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Abstract
Exposure to persistent organic pollutants, such as polychlorinated biphenyls (PCBs) can cause
endothelial cell (EC) activation by inducing pro-inflammatory signaling pathways. Our previous
studies indicated that linoleic acid (LA, 18:2), a major omega-6 unsaturated fatty acid in the American
diet, can potentiate PCB77-mediated inflammatory responses in EC. In addition, omega-3 fatty acids
(such as α-linolenic acid, ALA, 18:3) are known for their anti-inflammatory properties. We tested
the hypothesis that mechanisms of PCB-induced endothelial cell activation and inflammation can be
modified by different ratios of omega-6 to omega-3 fatty acids. EC were pretreated with LA, ALA,
or different ratios of these fatty acids, followed by exposure to PCB77. PCB77-induced oxidative
stress and activation of the oxidative stress sensitive transcription factor nuclear factor κB (NF-κB)
were markedly increased in the presence of LA and diminished by increasing the relative amount of
ALA to LA. Similar protective effects by increasing ALA were observed by measuring NF-κB-
responsive genes, such as vascular cell adhesion molecule-1 (VCAM-1) and cyclooxygenase-2
(COX-2). COX-2 catalyzes the rate limiting step of the biosynthesis of prostaglandin E2 (PGE2).
PCB77 exposure also increased PGE2 levels, which were down-regulated with relative increasing
amounts of ALA to LA. The present studies suggest that NF-κB is a critical player in the regulation
of PCB-induced inflammatory markers as modulated by omega-6 and omega-3 fatty acids.
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1. Introduction
Substantial evidence from epidemiological studies suggests that cardiovascular diseases are
linked to environmental pollution. For example, there was a significant increase in mortality
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from cardiovascular diseases among Swedish capacitor manufacturing workers exposed to
polychlorinated biphenyls (PCBs) for at least five years [1], and most excess deaths were due
to cardiovascular disease in power workers exposed to phenoxy herbicides and PCBs in waste
transformer oil [2]. Furthermore, an increase in hospitalization rates was reported for coronary
heart disease in populations residing near areas contaminated with persistent organic pollutants
[3]. A recent study still found excessive concentrations of PCBs in the serum of Yusho victims,
35 years after accidental poisoning with PCBs in Nagasaki, Japan [4]. Interestingly, lipid
peroxidation was markedly enhanced in these victims as well. These studies suggest that
populations near contaminated sites are at increased risk to develop cardiovascular diseases,
and in particular in the presence of additional risk factors, such as hypertriglyceridemia and an
associated persistent state of oxidative stress. There is evidence linking the aryl hydrocarbon
receptor (AhR) with mechanisms associated with cardiovascular diseases [5] and that AhR
ligands may be atherogenic by disrupting the functions of endothelial cells in blood vessels.

Dysfunction of endothelial cells is a critical underlying cause of the initiation of cardiovascular
diseases such as atherosclerosis [6]. Severe endothelial cell activation and injury can lead to
necrotic and apoptotic cytotoxicity, and ultimately to disruption of endothelial integrity. The
mechanisms by which environmental chemicals induce endothelial cell activation, oxidative
stress and inflammation are not fully understood. Oxidative stress-induced transcription
factors, which regulate inflammatory cytokine and adhesion molecule production, play critical
roles in the induction of inflammatory responses. One of these transcription factors, nuclear
factor κB (NF-κB), plays a significant role in these regulatory processes [7]. Binding sites for
NF-κB and related transcription factors were identified in the promoter regions of a variety of
inflammatory genes [8,9] such as interleukin 6 (IL-6), vascular cell adhesion molecule-1
(VCAM-1) or cyclooxygenase-2 (COX-2), all of which are up-regulated during PCB toxicity
[4,10-12].

Of increasing recognition is the paradigm that nutrition can modulate the toxicity of
environmental pollutants and thus affect health and disease outcome associated with chemical
insult [13]. Evidence suggests that nutrition can influcence the lipid milieu, oxidative stress
and antioxidant status within cells, and thus modulate mechanisms of cytotoxicity mediated
by environmental pollutants [14]. For example, certain dietary fats may increase the risk to
environmental insult induced by PCBs, while fruits and vegetables, rich in antioxidant and
anti-inflammatory nutrients or bioactive compounds, may provide protection [13].

