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Abstract Diet-derived lipids may influence cytokine-medi- 
ated endothelial cell dysfunction, including TNF-induced 
apoptosis. To test this hypothesis, oxidative stress, intracellu- 
lar calcium levels, endothelial barrier function, cell viability, 
and apoptosis were measured in vascular endothelial cells 
treated with 90 JLM linoleic acid (18:2, n-6) and/or 20 ng/ 
mL TNF (100 U/mL). For short-term exposure, endothelial 
cells were exposed to 18:2 for 6 h or to TNF for 1.5 h. For 
long-term exposure, endothelial cultures were treated with 
18:2 for 24 h and with TNF for 19.5 h. In cells exposed to 
18:2 + TNF, pretreatmentwith 18:2 began 4.5 h before addi- 
tional exposure to TNF for either 1.5 h (short-term exposure) 
or 19.5 h (long-term exposure). After treatment, endothelial 
cultures were washed and incubated with maintenance me- 
dium for up to 4 days. Although initial treatment with TNF or 
18 : 2 significantly increased oxidative stress and intracellular 
calcium levels, only exposure to TNF induced apoptosis in cul- 
tured endothelial cells. Furthermore, the combined exposure 
to 18:2 + TNF potentiated TNF-induced apoptosis. Addi- 
tional treatments with BAF’TA-AM, n-propyl gallate, vitamin 
E, and with aurintricarboxylic acid partially protected against 
TNF- or 18:2 + TNF-induced apoptosis. The present study 
suggests that changes in the cellular lipid environment may 
markedly influence local TNF-induced events in the vascular 
endothelium, including endothelial cell apoptosis. Such 
mechanisms may play a role in the damage and death of vascu- 
lar endothelial cells in atherosclerosis.-Toborek, M., E. M. 
Blanc, S. Kaiser, M. P. Mattson, and B. Hennig. Linoleic acid 
potentiates TNF-mediated oxidative stress, disruption of cal- 
cium homeostasis, and apoptosis of cultured vascular endo- 
thelial cells. ,I. Lijbid RES. 1997. 38: 2155-2167. 
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proximity of the endothelium. To support the initial hy- 
pothesis by Zilversmit (1) that free fatty acids may cause 
local injury to the endothelium, it was shown that se- 
lected fatty acids disrupted endothelial barrier function 
in an in vitro experimental setting (for review see ref. 
2).  Among different free fatty acids tested, linoleic acid 
(18 : 2, n-6) exerts the most harmful effects towards en- 
dothelial cells. For example, in cultured endothelial 
cells, 18: 2 induced oxidative stress, increased intracel- 
lular calcium levels (3),  diminished nitric oxide syn- 
thase activity (4), disturbed connective tissue metabo- 
lism (5, 6), and inhibited gap-junctional intercellular 
communication (7’). In addition, oxidative derivatives 
of 18:2 also caused disturbances in endothelial cell me- 
tabolism. Linoleic acid hydroperoxide induced lipid 
peroxidation (8), evoked an increase in intracellular 
calcium levels, hydrolysis of phospholipids (9), transen- 
dothelial albumin transfer ( lo) ,  and cytotoxicity (8) in 
cultured endothelial cells. Moreover, recent evidence 
indicates that hydroperoxides of unsaturated fatty acids, 
such as 15-hydroperoxyeicosatetraenoic acid ( 15- 
HPETE, a product of arachidonic acid peroxidation) or 
13-hydroperoxydodecadienoic acid ( 1 SHPODE, a 
product of 18: 2 peroxidation) can induce apoptosis, 
decrease cellular viability, increase intracellular cal- 
cium, and induce DNA fragmentation in different T cell 
lines (1 1). It should be noted that HPODE is the major 
fatty acid oxidation product found in oxidized low den- 

The vascular endothelium is a critical target for inju- 
ries mediated by free fatty acids or inflammatory cyto- 
kines, such as tumor necrosis factor-a (TNF). Due to 
hydrolysis of triglyceride-rich lipoproteins mediated by 
lipoprotein lipase, free fatty acids are released in the 

Abbreviations: 18: 2, linoleic acid; TNF, tunior necrosis factor-a; 13- 
HODE, l%(S)hydroxy-9(Z),ll (E)-octadecadienoic; ATA, aurintricar- 
boxylic acid; nPG, n-propyl gallate; DCF, Z’,i”-dichlorofluorescein; 
[Cay+] ,, intracellular calcium; MTT, 3[4,5-dimethylthiazo1-2]-2,5 di- 
phenyl tetrazolium bromide. 
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sity lipoprotein (LDL) (12), and highly oxidized LDL 
initiated apoptosis in arterial smooth muscle cells, mac- 
rophages, and fibroblasts (13). The role of oxidative 
stress in the induction of cellular apoptosis is further 
supported by the observation that low concentrations 
of hydrogen peroxide can induce apoptosis of cultured 
endothelial cells (14). 

Elevated levels of inflammatory cytokiaes, especially 
TNF, may play a critical role in atherogenesis. The main 
sources of TNF within atherosclerotic vessels include 
monocyte/macrophages and T cells ( 15). Moreover, 
leukocyte production of TNF is increased in atheroscle- 
rosis patients (16) and elevated levels oSthis cytokine 
are observed in atherosclerotic vessels ( 17, 18). There 
is evidence that TNF can activate vascular endothelial 
cells (19, 20) as well as induce cytotoxic effects, includ- 
ing endothelial cell apoptosis (2 1 ). 

