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Selected dietary lipids may increase the atherogenic effects of
environmental chemicals, such as polychlorinated biphenyls
(PCBs), by cross-amplifying mechanisms leading to dysfunction of
the vascular endothelium. We have shown previously that the w-6
parent fatty acid, linoleic acid, or 3,3’,4,4'-tetrachlorobiphenyl
(PCB 77), an aryl hydrocarbon (Ah) receptor agonist, indepen-
dently can cause disruption of endothelial barrier function. Fur-
thermore, cellular enrichment with linoleic acid can amplify PCB-
induced endothelial cell dysfunction. We hypothesize that the
amplified toxicity of linoleic acid and PCBs to endothelial cells
could be mediated in part by cytotoxic epoxide metabolites of
linoleic acid called leukotoxins (LTX) or their diol derivatives
(LTXD). Exposure to LTXD resulted in a dose-dependent increase
in albumin transfer across endothelial cell monolayers, whereas
this disruption of endothelial barrier function was observed only at
a high concentration of LTX. Pretreatment with the cytosolic
epoxide hydrolase inhibitor 1-cyclohexyl-3-dodecyl urea partially
protected against the observed LTX-induced endothelial dysfunc-
tion. Endothelial cell activation mediated by LTX and/or LTXD
also enhanced nuclear translocation of the transcription factor
NF-xB and gene expression of the inflammatory cytokine IL-6.
Inhibiting cytosolic epoxide hydrolase decreased the LTX-medi-
ated induction of both NF-«B and the IL-6 gene, whereas the
antioxidant vitamin E did not block LTX-induced endothelial cell
activation. Most importantly, inhibition of cytosolic epoxide hy-
drolase blocked both linoleic acid-induced cytotoxicity, as well as
the additive toxicity of linoleic acid plus PCB 77 to endothelial
cells. Interestingly, cellular uptake and accumulation of linoleic
acid was markedly enhanced in the presence of PCB 77. These
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data suggest that cytotoxic epoxide metabolites of linoleic acid
play a critical role in linoleic acid-induced endothelial cell dys-
function. Furthermore, the severe toxicity of PCBs in the presence
of linoleic acid may be due in part to the generation of epoxide and
diol metabolites. These findings have implications in understand-
ing interactive mechanisms of how dietary fats can modulate
dysfunction of the vascular endothelium mediated by certain en-
vironmental contaminants. © 2001 Academic Press

Key Words: endothelial cells; fatty acids; leukotoxins; polychlo-
rinated biphenyls; nutrition; atherosclerosis.

Activation or dysfunction of the vascular endothelium car
result in its reduced effectiveness as a selectively permeat
barrier to plasma components, which is a critical event in th
etiology of vascular diseases such as atherosclerosis (Flarah
1992; Ross, 1993). The endothelium interacts with the bloo
and underlying tissues, serves as both a pro- and antithrol
botic surface, and releases regulatory factors important |
modulating vascular tone. Factors implicated in the pathogel
esis of atherosclerosis include chronic and cumulative met
bolic alterations of the endothelium induced by certain lipids
prooxidants, inflammatory cytokines, and environmental cor
taminants, such as polyhalogenated aromatic hydrocarbons

There is ample evidence suggesting that serum cholesterol
a predictor of atherosclerosis and that serum cholesterol co
centrations can be modified by varying the composition o
dietary fat. Less is known, however, about the role of specifi
fatty acids in atherosclerosis. The role of saturated fatty acic
in atherosclerosis has been questioned (Mensink, 1993; He
sted et al, 1965). In fact, data from subjects with varying
degrees of coronary atherosclerosis support the hypothesis t
high serum polyunsaturated fatty acid levels (e.g., linoleic aci
or 18:2n-6), when insufficiently protected by antioxidants
'é., vitamin E), may indicate a higher risk of atherosclerosi
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rated fat ratios in the world has concluded that diets rich-h  spontaneously in neutrophils during interaction of membrane
(or n—6) fatty acids may contribute to an increased inciden@ssociated linoleic acid with hydroxyl radicals. In addition,
in atherosclerosis, hyperinsulinemia, and tumorigenesis (Yangduction of microsomal P450 monooxygenases enhanced &
et al, 1996). There appears to be a positive correlation betwet@oxidation of polyunsaturated fatty acids to epoxides, sugges
linoleic acid levels in the phospholipid fractions of humaimg that these intermediates can also be formed by the epo:
coronary arteries and ischemic heart disease (Loustagherdation of linoleic acid by catalytic reactions of cytochrome
al., 1993). In addition, linoleic acid can increase expression B#50 enzymes (Hoebet al, 1998; Rifkindet al, 1995).
CD36, a scavenger receptor for oxidized low-density lipopro- We recently reported an additive or amplified toxicity of
tein (LDL) (Pietschet al,, 1995), and concentrations of linoleiclinoleic acid and PCBs, such as PCB 77 to endothelial cel
acid in adipose tissue were positively correlated with the déHennig et al, 1999). However, exact mechanisms of this
gree of coronary artery disease (Hodgsdral, 1993). phenomenon are still unknown. A direct contribution of oxi-
Selected fatty acids, and especially6 or n—6 unsaturated dative stress by selectest6 fatty acids (and primarily linoleic
fatty acids, derived from the hydrolysis of triglyceride-richacid), as well as an involvement of cytochrome P450 enzyme
lipoproteins, may be atherogenic by causing endothelial injuity both PCB and fatty acid metabolism appear to be the critic:
or dysfunction and subsequent endothelial barrier dysfunctianderlying mechanisms in contributing to the observed endc
(reviewed in Henniget al, 1996b). In support of this hypoth- thelial dysfunction. Thus, the central hypothesis of this study i
esis, we have shown that saturated fatty acids in general hldt linoleic acid oxidation metabolites, such as leukotoxin:
little effect on endothelial barrier function. On the other han@nd their diol metabolites, are responsible in part for linolei
unsaturated fatty acids, and mostly linoleic acid, can markedigid-mediated disruption of vascular endothelial barrier func
disrupt endothelial barrier function, expressed as an increasieth. We also propose that these toxic metabolites of linolei
transfer of both albumin and LDL across the endotheliulacid can contribute to the amplified cytotoxicity of PCB 77
(Henniget al, 1984; Henniget al,, 1985; Henniget al, 1990). when endothelial cells are enriched with linoleic acid.
Most interestingly, we found that, when comparing fatty acid
extracts derived from different animal fats and plant oils, the
fat-induced disruption of endothelial barrier function was re- MATERIALS AND METHODS
lated to the amount of linoleic acid present in the fat source
(Henniget al,, 1993). The impairment of the endothelial barrier Cell culture and experimental media. Endothelial cells were isolated
function by linoleic acid or linoleic acid hydroperoxide wagrom porcine pulmonary arteries and cultured as previously described (Henn

greatly reduced by preenrichment of cells with vitamin [t al, 1984). Cultures were verified as endothelial cells by uniform cobbleston
morphology and by quantitative determination of angiotensin-converting er

