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Linoleic acid and TNF-a cross-amplify oxidative
injury and dysfunction of endothelial cells
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Abstract Factors implicated in the development of
atherosclerosis include metabolic alterations of the endothe-
lium induced by certain lipids and inflammatory cytokines.
To study the hypothesis that the combined presence of un-
saturated fatty acids and inflammatory cytokines may cross-
amplify their individual injurious effects, cultured endothelial
cells were treated with 90 um of linoleic acid (18:2 n-6)
and/or 20 ng/ml (100 U/ml) of tumor necrosis factor-o
(TNF) for up to 24 h. Disturbances in endothelial cell meta-
bolism were determined by measuring cellular oxidative
stress, oxidative stress-inducible nuclear factorxB (NF-xB)
and NF-xB-related transcription, intracellular calcium levels,
and endothelial barrier function reflected by transendothelial
albumin movement. Both 18:2 and TNF increased cellular
oxidation, intracellular calcium, and endothelial barrier per-
meability. These changes were cross-amplified in cells treated
both with 18:2 and TNF, compared with 18:2 or TNF alone.
In contrast, a combined exposure to 18:2 and TNF did not
potentiate effects mediated by 18:2 or TNF alone on NF«xB
activation or NF-xB-related transcription. Pretreatment with
25 um vitamin E attenuated 18:2 and/or TNF-mediated endo-
thelial cell dysfunction. 8 These results suggest that certain
unsaturated fatty acids can potentiate TNF-mediated endo-
thelial cell dysfunction and that oxidative stress may be par-
tially responsible for these metabolic events. These findings
have implications for understanding lipid-mediated inflam-
matory responses in atherosclerosis.—Toborek, M., S. W.
Barger, M. P. Mattson, S. Barve, C. J. McClain, and B.
Hennig. Linoleic acid and TNF-a cross-amplify oxidative in-
jury and dysfunction of endothelial cells. /. Lipid Res. 1996.
37: 123-135.
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Among different factors that contribute to the devel-
opment of atherosclerosis, lipids and inflammatory cy-
tokines play crucial roles. Intra- and extracellular accu-
mulation of lipids is an integral part of atherogenic
processes. Moreover, there is strong evidence that lip-
ids, including selective free fatty acids, may cause injury
to the endothelium (reviewed in ref. 1). It was proposed

that hydrolysis of triglyceride-rich lipoproteins medi-
ated by lipoprotein lipase, a key enzyme in lipoprotein
metabolism associated with the luminal site of endothe-
lial cells, may be an important source of high concen-
trated fatty acid anions in the proximity to the endothe-
lium (2, 3). In fact, activity of lipoprotein lipase is
increased in atherosclerotic lesions (3, 4). Lipoprotein
lipase-derived remnants of lipoproteins isolated from
hypertriglyceridemic subjects as well as selective unsatu-
rated fatty acids, such as linoleic acid, were demon-
strated to disrupt endothelial integrity (5, 6).

Recent evidence suggests that linoleic acid (18:2 n-6)
may play a critical role in the pathogenesis of
atherosclerosis (1). Adipose tissue levels of 18:2, which
reflect intake of this fatty acid over a period of time, were
positively associated with the degree of coronary artery
disease (7). In addition, concentrations of 18:2 were
increased in the phospholipid fractions of human coro-
nary arteries in cases of sudden cardiac death due to
ischemic heart disease (8). LDL isolated from humans
(9) or animals (10) fed linoleate- or corn oil-enriched
diets were more susceptible to oxidative modification
and more markedly disrupted endothelial barrier func-
tion as compared to LDL isolated from subjects fed diets
enriched with more saturated lipids. Several mecha-
nisms were proposed to explain injurious effects of 18:2
to endothelial cells. Due to very low basal activity of
endothelial cell elongases and A5 and A9 desaturases,
arachidonic acid is not produced from 18:2 significantly

Abbreviations: 18:2, linoleic acid; TNF, tumor necrosis factor;
NF-«B, nuclear factor x-B; DCF, 2,7-dichlorofluorescein; L.LDL, low
density lipoprotein;, GSH, reduced glutathione; EMSA,
electrophoretic mobility shift assay; CAT, chloramphenicol
acetyltransferase; [Ca*}, intracellular free calcium; ROS, reactive
OXygen species.

To whom correspondence should be addressed.

Journal of Lipid Research Volume 37, 1996 123

Z2T0Z ‘8T aunr uo ‘1sanb Ag 610" Jjmmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

in this type of cell (11, 12). Consequently, 18:2 accumu-
lates within endothelial cells (11, 13). Moreover, 18:2
decreases levels of intracellular ATP (14) and proteogly-
cans (15) and enhances Ca?*-ATPase activity (16) and
elastase-like activity (17). Linoleic acid-mediated disrup-
tion of endothelial barrier function also may be caused
by its ability to inhibit gap-junctional intracellular com-
munication (18) and to induce intracellular oxidative
stress (19).