Specific fatty acids rich in plant oils, such as linoleic acid (the parent omega-6 fatty acid), can
amplify PCB toxicity in vascular endothelial cells [15]. There is also evidence that elevated
levels of linoleic acid may enhance the cellular availability of PCBs [16]. Furthermore,
coplanar PCBs can suppress delta 5 and 6 desaturase activities, thus disrupting the synthesis
of fatty acid precursors for eicosanoid metabolism [17]. Our own data from plasma and livers
of LDL receptor-deficient mice support the hypothesis that treatment with PCBs can facilitate
clearance of linoleic acid from plasma into vascular tissues [18]. Such a change in lipid milieu
could exacerbate fatty acid- and/or PCB-induced oxidative stress and a vascular inflammatory
response.

In contrast to omega-6 fatty acids, omega-3 fatty acids can influence cardiovascular disease
pathology by beneficially modulating inflammation. Epidemiological and interventional
studies have shown a dose-dependent decrease in risk of cardiovascular disease endpoints with
increased dietary consumption of moderate amounts of omega-3 fatty acids, either plant or
marine derived [19]. Cardio-protective properties of omega-3 fatty acids include down-
regulation of proinflammatory and proatherogenic genes, including adhesion molecules and
cytokines, during early atherogenesis and possibly also during later stages of plaque
development and plaque rupture [20]. For example, an α-linolenic acid-rich oil decreased
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oxidative stress and CD40 ligand in patients with mild hypercholesterolemia [21], reduced
levels of soluble cell adhesion molecules in plasma [22] and recurrence of coronary heart
disease [23].

The current study was designed to test the hypothesis that PCB-induced endothelial cell
inflammation can be enhanced by omega-6 fatty acids and antagonized by omega-3 fatty acids.
We focused on omega-6 and omega-3 fatty acids, which are most commonly consumed in the
average U.S. diet [24].

2. Materials and Methods
2.1. Cell culture and experimental media

Endothelial cells were isolated from porcine pulmonary arteries and cultured as previously
described [25]. Arteries obtained during routine slaughter were donated from the College of
Agriculture, University of Kentucky. The basic culture medium consisted of medium 199
(M-199) (GIBCO Laboratories, NY) containing 10% (v/v) fetal bovine serum (FBS, HyClone
Laboratories, UT). The experimental media were composed of M-199 enriched with 5% (v/v)
FBS and with different ratios of linoleic acid (LA) to α-linolenic acid (ALA) (□ 99% pure; Nu-
Chek Prep, MN). Preparation of experimental media with LA and ALA were performed as
described earlier [26]. Different ratios of LA to ALA were 2:1, 1:1, and 1:2 (v/v), and the total
concentration of fatty acids in all the cultures did not exceed 20 μM. Following the pretreatment
with fatty acids for 18 h, cells were exposed to coplanar PCB77 for indicated times (6 to 24
h). PCB77 was solubilized in DMSO (sterile-filtered, Sigma-Aldrich, MO) and the final
concentration in the cell culture media was 3.4 μM. This level was chosen because it has been
reported in serum after acute exposure to PCBs [27,28]. The final concentration of DMSO in
the culture media did not exceed 0.03%. All vehicle controls and PCB treated cultures contained
the same amount of DMSO. On the other hand, controls for fatty acid experiments did not
contain DMSO. In NF-κB inhibition studies, cells were first pre-enriched with 50 μM PDTC
(EMD Biosciences, Inc., CA) for 4 h, then treated with PCB77 or LA.

2.2. Measurement of oxidative stress
Cellular oxidation was determined by 2′, 7′-dichlorofluorescein (DCF) fluorescence as
described earlier [29]. This method is based on the conversion of 2′, 7′-dichlorofluorescin into
fluorescent 2′, 7′-dichlorofluorescein by oxygen reactive species, primarily peroxyl radicals
and peroxides. Cells were pretreated with different fatty acids followed by PCB77 treatment.
Then cells were incubated with 100 μM 2, 7-dichlorofluorescin diacetate (Molecular Probes,
Inc., OR) for 30 min. A multi-well fluorescent plate reader (Molecular Devices, CA) was
utilized for the imaging study. Excitation and emission wavelengths were 490 and 520 nm
respectively.