(Henmget al"_ 1987)' In addition to vitamin E, we hav? ShoWr}yme activity or by their uptake of fluorescent labeled acetylated (Molecula
that endothelial cell exposure to unsaturated fatty acids, anthigbes Inc., Eugene, OR). The basic culture medium consisted of M1
particular to linoleic acid, can deplete cellular glutathiongsIBCO Laboratories, Grant Island, NY) containing 10% fetal bovine serun
levels (Toborek and Hennig, 1994). Similar results were 0[=BS; HyClone Laboratories, Inc., Logan, UT). The experimental media wer
served after cell exposure to the inflammatory cytokine T&\”:_composed of M199 enriched with 5% FBS, selected concentrations of linole

. acid (>99% pure; Nu-Chek Prep, Elysian, MN), methyl leukotoxin (LTX) or
(Toboreket al, 1996) or PCB 77 (Slinet al, 2000). Further- methyl leukotoxin diol (LTXD), and/or PCB 77 (3,3,4 -tetrachlorobiphe-

more, our data strongly support the fact that selected unsatyliy. cellular accumulation of methyl esters of fatty acids appear to be simile
ated fatty acids (e.qg., linoleic acid) and inflammatory cytokines that of free acids, and, once in cells, methyl esters are converted rapidly
may cross-amplify vascular endothelial cell activation, an irree fatty acids (Greenet al, 2000a,b).

flammatory response, and atherosclerosis (Tobatlkal, Synthesis of leukotoxins, epoxide hydrolase inhibitors, and PCBJethyl
1996)_ leukotoxin (methyl leukotoxin and methyl isoleukotoxin) were chemically

In addition to generation of free radicals and Subsequéﬁ;{pthesized from methyl linoleate usingchloroperbenzoic acid, as described
.previously (Moghaddaret al,, 1997). The corresponding diols were obtained

OX|dat|ve.stre§s, O',:her toxic m?tabOIIt,eS _O_f unsaturated |Ip| the hydrolysis of these epoxides in a 5% perchloric acid solution in 409
such as linoleic acid may contribute significantly to the end@gueous tetrahydrofuran (Moghaddaeh al, 1997). The soluble epoxide
thelial cell dysfunction we observed (see Fig. 1). For examplgdrolase inhibitors used herein were synthesized as described by Morgsea
there is evidence that monoepoxides of linoleic acid (or le@k (1999). In the present study, primarily two kinds of epoxide hydrolase
kotoxins/isoleukotoxins) or their diol derivatives are associatdfiPitors were used, a soluble or cytosolic (1-cyclohexyl-3-dodecyl urea) an
ith ltinle oraan failure and adult respiratory distress s ?_ mlprosomal (dodgcyl-amme) epoxide hydrolase inhibitor. Other solubl
with multip g P y yrl]’]thItOI‘S, e.g., 1,3-dicyclohexyl urea, that are structurally related to 1-cyclo
drome (ARDS) (Hayakwat al, 1990; Ozawat al, 1991). In  peyyi-3-dodecyl urea but were less potent also were tested in selected exp
addition, leukotoxin(s) (LTX) has been reported to cause higimental settings.
permeability pulmonary edema in isolated lungs and to caus&CB 77 was synthesized from 3:@ichlorobenzidine, as described by
dose- and time-dependent damage in cultured pulmonary ngjrammet al. (1985). The PCB was purified by Florisil (Macherey-Nagel,

. . . Duren, Germany) and Alumina (Aluminumoxid 90, Merck, Darmstadt, Ger-
cular endothelial cells (|ShI2a|@t al, 1995)' LTX can be many) chromatography and recrystallization from methanol. Structural assig|

formed during lipid peroxidation (Sevaniatal,, 1979). Haya- ments were confirmed by nuclear magnetic resonance spectrometry and m
kawaet al. (1990) have shown that LTX can also be generategectroscopy.
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Endothelial barrier function (albumin transfer studies). Endothelial bar- oxide (tDPPO) as substrate (Borhahal, 1995). Briefly, 1uL of a 5 mM
rier function was measured as transendothelial albumin transfer using pagitution of PH]tDPPO in DMF was added to 100L of enzyme preparation
styrene chambers with a 08 pore size polycarbonate membrane (Milliporein sodium phosphate buffer (0.1 M, pH 7.4) containing 0.1 mg/mL of BSA
Corporation, Bedford, MA) according to the method of Henefal. (1984). ([tDPPO]final= 50 uM). The enzyme was incubated at 30°C for 15 min, and
After approximate confluence, endothelial monolayers were exposed to contha reaction was quenched by addition of @0 of methanol and 20Q.L of
media or media enriched with lipid derivatives and/or PCB 77. Some culturis®octane, which extracts the remaining epoxide from the aqueous pha:
were first pretreated with an epoxide hydrolase inhibitor and then followed Bxtractions with 1-hexanol were performed in parallel to assess the possik
coexposure to combinations of lipids and PCB for 24 h. Following treatmenfzesence of gluthation transferase activity, which could also transform tF
chambers with endothelial cells attached to the membranes were washed withstrate (Borhaet al, 1995). The activity was followed by measuring the
M-199 and exposed to 200M bovine serum albumin (fatty acid-free, Sigmaquantity of radioactive diol formed in the aqueous phase using a scintillatio
Chemical Company, St. Louis, MO) in M-199 for 1 h. After incubation withcounter (Wallac Model 1409, Gaithersburg, MD). Assays were performed i
albumin, the albumin transferred across endothelial monolayers was detgplicate.

mined using bromcresol green (Sigma Chemical Company) and recordegtaity acid analysis. Fatty acid determination was performed as reported
spectrophotometrically at 630 nm. previously (Hennig and Watkins, 1989; Watkies al, 2000). Lipids from
Nuclear extracts and electrophoretic mobility shift assaysNuclear pro- endothelial cells were extracted with chloroform/methanol (2:1, vol/vol).
tein extracts from endothelial cells were prepared according to the methodwéthyl esters of fatty acids were prepared using boron trifluoride (14% ir
Dignamet al. (1983), and an electrophoretic mobility shift assay (EMSA) wamethanol) and analyzed using a gas chromatograph (GC HP 5890 series
performed using a commercially available kit from Promega Corp. (Madisoautosampler 7673, HP 3365 ChemStation; Hewlett—Packard, Avondale, P.
WI). Nuclear protein extracts (g) were incubated with the 16 fmol of equipped with a DB 23 column (30 m, 0.53 mm id, QB+ film thickness;
*p-endlabeled 22-bp oligonucleotide probe, with #Benhancer DNA ele  J&W Scientific, Folsom, CA). The GC was operated at 140°C for 2 min anc
ment containing a tandem duplicate of an KB-binding site (underlined) the temperature was programmed 1.5°C/min to 198°C and held for 7 min. Tt
(5'-AGTTGAGGGGACTTTCCAGGC-3). The mixture included 2—3g of injector and flame-ionization detector temperatures were 225 and 250°
poly(dl-dC) in a binding buffer, and incubation took place at room temperaturespectively. Fatty acid methyl esters were identified by comparison of retel
for 20 min. The resulting DNA—protein complexes were resolved on a 5%e@n times with authentic standards (GLC-422, GLC-87, GLC-68A, Nu-Chek:
nondenaturing polyacrylamide gel. Prep, Elysian, MN). Fatty acid values are presentegu@satty acid/100ug