It is generally accepted that inflammatory mecha-
nisms may contribute to the development of
atherosclerosis. Recruitment of monocytes into the ves-
sel wall during the early stages of atherosclerosis was
observed in a number of animal and human studies (20).
In addition, T cells accumulate in atherosclerotic lesions
(21). Monocytes/macrophages and T cells are involved
in several steps of atherogenesis. For example, mono-
cyte-derived macrophages contribute to the formation
of fatty streaks, produce several growth and cytotoxic
factors for myocytes and endothelial cells, as well as
increase oxidative stress within the vessel wall. Both
macrophages and T cells, when activated, produce in-
flammatory cytokines, including tumor necrosis factor-
o. (TNF) (20). In fact, macrophages are the main source
of TNF in vivo (22). Endothelial cells, which possess both
the 55- and the 75-kD TNF receptors, are especially
susceptible to injury induced by this cytokine (23). Al-
though the detailed mechanisms of TNF-mediated en-
dothelial cell injury are not fully understood, recent
evidence suggests that TNF-stimulated oxidative stress,
an increase in intracellular calcium (24), and activation
of nuclear transcriptional factor kappa B (NF-xB) may
be important factors in this process. A crucial role of
TNF in the development of atherosclerosis is supported
by the observation that production of this cytokine by
mononuclear leukocytes is enhanced in patients with
atherosclerosis (25). Moreover, increased levels of TNF
are present in atherosclerotic vessels, mainly in intimal
thickenings (26). Most interesting, lipoprotein lipase
induces TNF gene expression in macrophages and TNF
production by this type of cells (27, 28). This suggests
that during lipoprotein lipase-mediated hydrolysis of
triglycerides and subsequent endothelial cell exposure
to free fatty acids, a concomitant exposure to elevated
levels of TNF also may occur.

Consistent with this hypothesis, the main objective of
the present study was to examine endothelial cell integ-
rity in response to treatment with 18:2 and/or TNF. To
mimic consecutive events which may occur in vivo,
endothelial cells were first pre-treated with 18:2 and
then exposed to TNF. Moreover, in some experiments,
endothelial cultures were pretreated with vitamin E
before exposure to 18:2 and/or TNF. Oxidative stress,
antioxidant status, concentration of intracellular cal-
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cium, and endothelial barrier function were determined
as markers of endothelial cell metabolism. Because NF-
KB is thought to be implicated in many endothelial cell
responses to injury and stress, activation of NF-xB and
NF-kB-related transcriptional activity also were measured
in endothelial cells exposed to 18:2 and/or TNF.

MATERIAL AND METHODS

Endothelial cell cultures

Endothelial cells were isolated from porcine pulmo-
nary arteries and cultured in medium M-199 (Gibco
Laboratories, Grand Island, NY) containing 10% calf
bovine serum (HyClone Laboratories, Inc., Logan, UT)
according to methods described by Hennig et al. (29).
Cells were determined to be endothelial in origin by
uniform cobblestone morphology and by quantitative
determination of angiotensin-converting enzyme activ-
ity. Cells from passages 5-10 were used in the present
study. Endothelial cell cultures were treated with 90 um
of stearic acid (18:0), oleic acid (18:1n-9), linoleic acid
(18:2n-6), and linolenic acid (18:3n-3) (= 99% pure,
Nu-Chek Prep, Elysian, MN) and/or TNF (20 ng/mL =
100 U/mL; Knoll Laboratories, Whippany, NJ).

Examples of typical experiments are as follows:

A. Short-term exposure. Endothelial cells were exposed
to fatty acids for 6 h or to TNF for 1.5 h. When cells were
exposed to 18:2 + TNF, exposure to 18:2 began 4.5 h
before adding TNF. A combined exposure to 18:2 + TNF
was then maintained for 1.5 h.

B. Long-term exposure. Endothelial cells were exposed
to 18:2 for 24 h or to TNF for 19.5 h. When cells were
exposed to 18:2 + TNF, exposure to 18:2 began 4.5 h
before adding TNF. A combined exposure to 18:2 + TNF
was then maintained for 19.5 h.

In some experiments, endothelial cell cultures were
pretreated with 25 uM vitamin E for 12 or 24 h before
exposure to 18:2 and/or TNF. Vitamin E was then
maintained in experimental media during a fatty acid
and/or cytokine treatment exposure.

Each experiment was carefully controlled. Endothe-
lial cells were exposed to different factors at the same
time and measurements were performed under the
same experimental conditions.

Cellular oxidation studies

2,7-Dichlorofluorescein (DCF) fluorescence. This meas-
urement of cell oxidation is based on reactive oxygen
species (ROS)-mediated conversion of 2,7-dichlorofluc-
rescin (loaded into cells as 2,7-dichlorofluorescin
diacetate; Molecular Probes, Inc.) into fluorescent DCF,
with increased fluorescence emission reflecting en-
hanced oxidative stress. The study was performed as
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described by Mattson et al. (30). Briefly, treated endo-
thelial cells were loaded with 50 pM 2,7-dichlorofluore-
scin diacetate (Molecular Probes, Inc.) by incubation for
50 min. Before analysis, cells were washed 3 times in
Hank's and then imaged by confocal scanning laser
microscopy using 488 nm excitation and 510 nm emis-
sion filters. Average pixel intensity was measured within
each cell in the field and expressed in the relative units
of DCF fluorescence. Values are mean + SEM of indi-
viduals cells from two or three separate plates.

Glutathione determination

Total glutathione was determined using the method
of Tietze (31) as modified by Bhat et al. (32). Specificity
of this method for glutathione measurement is ensured
by highly specific glutathione reductase. Briefly, treated
confluent endothelial monolayers, cultured in 100-mm
culture dishes (Corning, Corning, NY), were washed
with phosphate-buffered saline, scraped into 5% trichlo-
roacetic acid, and sonicated. Cell lysates were neutral-
ized with triethanolamine. To determine the total glu-
tathione level, 0.4-mL aliquots of neutralized cell lysates
were mixed with 0.5 mL of 0.2 M sodium phosphate
buffer, containing 0.01 M EDTA and 0.6 M NADPH, and
with 100 pL 6 mM 5,5’-dithiobis-(2-nitrobenzoic acid).
The reaction was initiated by the addition of 10 plL 50
U glutathione reductase/mL and recorded at 412 nm.
The glutathione content was calculated on the basis of
the standard curve obtained with known amounts of
glutathione. Trichloroacetic acid precipitates were re-
dissolved in aliquots of 0.1% sodium dodecy! sulfate in
0.2 M NaOH, brought to a total volume of 1 mL with
buffer, and used for protein determination.