Recent evidence indicates that kitty acid metabolism 
may be strongly associated with inflammatory cytokinc- 
or  TNF-mediated effects. Both oxidized LDL and 13- 
HPODE augment TNF-induced adhesion molecule ex- 
pression in human endothelial cells (22). I n  addition, 
TNF enhanced monocyte or endothelial cell-mediated 
oxidation of L,DL (S), and TNF-mediated cytolysis can 
be prevented by limiting the avdikibility of arachidonic 
acid (24). Similarly, interleukin-I stimulated oxidation 
of 1X:2 into 13-(S)hydroxy-9(Z), 11 (E)-octa~ecadienoic 
(19HODE) and 9-(K)hydroxy-lO(E),12(Z)-octadeca- 
dienoic acids in cultured endothelial cells (25). More- 
over, it is known that lipoprotein lipase can rclease free 
fatty acids from lipoproteins and also induce TNF gene 
expression and TNF production in macrophages b y  
protein kinase C signaling pathway (26,2’i). Thus cndo- 
thelia1 cells may be simultaneously exposed to elevated 
levels of free fatty acids and TNF. We reported that such 
a combined exposure to  18 : 2 and TNF can cross-am- 
plify oxidative injuty and dysfunction of ciiltured endo- 
thelial cells (3 ) .  

Selected lipids and oxidative stress are implicated as 
mediators of apoptosis. In addition, the lipid environ- 
ment and TNF may cross-influence their metabolic eS- 
fects. Therefore, the hypothesis that 18:2 can rnotiify 
TNF-induced oxidative stress and disruption of calcium 
homeostasis and thereby promote endothelial cell 
apoptosis was tested. 

MATERIAL AND METHODS 

Endothelial cell cultures and experimental media 

Endothelial cells were isolated from porcine pulmo- 
nary arteries and cultured in medium M-199 (GlBCO 

Laboratories, Grand Island, NY) containing 10% call‘ 
bovine serum (HyClone Laboratories, Inc., Logan, UT)  
according to the method of Hennig et al. (28). Cultures 
were determined to be endothelial b y  uniform cobhle- 
stone morphology, determination of angioteiisin-coti- 
vertirig enzyme activity, and cellular uptake of  fluorrs- 
cent labeled acetylated LDL. ( 1,l ’-dioctadecyl-3,3,3’33- 
tetramethyl-indocarbocyaniiie perchlorate; Molecular. 
Probes Inc., Eugene, OR). Cells from passages 6- 1 0  
were used in the present study. Sitbconfluent endohe-  
lial cell cultures were treated with 90 PM linoleic acid 
(18:2 n-6) (>99% pure, Nu-Chek Prep, Elysian, M N )  
and/or TNF (20 ng/mL = 100 U/mL; Knoll 1,;iboi-a- 
lories, Whippany, N J )  . Linoleic acid-enriched expcri- 
mental media were prepared as described earlier (29).  

Our previous studies indicated that the maxiniiini ox-  
idative stress in cells exposed to Fatty acids or. ’TNF oc-  
curs after 6 and 1.5 h iricubation, respectively (29, 30) .  
Therefore, for a typical experiment, endothelial cr.lls 
were exposed to 18:2 and/or TNF as follows: 

Shorl-krm exposuw. Endothelial cells were treated with 
l8:2 for 6 h (18:2 group) or with TNF to 1.5 h (TNF 
group). In 18 : 2 + TNF group, exposure t o  18 : 2 b c p i  
4.5 h before adding TNF. A combined exposure to 18: 
2 + TNF was then maintained fbr 1.5 h. 

I , o n g t m  ccposurc.. En do the li al cells were treated with 
l8 :2fbr24h (18:2group) orwithTNFto 19.511 (TNF 
group). In 18 : 2 + TNF group, exposure to 18 : 2 began 
4.5 li before adding TNF. A combined exposure to 18 : 
2 + TNF was then maintained for 19.5 11. 

Mter treatment exposures, experimental media were 
removed, cells were washed, aiid oxidative stress, intra- 
cellular calcium, cell viability, DNA fragmentation, 
apoptosis, or albumin transfer across endothelial mono- 
layers were ineasuretl. In addition, after the long-ternl 
treatment exposure, some cultures were washed and in- 
cnbated with maintenance medium for up t o  4 days. 
During consecutive clays, several markers of cellular mc- 
tabolism were measured. 

In selected experitnents, to determine possible niech- 
anisms of TNF or 18:2 + TNF-mediated apoptosis, en- 
dothelial cells were additionally treated with aurintri- 
carboxylic acid (ATA, endonuclease inhibitor; 10 p), 
1,2-bis( 2-amiiiophenoxy)-ethane-N,N,N’,N’-teti-aaceti~ 
acid tetrdkis (acetoxyrriethy1)-ester (BNTA-AM; cellular 
calcium chelator; 5 P M )  ; n-propyl gallate (nf’G; antioxi- 
dant; 5 y ~ )  or vitamin E (antioxidant; 25 p i ) .  ATA, 
1)APTA-AM or nPC; were added to the culture niedia 
at the same time as 18:2 01-  TNF treatment. Howrvci-, 
endothelial cell cultures were pretreated with vitiimin 
E fbr 24 h before addition ofpatty acid and/or cytokine. 