Reverse transcriptase—polymerase chain reactiomterleukin 6 (IL-6) DNA.
mMRNA levels were determined using a semiquantitative RT-PCR method Statistical analysis. The data were analyzed using SAS (Statistical Anal-
Treated endothelial cells were lysed and total RNA was extracted usipgis System). Comparisons between treatments were made by one-w
RNA-STAT-60 (Tel TEST, Inc., Friendswood, TX) according to the manuANOVA with post-hoc comparisons of the means made by Fischer’s leas
facturer. To each 60-mm dish, 1 mL RNA STAT 60 was added and incubatsiginificance difference method (Snedecor and Cochran, 1974). Statistical prc
for 30 min at 4°C. At the end of the incubation period, 20l0chloroform was  ability of p < 0.05 was considered significant. EMSAs and RT-PCRs (se
added for RNA extraction, and samples were incubated for 5 min and cenffigs. 5, 6, and 7-9, respectively) were repeated three times.
fuged for 15 min at 12,00§) at 4°C. After collecting the upper phase, 60D
of isopropanol was added. Tubes were inverted and incubatedGftC for 20
min. At the end of the incubation period, tubes were further centrifuged at RESULTS
12,00@ at 4°C and the supernatant was discarded and each pellet was dis-
solved in 20uL DEPEC water and stored at70°C. Isolated RNA was ~ The present article is focused on effects of LTX and LTXD

quantified by determining the absorbance at 260 nm (1 unit absorbance bgig metabolism of cultured vascular endothelial cells. LTX is
equivalent to 42ug/mL RNA). Superscript Il reverse transcriptase (Gibciormed by several Cytochrome P450 isozymes (Fig. 1) witl

Laboratories) was used for reverse transcription of total RNA to total cDN h bei h inal . .
Specific primers were designed using the software package Oligo 5.0 (Natioﬁwoc rome P450 2C9 being the single most important one |

Biosciences Inc., Plymouth, MN) and were synthesized by MWG-Biotech InBepatic tissue (Draper and Hammock, 2000). Several recor
(High Point, NC). The primers sequence used for IL-6 weré 6CA AGG  binant cytochrome P450s have been shown to produce LT
AGG TAC TGG CAG AAA ACA-) 3’ and 8 (-GGA CGG CAT CAATCT  (Moran et al, 2000; Bylundet al. 1998), and which cyto-
CAG_GTG-) 3. OI_|gonucIeot|d_e primers used to amplify the porcme_houseChrome P450 primarily is responsible for LTX production in
keeping gengs-actin were published by Barchowsky al. (1998). The primer . . . . . .

sequence for IL-6 resulted in a product size of 365 bp. PCR reaction vﬁ@dome“al cells is under mvestlgatlon.. In our previous _paper
performed usingrag DNA polymerase (GIBCO Laboratories) using Perkin-We€ demonstrated cytochrome P450 in our endothelial ce
Elmer GeneAmp PCR system 9700. The annealing temperature for IL-6 vasltures (Henniget al,, 1999; Toborelet al.,1995a). LTXD is
62°C. Expression of IL-6 was studied using 41 cycles. At this cycle number thgrmed from LTX by soluble epoxide hydrolase(s) (Fig. 1).

relative concentrations of transcripts f@ractin and IL-6 could be estimated. This enzyme is active in our endothelial cell cultures. an
Cycling times were optimized to ensure that the amplification cycles were '

below the plateau level for the IL-6 gene. The amplified PCR products wer@€CIfiC activity of r_]ormal endothellgl cells was fou_nd to be
separated on a 2% TBE agarose gel, stained with SYBER Gold (Molecutd30 * 10 pmol of diol formed per min per mg protein.
Probes) and visualized using phosphoimaging technology (FLA-2000, Fulji,

Stamford, CT). LTX and LTXD Decrease Endothelial Barrier Function

Epoxide hydrolase activity. Harvested cells were suspended in 1 mL of
chilled sodium phosphate buffer (0.1 M, pH 7.4) containing 1 mM of EDTA, Figure 2 shows the effect of LTX and LTXD on endothelial
PMSF, and DTT. The cells were disrupted using a Polytron homogeniZgarrier function, expressed as albumin flux across endotheli
(9000 rpm for 30 s). The homogenate was centrifuged at @010 min at \onpjayers. The rationale for the chosen experimental trez

4°C. The supernatant was then used as enzyme extract. Protein concentrationnt tim nd ncentrations were b donr lts fr
was quantified using the Pierce BCA assay (Pierce, Rockford, IL), usiﬁHe es a concentrations were based on resufts fire

Fraction V bovine serum albumin (BSA) as the calibrating standard. Epoxi@€Vious StUdi?S- We have ShOV_Vn th_at ex.posing porcine va
hydrolase activity was measured using racerfifjfrans-1,3-diphenylpropene cular endothelial cells to 9@&M linoleic acid for 24 h was
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FIG. 2. Effect of 20, 40, or 6QuM methyl leukotoxin (LTX 20, LTX 40,
LTX 60) or methyl leukotoxin diol (LTXD 20, LTXD 40, LTXD 60) on
albumin transfer across cultured endothelial cell monolayers. Porcine vascu

Polar conjugates and other metabolites®

cultures.