Vitamin E determination

Vitamin E was extracted from endothelial cells and
cultured media as described by Hatam and Kayden (33)
and measured by isocratic non-aqueous reversed-phase
HPLC method according to Barua et al. (34). The sam-
ples were run in a Waters HPLC system (Millipore
Corp., Waters Chromatography Division, Milford, MA)
equipped with Waters Resolve C-18, (5 um, 3.9 x 300
mm) column, 600E powerline multisolvent delivery sys-
tem controller, Waters 717 plus autosampler, 486 IEEE
tunable absorbance detector and 810 baseline computer
workstation. Vitamin E was eluted using the mobile
phase (filtered and degassed) acetonitrile-dichlo-
romethane-methanol-1-octanol 90:15:10:0.1 (v/v/v/v)
and detected spectophotometrically at 292 nm.

Electrophoretic mobility shift assay (EMSA)

Nuclear protein extracts were prepared from cells
according to the method of Dignam, Lebovitz, and
Roeder (35) and EMSA was performed using a commer-

cially available kit (Gibco). The nuclear extracts were
incubated with the end-labeled double-stranded oli-
gonucleotide containing a tandem repeat of the se-
quence for NF-xB DNA binding site for 20-30 min at
room temperature. After binding of the complexed and
uncomplexed DNA, the DNA-protein complexes were
resolved by electrophoresis in a 5% low ionic strength
non-denaturing polyacrylamide gel.

Transfection and chloramphenicol acetyltransferase
(CAT) assay

This assay reflects NF-xB-dependent transcription.
Briefly, subconfluent endothelial cell cultures were ex-
posed to 1 ug of pxB/TK5-CAT (generously provided
by Dr. C. V. Jongeneel) (36), 5 pg carrier plasmid, and
8 uL of Lipofectin (Gibco) in serum-free, antibiotic-free
minimal essential medium for 2 h. After the transfection
medium was replaced, cells were incubated overnight
with maintenance medium or in medium enriched with
25 uM vitamin E. Transfected cells were then exposed to
18:2 for 24 h and/or TNF for 19.5 h. After treatment
exposure, cells were washed, scraped into 250 mM Tris-
HCI (pH 7.5) and lysed by three freezing-thawing cycles.
CAT activity of the transfected cells were determined
following the method of Gorman, Moffat, and Howard
(37). Cell extracts, normalized for protein levels, were
incubated with 0.7 uCi/ml [1#C]chloramphenicol (50

2001 O 60 uM .
90 uM #
O 120pM L
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(average pixel intensity)
8

o

Control 18:0 18:1 18:2 18:3
Treatment Groups

Fig. 1. Effect of different concentrations of 18-carbon fatty acids on
endothelial cell oxidation as measured by DCF fluorescence. Endothe-
lial cells were exposed to fatty acids for 6 h; 18:0, stearic acid; 18:1,
oleic acid; 18:2, linoleic acid; 18:3, linolenic acid. Values are mean +
SEM, n = 10. *Significanily different from controls. tValues in cells
exposed to 90 uM fatty acids are significantly different from values in
cells exposed to 60 uM fatty acids. #Values in cells exposed to 120 um
fatty acids are significantly different from values in cells exposed to
90 pM fatty acids.
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Fig. 2. Effect of different concentrations of TNF on endothelial cell
oxidation as measured by DCF fluorescence. Endothelial cells were
exposed to TNF for 1.5 h. Values are mean + SEM, n = 10. *Signifi-
cantly different from controls (0 ng TNF/mL) and 4 ng TNF/mL.
tValues in cells exposed to 100 ng TNF/mL are significantly different
from values in cells exposed to 20 ng TNE/mL.

mCi/mmol; New England Nuclear) and 0.44 mM acetyl
coenzyme A (Sigma) in 250 mM Tris-HCI (pH 7.5) at
37°C for 2 h. Acetylated and non-acetylated forms of
chloramphenicol were extracted with ethyl acetate and
separated by thin-layer chromatography on polyester-
backed silica gel plates (Whatman) using chloro-
form-methanol 95:5 (v/v). The non-acetylated, mono-
and diacetylated chloramphenicol forms were localized
on thinlayer chromatography plates by autoradiogra-
phy. The degree of acetylation was determined by cut-
ting the radioactive zones corresponding to acetylated
or non-acetylated chloramphenicol from the plates and
quantified by scintillation counting. CAT activity was

expressed as percent of total chloramphenicol con-
verted to acetylated forms per h per mg protein.