2.3. Transcription factor NF-κB activation studies: electrophoretic mobility shift assay
(EMSA)

Nuclear extracts containing active proteins were prepared from cells according to the method
of Beg et al. [30]. Binding reactions were performed in a 20 μL volume containing 7 μg of
nuclear protein extracts. Nuclear extracts were incubated for 25 min with 32P-end-labeled
oligonucleotide probes containing enhancer DNA element NF-κB (5′
AGTTGAGGGGACTTTCCCAGGC 3′) (Santa Cruz Biotech, CA). Following binding, the
protein-DNA complexed and uncomplexed DNA in the mixture were resolved on native 5%
polyacryamide gels using 0.5□ TBE buffer (50 mM Tris-Cl, 45 mM boric acid, 0.5 mM EDTA,
pH 8.4) and visualized by autoradiography. Control reactions using supershift assay were
performed to demonstrate the specificity of the shifted DNA-protein complexes for NF-κB.
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2.4. Analysis of VCAM-1 and COX-2 gene expression by real-time PCR
Total RNA was extracted from endothelial cells using RNA-STAT-60 (TEL-TEST,
Friendswood, TX) according to the manufacturer’s protocol. Reverse transcription was
performed using the AMV reverse transcription system (Promega, WI). The levels of mRNAs
and the PCR-product were then assessed by real-time PCR using 7300 Real Time PCR System
(Applied Biosystems, CA). Real-time PCR samples were mixed with SYBR Green Master
Mix (Applied Biosystems, CA) and VCAM-1 or COX-2 specific primers. The sequences for
porcine VCAM-1 and COX-2 gene were designed by Primer Express Software 3.0 for real-
time PCR (Applied Biosystems, CA). VCAM-1 sequences: sense, 5′-
TGGAAAGACATGGCTGCCTAT-3′; antisense, 5′-ACACCACCCCAGTCACCATA
TC-3′. COX-2 sequences: sense, 5′-TGCTGAAGCCCTATCGATCA-3′; antisense, 5′-
TACAGCTCCATGGCATCAATG-3′ (Integrated DNA Technologies, Inc., IA). β-actin was
used as a housekeeping gene in both VCAM-1 and COX-2 studies. β-actin sequences: sense,
5′-TCATCACCATCGGCAACG-3′; antisense, 5′-TTCCTGATGTCCACGTCG-3′
(Integrated DNA Technologies, Inc., IA).

2.5. Measurement of VCAM-1and COX-2 protein levels by western blot
Cells were harvested using cell lysis buffer as previously described [31]. Protein samples were
resolved by SDS-PAGE using 10% gradient gels and transferred electrophoretically to
nitrocellulose membranes using a Bio-Rad immunoblot transfer apparatus (Bio-Rad
Laboratories, CA) according to the manufacturer’s instructions. The nonspecific sites on the
membrane were blocked for 1 h at room temperature with 5% nonfat dry milk in TBST followed
by incubation with VCAM-1 or COX-2 primary antibodies (Santa Cruz Biotech, CA) overnight
at 4 °C. Bands were visualized using the appropriate horseradish peroxidase-conjugated
secondary antibody followed by ECL immunoblotting detection reagents (Amersham Biosci,
UK). Detection and quantitative analysis were performed using a digitizing system (UN-
SCAN-IT, Silk Scientific Corporation, UT).

2.6. PGE2 determination
Cells were seeded in 60 mm culture dishes (Becton Dickinson Labware, NJ) and grown to
confluence. After pre-treatment with LA, ALA, or different ratios of these fatty acids, cells
were exposed to PCB77. Supernatants of cell cultures were collected into microcentrifuge tubes
(Isc BioExpress, UT), centrifuged at 4 °C to remove cellular debris and stored at -80 °C.
PGE2 levels were assessed using a PGE2-specific enzyme immunoassay (EIA) (Cayman
Chemicals, MI) following the manufacturer’s protocol. Absorbance at 405 nm was detected
using a microplate spectrophotometer SpectraMaxPro M2 (Molecular Devices Corporation,
CA). Results were expressed in ng/mL.