Each experiment was conducted 3 times. The sample: 
size per experimental group consisted of six individual 
cultures. 
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Cellular oxidative stress measurement 

Imagng technique based on reactive oxygen species- 
mediated conversion of 2’,7’-dichlorofluorescin (DCF- 
H) into fluorescent 2’,7’-dichlorofluorescein (DCF) was 
used to determine cellular oxidation (31). The dye is 
applied to cells as 2’,7’-dichlorofluorescin diacetate 
(DCFH-DA) . DCFH-DA freely crosses cell membranes, 
and it is converted by intracellular esterases into DCF- 
H localized in cells in hydrophobic lipid regions. Non- 
fluorescent DCF-H is then oxidized into fluorescent 
DCF) (32). These studies used a confocal laser scanning 
microscope (Molecular Dynamics, Sarastro 2000) cou- 
pled to an inverted microscope (Nikon). Treated endo- 
thelial cells cultured in polyethylenimine-coated glass- 
bottom 35-mm dishes (Mat-Tek Inc., Ashland, MA) 
were loaded with 100 p~ of DCF-H (Molecular Probes, 
Inc.) by incubating for 50 min. The dye was excited at 
488 nm and emission was filtered using a 510 nm barrier 
filter. The intensity of the laser beam and the sensitivity 
of the photodetector were held constant to allow quan- 
titative comparisons of relative fluorescence intensity of 
cells between treatment groups. Values for average 
staining intensity per cell were obtained using the “Im- 
agespace” software supplied by the manufacturer (Mo- 
lecular Dynamics). The results, in relative units of DCF 
fluorescence, were expressed as average pixel intensity. 

Measurement of intracellular free calcium levels 

Intracellular free calcium ([Ca”] i )  was quantified ac- 
cording to the method of Mattson et al. (31). Briefly, 
treated endothelial cells cultured in polyethylenimine- 
coated glass-bottom 35-mm dishes (Mat-Tek Inc., Ash- 
land, MA) were incubated with 6-8 ~ L M  acetoxymeth- 
ylester form of the [Ca2’] indicator dye fura-2 (Molecu- 
lar Probes) in 10% p h o n i c  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 replaced with 
Hanks’ balanced salt solution (GIBCO) containing 10 
mM HEPES buffer. Cells were imaged on a Zeiss in- 
verted microcsope using a fluoro 40X fluorescence ob- 
jective and an Attofluor intensified CCD camera. Im- 
ages were acquired using an Attofluor imaging system 
and software. The ratio of the fluorescence emission at 
two different excitation wavelengths (340 nm and 380 
nm) was used to determine [Ca“] ,. The system was cali- 
brated using solutions containing no Ca2’ (0  CaZt plus 
1 mM EGTA) or a saturating level of Ca2+ (1 mM) ac- 
cording to Grynkiewicz, Poenie, and Tsien (33). 

Mitochondrial function 
MTT (3-[4,5dimethylthiazol-2]-2,5 diphenyl tetrazo- 

lium bromide) conversion assay, performed according 

to Mattson et al. (31), was used to assess mitochondrial 
function, an indirect measure of cell viability. Briefly, 
MTT (thiazolyl blue) was added to the treated cells at 
the final concentration of 0.25 mg/mL and incubated 2 
h to allow the conversion of MTT into purple formazon 
crystals. After washing in PBS, cells were lysed with 0.04 
M HC1 in isopropanol and absorbance was read at 595 
nm. 

Nuclear condensation and DNA fragmentation study 

Nuclear condensation and DNA fragmentation were 
measured by staining endothelial cells with the fluroes- 
cent dye Hoechst 33342 as described earlier (34). 
Briefly, treated endothelial cells, cultured on glass-bot- 
tom dishes, were fixed in 4% paraformaldehyde. After 
washing, cells were stained with Hoechst 33342 at the 
concentration of pg/mL for 30 min. Cultures were 
washed again with PBS and water and the fluorescence 
was visualized using a 40X oil immersion lens. The dye 
was excited at 340 nm and emission was filtered with 
a 510 nm barrier filter. To quantify apoptotic process, 
endothelial cells with fragmented or condensed DNA 
and apparently normal DNA were counted. 

Apoptosis studies 

Cellular apoptosis was quantified using a flow cytome- 
try assay (35). Briefly, treated endothelial cell cultures 
were gently trypsinized and washed twice with PBS. Cells 
were stained with Hoechst 33342 for 30 min, followed 
by staining with merocyanin 540 for 20 min, as de- 
scribed by Chiu et al. (36). Hoechst 33342 is a DNA- 
specific dye and merocyanin 540 detects membrane 
phospholipid domain changes and thus assesses alter- 
ations of membrane integrity associated with the early 
stages of apoptosis (35). Cells were analyzed and sorted 
using FACStar Plus cell sorter (Becton Dickinson) . The 
primary laser was tuned to UV to excite Hoechst 33342- 
stained cells. The second laser was tuned to 488 nm to 
excite merocyanin 540-stained cells. Merocyanin 540 
was detected using logarithmic amplification through a 
575/25 band pass filter. 

Endothelial barrier function in culture (albumin 
transfer studies) 

Albumin transfer studies were performed as de- 
scribed earlier (28). Briefly, the chambers with attached 
polycarbonate filters with 0.8-~m pores were placed into 
wells having a diameter of 16 mm. Endothelial cells 
were seeded on the filters 2 days before treatment expo- 
sure. The chambers containing cells were washed three 
times with M-199 and incubated with experimental me- 
dia. For albumin transfer measurements, cells first were 
washed three times with M-199, and fatty acid-free crys- 
talline bovine serum albumin (Sigma Chemical Com- 
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pany) transfer was measured. The upper chamber, 
which contained 0.4 ml of M-199 enriched with 200 PM 

albumin, was placed into a well containing 0.6 ml of 
the same medium as above but without albumin. The 
albumin concentrations in the upper and lower cham- 
bers were determined by measuring the change in ab- 
sorbance at 630 nm after addition of bromcresol green 
(Sigma Chemical Company). 

