP, and complexed with pFx-7,
DMRIE-C or lipofectin. A fluorescent marker of hpAP
activity, the fast red TR salt, was employed in these studies, and fluorescence was measured by either flow cytometry (in cell suspension) or fluorescent microscopy. Figure 5A shows the results of the quantitative analysis of
transfection efficiency performed by flow cytometry. Under the described conditions, transfection efficiency in
HUVEC mediated by pFx-7 was determined to be 34.4%.
In contrast, transfection efficiency in endothelial cells
transfected with DMRIE-C or lipofectin was much lower,
i.e. approximately 9.5 or 4.7%, respectively. In control
cultures and in cultures exposed to the naked plasmid
DNA, positive staining for hpAP was negligible. Figure 5B depicts HUVEC positively stained for the presence of alkaline phosphatase (arrows) as observed under
the fluorescent microscope.
Effectiveness ofthe Optimized Transfection Technique
to Study Activation ofTranscription Factors in
HUVEC andfor Transient Transfection ofDifferent
Endothelial Cell Types
One of the major applications of transient transfections is to study activation of transcription factors and
mechanisms of gene regulation. Therefore, our optimized
transfection technique (i.e., pFx-7, 36 ng/ml; plasmid
DNA concentration, 5 iig/ml; transfection time, 1.5 h followed by a 48-hour recovery period) was employed in
such an experimental setting. HUVEC were transfected
with NF-KB- or AP-1-responsive plasmids containing the
firefly luciferase reporter gene, and luciferase activity was
determined in cells stimulated with TNF (10 ng/ml) or
LPS (1 ^ig/ml). The results of these experiments are shown
in figure 6. Both TNF and LPS significantly increased
luciferase activity in HUVEC transfected with NF-KB or
AP-1-responsive plasmids. These data are consistent with
TNF or LPS-induced activation of NF-KB or AP-1 in
HUVEC, as determined by electrophoretic mobility shift
assay (data not shown).
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« 30
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Control

VR-3301

VR-3301 VR-3301 VR-3301
DMRIE-C -i-lipofectin +pFx-7

Fig. 5. A Efficiency of liposome-mediated transfection in HUVEC
as measured by flow cytometry. Cells were transfected for 1.5 h with
the VR-3301 vector (5 ng/ml) complexed with 40 jig/ml of DMRIE-C
or lipofectin or with 36 |ig/ml of pFx-7. *Values marked with an
asterisk are significantly higher as compared to the values for control
cultures or cultures transfected with naked plasmid DNA. tValues in
cultures transfected in the presence of pFx-7 are significantly higher
than values in other experimental groups. B An example of HUVEC
positively stained for hpAP as observed under a fluorescent microscope (rhodamine filter). Transfection was mediated by pFx-7 under
conditions as described in the legend to A.

Structure and functions of endothelial cells originated
from different tissues differ markedly [25]. Therefore,
experiments were performed in which the optimized
transfection technique was employed to compare transfection rates in different types of endothelial cells, namely
in HUVEC, HAEC, HBMEC, and HMEC-1. The optimized transfection conditions (i.e., pFx-7, 36 ^ig/ml; pGL3,
J Vase Res 2001;38:133-143
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Fig. 6. The effectiveness of the optimized transfection conditions to
study activation of transcription factors in HUVEC. Cells were transfected for 1.5 h with 5 ng/ml of the NF-KB or AP-1-responsive constructs complexed with 36 ng/ml of pFx-7. Transfections were followed by a 24-hour recovery period in normal growth medium, after
which cells were treated either with TNF-a (10 ng/ml) or LPS (I ng/
ml) for 24. Values are mean ± SEM. *Values marked with an asterisk are significantly higher as compared to those of control cultures or
cultures transfected with naked plasmid DNA.

Fig. 7. A comparison of transfection rates in different types of
human endothelial cells. HUVEC, HAEC, HBMEC, and HMEC-1
were transfected for 1.5 h with 5 ng/ml of the pGL3 vector complexed with 36 ng/ml of pFx-7. Luciferase activities in control (nontransfected) cells and in cells transfected with naked pGL3 were
negligible and were not plotted. Values are mean ± SEM. ♦Transfection rates in HBMEC and HMEC-1 are significantly higher than
those in HUVEC. tjransfection rates in HMEC-1 are significantly
higher than those in other experimental groups.