2.7. Statistical analysis
Values are reported as mean ± standard error of the mean (SEM) of at least three independent
experiments performed on triplicate sets of endothelial cells derived from the same porcine
artery. Data were analyzed using Sigma Stat software (Jandel Corp., Wan Rafael, CA). One
way ANOVA followed by post hoc least significant difference(LSD)’s pairwise multiple
comparison procedure were used for statistical analysis of the original data. A statistical
probability of p< 0.05 was considered significant.
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Results
Different ratios of linoleic acid (LA) to α-linoleic acid (ALA) modulate cellular oxidative stress
induced by exposure to PCB77

To assess the effects of changing relative amounts of LA to ALA on oxidative stress generation
in the absence and presence of PCB77, EC were incubated with different ratios of LA to ALA
for 24 h without PCB77 exposure, or pre-incubated with different ratios of LA to ALA for 18
h and then exposed to PCB77 for an additional 6 h. As indicated in Fig. 1, in the absence of
PCB77, LA significantly induced oxidative stress as observed by DCF fluorescence compared
with control cells. When increasing the relative amount of ALA, a significant decrease in
oxidative stress was observed in all groups containing more ALA than LA. In the PCB77
treatment group, oxidative stress was increased significantly compared with the control group,
and pretreated cells with LA followed by PCB77 further induced oxidative stress compared
with cells that were treated only with PCB77 or LA. Replacing LA with relative increasing
amounts of ALA significantly reduced the additive effect of both LA and PCB on oxidative
stress. Furthermore, cells pretreated with ALA followed by exposure to PCB77 blocked the
oxidative stress induced with PCB77 treatment alone.

Different ratios of linoleic acid (LA) to α-linoleic acid (ALA) modulate PCB77-induced NF-κB
DNA binding activity

Oxidative stress can alter gene expression via the activation of redox sensitive transcription
factors such as NF-κB [32]. We further investigated the effects of changing the relative amounts
of LA to ALA on PCB77-induced NF-κB activation. First, EC were incubated with different
ratios of LA to ALA for 6 h. As shown in Fig. 2A, LA significantly induced NF-κB activation.
When introducing ALA into the media, the activity of NF-κB significantly decreased compared
with cells treated with only LA. As indicated in Fig. 2B, cells were also pretreated first with
different ratios of LA to ALA for 18 h, followed by exposure to PCB77 for an additional 6 h.
Compared to the control group, exposure to PCB77 significantly increased NF-κB DNA
binding activity and this effect of PCB77 was further increased in the presence of supplemental
LA. When introducing ALA into the media, the activity of NF-κB significantly decreased
compared with cells treated with only LA plus PCB77. When cultures were pretreated only
with ALA, a PCB77-induced increase in NF-κB DNA binding was completely blocked when
compared with the control group.

Different ratios of linoleic acid (LA) to α-linoleic acid (ALA) modulate PCB77-induced VCAM-1
expression

NF-κB is critical in the regulation and expression of inflammatory genes, such as adhesion
molecule VCAM-1. Expression of VCAM-1 on EC represents one of the early pathological
changes in immune and inflammatory diseases, such as atherosclerosis [33]. We investigated
whether PCB77-induced VCAM-1 expression was mediated by changing the ratios of LA to
ALA. As indicated in Fig. 3A, VCAM-1 gene expression, measured by real-time PCR, was
up-regulated after exposure to PCB77. LA pre-treatment alone followed by PCB77 increased
VCAM-1 gene expression, which was reduced with a relative increase in ALA. This real-time
PCR data was confirmed by measuring VCAM-1 protein levels by western blot (Fig. 3B).

Different ratios of linoleic acid (LA) to α-linoleic acid (ALA) modulate PCB77-induced COX-2
expression and subsequent PGE2 production

Another inducible pro-inflammatory enzyme controlled by NF-κB is COX-2 [34]. To assess
whether different ratios of LA to ALA can modulate PCB77-induced COX-2 up-regulation,
real time RT-PCR was performed on total cell RNA. Similar to the NF-κB data, PCB77-
induced COX-2 mRNA levels were attenuated by increasing relative amounts of ALA (Fig.
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4A). These data were confirmed by measuring protein levels of COX-2 by western blot (Fig.
4B).

The inducible COX-2 isoform plays a key role in inflammation and is the rate-limiting enzyme
for prostaglandin synthesis. In order to assess COX-2 activity, we measured PGE2 production.
As shown in Fig. 5A, PCB77 significantly induced PGE2 production in a time-dependent
manner. We also pretreated cells with different ratios of LA to ALA for 18 h followed by
exposure to PCB77 for an additional 24 h. As indicated in Fig. 5B, compared to the control
group, LA significantly increased PGE2 production, which was further enhanced by PCB77
exposure. Substituting relative amounts of LA with ALA markedly decreased the PCB-induced
PGE2 production.