El long-term exposure 
f?J 24 h after a long-term exposure 8 *z 2oo 

3 2 
.s 150 

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. Statistical probability 
of P 5 0.05 was considered significant. Control TNF 1 8 2  18:2+TNF 

Treatment Groups 

RESULTS 

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

In the present study, cellular oxidation was measured 
by DCF fluorescence. This reaction is initiated primarily 
by peroxides, including hydrogen peroxide, as well as 
several products of hydrogen peroxide-mediated intra- 
cellular reactions (31, 32). 

Figure 1 shows effects of a short-term or a long-term 
exposure to 18:2 and/or TNF, followed by a 1-day incu- 
bation with maintenance medium, on endothelial cell 
oxidation. A short-term exposure to 18: 2 and/or TNF 
resulted in an increase in cellular oxidation in all exper- 
imental groups. However, after a long-term treatment, 
DCF fluorescence returned to control values in cells 
treated with 18:2 or TNF but it remained elevated in 
cells exposed to 18 : 2 + TNF. These results are in agree- 
ment with our previously published reports in which 
time- and dose-dependent effects of selected free fatty 
acids and/or TNF were measured (3, 29, 30, 3'7). How- 
ever, when experimental media were replaced with 
maintenance medium for additional 1 day incubation, 
cellular oxidative stress remained markedly increased 
in cells previously exposed to TNF or 18:2 + TNF. 
These values exceeded control levels of cellular oxida- 
tion by 24 times in the TNF group and by 28 times in 
the 18:2 + TNF group. 

Intracellular calcium ([ Ca2+] i )  levels in cells exposed 
to 18:2 and/or TNF 

Fig. 1. Oxidative stress in cultured endothelial cells exposed to 18: 
2 and/or TNF as measured by DCF fluorescence. For short-term ex- 
posure, endothelial cell cultures were treated with 18:Z for 6 h 01. 

with TNF for 1.5 h. For long-term exposure cultures were treated with 
18:2 for 24 h or with TNF for 1.5 h. In the 18:2 + TNF group, cells 
were exposed to 18:2 for 4.5 h before adding TNF for either 1.5 h 
(short-term exposure) or 19.5 h (long-term exposure). After the long- 
term treatment exposure, expenmental media were removed, endo- 
thelial cultures were washed and maintained in normal medium for 
24 h. Data are mean t SEM; 11 = 6. *Significantly different from 
controls at the corresponding time points. ?Values in group 18:2 + 
TNF are significantly different lrom values in TNF group at the corn- 
sponding time point. 

stress. Several mechanisms, such as activation of phos- 
pholipases, xanthine oxidase, or generation of nitric ox- 
ide and peroxynitrite can be responsible for [Ca"] ,-me- 
diated oxidative stress (for review see ref. 38). 

Figure 2 shows effects of a short-term or a long-term 
exposure to 18: 2 and/or TNF, followed by a 1-day incu- 
bation with maintenance medium, on endothelial cell 
concentration of [Cay+] ,. Exposure to 18: 2 and/or TNF 
resulted in elevated levels of [Cay'] I .  The most marked 
increase in [Ca"],, (by more than 2-fold as compared 
to control values) was observed as a result of long-term 
exposure to 18:2 + TNF. When experimental media 
were replaced with maintenance medium for an addi- 
tional 1 day, [Cay+], remained elevated in TNF and 18: 
2 + TNF groups by approximately 20% and 4076, re- 
spectively, but returned to control values in cells previ- 
ously exposed to 18:2 alone. 

Mitochondrial function studies 

Increased levels of intracellular calcium are closely 
related to oxidative stress and cellular injury. For exam- 
ple, increased cellular oxidation may stimulate intracel- 
lular flux of [Ca'+] ,. On the other hand, enhanced con- 
centrations of [Ca2+], can stimulate cellular oxidative 

The MTT conversion assay was used to indirectly mea- 
sure viability of endothelial cells exposed to 18:2 and/ 
or TNF. This assay takes advantage of the conversion of 
the yellow MTT to purple formazan crystals which oc- 
curs in mitochondria. This reaction occurs only in ac- 
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Control TNF 18:2 18:2+TNF 
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Fig. 2. Intracellular calcium levels in cultured endothelial cells ex- 
posed to 18:2 and/or TNF. For short-term exposure, endothelial cell 
cultures were treated with 18:2 for 6 h or with TNF for 1.5 h. For 
long-term exposure cultures were treated with 18:2 for 24 h or with 
TNF for 1.5 h. In the 18:2 + TNF group, cells were exposed to 18: 
2 for 4.5 h before adding TNF for either 1.5 h (short-term exposure) 
or 19.5 h (long-term exposure). After the long-term treatment expo- 
sure, experimental media were removed, endothelial cultures were 
washed and maintained in normal medium for 24 h. Data are mean 
? SEM; n = 6.  *Significantly different from controls at the corre- 
sponding time points. +Values in group 18: 2 + TNF are significantly 
different from values in TNF group at the corresponding time point. 

tive mitochondria of living cells. Results of the experi- 
ments involving MTT assay are shown on Fig. 3A and 
B. 