Measurement of intracellular free calcium levels

Intracellular free calcium ([Ca?};) was quantified ac-
cording to the method of Mattson et al. (30). Briefly,
treated endothelial cells cultured in polyethylenimine-
coated glass-bottom 35-mm dishes were incubated with
6-8 uM acetoxymethylester form of the [Ca?*]; indicator
dye fura-2 (Molecular Probes) in 10% pluronic F 127 for
45 min. The excessive amounts of fura-2 were removed
by washing the cells three times with fresh medium.
Immediately before imaging, culture media were re-
placed with Hank's balanced salt solution (Gibco) con-
taining 10 mM HEPES buffer. Cells were imaged on a
Zeiss inverted microscope using a fluoro 40 X, fluores-
cence objective and an Attofluor intensified CCD cam-
era. Images were acquired using an Attofluor imaging
system and software. The ratio of the fluorescence emis-
sion at two different excitation wavelengths (340 nm and
380 nm) was used to determine [Ca2*];. The system was
calibrated using solutions containing no Ca?* (0 Ca?*
plus 1 mM EGTA) or a saturating level of Ca?* (1 mM).

Determination of endothelial barrier function

Endothelial barrier function was measured as transen-
dothelial albumin transfer using polystyrene chambers
with a 0.8 pm pore size polycarbonate membrane (Mil-
lipore Corporation, Bedford, MA) according to the
method of Hennig et al. (29). After reaching confluency,
endothelial monolayers were treated with 18:2 for 24 h,
TNF for 19.5 h or they were pretreated with 18:2 for 4.5
h and then exposed to 18:2 + TNF for additional 19.5 h.
After treatments, chambers with endothelial cells at-
tached to the membranes were washed with M-199 and
exposed to 200 UM bovine serum albumin (fatty acid-
free, Sigma Chemical Company, St. Louis, MO) in M-
199 for 1 h. After incubation with albumin, the albumin

Fig. 3. Effect of 18:2 and/or TNF on endothelial
cell oxidation as measured by DCF fluorescence. For
a short-term exposure, endothelial cell cultures were
treated with 18:2 for 6 h (18:2 group), TNFfor 1.5 h
(TNF group), or with 18:2 for 4.5 h before adding
TNF for a 1.5 h combined exposure (18:2 + TNF
group). For a long-term exposure, cells were treated
with 18:2 for 24 h (18:2 group) or TNF for 195 h
(TNF group) or with 18:2 for 4.5 h before adding
TNF for a 19.5 h combined exposure (18:2 + TNF
group). Some cultures were pretreated with 25 M
vitamin E for 24 h, before adding 18:2 and/or TNF.
Values are mean + SEM, n = 10. *Significantly differ-
ent from controls at the corresponding time points.
tValues in group 18:2 + TNF are significantly differ-
ent from values in 18:2 or TNF groups at the corre-
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sponding time points. #Significantly different com-
pared to values without added vitamin E at the
corresponding time points.
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Fig. 4. Photomicrographs from confocal scanning microscopy visualizing oxidative stress as DCF fluorescence emission. A, control cells; B, cells
exposed to TNF (20 ng/mL) for 1.5 h; C, cells exposed to 18:2 (90 um) for 6 h; D, cells exposed to TNF + 18:2. In the 18:2 + TNF group, treatment
with 18:2 began 4.5 h before adding TNF for a 1.5 h combined exposure. Blue color on the pseudocolor scale reflects low level of cellular
oxidation, yellow intermediate, red high, and white the highest level of cellular oxidative stress.

transferred across endothelial monolayers was deter-
mined using bromcresol green (Sigma) and recorded
spectophotometrically at 630 nm.

Protein determination

Protein was determined as described by Lees and
Paxman (38).

Toborek et al.

Statistical analysis

Data were analyzed statistically using a one-way analy-
sis of variance (ANOVA). For each endpoint, the treat-
ment means were compared in pairs using Fisher's least
significant difference procedure (39). Statistical prob-
ability of P < 0.05 was considered significant.
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RESULTS

Cellular oxidative stress in cells exposed to different
concentrations of 18-carbon fatty acids or TNF

Concentration-dependent effects of 18-carbon fatty
acids, differing in degree of unsaturation, as well as
concentrationrelated effects of TNF on cellular oxida-
tion were determined by DCF fluorescence (Figs. 1, 2,
respectively). DCF fluorescence, expressed in relative
units as an average of pixel intensity, reflects primarily
hydrogen peroxide levels, an indicator of oxidative
stress in intact cells. When endothelial cells were ex-
posed to fatty acids at the concentrations of 60 and 90
pM for 6 h, only 18:2 and 18:3 induced oxidative stress.
However, all tested fatty acids at the level of 120 uM
enhanced cellular oxidation. Independent of concentra-
tions, 18:2 induced endothelial cell oxidative stress most
markedly as compared to all 18-carbon fatty acids used
in the present study (Fig. 1).

Plasma free fatty acid concentrations can range from
approximately 90 to 1200 puM, with values as high as 2500
UM under stressful conditions such as fasting, diabetes,
or strenuous exercise. The majority of free fatty acids is
bound to plasma components, mostly albumin. With
plasma albumin concentration of approximately 600
uM, the molar ratio of free fatty acids can range from
0.15 to 4 under various physiologic conditions, with an
average of approximately 1 (40, 41). In addition, the
concentration of free fatty acids generated by the action
of lipoprotein lipase near the endothelium may signifi-
cantly exceed these levels. Therefore, to mimic physi-
ologic conditions and to consider albumin concentra-
tions in culture media, further experiments were
performed at 18:2 concentration of 90 uM.

The effects of different concentrations of TNF on
endothelial cell oxidation are reflected in Fig. 2. Expo-
sure to TNF (20 and 100 ng/mL) for 1.5 h induced
oxidative stress. Cellular oxidation was significantly
higher in cells exposed to 100 ng TNF/mL as compared
to the lower concentrations. On the basis of these re-
sults, TNF at the concentration of 20 ng/mL was used
in further experiments in which endothelial cells were
exposed to a combined treatment of 18:2 plus TNF. In
addition, similar TNF levels were reported to be present
in atherosclerotic vessels (26).