Inhibition of NF-κB decreases PCB77-and linoleic acid (LA)-induced VCAM-1 and COX-2
expression

In order to confirm that NF-κB is a critical transcription factor in PCB77-induced endothelial
inflammatory response as modulated by fatty acids, we studied the effect of PDTC (a potent
and specific inhibitor of NF-κB) on PCB77- and LA-mediated VCAM-1 and COX-2
expression by real time RT-PCR. As shown in Fig. 6, PDTC significantly decreased PCB77-
and LA-induced VCAM-1 (Fig. 6A) and COX-2 (Fig. 6B) expression, respectively.

4. Discussion
Exposure to environmental toxicants such as persistent organic pollutants can significantly
compromise heath, and there is evidence that PCBs are proatherogenic. In fact, epidemiological
studies with humans demonstrate a link between cardiovascular diseases and exposure to
environmental pollutants. For example, an increase in hospitalization rates was reported for
coronary heart disease in populations residing near areas contaminated with persistent organic
pollutants [3]. Endothelial cells which line the inner layer of blood vessels are an important
cell type involved in the regulation of metabolic events associated with the pathology of
atherosclerosis. Dysfunction of the vascular endothelium is considered to be a critical
underlying cause of the initiation of cardiovascular diseases such as atherosclerosis [6].
Environmental toxicants, once absorbed, distribute themselves to tissues, especially adipose,
where they are in dynamic equilibrium with the blood. Thus, risk factors of pollutants such as
PCBs are chronic and can continuously amplify pathologies of diseases that are associated with
endothelial dysfunction. Data from our present study confirm that endothelial exposure to
PCB77 provides a prooxidative cellular environment, sufficient to induce oxidative stress-
sensitive transcription factors such as NF-κB and associated inflammatory events characteristic
of early events in the pathology of atherosclerosis.

The diet is a major route of exposure to environmental toxic pollutants, such as persistent
organic pollutants, including PCBs. Since many of these pollutants are fat soluble, fatty foods
are not only unhealthy risk factors by themselves, but they usually contain higher levels of
persistent organics than vegetable matter [35]. Thus, high-fat foods may pose as multiple risk
factors in contributing to diet-derived proatherogenic lipids as well as environmental toxicants.
We have published previously that linoleic acid uptake is enhanced in the presence of PCB77,
both in vitro and in vivo [18,36]. Our recent data also support the hypothesis that membrane
domains called caveolae play a critical role in PCB-mediated endothelial activation [37].
Furthermore, we have evidence that PCBs can accumulate in the caveolae fraction of
endothelial cells (unpublished data). These data may suggest an interaction of fatty acids and
PCBs at the caveolae level, which also might explain possible facilitated cellular uptake of
PCBs in the presence of specific fatty acids.

Wang et al. Page 6

Chem Biol Interact. Author manuscript; available in PMC 2009 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Since omega-6 rich oils are prooxidative and can amplify PCB-mediated dysfunction of
endothelial cells [15], and since omega-3 rich oils exhibit cardio-protective properties [19,
20], we were interested in comparing the effect of linoleic acid (the parent omega-6 fatty acid)
and α-linolenic acid (the parent omega-3 fatty acid) on modulating PCB-mediated endothelial
inflammatory events. Linoleic acid is the major fatty acid in common vegetable oils, and current
estimates indicate that over 90% of the omega-3 consumed by U.S. citizens is in the form of
α-linolenic acid, not the longer chain omega-3 fatty acids found in fish oils [24]. Nevertheless,
many types of fish which are an excellent source of long-chain omega-3 fatty acids are often
contaminated with persistent organic pollutants such as PCBs. Whether the cardio-protective
omega-3 fatty acids in fish neutralize or markedly decrease the potential health risks associated
with exposure to persistent organic pollutants is not known. There appears to be some
consensus that regular fish consumption should be encouraged for its overwhelming cardio-
protective properties [38,39].

Using an established cell culture model, our data clearly demonstrate that increasing the relative
amount of α-linolenic acid (ALA) over linoleic acid (LA) protects against PCB-mediated
endothelial activation. We have previously observed that linoleic acid can amplify PCB-
mediated dysfunction of vascular endothelial cells [15]. We also have demonstrated that
antioxidants such as vitamin E can protect against PCB-mediated endothelial cell activation
[40]. There is increasing evidence that nutrition can dictate the lipid milieu, oxidative stress
and antioxidant status within cells, and thus modulate mechanisms of cytotoxicity mediated
by environmental pollutants [14]. Many environmental pollutants induce signaling pathways
that respond to oxidative stress and lead to inflammatory events; and many of these same
pathways are associated with the etiology and early pathology of many chronic diseases [41].