Figure 3A shows effects of a long-term exposure to 
18:2 and/or TNF, followed by the incubation in nor- 
mal medium for up to 4 days, on mitochondrial func- 
tion. The initial, long-term exposure to 18:2 and/or 
TNF did not affect conversion of MTT. When a long- 
term treatment with 18:2 and/or TNF was followed by 
a oneday incubation in normal medium, a decrease in 
MTT conversion, to approximately 65% of control val- 
ues, was observed only in cells exposed to 18:2 + TNF. 
This decrease in mitochondrial function was prevented 
by additional treatment with ATA (data not shown). 
During consecutive days, after the long-term exposure, 
compromised M T T  conversion was measured in cells 
treated with TNF and 18:2 + TNF. However, indepen- 
dent of the duration of cell maintenance in normal me- 
dium, the most marked decrease in MTT conversion, 
indicating the most diminished mitochondrial function 
and thus cellular viability, was observed in cultures 
treated with 18 : 2 + TNF. At the end of the incubation 
period, values of MTT conversion in the 18:2 + TNF 
group were only approximately 28% of those observed 
in control cultures. 

Figure 3B reflects influence of ATA, BAPTA-AM, vita- 
min E, or nPG on MTT conversion in cells affected by 
a long-term exposure to 18: 2 and/or TNF, followed by 
a 4day incubation in normal medium. Partially protec- 
tive effects of ATA, vitamin E, BAPTA-AM, and nPG 
against decreased mitochondrial function were ob- 
served in cells exposed to TNF or 18 : 2 + TNF. 

DNA fragmentation 

DNA fragmentation and condensation are consid- 
ered characteristic features of cellular apoptosis. These 
morphological changes can be determined by staining 
cells with the DNA-binding fluorescent dye Hoechst 
33342. Figure 4A shows a fluorescent image of initial 
stages of apoptosis of endothelial cells after a long-term 
exposure to TNF, followed by a 1-day incubation with 
maintenance medium and stained with Hoechst 33342. 
Selected cells with fragmented or condensed DNA are 
indicated by arrows. 

Figure 4B shows the effect of a short-term or long- 
term exposure to 18:2 and/or TNF, followed by the 
incubation in normal medium for up to 4 days, on chro- 
matin condensation and DNA fragmentation as deter- 
mined by Hoechst 33342 staining. Long-term exposure 
to both TNF or 18:2 + TNF significantly increased the 
number of cells with fragmented or condensed DNA. 
In cultures exposed to TNF alone, the number of such 
cells with fragmented or condensed DNA remained ap- 
proximately at the same level when the initial treatment 
was replaced by incubation in maintenance medium. 
However, during consecutive days of incubation with 
normal medium, the number of cells with fragmented 
or condensed DNA significantly increased in cultures 
previously exposed to 18:2 + TNF. At the fourth day 
of incubation in maintenance medium, the number of 
cells with fragmented or condensed DNA in 18:2 + 
TNF group exceeded those in the TNF group by ap- 
proximately 3 times. 

Endothelial cell apoptosis 
Figure 5A shows effects of 18:2 and/or TNF on 

apoptosis of cultured endothelial cells as measured by 
flow cytometry. A long-term exposure to TNF and, in 
particular, to 18 : 2 + TNF, followed by a 1-day incuba- 
tion with maintenance medium, resulted in a marked 
increase in number of apoptotic cells. The population 
of apoptotic cells in cultures exposed to 18:2 + TNF 
was significantly greater (by approximately 50%) than 
that in cells treated with TNF alone. ATA markedly pro- 
tected against apoptosis in cells exposed to TNF or 18: 
2 + TNF. In cultures treated with 18:2 + TNF, partial 
protection against apoptosis also was observed in cells 
cotreated with BAPTA-AM, vitamin E, or nPG. In addi- 
tion, a protective effect of nPG against TNF-induced en- 
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Fig. 3. A: Elfert of long-term exposure and different incubation times in normal medium on endothelial cell 
viability, as measured by MTT conveinion in cultured endothelial cells treated with 18:2 and/or TNF. For 
long-term exposure cultiirrs were treatcd with 18:2 for 24 h or tvitli TNF for 1.5 11. In the 18:2 + TNF group, 
cclln wei-r exposed to 18:2 for 4.5 h before adding TNF. After the long-term treatment exposure, experimental 
media were removed, endothelial cultures wete washed and maintained in nornial medium for up to 4 days. 
Data are rilean 2 SEM; n = 6. 4'Significantly different from controls at the co1 rerponding time points. +Values 
in group 18:2 + TNF arc significantly different from values in TNF group at the corresponding time point. 
13: EfIert of atirintricarboxylic acid (ATA), BAPTA-AM, vitamin E, and ii-propyl gallate (nI'G) on MTT conver- 
sion in cultured endothckd cells treated with TNF and/or 18:2 + TNF. Cultures were exposed to 18:2 for 24 
h or to TNF for 19.5 h. In the 18:2 + TNF group, crlls were treated with 18:2 for 4.5 h before adding TNF. 
ATA, BAPTA-AM, and nPG were added to the selected endothelial cell cultures at the same time as 18:2 and/ 
or TNF treatment. In addition, some cultures wrre pretreated with vitamin E 24 I1 before exposure to 18:2 
and/or TNF. After the treatment exposures, experimental media were reniowd, endothelial cultures were 
washed and maintained in normal medium for 4 days. "Significantly different from controls at the corrmpond- 
ing time points. Data are mean 5 SEM; n = 6. +Values in group 18:2 + TNF are significantly different from 
values in T N F  group at the corresponding time point. #Significantly different compared to wlues with no 
additional trrat~iirnt within the corresponding experimental group. 
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Fig. 4. Top: Fluorescent image of endothelial cells 
treated with TNF for 19.5 h, followed by a lday incu- 
bation with maintenance medium and stained with 
the DNA-binding fluorescent dye Hoechst 33342. 
Arrows show selected cells with fragmented or con- 
densed DNA. Bottom: Effect of different exposure 
times and incubation in normal medium on number 
of endothelial cells with fragmented or condensed 
DNA, as identified by Hoechst staining, in cultures 
treated with 18:2 and/or TNF. For short-term expo- 
sure, endothelial cell cultures were treated with 18:2 
for 6 h or with TNF for 1.5 h. For long-term exposure 
cultures were treated with 18:2 for 24 h or with TNF 
for 19.5 h. In the 18:2 + TNF group, cells were ex- 
posed to 18:2 for 4.5 h before adding TNF for either 
1.5 h (short-term exposure) or 19.5 h (long-term ex- 
posure). After the treatment exposures, experimental 
media were removed, endothelial cultures were 
washed and maintained in normal medium for up to 
4 days. Data are mean 2 SEM; n = 6. *Significantly 
different from controls at the corresponding time 
points. +Values in group 18:2 + TNF are significantly 
different from values in TNF group at the correspond- 
ing time point. 