FIG. 1. Structures and proposed metabolic pathway of the formation of
leukotoxin and leukotoxin diol from linoleic acid. Cytochrome P450 isozymes
(1) are thought to convert the fatty acid linoleate to leukotoxin (shown) or the

endothelial cells were treated with methyl leukotoxin or methyl leukotoxin diol
for 24 h. Values are means SEM,n = 6. "Significantly different from control

corresponding 12,13 regioisomer (isoleukotoxin), which are relatively stabteediated endothelial barrier dysfunction. Albumin transfe
1,2-disubstituted epoxides (Draper and Hammock, 2000). The leukotoxins ai€rqgss endothelial monolayers was not affected by 1-cyclc

converted to their corresponding diols predominantly by the soluble epoxi
hydrolase or sEH (2), which can be inhibited by compounds such as dicyc

ﬁ%xyl—B—dodecyl urea (1.3 0.36 nmol) alone compared to

hexyl urea (Greenet al, 2000a). Spontaneous reaction with glutathione i§0Ntrol cultures (1.14= 0.33 nmol).

very slow (3), but the leukotoxins can be converted to glutathione conjugates
enzymatically (Greenet al,, 2000b). The leukotoxin diols, which are thought

to be the major biologically reactive metabolite in the endothelial cell system,

can be metabolized further by a variety of pathways, including conjugation to

the corresponding glucuronic acids, cytochrome P450 based oxidation, or
B-oxidation (4).

sufficient to alter endothelial barrier function. By using 20—60
M LTX or LTXD, we assumed that linoleic acid is partially
oxidized to its corresponding epoxide or diol metabolite. In-
deed, it was shown that linoleic acid can be metabolized to
approximately 41% epoxide/diol metabolites in renal proximal
tubular cells (Moraret al, 2000). Treating endothelial cells
with LTXD for 24 h resulted in a concentration-dependent
increase in albumin transfer across the endothelium. Enriching
the media with LTX, on the other hand, only increased albumin
flux across the endothelium at @M with no effect observed
at 20 or 40uM.

Figure 3 shows that pretreating endothelial cells wita\3

Albumin Transfer (nmol)

LTX 60
Treatment

Control LTX 60 +1

of the soluble (cytosolic) epoxide hydrolase inhibitor 1-cyclo- FIG. 3. Effect of 1-cyclohexyl-3-dodecyl urea on leukotoxin-induced in-

hexyl-3-dodecyl urea fo2 h prior to treatment with 6uM

crease in albumin transfer across cultured endothelial cell monolayers. Porci

LTX decreased albumin flux across endothelial cell mon0|ay§scular endothelial cells were either left untreated (Control), treated with 6

ers compared to cultures treated only with LTX. Figure g

M LTX for 24 h (LTX 60), or pretreated with 3.M 1-cyclohexyl-3-dodecyl
rea (I) fa 2 h prior to cotreatment with 60M LTX for another 24 h (LTX

ShO\_’VS that ]-_'Cydf)hexyl"?"d()dec_yl urea p_artially protectegd + 1. values are means SEM,n = 6. " Significantly different from control
against linoleic acid as well as linoleic acid plus PCB 7Teultures.”Significantly different from cultures treated with GOM LTX.
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Albumin Transfer (nmol)

= < @ ;M 5 T
A
S :E — & FIG. 5. Effect of LTX, LTXD, or 1-cyclohexyl-3-dodecyl urea on LTX-
— jc induced activation of NRreB. Lane 1, porcine vascular endothelial cells left
- untreated (control); lanes 2 and 3, treated with 30 opBOLTX for 3 h; lanes
Treatment

4 and 5, treated with 30 or oM LTXD for 3 h; lane 6, pretreated with BM
FIG. 4. Effect of 1-cyclohexyl-3-dodecyl urea on linoleic acid or linoleic1-cyclohexyl-3-dodecyl urea f& h prior to treatment with 6@M LTX for

acid + PCB 77-induced increase in albumin transfer across cultured endoti@other 3 h.

lial cell monolayers. Porcine vascular endothelial cells were either left un-

treated (Control), treated with 90M linoleic acid for 30 h (LA), treated with

3.4 uM PCB 77 for 24 h (PCB), preexposed to @ linoleic acid for 6 h ~ activated NF«B, and this activation was inhibited by cotreat-

followed by coexposure to PCB 77 for another 24 h (HAPCB), pretreated ment with sulfaphenazole (Fig. 6).

with 3 uM 1-cyclohexyl-3-dodecyl urea (I) fo2 h prior to treatment with 90

uM linoleic acid for another 30 h (LA+ I), or pretreated with 3uM LTX and LTXD Increase IL-6 Gene Expression
1-cyclohexyl-3-dodecyl urea f@ h prior to treatment with LA+ PCB (LA +

PCB + ). Values are means SEM, n = 6. "Significantly different from Enrichment of the experimental media with 20, 40, or 6(
control cultures.’Significantly different than the respected cultures treateﬁM LTX or LTXD caused an increase in mRNA levels of IL-6
ithout the inhibitor. : ) .
ithout the inhibrtor (Fig. 7). mRNA levels of IL-6 were higher in LTX- or LTXD-
treated compared to untreated cultures. However, cells treat

LTX and LTXD Activate NFS with 40 and 60uM LTXD showed higher levels of IL-6

Similar to the endothelial permeability experiments, K&-
activation, as analyzed by EMSA, also was affected by treat-
ment with LTX or LTXD. NF«B is the critical transcription
factor that regulates the inflammatory cytokine network. For
example, NFxB is involved in regulation of gene expression
coding for inflammatory cytokines (e.g., IL-6) and adhesion
molecules, such as vascular cell adhesion molecule (VCAM-1)
and endothelial-leukocyte adhesion molecule-1. Figure 5
shows that LTX or LTXD can activate NkB. Both 60 uM
LTX or LTXD caused translocation of NkB to the nucleus.
This activation of NFkB was inhibited by pretreating endo-
thelial cells with 1-cyclohexyl-3-dodecyl urea prior to treat-
ment with 60uM LTX.

1 2 3 4
A Sy wren

Selective Inhibition of Cytochrome P450 2C9 Reduces
Linoleic Acid-Induced Activation of NkB

To provide evidence of LTX as being mediators of endo-
thelial cell activation, cells were coexposed to the cytochromeFIG. 6. Effect of linoleic acid or sulfaphenazole on linoleic acid-induced
P450 2C9 inhibitor sulfaphenazole (W) and linoleic acid activation of NF«xB. Lane 1, cells left untreated (control); lane 2, treated with

S 0 uM sulfaphenazole for 6 h; lane 3, treated with @8l linoleic acid for 6 h;
(90 MM)' SUIfa_phenaZOIG can mhllblt CytOChrome P450 2C%’;\ne 4, cotreatment with sulfaphenazole and linoleic acid for 6 h. Th&BIF-
known to contribute to LTX formation (Draper and Hammocksand was confirmed by supershift assay to be the transcriptionally actit

2000). Compared with control cultures, linoleic acid markedlys5/p65 homodimer.
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FIG. 7. Effect of LTX and LTXD on the IL-6 gene expression as analyzed by RT-PCR. Porcine vascular endothelial cells were treated with LTX or L
for 6 h. M, molecular weight marker; lane 1, control cultures; lanes 2—4, cultures treated with 20, 40, @dL80, respectively; lanes 5-7, cultures treated
with 20, 40, and 6QuM LTXD, respectively.

mRNA compared with the corresponding concentrations {#6.1+ 1.8 vs 3.7+ 0.9 ug fatty acid/100ug DNA; n = 6).
LTX-treated cells. Similar to IL-6, LTX induced adhesionExposure to PCB 77 alone had no effect on cellular linolei
molecule expression (VCAM-1) at levels as low as 2B acid levels. In contrast, exposure to linoleic acid for 6 I