In experiments when endothelial cells were treated
with both 18:2 and TNF, exposure times were estab-
lished in our previous experiments. The maximal deple-
tion of glutathione and the maximal activation of NF-xB
occurred when cells were exposed to 18:2 for 6 h or TNF
for 1.5 h (19, 24, 42). Moreover, the increase in endo-
thelial cell permeability mediated by 18:2 or TNF is
observed after a 24-h exposure (19, 24). Therefore,
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treatment exposures to 18:2 for 24 h and to TNF for
19.5 h also were used in some experiments.

Cellular oxidative stress in cells exposed to 18:2
and/or TNF

The effect of 18:2 and/or TNF on cellular oxidation
was determined by DCF fluorescence (Fig. 3 and Fig. 4)
as well as levels of glutathione and vitamin E (Fig. 5 and
Fig. 6, respectively), critical antioxidants for endothelial
cells. A short-term exposure to TNF and 18:2 (18:2 for
6 h; TNF for 1.5 h) significantly increased endothelial
cell oxidation. However, treatment with 18:2 exerted a
more significant effect compared to treatment with
TNF. A combined exposure to 18:2 and TNF resulted in
a cross-amplified increase in DCF fluorescence as com-
pared to effects of 18:2 and TNF alone. Pretreatment
with vitamin E for 24 h before a short-term exposure to
18:2 and/or TNF effectively decreased cellular oxida-
tion. In cells treated with 18:2, vitamin E normalized
DCF fluorescence. In cells exposed to TNF or 18:2 +
TNF, vitamin E attenuated cellular oxidation compared
to cultures which were not pretreated with this antioxi-
dant; however, DCF fluorescence remained elevated as
compared to controls. The prolonged amplification of
cellular oxidation observed in 18:2 + TNF-treated cells,
compared to treatment with 18:2 or TNF alone, was
most apparent after a long-term exposure (18:2 for 24
h; TNF for 19.5 h). Cellular oxidation returned to con-
trol values in 18:2- or TNF-treated cells; however, in cells
exposed to 18:2 + TNF, oxidative stress remained greatly
increased (Fig. 3).

Figure 4 shows photomicrographs visualizing DCF
fluorescence in control cells and cells exposed to TNF,
18:2 or 18:2 + TNF (Figs. 4A, B, C, D, respectively).

107
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(nmol/mg protein)
o~

Total Glutathione

Control 18:2 TNF  18:2+TNF
Treatment Groups

Fig. 5. Effect of 18:2 and/or TNF on intracellular total glutathione
levels. Endothelial cell cultures were treated with 18:2 for 6 h (18:2
group), TNF for 1.5 h (TNF group), or with 18:2 for 4.5 h before
adding TNF for a 1.5 h combined exposure (18:2 + TNF group). Values
are mean t SEM, n = 5. *Significantly different from controls. tValues
in group 18:2 + TNF are significantly different from values in 18:2 or
TNF groups.
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Fig. 6. Effect of 18:2 and/or TNF on cellular (A) or medium (B) vitamin E levels. Endothelial cell cutures were exposed to 18:2 (90 pm) for 24
h or TNF (20 ng/mL) for 19.5 h. In the 18:2 + TNF group, treatment with 18:2 began 4.5 h before adding TNF for a 19.5 h combined exposure.

*Significantly different from controls.

Treatment exposures were 6 h for 18:2 and 1.5 h for
TNF. The pseudocolor scale that reflects the levels of
cellular oxidation is arranged in such a way that white
color reflects the highest level of reactive oxygen species
(ROS), red color high levels, yellow color intermediate,
and blue color the lowest level of ROS.

Increased cellular oxidation results not only in en-
hanced levels of ROS but also in depletion of antioxi-
dants. Therefore, we measured effects of 18:2 and/or
TNF on glutathione (Fig. 5) as well as vitamin E levels in
endothelial cells (Fig. 6A) and in surrounding media
(Fig. 6B) of treated cultures. A short-time exposure to
18:2 or TNF resulted in the depletion of cellular giu-
tathione. However, these effects were amplified when
endothelial cells were exposed to 18:2 + TNF. A long-
term exposure to 18:2 or TNF (18:2 for 24 h; TNF for
19.5 h) had no effect on cellular or medium vitamin E
levels. Endothelial cell exposure to 18:2 + TNF de-
creased vitamin E content both in cells and medium.

Activation of NF-xB and induction of
NF-xB-dependent transcription in 18:2 and/or
TNF-treated endothelial cells

Recent evidence indicates that oxidative stress may
affect cellular metabolism by induction of expression of
genes regulated by nuclear transcription factor-xB (NF-
xB). Therefore, we determined effects of 18:2 and/or
TNF on activation of NF-kB in cultured endothelial cells,
as measured by EMSA. These results are shown in Fig.
7. Both treatments with either TNF for 1.5 h or 18:2 for
6 h activated NF-xB. However, a combined exposure to
18:2 + TNF did not potentiate activation of NF-xB as
compared to the cultures exposed to 18:2 or TNF alone.