dothelial cell apoptosis was observed. When a long-term 
exposure to TNF or 18 : 2 + TNF was followed by a May 
incubation with the maintenance medium, numbers of 
apoptotic cells in those cultures were in the range of 
90% of total cell population. In such advanced apop 
totic stages, no differences between TNF or 18 : 2 + TNF 
groups were observed. In addition, partial protection 
against the development of apoptosis was detected in 
cells cotreated with ATA (data not shown). 

Figure 5B shows examples of flow cytometry analyses 
of control cultures and changes in cell population as 

a result of a long-term exposure to 18:2 and/or TNF, 
followed by a lday incubation in normal medium. The 
pseudocolor scale is arranged to visualize different cell 
populations in such a way that gray color reflects ne- 
crotic cells, blue color reflects viable cells, and red color 
reflects apoptotic cells. 

Endiothelial barrier function study 
Figure 6 shows effects of 18:2, and/or TNF, and/ 

or ATA on endothelial barrier function, measured as 
albumin transfer across endothelial monolayers. A long- 
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Fig. 5. r\: Effect ofa~iriritricarboxvlic acid (AT.4). RAPThAM, vitamin E, a i d  n-propyl gallate (iiI’G) on nuin- 
her of apoptotic cells, measured by flow cytoinetq, in cultured endothelial cells treated with TNF and/or 18: 
2 plus TNF. Cultures were exposed to 18: 2 for 24 h or to TNF for 19.5 h. In 18: 2 + TNF group, cells were treated 
with 18:2 for 4.5 h hefore adding TNF. ATA, BAPTA-AM, and nPG were added to the selected endothelial cell 
cultures at the sanie time as 18:2 and/or TNF treatment. In addition, some cultures were pretreated with 
vitamin E: 24 h hefore exposure to I X :  2 and/or TNF. After the trratinent exposures, experimental media were 
removed, endothelial cultures wwc washed and maintained in nornmal medium for additional 24 h. Data arr 
mean ? SEM; n = 6. *Significantly different from controls at the corresponding time points.  values in gi-oup 
18:2 + TNF are significantly different froni values in TNF group at the corresponding time point. #Significantly 
different compared to valws with no additional treatmcmt within the corrrsponding experimental gr-oup. 

term exposure to both 18 : 2 or TNF markedly increased 
transendothelial flux of albumin; however, the most sig- 
nificant increase in albumin transfer was observed in 
cells treated with 18:2 + TNF. Additional treatment 
with ATA did not exert any effect on albumin transfer 
after the initial exposure to 18:2 and/or TNF. When 
the exposure to 18:2 and/or TNF was followed by a 
1-day incubation with maintenance medium, albumin 
transfer in 18: %treated cells returned to control values. 
In contrast, albumin flux in TNF- and, especially, in 18: 
2 + TNF-treated cultures was significantly higher than 
values obtained as a result of the initial treatment expo- 
sures. After a 1-day incubation in normal medium. albu- 
min transfer exceeded control values by approximatel) 
180% and 360% in TNF and 18:2 + TNF groups, re- 
spectively. Moreover, treatment with ATA partially pro- 
tected against elevated albumin transfer across endo- 
thelial monolayers in cultures exposed to TNF and 18: 
2 + TNF and after an additional 1-day incubation in 
normal medium. 

DISCUSSION 

Recent evidence indicates that apoptotic processes 
may be involved in the development of atherosclerosis. 

In fact, a high incidence of apoptotic cells is detected 
in fibrous and fibro-fatty non-ulcerated atherosclerotic 
lesions (39, 40). Apoptotic material in atherosclerotic 
lesions consists mostly of smooth muscle cells and, to 
an even greater extent, of macrophages and T cells, Le., 
cells involved in inflammatory reactions (39). In addi- 
tion, apoptotic smooth muscle cells are detected in bal- 
loon-injured arteries in rats (41, 42) and in cholesterol- 
fed rabbits (43). Apoptosis of smooth muscle can be 
induced by TNF, interleukin-lp, or interferon-? (44). 

The involvement of endothelial cell apoptosis in the 
development or the progression of atherosclerosis is un- 
known. However, a number of apoptotic cells are de- 
tected in neointima of atherosclerotic vessels (41). On 
the basis of this observation, i t  was suggested that 
apoptosis might participate in remodeling of the vessel 
wall during atherogenesis (41 ) . Moreover, endothelial 
cells are a major site of inflammatory reactions, and the 
intermediates of such reactions, such as reactive oxygen 
species (14), TNF (19), or elastase (45) trigger endothe- 
lial cell apoptotic processes. The present study demon- 
strates that the lipid environment may markedly influ- 
ence a TNF-mediated increase i n  cellular oxidative 
stress and intracellular calcium and thus potentiate en- 
dothelial cell apoptosis mediated by this cytokine. 