5 |xg/ml; transfection time, 1.5 h followed by a 48-hour
recovery period) were employed in these experiments. As
depicted in figure 7, among studied endothelial cell types,
pFx-7 mediated the highest transfection rates in the immortahzed endothelial cell lines, in particular in HMEC1. There were no differences in transfection rates between
HUVEC and HAEC.

ment of experimental methods which would allow for
higher transfection efficiency [26].
Several factors can affect liposome-mediated transfection, including cell type, culture conditions, lipid composition of the liposomes, promoter type, reporter gene type,
and amount of transfected plasmid DNA and DNA/lipid
ratio. The dependency of transfection on the type of endothelial cells was observed in the present study. In the
present study, we observed that transfection rates in
HUVEC were approximately at the same rate as in HAEC
but significantly lower as compared to immortalized endothelial cell lines (fig. 7). This is in agreement with a
widely accepted phenomenon that cell lines are easier to
transfect than primary cell cultures, such as HUVEC.
However, it should be noted that endothelial cells, in general, are difficult to transfect. This may relate to the fact
that endothelial cells represent a physiologic barrier
against invasion of the vessels and underlying tissues by
exogenous substances. During liposome-mediated transfection, lipids can fuse with cell membranes and thus
deliver DNA into the cytoplasm. Liposome-mediated
transfections are usually more efficient in dividing cells,
because the nuclear membrane, which prevents DNA

Discussion
Cationic liposomes are positively charged lipids which
can be mixed with negatively charged DNA to form lipidDNA complexes. The most important advantages of mediating transfection with liposomes are that they are easy
to prepare, they can transfer genes of various sizes and
they are not infectious [6]. The most recognized disadvantage of liposome-mediated transfection is low efficiency
of transfection. However, it is possible that the development of new generations of cationic lipids and transfection methods may overcome this Hmitation. In addition,
better understanding of the mechanisms of liposomemediated transfection may also contribute to the develop-
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from entering the nucleus, is not present during replication [6]. For tliis reason, transfections performed in the
present study were initiated at approximately 55-65%
confluency, i.e., in a state when cultured endothelial cells
divide rapidly. However, it should be pointed out that
liposomes can also transfect non-replicating cells [2],
Although liposome-delivered foreign DNA can enter
the nucleus, it is not incorporated into the host genome.
Therefore, liposome-mediated transfections are not mutagenic. The transfected plasmids remain as episomal
nonreplicating minichromosomes and are gradually degraded [4]. In the present study, the reporter gene assays
were performed 48 h following transfection, the standard
interval for measuring reporter gene expression in cell cultures [4].
Because of the heterogeneity of cellular membranes,
for optimal transfection, different types of cells require
liposomes characterized by specific lipid profiles. In fact,
lipid composition is the most critical factor determining
the efficiency of liposome-mediated transfection. In the
present study it was determined that among several commercially available liposomes pFx-7 is the most suitable
lipid carrier for transfection of HUVEC. The optimal
transfection rate was achieved when cells were incubated
for 1,5 h with 36 \ig pFx-7/ml complexed with 5 jig of
plasmid DNA (fig. 2,4). Although relatively high concentrations of pFx-7 induced cytotoxic effects in HUVEC,
maintaining cells in normal growth medium for 48 h following transfection allowed for full recovery of morphological features (fig. 3), Among studied liposomes, incubation of endothelial cells with lipofectin resulted in most
marked inhibition of endothelial cell proliferation (table 1), This is in agreement with an earlier report in which
high toxicity of this liposome also was observed in cultured human endothelial cells [23].
In addition to comparing transfection efficiency in
HUVEC mediated by different liposomes, transfections
with the pGL3 vector alone were also included in the
present study. It has been reported that injection with
naked DNA plasmid encoding for VEGF into skeletal
muscle was beneficial in patients with critical limb ischemia [14]. In addition, exposure of neurons to naked
decoy KB DNA inhibited amyloid P-peptide-induced NFKB activation [27], However, in the present study transfection of HUVEC with naked DNA produced only a
minimal effect. This is in agreement with the earlier
report in which transfection efficiency with naked DNA
plasmid was reported as low as approximately 0,08% [5],
Rates of liposome-mediated transfection are dependent on amounts of plasmid DNA and thus on the ratio of