To determine whether 18:2- and/or TNF-mediated
activation of NF-xB may induce gene expression in
endothelial cells, we transfected these cells with a plas-

Toborek et al.

mid (pxB/TK5-CAT) encoding bacterial protein,
chloramphenicol acetyltransferase (CAT). Expression
of this construct is controlled by a promoter responsive
to NF-kB. Results of the CAT assay are shown in Figs.
8A and B, respectively. Figure 8A depicts an autoradiog-
raph of a thin-layer chromatogram that indicates acety-
lated and non-actetylated forms of chloramphenicol
after exposure to 18:2 for 6 h, as compared to control.
Figure 8B shows quantified results of the CAT assay.
CAT activity was elevated in cells exposed to 18:2
and/or TNF. However, no significant differences in
18:2, TNF or 18:2 + TNF groups were noted. A 24-h
pretreatment with vitamin E normalized CAT activity in
18:2- and/or TNF-treated cells.

Injury to endothelial cells mediated by 18:2 and/or
TNF

Effects of 18:2 and/or TNF on cell injury were meas-
ured by determination of intracellular calcium levels
and transendothelial albumin movement across endo-
thelial monolayers (Fig. 9 and Fig. 10). Increased intra-
cellular calcium ([Ca2*];) is an important indicator of cell
injury which eventually may lead to irreversible cell
damage. Treatment with either 18:2 for 6 h, TNF for 1.5
h, or the combination caused an increase in [Ca?*];,
compared to controls. However, this short-term expo-
sure did not cause any significant difference in [Ca2*];
levels between 18:2, TNF, and 18:2 + TNF groups. A
similar relationship was observed after a long-term ex-
posure to 18:2 or TNF (18:2, 24 h; TNF, 19.5 h). In
contrast, a long-term treatment of endothelial cells with
18:2 + TNF amplified the increase in [Ca2?*];. A 24-h
pretreatment with vitamin E attenuated 18:2- and/or
TNF-mediated elevation of [Ca?*]; (Fig. 9).

Figure 10 shows effects of 18:2, TNF, and 18:2 + TNF
treatments on endothelial barrier function as measured
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Fig. 7. Effect of 18:2 and/or TNF on activation of NF-xB in cultured
endothelial cells. Lane 1, control cultures; lane 2, cultures exposed to
18:2 (90 um) for 6 h; lane 3, cultures exposed to TNF (20 ng/mL) for
1.5 h; lane 4, cultures exposed to TNF + 18:2. In the 18:2 + TNF group,
treatment with 18:2 began 4.5 h before adding TNF for a 1.5 h
combined exposure.

by transendothelial albumin movement. Both a 24-h and
a 19.5-h exposure to 18:2 or TNF, respectively, caused a
significant disruption of endothelial barrier function.
However, when cells were exposed to 18:2 + TNF, loss
of endothelial integrity was more marked as compared
to effects of 18:2 or TNF alone. Pretreatment with
vitamin E completely prevented the 18:2, and partially
the TNF or 18:2 + TNF-mediated disruption of endothe-
lial barrier function.

DISCUSSION

Endothelial cells may be exposed in vivo to high
concentrations of free fatty acids and inflammatory
cytokines. Among the 18-carbon fatty acids used in the
present study, 18:2 most markedly increased oxidative
stress in cultured endothelial cells. This is consistent
with our previous experiments where the most signifi-
cant depletion of intracellular glutathione was observed
in cells exposed to 18:2 as compared to other 18-carbon
fatty acid treatments (19). One may suggest that a
unique metabolism of 18:2 in endothelial cells is respon-
sible for this effect. It was shown that 18:2 accumulates
in this type of cells due to its insufficient conversion to
arachidonic acid (11, 12). In addition, among several
tested fatty acids, 18:2 disrupted endothelial barrier
function most significantly. These observations con-
firmed that the biological effects of fatty acids are de-
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pendent not only on the degree of unsaturation and
their oxidizability but also on other specific cellular
mechanisms, which may indirectly influence oxidative
stress. Due to its unique effects on endothelial cell
metabolism, 18:2 was chosen to test metabolic effects of
a combined exposure to fatty acids and cytokines, such
as TNF.

Although 18:2 and TNF are injurious to the endothe-
lium, our present study demonstrates that a combined
exposure to 18:2 and TNF significantly cross-amplifies
disturbances of endothelial integrity. Among the experi-
mental groups, an increase in [Ca2?*]; and disruption of
endothelial barrier function were the most markedly
enhanced in 18:2 + TNF-treated cells. Several mecha-
nisms may explain 18:2- or TNF-mediated disturbances
in endothelial integrity; however, there is evidence that
oxidative stress plays one of the crucial roles in this
process (19, 24).

Endothelial cells are especially sensitive to distur-
bances mediated by oxidative processes (43). It is well
known that oxidative stress may induce changes in
cellular membrane structure, fluidity, transport, and
antigenic characteristics (44) as well as in disturbances
in fibrinolytic pathway (45) and prostacyclin synthesis
(46). These abnormalities may ultimately contribute to
endothelial cell injury, which is one of the earliest steps
in the development of atherosclerosis (47).

In the present study we provide evidence, using a new
cell imaging technique, that both 18:2 and TNF can
induce oxidative stress in viable cultured endothelial
cells. Moreover, an exposure to 18:2 + TNF potentiated
cellular oxidation when compared to treatment with
18:2 or TNF alone. Our data suggest that the maximal
oxidative stress mediated by 18:2 or TNF occurs within
the first hours of cell exposure. These findings corre-
spond with our earlier observation where we showed
that a short-term exposure to 18:2 or TNF was sufficient
to decrease cellular glutathione levels significantly (19,
24). However, the overall cell dysfunction, as measured
by increased [Ca?*]; or transendothelial albumin flux, is
maintained at 24 h.