Selective diet-derived lipids, including 18 : 2, exert dif- 
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Control 
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61)- .I =- 

Hoechst 33342 staining 
Fig. 5. B Flow cytometry analysis of different populations of endothelial cells treated with 18:Z and/or TNF as described in Fig. 3A. Cells 
were dually stained with Hoechst 33342 and merocyanin 540. Six subpopulations of cells, differing in cell cycle and viability, were identified 
as follows: R1, necrotic cells and instrument noise (gray); R2, Co/Gl, viable cells (blue); R3, S, GJM, viable cells (blue); R4, apoptotic cells 
with fragmented DNA (red); R5, G,/G, ,  apoptotic cells (red); R6, S, GJM, apoptotic cells (red). 

ferent injury effects in cultured endothelial cells (for 
review see ref. 2). In addition, 18:2 is metabolized to 
oxidative derivatives, such as HPODE or 4hydroxyno- 
nenal, which induce apoptosis in different cell types 
(1 1,46). Interestingly, induction of apoptosis mediated 
by 4hydroxynonenal in neuronal cells was linked to dis- 
ruption of ion homeostasis, including intracellular cal- 
cium ( [Ca2+] and disregulation of Na/K-ATPase (46). 
Although 18:2 was shown to induce similar changes in 

cultured endothelial cells (3, 47), no apoptosis was ob- 
served in endothelial cells exposed to this fatty acid in 
the current study (Figs. 4B and 5A). It is possible that 
potential 18 : 2derived mediators of cellular apoptosis 
did not achieve threshold values needed for induction 
of endothelial cell death. 

While it was previously reported that TNF can induce 
apoptosis in endothelial cells (21), mechanisms of TNF- 
mediated apoptosis of cultured endothelial cells are un- 
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clear. For example, the sphingomyelin signaling path- 
way, which leads to generation of ceramide and cellular 
apoptosis, apparently is not activated (48) or only mini- 
mally induced (49) in endothelial cells exposed to TNF. 
However, there is evidence that c-Myc, a transcription 
factor of Myc family proteins might be involved in TNF- 
mediated apoptosis (50). Although endothelial cells are 
more resistant to TNF-mediated apoptosis, compared 
to other cell types, this process can be augmented by 
additional factors, such as cellular exposure to selected 
fatty acids as was demonstrated in the present study. In 
addition, inhibition of protein synthesis, either at the 
level of transcription by actinomycin D or translation 
by cycloheximide, has been shown to enhance TNF-me- 
diated apoptosis of endothelial cells (21). 

In the present study, an initial long-term exposure 
to TNF caused only minimal apoptosis as observed in 
Hoechst-stained cells and did not affect mitochondrial 
functions as measured by MTT assay (Figs. 4B and 3A, 
respectively). This observation is partially in agreement 
with a previously published report (48) where no 
apoptosis was noted in endothelial cells exposed to 100 
U TNF/mL for 24 h. However, in the present study, 
endothelial cell apoptosis and compromised mitochon- 
drial function increased during subsequent days after 
an initial treatment with TNF (Figs. 4B and 3A). Mecha- 
nisms of these delayed processes are difficult to explain. 
It is known that the dynamics of endothelial cell popula- 
tion is dependent on the balance among proliferation, 
necrosis, and apoptosis, modulated by exogenous stim- 
uli (21). It is possible that such a balance is compro- 

Fig. 6. Effect of aurintricarboxylic acid (ATA) on al- 
bumin transfer across endothelial monolayers ex- 
posed to 18:2 and/or TNF. Cultures were exposed to 
18:2 for 24 h or toTNFfor 19.5 h. In the 18:2 + TNF 
group, cells were treated with 18:2 for 4.5 h before 
adding TNF. ATA was added to the selected endothe- 
lial cell culturesat the same time as 18:2 and/or TNF. 
After the treatment exposures, experimental media 
were removed, endothelial cultures were washed and 
maintained in normal medium for additional 24 h. 
Data are mean 2 SEM; n = 6. *Significantly different 
from controls at the corresponding time points. tVal- 
ues in group 18:2 + TNF are significantly different 
from values in TNF group at the corresponding time 
point. #Significantly different compared to valuea 
without added ATA within the corresponding experi- 
mental group. 

mised only after several days following the initial TNF 
exposure. In addition, it is possible that additional treat- 
ment with 18:2 could affect this balance and shift the 
equilibrium towards accelerated apoptosis. To support 
this hypothesis, it should be noted that exposure to spe- 
cific shortchain fatty acids increased cellular apoptosis 
in human colonic carcinoma cell lines (51). 

Several mechanisms, including increased oxidative 
stress as well as disruption of ion homeostasis, can be 
responsible for potentiation of endothelial cell 
apoptosis in 18:2 + TNF-treated cells as compared to 
treatment with TNF alone. In the present study, we 
showed that endothelial cell treatment with 18:2 + 
TNF increased cellular oxidation more markedly as 
compared to exposure to TNF or 18:2 alone. In addi- 
tion, DCF fluorescence was elevated 24 h after the ter- 
mination of the initial, long-term treatment exposure 
to TNF or 18:2 + TNF, i.e., only in the experimental 
groups where apoptosis occurred (Fig. 1).  The role of 
oxidative stress in induction of endothelial cell 
apoptosis by TNF and, in particular, by 18:2 + TNF, is 
further confirmed by the fact that antioxidants, such as 
vitamin E and nPG partially protected against apoptotic 
cell death (Fig. 5A). 