(data not shown). followed by cotreatment with PCB 77 for an additional 24 h
resulted in a 11.3-fold cellular enrichment with linoleic acid
Inhibition of Epoxide Hydrolase Prevents IL-6 Gene compared to control cultures (42#44.7 vs 3.7+ 0.9 ug fatty
Expression Mediated by LTX or Linoleic Acid acid/100ug DNA; n = 6).
plus PCB 77
The LTX-induced expression of the IL-6 gene was blocked DISCUSSION

by the cytosolic epoxide hydrolase inhibitor 1-cyclohexyl-3-
dodecyl urea (Fig. 8). In contrast, prior enrichment of endo- e yascular endothelium is a susceptible target for injur
thelial cells with 25uM - a-tocopherol (vitamin E) did not egiated by free fatty acids and environmental toxins. There
prevent LTX-induced IL-6 gene expression (data not shown)m e evidence that free fatty acids and, in particular, linolei
Furthermore, 1-cyclohexyl-3-dodecyl urea (a potent solublgiy may cause activation and dysfunction of endothelial cel
epoxide hydrolase inhibitor) and, to a lesser extent, 1,3-diQf3enniget al, 1996b, 2000). The observation that linoleic acid
clohexyl urea (a moderately potent soluble epoxide hydrolasg,, amplify the toxicity of certain PCBs, such as coplana
inhibitor) protected against linoleic acid plus PCB 77-mediat Bs, raises questions about mechanisms involved in tt
induction of IL-6 mRNA as seen in Fig. 9. In contrast, cellulap,enomenon. It has been proposed that linoleic acid can indu
pretreatment with the microsomal epoxide hydrolase inhibitggqative stress (Hennigt al, 1996a; Toborelet al, 1996),
dodecyl_—amin_e did not protect against the linoleic acid or Pciﬁterfere with nitric oxide synthase activity (Davdg al,
77-mediated increase in mMRNA levels of IL-6. 1995), affect cell—cell adhesion and tight junction protein:
(Jianget al, 1998), and amplify a cytokine-mediated inflam-
matory response (Toborek al, 1996).

Itis not clear if linoleic acid itself or its oxidative derivatives

Endothelial cell exposure to culture media supplementedediate these metabolic and structural changes in endothel
with 90 uM linoleic acid for 30 h resulted in a 7-fold cellularcells. Linoleic acid hydroperoxide, for example, has been re
enrichment with this fatty acid compared to control culturgsorted to be associated with an increase in lipid peroxidation ¢

PCB 77 Increases Cellular Uptake and Accumulation
of Linoleic Acid
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FIG. 8. Effect of epoxide hydrolase inhibitors on LTX-induced IL-6 gene expression as analyzed by RT-PCR. Porcine vascular endothelial cells were
with 60 uM LTX for 6 h. In experiments that involved epoxide hydrolase inhibitors, cultures were pretreated withf@ 2 h prior to treatment with 6@.M
LTX. In cotreatment experiments the inhibitors were maintained for a total of 8 h. M, molecular weight marker; lane 1, control cultures; laid T80
for 6 h; lane 3, 3uM dodecyl-amine+ 60 uM LTX; lane 4, 3 uM 1-cyclohexyl-3-dodecyl urea 60 uM LTX.
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FIG. 9. Effect of linoleic acid, PCB, and/or epoxide hydrolase inhibitors on the IL-6 gene expression as analyzed by RT-PCR. Porcine vascular end
cells were pretreated with 90M linoleic acid far 3 h before exposure to 34M PCB for another 3 h. In experiments that involved epoxide hydrolase inhibitor:
cultures were pretreated with@V for 2 h prior to treatment with fatty acids and/or PCB. In cotreatment experiments, linoleic acid was maintained for a |
of 6 h and the epoxide hydrolase inhibitors were maintained for a total of 8 h. M, molecular weight marker; lane 1, control cultures; lane 2, linoe& lxci
lane 3, PCB 77 for 3 h; lane 4, linoleic acid PCB 77; lane 5, dodecyl-amine linoleic acid+ PCB 77; lane 6, 1,3-dicyclohexyl urealinoleic acid+ PCB
77; lane 7, 1-cyclohexyl-3-dodecyl urealinoleic acid + PCB 77.