Being an unsaturated fatty acid, 18:2 undergoes per-
oxidative pathways initiated by hydrogen abstraction
followed by oxygen attack on the generated lipid alkyl
radical (48). Several reports suggest that 18:2 can act as
a potent prooxidant in endothelial cells in culture. For
example, 18:2 enhances radical adduct formation in
endothelial cells exposed to iron-induced oxidative
stress (49), decreases glutathione levels (19), and in-
creases peroxisomal B-peroxidation (50), a pathway that
leads to the production of HoOg. Degradation of 18:2
via peroxidative pathways leads to formation of highly
cytotoxic products, such as linoleic acid hydroperoxides
or 4-hydroxy-2-(E)-nonenal (51).
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In addition to unsaturated lipids, there are several
lines of evidence suggesting that TNF also can contrib-
ute to the induction of cellular oxidative stress. It has
been shown that the interaction between TNF and its
cellular receptor stimulates formation of free radicals
(52). Moreover, TNF causes damage to mitochondria
and converts xanthine dehydrogenase to xanthine oxi-
dase (53), an enzyme that produces superoxide anion
radicals. Shultze-Osthoff et al. (54) showed that mito-
chondrial generation of free radicals at the ubiquinone
site, detectable as early as 1 h after TNF treatment, may
be the crucial event in TNF-mediated cellular in-
jury/dysfunction. In addition, it was shown that TNF
may participate in the generation of hydroxyl radicals
(55).

Depletion of antioxidants is another marker of oxida-
tive stress. Our earlier studies indicated that a short-time
exposure to 18:2 or TNF decreased cellular glutathione
levels in cultured endothelial cells (19, 24). In the pre-
sent study we demonstrate that a combined exposure to
18:2 and TNF decreases glutathione more markedly
than treatments with 18:2 or TNF alone. Decreased
levels of this antioxidant may be a mechanism of NF-xB
activation in cells treated with 18:2 or TNF. The critical
role of decreased thiol groups in activation of NF-kB was
previously demonstrated in human T and monocytic cell
lines (56). In the present study we also provide evidence
that vitamin E levels are diminished in cells treated with
18:2 + TNF for 24 h. Among experimental groups, the

.- -
NELT Acetylated

e : Chloramphenicol

1 Non-acetylated
Chloramphenicol

Fig. 8. A: Micrograph of an autoradiograph of a thin-layer chromatogram indicating non-acetylated and acetylated forms of chloramphenicol
in endothelial cells transfected with a plasmid pxB/TK5-CAT. Lane 1, control endothelial cells; lane 2, endothelial cells treated with 18:2 for 24
h. B: Effect of 18:2 and/or TNF on NF-xB-related transcription, as measured by CAT activity in cultured endothelial cells. Endothelial cell cultures
were exposed to 18:2 (90 pum) for 24 h or TNF (20 ng/mL) for 19.5 h. In the 18:2 + TNF group, treatment with 18:2 began 4.5 h before adding
TNF for a 19.5 h combined exposure. Some cultures were pretreated with 25 pum vitamin E for 12 h, before adding 18:2 and/or TNF. Values are

decrease in cellular vitamin E levels was statistically
significant only in cells exposed to 18:2 + TNF. It is
possible that interactions between reduced glutathione
(GSH) and vitamin E are responsible for this effect.
Vitamin E may serve as an antioxidant only in a reduced
form. Therefore, compounds such as GSH are required
to maintain the active form of vitamin E by reducing the
oxidized form (57). The significance of interaction be-
tween GSH and vitamin E is supported by the observa-
tion that vitamin E-dependent inhibition of liver mi-
crosomal lipid peroxidation is approximately five times
more active in the presence of GSH, than in its absence
(58). Therefore, one may suggest that depletion of glu-
tathione compromised the vitamin E redox cycle and
ultimately led to decreased vitamin E levels observed in
the present study. The most marked depletion of intra-
cellular glutathione as well as cell and medium vitamin
E indicates that the most significant oxidative stress
occurred in cells exposed to 18:2 + TNF, compared to
18:2 or TNF treatments alone. This is consistent with
our observation that cellular oxidation, measured by
DCF fluorescence, was most markedly enhanced in cells
treated with 18:2 + TNF.

Recent evidence suggests that ROS also may be in-
volved in activation of NF-xB and thus induce expres-
sion of genes that are controlled by this transcription
factor (42, 59, 60). NF-xB is activated by a number of
stimuli including viruses, lipopolisaccharide, cytokines,
and UV light (61). We reported that 18:2 is another

471 O without added vitamin E
B with added vitamin E
Q 31 : *
Z ) -

CAT Act
(% conversion/h/mg protein)

Control 182  TNF  18:2+TNF
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mean * SEM, n = 4. *Significantly different from controls. #Significantly different compared to values without added vitamin E.
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Fig. 9. Effect of 18:2 and/or TNF on intracellular calcium levels in
cultured endothelial cells. For a short-term exposure, endothelial cell
cultures were treated with 18:2 for 6 h (18:2 group), TNF for 1.5 h
(TNF group), or with 18:2 for 4.5 h before adding TNF for a 1.5 h
combined exposure (18:2 + TNF group). For a long-term exposure,
cells were treated with 18:2 for 24 h (18:2 group) or TNF for 19.5 h
(TNF group) or with 18:2 for 4.5 h before adding TNF for a 19.5 h
combined exposure (18:2 + TNF group). Some cultures were pre-
treated with 25 uM vitamin E for 24 h, before adding 18:2 and/or TNF.
Values are mean + SEM, n = 10. *Significantly different from controls
at the corresponding time points. tValues in group 18:2 + TNF are
significantly different from values in 18:2 or TNF groups at the
corresponding time points. #Significantly different compared to val-
ues without added vitamin E at the corresponding time points.