It is generally accepted that oxidative stress may in- 
voke apoptotic cell death (reviewed in ref. 52). Several 
oxidants, such as lipid hydroperoxides (1  2), oxidized 
LDL (1  3), or hydrogen peroxide (14) were shown to 
induce cellular apoptosis. Different mechanisms might 
be involved in oxidative stress-induced apoptosis (52). 
For example, an increase in oxidative stress may directly 
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lead to DNA damage and protein oxidation also may 
trigger apoptosis. Oxidative stress also can directly regu- 
late gene expression by influence on specific transcrip- 
tion factors (52). Cellular redox status, regulated by cel- 
lular thiol and glutathione, may play a critical role in 
this process. It was shown that apoptosis is preceded by 
a decrease in cellular glutathione (53) or can be in- 
duced by oxidation of thiol groups (54). To support the 
role of thiols in cellular apoptosis, it was reported that 
endothelial cell exposure to 18: 2 or TNF and, in partic- 
ular, to 18:2 + TNF markedly decreased intracellular 
glutathione content (3).  

Another mechanism by which 18:2 may increase en- 
dothelial cell vulnerability to TNF-mediated apoptosis 
may be related to the disruption of ion homeostasis. Ex- 
posure of endothelial cells to 18 : 2 or TNF and in partic- 
ular to 18:2 + TNF, increased [Ca2'li (Fig. 2). Several 
mechanisms were proposed to explain the role of in- 
creased [Ca2+], in the induction of cellular apoptosis 
(for review see ref. 55). For example, elevated [Ca2'] I 

might lead to activation of Ca2+dependent kinases 
and/ or phosphatases with the subsequent induction of 
gene expression related to apoptosis. In addition, en- 
hanced [Ca2+], can activate proteases and/or endonu- 
cleases(s) and thus induce DNA damage, a characteris- 
tic feature of cellular apoptosis (55). The role of 
elevated [Ca2'], levels in TNF and/or 18:2 + TNF-in- 
duced endothelial cell apoptosis is supported by the ob- 
servation that BAPTA-AM, an intracellular calcium che- 
lator, partially protected against apoptosis in these 
experimental groups (Figs. 5A). A similar protective ef- 
fect of BAPTA-AM was observed previously in endothe- 
lial cell apoptosis induced by amyloid Ppeptide (34). 

Compromised endothelial integrity and barrier func- 
tion may be due in part to endothelial cell apoptosis. 
In the present study, endothelial barrier function was 
measured by transendothelial albumin transfer. It is 
known that approximately 60% of albumin transfer 
across normal endothelial cell monolayers occurs via in- 
tercellular junctions (56). Because apoptosis of endo- 
thelial cells was only minimal after the initial long-term 
treatment with TNF or 18:2 + TNF (Fig. 4B), one may 
speculate that this process was not responsible for the 
increase in albumin flux observed at that time point. At 
least two facts support this hypothesis. a)  Endothelial 
integrity was more markedly compromised as a result 
of the long-term treatment with 18:2 + TNF, as com- 
pared to cells exposed to TNF alone (Fig. 6) but the 
number of apoptotic cells was the same in both experi- 
mental groups (Fig. 4B). b )  ATA, which protected 
against cellular apoptosis (Fig. 5A), did not influence 
the effect of a long-term exposure to TNF or to 18: 2 + 
TNF on albumin transfer across endothelial monolayers 
(Fig. 6). However, when the initial, long-term exposure 

to TNF or 18: 2 + TNF was followed by a l-day incuba- 
tion with normal medium, the number of apoptotic 
cells in 18 : 2 + TNF-treated cells was significantly higher 
as compared to cultures treated with TNF alone (Fig. 
4B). Moreover, in that experimental setting, ATA par- 
tially protected against the TNF- and 18 : 2 + TNF-medi- 
ated increase in albumin transfer across endothelial 
monolayers (Fig. 6). The correlation between endothe- 
lial barrier function and MTT conversion assay (an indi- 
rect indicator of cell viability) was less clear. For exam- 
ple, compromised endothelial integrity was observed as 
a result of a long-term exposure to either TNF and 18: 
2 + TNF followed by a 1-day incubation in normal me- 
dium. However, at that time point, conversion of MTT 
was decreased only in the 18 : 2 + TNF group (Fig. 3A). 

In conclusion, treatment of endothelial cells with 20 
ng TNF/mL (100 U TNF/mL) for up to 19.5 h induced 
cellular apoptosis independent of the presence of TNF 
in experimental media at later time points. In addition, 
pre-exposure of endothelial cells with 18: 2 potentiated 
TNF-mediated injury to endothelial cells, measured as 
changes in intracellular calcium, cellular oxidation, en- 
dothelial barrier function as well as mitochondrial func- 
tion and apoptotic processes. Mediated by 18:2, poten- 
tiation of TNF-induced endothelial cell apoptosis and 
loss of mitochondrial function can be partially pre- 
vented by endonuclear inhibitor (aurintricarboxylic 
acid, ATA) , cellular calcium chelator (BAPTA-AM) , and 
antioxidants (n-propyl gallate, nPG; vitamin E). These 
results suggest that amplification of cellular oxidative 
stress and intracellular calcium observed in 18:2 + 
TNF-treated cells, compared to 18 : 2 or TNF alone, are 
mechanisms responsible for the potentiation of TNF- 
induced endothelial cell apoptosis and loss of viability. 
In addition, one may suggest that potentiation of endo- 
thelial cell apoptosis due to exposure to 18: 2 + TNF 
may compromise endothelial barrier function and thus 
have significant implications in the pathogenesis of ath- 
erosclerosis.iI 
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