Our data support the hypothesis that the lipid milieu within the vascular endothelium can either
upregulate or downregulate inflammatory events induced by PCB77. We have shown
previously that 18-carbon fatty acids differing in degree of unsaturation selectively induce an
inflammatory environment in human endothelial cells [42]. Of the fatty acids studied, linoleic
acid stimulated NF-κB transcriptional activation the most. In addition, treatment with this fatty
acid markedly enhanced mRNA levels of TNF-α, monocyte chemoattractant protein 1 (MCP-1)
and adhesion molecules such as VCAM-1 [42]. In contrast, treatment with α-linolenic acid had
minimal effects on these inflammatory markers. Interestingly, in the current study, a relative
increase in α-linolenic acid over linoleic acid markedly reduced inflammatory markers induced
by exposure to PCB77.

Mechanisms of the lipid and PCB interactions on endothelial inflammatory events are not clear,
but our data suggest that NF-κB is a critical player in the overall regulation of these events.
We have previously demonstrated that PCB77-mediated activation of NF-κB can be blocked
by pretreatment with pyrrolidine dithiocarbamate (PDTC), suggesting regulatory functions of
PCB-induced endothelial cell activation through NF-κB signaling [40]. In the present study,
we demonstrated that inhibition of NF-κB markedly reduced both PCB and linoleic acid -
mediated endothelial inflammation. NF-κB binds to and affects the function of several genes
encoding proteins mediating inflammation, and inhibition of NF-κB by PDTC resulted in
reduced neutrophil infiltration in lungs, liver and hearts of rabbits infused with
lipopolysaccharide (LPS) [43]. A recent study demonstrated that inhibition of NF-κB in aged
vessels significantly attenuated inflammatory gene expression and inhibited monocyte
adhesiveness [44].

Protective mechanisms of omega-3 fatty acids on down-regulation of PCB-induced vascular
inflammation are not well understood. PCBs have been reported to induce arachidonic acid
release in human platelets [45], and in rat amnion fibroblast cells [46] with a subsequent
increase in eicosanoid formation. Our data suggest that linoleic acid can enhance and α-
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linolenic acid inhibit these events. One inhibitory mechanism may be a relative decrease in
substrate availability for PGE2 formation during cellular enrichment with α-linolenic acid
[47]. Others have reported that eicosapentaenoic acid can inhibit TNF-α induced endothelial
cell inflammation via PI3K/Akt signaling pathways [48], pathways which also can regulate
NF-κB DNA binding [31]. Omega-3 fatty acids also have been shown to inhibit NF-κB
activation via peroxisome proliferators-activated receptor alpha signaling [49].