potent activator of NF-xB (42, 62). Although multiple
transduction pathways are involved in activation of NF-
KB by different factors, it appears that all of them lead
to activation of protein kinase(s) and subsequent phos-
phorylation of NF-xB inhibitory subunits, called IxB
proteins. Phosphorylated IkB are degraded, and the
released NF-xB complex translocates into the nucleus
and induces gene expression. There is strong evidence
that phosphorylation of IxB and activation of NF-xB can
be effectively blocked by antioxidants (63). In fact, we
demonstrated that 18:2-mediated activation of NF-xB
can be effectively blocked by pretreatment with N-ace-
tylcysteine or vitamin E (42). It was proposed that induc-
tion of ROS is the common mechanism of NF-xB acti-
vation, regardless of the type of stimuli (61). Therefore,
one may suggest that 18:2- and/or TNF-mediated acti-
vation of NF-xB, as demonstrated in the present paper,
was also due to oxidative mechanisms. However, TNF
may also activate NF-xB via the ceramide pathway (64).

Although both 18:2 and TNF may activate NF-«B,
pretreatment with 18:2 with a subsequent exposure to
TNF did not further affect activation of this transcrip-
tional factor as compared to the effects of 18:2 or TNF
alone. This phenomenon can be explained by the prop-
erties of NF-xB complex and IxB subunits. In general,
it is known that activated NF-xB induces several forms
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of IkB which in turn inhibit further activation of NF-xB
(63). Therefore, 18:2-activated NF-xB, observed in the
present study, was most likely a subject of such feedback
inhibition. One may suggest that this inhibition pre-
vented further activation of NF-xB when 18:2-pretreated
cells were additionally exposed to TNF.

As observed in the present study, changes in the
activation of NF-xB by 18:2 and/or TNF were consistent
with alterations in NF-xB-dependent transcription, as
measured by CAT assay. CAT activity was elevated in
cells exposed to 18:2 and/or TNF. However, compared
to cultures exposed to 18:2 or TNF alone, no additive
effect of the treatment with 18:2 + TNF on CAT activity
was observed. Moreover, vitamin E, which completely
blocks 18:2-induced activation of NF-xB (42), prevented
18:2- and/or TNF-mediated induction of NF-kB-related
transcription.

In the present study, an increase in intracellular cal-
cium ([Ca?*];) was correlated with changes in endothelial
barrier function, measured as transendothelial albumin
movement. This finding is consistent with similar obser-
vations reported by Yamada et al. (65). Increased [Ca?*];
could be one of the mechanisms that leads to 18:2-
and/or TNF-mediated disruption of endothelial barrier
function. Although ionized calcium is one of the most
common cellular signaling factors, destabilization of
calcium metabolism and increased levels of [Ca%*]; may
activate degradative processes, including oxidative dam-
age (66). Increased [Ca?*]; can promote ROS formation
by activation of several mechanisms, such as activation
of phospholipases, conversion of xanthine dehydro-
genase to xanthine oxidase, or stimulation of nitric
oxide and peroxynitrite production. In addition, en-
hanced [Ca?*]; causes activation of cellular proteases,
disruption of cytoskeleton, and membrane lysis. In-
creased [Ca?']; may eventually lead to cell death by
initiation of cellular necrosis or apoptosis. On the other
hand, elevated free radicals lead to increased [Ca?*];and
thus, these two factors potentiate their injurious effects
(67). In the present study, the relationship between
increased [Ca?*};, endothelial cell dysfunction, and in-
duction of oxidative stress is supported by the observa-
tion that vitamin E effectively attenuated [Ca?'];, tran-
sendothelial albumin movement, and cellular oxidation.

In conclusion, exposure of endothelial cells to 18:2
and/or TNF caused an increase in cellular oxidation,
activation of NF-xB and NF-xB-related transcription,
elevation of intracellular calcium, and disturbances in
endothelial barrier function. These changes, except for
NF-kB activation and NF-xB-related transcription, were
potentiated when endothelial cells were treated with
both 18:2 and TNF. Pretreatment with vitamin E attenu-
ated 18:2- and/or TNF-mediated endothelial cell dys-
function. These results demonstrate that 18:2- and/or
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Fig. 10. Effect of 18:2 and/or TNF on endothelial ceil barrier
function as measured by transendothelial albumin transfer. Endothe-
lial cell cultures were exposed to 18:2 {90 um) for 24 h or TNF (20
ng/mL)for 19.5 h. In the 18:2 + TNF group, treatment with 18:2 began
4.5 h before adding TNF for a 19.5 h combined exposure. Some
cultures were pretreated with 25 uM vitamin E for 24 h, before adding
18:2 and/or TNF. Values are mean * SEM, n = 4. *Significantly
different from controls. tValues in group 18:2 + TNF are significantly
different from values in 18:2 or TNF groups at the corresponding time
points. #Significantly different compared to values without added
vitamin E.

TNF-mediated loss in endothelial barrier integrity is
due, at least in part, to induction of cellular oxidative
stress. These findings may have significant implications
in understanding the role of lipid and/ or inflammatory
components in the development of atherosclerosis.
These findings also suggest that diets high in unsatu-
rated fats, e.g., linoleic acid-rich triglycerides, may con-
tribute to atherogenesis by cross-amplifying inflamma-
tory cytokine-mediated endothelial cell dysfunction. B
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