endothelial cell phospholipids (Pacifiet al, 1994), an in- lium as a target for the cytotoxicity of leukotoxin diols (J.
crease in intracellular calcium levels (Sweetnedral, 1995), Zheng, personal communication). We demonstrated that pr
and disruption of the selective barrier function of vasculaxposure to the highly potent soluble epoxide hydrolase inhit
endothelial cells (Hennigt al, 1986). Another candidate ofitor 1-cyclohexyl-3-dodecyl urea, but not the microsoma
oxidative derivatives of polyunsaturated fatty acids that migkepoxide hydrolase inhibitor dodecyl-amine, can prevent th
mediate endothelial cell injury are 15-hydroperoxyeicosatdiTX-mediated increase in albumin transfer across the end
raenoic acid (15-HPETE) or 13-hydroperoxyoctadecadiendtwelium. Moreover, inhibition of the epoxide hydrolase mark-
acid (13-HPODE), which are the peroxidative derivatives @&dly reduced the amplified cytotoxicity of linoleic acid plus
arachidonic acid and linoleic acid, respectively. 15-HPETE aRiCB 77.
13-HPODE have been shown to cause cytotoxicity in endothe-The amplified toxicity of linoleic acid and PCBs to endo-
lial cells (Friedrichset al., 1999). thelial cells could also be mediated by cellular accumulation c
There is evidence that cytochrome P450 enzymes are ihis fatty acid and thus its availability as a substrate for th
volved in the production of leukotoxins (Rifkinet al, 1995; formation of cytotoxic epoxide metabolites. Due to the very
Laethemet al, 1996). It also has been reported that thlw basal activity of endothelial cell delta 6-desaturase, are
monoepoxides of linoleic acid;is-9,10-epoxyoctadec-12(z)- chidonic acid is not produced from linoleic acid significantly in
enoic acidéis-12,13-epoxyoctadec-9(z)-enoic acid (leukotoxithis type of cell (Spectoet al, 1981; Debry and Pelletier,
or LTX) or their diol derivatives (LTXD) are associated with1991), which can result in linoleic acid accumulation within
multiple organ failure and a fatal disorder called ARD®ndothelial cells (Spectost al, 1981; Hennig and Watkins,
(Hayakwaet al, 1990; Ozawaet al, 1991). In addition, LTX 1989). Furthermore, Matsuset al. (1999) demonstrated that
can cause high-permeability pulmonary edema in isolatedplanar PCBs can suppress delta 5 and delta 6 desatur
lungs and a dose- and time-dependent damage of cultuesdivities. Our data show that linoleic acid uptake and cellula
pulmonary vascular endothelial cells (Ishiza&kial, 1995). It accumulation of this fatty acid is markedly increased in the
is possible that LTX or LTXD mediate the activation of endopresence of PCB 77, further supporting our hypothesis th:
thelial cells after exposure to linoleic acid. In fact, our datRCB-induced endothelial cell dysfunction can be modulated
show that both LTX and LTXD disrupt endothelial barriethe cellular lipid milieu. These findings suggest that the am
function as measured by increased albumin transfer acrpdified toxicity observed when endothelial cells were expose
endothelial monolayers. Furthermore, LTXD caused endothe-both linoleic acid and PCB 77 could be due to the accumt
lial barrier dysfunction at lower concentrations compared witltion of linoleic acid, which then could act as a substrate fo
LTX, suggesting that the diol metabolites are the most cytthe formation of LTX or LTXD.
toxic in this system. Others have reported that the critical toxic It is also known that endothelial cells play a key role in the
lipid species are the result of the bioactivation of leukotoxins toflammatory response, both by the production of proinflam
their diol metabolites by epoxide hydrolases (Moghadddam matory cytokines and by their interaction with leukocytes
al., 1997). Symptoms reminiscent of ARDS and related sympinoleic acid has been shown to be a potent activator of th
toms can be caused in mice by injection of leukotoxin or itsanscription factor NReB in vascular endothelial cells (Hen-
diol, but only the diol is active if the animals are pretreatedig et al, 1996a, 2000). Here we show that LTX and LTXD
with a potent epoxide hydrolase inhibitor (Moghaddatal, can increase mMRNA levels of interleukin-6, which was associate
1997, Morisseawet al, 1999). Perivascular edema appears toith NF-«B activation. Coexposure of endothelial cells with
be the first lesion in the lung, suggesting the vascular endotliee cytochrome P450 2C9 inhibitor sulfaphenazole decreas
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linoleic acid-induced activation of NkB. Furthermore, both show thatw-6 fatty acids (e.g., linoleic acid) and environmen-
IL-6 mMRNA and NF«xB were downregulated upon preexpotal contaminants (e.g., PCB 77) can additively exacerba
sure to the cytoplasmic epoxide hydrolase inhibitor. This sugndothelial cell dysfunction. Mechanisms of this amplificatior
gests that LTX and LTXD are critical mediators in linoleicof response may include oxidative stress, enhanced cellul
acid-induced endothelial cell activation and dysfunction. Fuaptake and accumulation of linoleic acid, epoxide and dio
ther support of the cytotoxic properties of these linoleic acidrmation, and induction of epoxide hydrolase and cytochrom
metabolites was recently demonstrated by Magtal. (2000) P450 enzymes. Our data may have implications in understan
in renal proximal tubular cells, which metabolized linoleic acithg mechanisms of atherosclerosis mediated by dietary lipic
approximately to 41% epoxide/diol metabolites. Functionaihd environmental contaminants.
NF-«kB sites are involved in the transcription of IL-6 and IL-8
genes in response to inflammatory mediators. These cytokines ACKNOWLEDGMENTS
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al., 1992; Gerritsen and Bloor, 1993). Activated endothelial Supported in part by grants from NIEHS/EPA (1 P42 ES 07380 and 04699
cells also can express various adhesion molecules, includl¥§HS (RO1 ES02710 and P30 ES05707), NRICGP/USDA (97-35200-423
VCAM-1 and ICAM-1, which facilitate the adhesion of hema-"’sm _00-35200-9101), DOD, and the Kentucky Agricultural Experimenta
L . . tation. The content of this paper is solely the responsibility of authors an
topoietic cells to the endothelium (Yamaguetial, 1998). In  goes not necessarily represent the official view of NIEHS, NIH, or EPA.
fact, Younget al. (1998) have shown that treating vascular
endqthelial cells with Iinoleip acid resulted in increased pro- REFERENCES
duction of IL-8 and expression of ICAM-1. Our data suggest
that LTX may be in part responsible for the observed linole®archowsky, A., Roussel, R. R., Krieser, R. J., Mossman, B. T., and Trea
acid-mediated inflammatory response. Furthermore, by inhibwell, M. D. (1998). Expression and activity of urokinase and its receptor ir
iting cytoplasmic epoxide hydrolase with 1-Cyclohexyl-3-d0- endothelial and pulmonary epithelial cells exposed to asbeSmscol.
. . . . . Appl. Pharmacol152,388-396.
decyl urea, partial protection was observed against linoleic _
acid-mediated increase in albumin transfer as well as the (352" B Mebrahtu, T., Nazarian, S., Kurth, M. J., and Hammock, B. D
. 7(1995). Improved radiolabeled substrates for soluble epoxide hydrolas
regulation of IL-6 mRNA. These data support our hypothesisanai. Biochem231,188-200.
that LTXD is more CytOtOXiC than LTX and that linoleic Bylund, J., Ericsson, J., and Oliw, E. H. (1998). Analysis of cytochrome P45
acid-mediated activation of endothelial cells is partly mediatedmetabolites of arachidonic and linoleic acids by liquid chromatography
via cytoplasmic epoxide hydrolase, i.e., formation of LTXD mass spectrometry with ion trap M&8nal. Biochem265, 55-68.
from LTX. Davda, R. K, Stepniakowskim K. T., Lu, G., Ullian, M. E., Goodfriend, T. L.,
The induction of enzymes involved in the epoxidation of and Egan,_B. M (1995). Oleic acid inhibits endothelial nitric oxide synthase
linoleic acid or hydration of leukotoxin to its corresponding P & Protein kinase C-independent mechanistypertensior26, 764-770.
diol also may be important in the regulation of the observ bry, G., and Pelletier, X. L. (1991). Physiological importance»ed/w-6

.. . polyunsaturated fatty acids in man. An overview of still unresolved anc
cytotoxicity. Fisslthaleet al. (2000) have shown that a cyto- . i oversial questionExperientiad?, 172—178.

chrome P450 2C arachidonic acid epqugenase, WhICh IS rEﬁ)'nam, J. D., Lebovitz, R. M., and Roeder, R. G. (1983). Accurate transcrif
mologous to cytochrome P450 2C8/9, is expressed in CUItureaon initiation by RNA polymerase Il in a soluble extract from isolated
human endothelial cells and native porcine coronary arterymammalian nucleiNucleic Acids Resl1, 1474-1489.

endothelial cells. Interestingly, the induction of cytochromeraper, A. J., and Hammock, B. D. (2000). Identification of CYP2C9 as
P450 2C in native porcine coronary artery endothelial cells byhuman liver microsomal linoleic acid epoxygenasech. Biochem. Bio-
B-naphthoflavone enhanced the formation of 11,12-epoxyeicoP"ys-376,199-205.

satrienoic acid (Fisslthaleet al, 1999). Knowing that both Fisslthaler_, B._, Fleming, I., and_ Bussg, R. (2_000). EDHF: A cytochrome P45
B-naphthoflavone and coplanar PCB 77 activate genes ur]d-eneetabollte in coronary a.rtenes.emm. Perinatol24, 15-19. .

the control of aryl hydrocarbon receptors (AhR), one COullasslthaler, B., Popp, R., Kiss, L., Potente, M., Harder, D. R, Fleming, I., ant

. - ) Busse, R. (1999). Cytochrome P450 2C is an EDHF synthase in corona
speculate that AhR agonists may have the capability of induceries Nature 401, 493—497.