In summary, the current study demonstrates that diet-derived lipids can modulate PCB77
stimulated activation of endothelial cells by affecting oxidative stress sensitive signaling
pathways (Figure 7), including activation of NF-κB and up-regulation of inflammatory genes.
Our data contribute to the paradigm that nutrition can modulate the toxicity of environmental
pollutants and thus affect health and disease outcome associated with chemical insult [13].
Whether an increase in the consumption of omega-3 polyunsaturated fatty acids can be used
therapeutically against inflammation that is mediated in part by environmental pollutants
warrants further study.
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Abbrevations
PCB, polychlorinated biphenyl
EC, endothelial cell
LA, linoleic acid
ALA, α-linolenic acid
NF-κB, nuclear factor κB
VCAM-1, vascular cell adhesion molecule-1
COX-2, cyclooxygenase-2
PGE2, prostaglandin E2
AhR, aryl hydrocarbon receptor
IL-6, interleukin 6
DCF, dichlorofluorescein
EMSA, electrophoretic mobility shift assay
MCP-1, monocyte chemoattractant protein 1
TNF-α, tumor necrosis factor-alpha
PDTC, pyrrolidine dithiocarbamate
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Fig. 1.
Effect of different ratios of linoleic acid (LA) to α-linoleic acid (ALA) on PCB77-induced
oxidative stress. Cultures were incubated in media supplemented with 20 μM fatty acids, either
all LA, all ALA, or different ratios of LA to ALA (R2:1, R1:1, R1:2) for 24 h. Some cultures
were first pre-treated with these different ratios of fatty acids for 18 h, followed by coexposure
to 3.4 μM PCB77 for additional 6 h. C = vehicle control. Values are means ± SEM (n = 3).
Statistical comparisons of the two experimental settings (without and with added PCB77) are
indicated by small and capital letters. Different letters represent significant differences among
the treatment groups.
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Fig. 2.
Effect of different ratios of linoleic acid (LA) to α-linoleic acid (ALA) on PCB77-induced
activation of NF-κB. Cells were treated with 20 μM of LA, ALA, or different ratios of LA to
ALA (R2:1, R1:1, R1:2) for 6 h (Fig. 2A), or cells were treated with these fatty acids for 18 h
prior to exposure to 3.4 μM PCB77 for an additional 6 h (Fig. 2B). C = vehicle control.
Experiments were repeated three times, and the blots shown are a representative of one of the
experiments. The bar graph shows the corresponding densitometric analysis of the blots. Values
are means ± SEM. Different letters represent significant differences among treatment groups.
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Fig. 3.
Effect of different ratios of linoleic acid (LA) to α-linoleic acid (ALA) on PCB77-induced
expression of VCAM-1. Endothelial cells were pretreated with 20 μM of LA, ALA, or different
ratios of LA to ALA (R2:1, R1:1, R1:2) for 18 h and then exposed to 3.4 μM PCB77 for
additional 6 h for VCAM-1 mRNA measurement (Fig. 3A) or 8 h for VCAM-1 protein level
measurement (Fig. 3B). C = vehicle control. β-actin was used as a housekeeping gene in both
mRNA and protein measurements. Experiments were repeated three times, and the blots shown
are a representative of one of the experiments. Values are means ± SEM. Different letters
represent significant differences among treatment groups.
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Fig. 4.
Effect of different ratios of linoleic acid (LA) to α-linoleic acid (ALA) on PCB77-induced
expression of COX-2. Cells were pretreated with 20 μM of LA, ALA, or different ratios of LA
to ALA (R2:1, R1:1, R1:2) for 18 h and then exposed to 3.4 μM PCB77 for additional 6 h for
COX-2 mRNA measurement (Fig. 4A) or 8 h for COX-2 protein level measurement (Fig. 4B).
C = vehicle control. β-Actin was used as a housekeeping gene in both mRNA and protein
measurements. Experiments were repeated three times, and the blots shown are representative
of one of the experiments. Values are means ± SEM. Different letters represent significant
difference among treatment groups.
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Fig. 5.
Effect of different ratios of linoleic acid (LA) to α-linoleic acid (ALA) on PCB77-stimulated
release of PGE2 from EC. Cells were exposed to 3.4 μM PCB77 for 6, 18 and 24 h (Fig. 5A).
In Fig. 5B, cells were incubated in media supplemented with 20 μM fatty acids, either all LA,
all ALA, or different ratios of LA to ALA (R2:1, R1:1, R1:2) for 18 h. Some cultures were
first pre-treated with these different ratios of fatty acids for 18 h, followed by co-exposure to
3.4 μM PCB77 for additional 24 h. C = vehicle control. Supernatants of cell cultures were
collected and PGE2 levels were measured by enzyme immunoassay. Bars represent means ±
SEM from three independent experiments. Statistical comparisons of the two experimental
settings (without or with added PCB77) are indicated by small or capital letters.
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Fig. 6.
Effect of NF-κB inhibitor on PCB77- or linoleic acid (LA)-induced VCAM-1 and COX-2
expression. Cells were exposed to 3.4 μM PCB77 or 20 μM LA alone for 6 h, or first pre-
enriched with 50 μM PDTC for 4 h followed by coexposure to PCB77 or LA for additional 6
h. C (PCB77) = vehicle control for PCB77; C (LA) = control for linoleic acid. PCB77- or LA-
induced VCAM-1 (Fig. 6A) and COX-2 (Fig. 6B) mRNA levels, as measured by real-time
RT-PCR. β-Actin was used as a housekeeping gene. Experiments were repeated three times.
Values are means ± SEM. Different letters represent significant difference among treatment
groups.
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Fig. 7.
Proposed mechanism for fatty acid-mediated modulation of endothelial cell activation induced
by PCB77. Omega-6 or omega-3 fatty acids can either enhance or reduce PCB77-induced up-
regulation of oxidative stress and activation of NF-κB. Relative activation of NF-κB will further
regulate VCAM-1, as well as COX-2 enzyme activity and subsequent PGE2 release from
endothelial cells.
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