DNA/cationic lipids. Our studies revealed that the transfection rate of HUVEC can be enhanced with an increase
in the amount of transfected DNA up to 5 jig DNA/ml
(fig, 4). Further increases in the amount of plasmid DNA,
and thus aheration of the DNA/liposome ratio, decreased
efficiency of transfection. Similar results were obtained in
the earlier studies [5]. Therefore, 5 jig DNA/ml was the
standard amount of plasmid DNA used in the majority of
the reported experiments.
The type of promoter which regulates the transgene
expression can greatly influence transfection efficiency
[28]. For example, using a plasmid regulated by the
human P-actin promoter, it was reported that efficiency of
transfection of HUVEC by electroporation was approximately 0.68%, by lipofectin approximately 0.45%, and by
other transfection methods, including calcium phosphate
and DEAE-dextran-mediated transfection, also below 1%
[29]. In contrast, lipofectin-mediated transfection of
HUVEC with a plasmid regulated by a strong respiratory
syncytial virus (RSV) viral promoter resulted in transfection efficiency as high as 10-20% [30], Highly efficient
transfection of approximately 20% was also achieved in
HUVEC transfected with a plasmid regulated by the
CMV promoter, using yAP-DLRIE/DOPE liposomes [5].
Constructs employed in the present study also contained
strong promoters. The pGL3 vector is regulated by the
SV40 promoter and the VR.3301 vector contains the
CMV promoter. Because these strong promoters use transcription factors which are present in host cells, they can
be constitutively active in transfected cells. For example,
the CMV promoter contains binding elements for common transcription factors, such as cyclic adenosine monophosphate and NF-KB [2], These transcription factors
remain active at the baseline level even in non-stimulated
cells. In addition, one may suggest that cellular stress connected with transfection may further stimulate activation
of these transcription factors. It should be noted that the
CMV promoter can provide better transfection rates in
HUVEC compared to the RSV promoter. This was demonstrated in experiments in which HUVEC were transfected with plasmids encoding for the same reporter gene
(hpAP) but driven either by the CMV or the RSV promoter [5].
In the present study, transfection conditions were optimized using the pGL3 vector regulated by the SV40 promoter and encoding for firefly luciferase. Firefly luciferase has been recognized to be the reporter gene of choice
for transfection studies in cells resistant to uptake of foreign DNA [31]. The transgene is simple to measure and
has no background levels in animal tissues. In contrast.
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our preliminary experiments with P-galactosidase revealed background activity of this enzyme in cultured
HUVEC (data not shown). Determination of luciferase
activity also has the advantage of being several orders of
magnitude more sensitive than other common reporter
gene assays, such as activities of chloramphenicol acetyltransferase, P-galactosidase or alkaline phosphatase [4,
31]. However, to determine the efficiency of transfection,
the vector encoding for hpAP was used. This experimental approach allowed us to stain and count the transfected
cells. Transfection efficiency of 32% achieved in HUVEC
in the present study is higher than in earlier studies which
reported efficiencies of approximately 20% [5, 30]. However, it should be noted that much higher transfection efficiency can be achieved for liposome-mediated transfection of endothelial cells with antisense oligonucleotides.
For example, it was reported that cytofectin GCV or
SuperFect can mediate the uptake of antisense oligonucleotides to more than 95% of cultured human iliac artery
endothelial cells [23]. In contrast, these liposomes appeared to be less effective in facilitation of transfection of
plasmids, such as the pGL3 vector, into HUVEC (data
not shown).
In the present study, a strong correlation between
transfection rates and transfection efficiency was observed. The high transfection rates mediated by pFx-7

were associated with high transfection efficiency in endothelial cells transfected in the presence of this liposome. In
contrast, transfections mediated by either DMRIE-C or
lipofectin resulted in moderate transfection rates and efficiency.
In summary, efficient transfection conditions have
been established for a transient transfection of human
endothelial cells. The optimal transfection conditions,
resulting in the transfection efficiency of approximately
32%, were achieved with cationic liposome pFx-7 used at
the concentration of 36 |ig/ml for 1.5 h. Although these
transfection conditions were connected with some cytotoxicity, a 48-hour period of maintaining endothelial cells
in normal growth medium allowed the cells to recover fully. We conclude that pFx-7 can be used as an efficient
transfection agent to deliver foreign DNA into human
endothelial cells.
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