Ing the _Same batte_ry of genes, mC|Udmg the CYtOChrome P4159rahan, N. A. (1992). Atherosclerosis or lipoprotein-induced endothelic
2C family, which in turn could convert linoleic acid to its dysfunction.Circulation 85, 1927—1938.
epoxide(s). Based on relative polarity and experiments Wighedrichs, B., Toborek, M., Hennig, B., Heinevetter, L., Muller, C., and
other cell types, we anticipate that LTX and LTXD will enter Brigelius-Flohe, R. (1999). 13-HPODE and 13-HODE modulate cytokine
cells both as their free acids and the methyl esters used in thigduced expression of endothelial cell adhesion molecules differeBity.
study. factors9, 61-72.
In mmar r rt th n h i rritsen, M. E., and Bloor, C. M. (1993). Endothelial cell gene expression il
. su a y’. our data .suppo t t € co Cep.t that spec ﬁeresponse to injuryFASEB J.7, 523-532.
dietary fatty acids (e.g., linoleic acid) can activate vascular -
endothelial cells. We provide evidence that linoleic acid me: cene: J- F- Newman, J. W, Williamson, K. C., and Hammock, B. D
. ’ P ) . . . . (2000a). Toxicity of epoxy fatty acids and related compounds to cells
ta_t’pl|te§v such as .Ieukotoxms', and their diol derivatives, ar€xpressing human soluble epoxide hydrolasieem. Res. Toxicol3, 217—
critical in endothelial cell activation. Furthermore, our data 226.



192 SLIM ET AL.

Greene, J. F., Williamson, K. C., Newman, J. W., Morisseau, C., and Hafmaethem, R. M., Balazy, M., and Koop, D. R. (1996). Epoxidation of C18
mock, B. D. (2000b). Metabolism of monoepoxides of methyl linoleate: unsaturated fatty acids by cytochromes P4502C2 and P45020Audg
Bioactivation and detoxificatiorArch. Biochem. Biophy376,420-432. Metab. Dispos24, 664—668.

Hayakawa, M., Kosaka, K., Sugiyama, S., Yokoo, K., Aoyama, H., Izawa, YLpustarinen, R., Boberg, M., and Saldeen, T. (1993). Fatty acid composition |
and Ozawa, T. (1990). Proposal of leukotoxin, 9,10-epoxy-12-octadecenototal phospholipids of human coronary arteries in sudden cardiac deat
ate, as a burn toxirBiochem. Int21, 573-579. Atherosclerosi®9, 187-193.

Hegsted, D. M., McGandy, R. B., Myers, M. L., and Stare, F. J. (1965Mantovani, A., Bussolino, F., and Dejana, E. (1992). Cytokine regulation o
Quantitative effects of dietary fat on serum cholesterol in rdan. J. Clin. endothelial cell functionFASEB J.6, 2591-2599.

Nutr. 17, 281-295. Matsusue, K., Ishii, Y., Ariyoshi, N., and Oguri, K. (1999 ). A highly toxic

Hennig, B., Alvarado, A., Ramasamy, S., Boissonneault, G. A., Decker, E.,coplanar polychlorinated biphenyl compound suppresses Delta5 and Delt
and Means, W. J. (1990). Fatty acid induced disruption of endothelial barrierdesaturase activities which play key roles in arachidonic acid synthesisinr

function in culture.Biochem. Arch6, 409—-417. liver. Chem. Res. Toxicol2, 1158-1165.

Hennig, B., Enoch, C., and Chow, C. K. (1987). Protection by vitamin Elensink, R. P. (1993). Effects of the individual saturated fatty acids on serur
against endothelial cell injury by linoleic acid hydroperoxiddstr. Res7, lipids and lipoprotein concentrationAm. J. Clin. Nutr.57, 711S-714S.
1253-1260. Moghaddam, M. F., Grant, D. F., Cheek, J. M., Greene, J. F., Williamsor

Hennig, B., Meerarani, P., Ramadass, P., Watkins, B. A., and Toborek, MK. C., and Hammock, B. D. (1997). Bioactivation of leukotoxins to their
(2000). Fatty acid-mediated activation of vascular endothelial ddié$ab- toxic diols by epoxide hydrolasé&at. Med.3, 562-566.
olism 49, 1006-1013. Moran, J. H., Mitchell, L. A., Bradbury, J. A, Qu, W., Zeldin, D. C.,

Hennig, B., Ramasamy, S., Alvarado, A., Shantha, N. C., Boissonneault, G. A.Schnellmann, R. G., and Grant, D. F. (2000). Analysis of the cytotoxic
Decker, E. A., and Watkins, B. A. (1993). Selective disruption of endothelial properties of linoleic acid metabolites produced by renal and hepatic P45C
barrier function in culture by pure fatty acids and fatty acids derived from Toxicol. Appl. Pharmacol168,268-279.
animal and plant fats]. Nutr. 123,1208-1216. Morisseau, C., Goodrow, M. H., Dowdy, D., Zheng, J., Greene, J. F.

Hennig, B., Shasby, D. M., Fulton, A. B., and Spector, A. A. (1984). Exposure Sanborn, J. R., and Hammock, B. D. (1999). Potent urea and carbame
to free fatty acid increases the transfer of albumin across cultured endotheinhibitors of soluble epoxide hydrolase®roc. Natl. Acad. Sci. USA6,
lial monolayers Arteriosclerosis4, 489—-497. 8849-8854.

Hennig, B., Shasby, D. M., and Spector, A. A. (1985). Exposure to fatty acfozawa, T., Hayakawa, M., Kosaka, K., Sugiyama, S., Ogawa, T., Yokoo, K
increases human low density lipoprotein transfer across cultured endotheliahoyama, H., and Izawa, Y. (1991). Leukotoxin, 9,10-epoxy-12-octadecenc
monolayersCirc. Res.57, 776—780. ate, as a burn toxin causing adult respiratory distress syndréwme.

Hennig, B., Enoch, C., and Chow, C. K. (1986). Linoleic acid hydroperoxide Prostaglandin Thromboxane Leukotriene R25B, 569-572.
increases the transfer of albumin across cultured endothelial monolayétacifici, E. H., McLeod, L. L., and Sevanian, A. (1994). Lipid hydroperoxide-
Arch. Biochem. Biophy®248§1), 353-357. induced peroxidation and turnover of endothelial cell phospholigtdse

Hennig, B., Slim, R., Toborek, M., and Robertson, L. W. (1999). Linoleic acid Radical Biol. Med.17, 297-309.
amplifies polychlorinated biphenyl-mediated dysfunction of endothelifietsch, A., Weber, C., Goretzki, M., Weber, P. C., and Lorenz, R. L. (1995
cells.J. Biochem. Mol. Toxicoll3, 83-91. N-3 but not N-6 fatty acids reduce the expression of the combined adhesi

Hennig, B., Toborek, M., Joshi-Barve, S., Barger, S. W., Barve, S., Mattson,@nd scavenger receptor CD 36 in human monocyte cekdl. Biochem.

M. P., and McClain, C. J. (1996a). Linoleic acid activates nuclear transcrip-Funct. 13, 211-216.
tion factor-kappa B (NF-kappa B) and induces NF-kappa B-dependeRrifkind, A. B., Lee, C., Chang, T. K., and Waxman, D. J. (1995). Arachidonic
transcription in cultured endothelial celldm. J. Clin. Nutr.63, 322—-328. acid metabolism by human cytochrome P450s 2C8, 2C9, 2E1, and 1A

Hennig, B., Toborek, M., McClain, C. J., and Diana, J. N. (1996b). Nutritional Regioselective oxygenation and evidence for a role for CYP2C enzymes
implications in vascular endothelial cell metabolismAm. Coll. Nutr.15, arachidonic acid epoxygenation in human liver microsoresh. Biochem.
345-358. Biophys.320, 380—-389.

Hennig, B., and Watkins, B. A. (1989). Linoleic acid and linolenic acid: EffecR0ss, R. (1993). The pathogenesis of atherosclerosis: A perspective for t
on permeability properties of cultured endothelial cell monolayans. J. 1990s.Nature 362, 801-809.

Clin. Nutr. 49, 301-305. Schramm, H., Robertson, L. W., and Oesch, F. (1985). Differential regulatio
Hodgson, J. M., Wahlqvist, M. L., Boxall, J. A., and Balazs, N. D. (1993). Can Of hepatic glutathione transferase and glutathione peroxidase activities in t

linoleic acid contribute to coronary artery diseage®. J. Clin. Nutr.58, rat. Biochem. PharmacoB4, 3735-3739.

228-234. Sevanian, A., Mead, J. F., and Stein, R. A. (1979). Epoxides as products

Hoebel, B. G., Steyrer, E., and Graier, W. F. Origin and function of epoxyei- lipid autoxidation in rat lungsLipids 14, 634—643.
cosatrienoic acids in vascular endothelial cells: More than just endotheliu®lim, R., Toborek, M., Robertson, L. W., Lehmler, H. J., and Hennig, B.
derived hyperpolarizing factor? (199&}lin. Exp. Pharmacol. PhysioR5, (2000). Cellular glutathione status modulates PCB-induced stress respor
826-830. and apoptosis in vascular endothelial cellexicol. Appl. Pharmacoll66,

Ishizaki, T., Akai, M., Shigemori, K., Demura, Y., Ameshima, S., and Sasaki, 36—42.
F. (1995). Lung injury and pulmonary vascular endothelial cell injidijpon ~ Snedecor, G. W., and Cochran, W. G. (1978}atistical Methods7th ed.,
Kyobu Shikkan Gakkai Zass&8(Suppl.), 219-24. lowa State University Press, Ames, IA.

Jiang, W. G., Bryce, R. P., Horrobin, D. F., and Mansel, R. E. (1998%pector, A. A, Kaduce, T. L., Hoak, J. C., and Fry, G. L. (1981). Utilization
Regulation of tight junction permeability and occludin expression by poly- of arachidonic and linoleic acids by cultured human endothelial cells
unsaturated fatty acid&iochem. Biophys. Res. Commad4,414—-420. J. Clin. Invest.68, 1003-1011.

Kok, F. J., van Poppel, G., Melse, J., Verheul, E., Schouten, E. G, Kruyss&weetman, L. L, Zhang, N. Y, Peterson, H., Gopalakrishna, R., and Sevanie
D. H. C. M., and Hofman, A. (1991). Do antioxidants and polyunsaturated A. (1995). Effect of linoleic acid hydroperoxide on endothelial cell calcium
fatty acids have a combined association with coronary atherosclerosishomeostasis and phospholipid hydrolystgch. Biochem. Biophys323,
Atherosclerosis31, 85-90. 97-107.



LEUKOTOXINS AND PCB-MEDIATED ENDOTHELIAL DYSFUNCTION 193

Toborek, M., Barger, S. W., Mattson, M. P., Barve, S., McClain, C. J., anatkins, B. A., Li, Y., Allen, K. G., Hoffmann, W. E., and Seifert, M. F.
Hennig, B. (1996). Linoleic acid and TN&-cross-amplify oxidative injury (2000). Dietary ratio of (r6)/(n—3) polyunsaturated fatty acids alters the
and dysfunction of endothelial celld. Lipid Res.37,123-135. fatty acid composition of bone compartments and biomarkers of bon

Toborek, M., Barger, S. W., Mattson, M. P., Espandiari, P., Robertson, L. W.,formation in rats.J. Nutr. 130, 2274-2284.
and Hennig, B. (1995a). Exposure to polychlorinated biphenyls causéam, D., Eliraz, A., and Berry, E. M. (1996). Diet and disease, the Israel
endothelial cell dysfunctionl. Biochem. Toxicol10, 219-226. paradox: Possible dangers of a high omega-6 polyunsaturated fatty acid di

Toborek, M., Barger, S. W., Mattson, M. P., McClain, C. J., and Hennig, B. Is- J. Med. Sci32,1134-1143.

(1995b). Role of glutathione redox cycle in TNF-alpha-mediated endotheldamaguchi, H., Ishii, E., Tashiro, K., and Miyazaki, S. (1998). Role of umbilical

cell dysfunction.Atherosclerosisl17,179-188. vein endothelial cells in hematopoiedi®uk. Lymphoma&1, 61—-69.
Toborek, M., and Hennig, B. (1994). Fatty acid-mediated effects on théoung, V. M., Toborek, M., Yang, F., McClain, C. J., and Hennig, B. (1998).
glutathione redox cycle in cultured endothelial cefsn. J. Clin. Nutr.59, Effect of linoleic acid on endothelial cell inflammatory mediatdvietab-

60-65. olism47,566-572.



	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6
	FIG. 7

	DISCUSSION
	FIG.8
	FIG. 9

	ACKNOWLEDGMENTS
	REFERENCES

