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ABSTRACT

Omega-3 polyunsaturated fatty acids (n-3 PUFAs) found in fish protect against cardiovascular
morbidity and mortality; however, many individuals avoid fish consumption due to concerns
about pollutants. We tested the hypothesis that n-3 PUFAs would prevent vascular dysfunction
induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). C57Bl/6 male mice were fed a chow
or n-3 PUFA diet for 10 weeks and were exposed to vehicle or 300 ng/kg/d TCDD during the
final 2 weeks on each diet. Aortic vasoconstriction mediated by arachidonic acid (AA) +
SKF525 (P450 inhibitor) or SQ29548 (thromboxane/prostanoid (TP) receptor antagonist) was
assessed. RBC fatty acids and expression of n-3 and n-6 PUFA metabolites were analyzed.
Cytochrome P4501A1 (CYP1A1), CYPIBI, and aryl hydrocarbon receptor (AHR) expression
was measured. TCDD significantly increased AA-mediated vasoconstriction on a chow diet by
increasing the contribution of P450s and TP receptor to the constriction response. In contrast,
the n-3 PUFA diet prevented the TCDD-induced increase in AA vasoconstriction and normalized
the contribution of P450s and TP receptor. While TCDD increased the levels of AA
vasoconstrictors on the chow diet, this increase was prevent by the n-3 PUFA diet. Additionally,
the n-3 PUFA diet significantly increased the levels of n-3 PUFA-derived vasodilators and
TCDD increased these levels further. Interestingly, the n-3 PUFA diet significantly attenuated
CYPIAT1 induction by TCDD without a significant effect on AHR expression. These data
suggest that n-3 PUFAs can prevent TCDD-induced vascular dysfunction by decreasing
vasoconstrictors, increasing vasodilators, and attenuating CYP1A1 induction, which has been

shown previously to contribute to TCDD-induced vascular dysfunction.
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Both prospective cohort studies and randomized clinical trials have shown that omega-3
polyunsaturated fatty acids (n-3 PUFAs), specifically eicosapentaenoic acid (EPA, 20:5n-3) and
docosahexaenoic acid (DHA, 22:6n-3), protect against cardiovascular morbidity and mortality,
including reducing cardiac events (Kris-Etherton et al. 2002), decreasing the progression of
atherosclerosis, and reducing hypertension (Morris et al. 1993; Toft et al. 1995). As a result of
this evidence the American Heart Association recommends that all individuals consume an
average of 0.5-1 g of EPA+DHA daily (Kris-Etherton et al. 2002). Despite these
recommendations, intake of EPA+DHA in the U.S. averages 0.1-0.2 g/d (Kris-Etherton et al.

2000).

Dietary n-3 PUFA intake in the U.S. is low, in part, due to concern about environmental
pollutants accumulated in fish. In general, consumer’s awareness of the potential risk posed by
pollutants is higher than their awareness of the benefits of fish consumption (Verbeke et al.
2005). All fifty U.S. states as well as the U.S. Environmental Protection Agency, and Food and
Drug Administration issue separate advisories on fish consumption due to the presence of these
pollutants. These advisories are often complex and conflicting, leading to confusion of the public
and health care providers. This confusion is further compounded by a limited number of studies
that have investigated health risks versus benefits of fish consumption. While a few studies have
attempted to estimate a risk-benefit ratio using probabilistic models (Sioen et al. 2008a; Sioen et
al. 2008b; Sioen et al. 2008c), no studies have experimentally investigated the interaction of n-3

PUFAs and environmental pollutants on a defined clinical health outcome.

Halogenated aromatic hydrocarbons, exemplified by polychlorinated dibenzo-p-dioxins,
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dibenzofurans, and biphenyls, represent one class of persistent environmental contaminants that
accumulates in fish. Our previous research demonstrates that exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), the most potent and prototypical halogenated aromatic
hydrocarbon, induces vascular dysfunction, hypertension, and cardiac hypertrophy via induction
of cytochrome P4501A1 (CYP1A1) (Kopf et al. 2010a). Specifically, we show that the TCDD-
induced vascular dysfunction is mediated by a loss of vasodilation via increased oxidative stress.
Recently, however, it has been shown that TCDD also increases cytochrome P450-dependent
metabolites of arachidonic acid (AA, 20:4n-6) that lead to vasoconstriction (Bui et al. 2012;
Yang et al. 2013; Hankinson 2016). The potential impact of these vasoconstrictors to TCDD-

induced vascular dysfunction has not been investigated.

This study was designed to investigate the degree to which TCDD induces vascular
dysfunction via AA-generated vasoconstrictors and elucidate the ability of n-3 PUFAs to prevent
this toxic response. While studies have suggested that n-3 PUFAs might protect against toxicity
of halogenated aromatic hydrocarbon pollutants in cultured endothelial cells and hepatocytes
(Majkova et al. 2011; Turkez et al. 2011b), no studies have investigated the potential for n-3
PUFAs to protect against pollutant-induced cardiovascular disease in vivo. Thus, we tested the
hypothesis that a diet enriched with n-3 PUFAs would prevent TCDD-induced vascular

dysfunction.
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MATERIALS AND METHODS

Chemicals. Arachidonic acid (AA), SKS525, SQ29548, and 20-hydroxyeicosatetraenoic acid
(20-HETE) were purchased from Cayman Chemical (Ann Arbor, MI). Potassium chloride
(KCI), acetylcholine, phenylephrine and all ingredients of physiological saline and homogenation
buffer were purchased from Sigma-Aldrich (St. Louis, MO). TCDD was a gift from Dr. Richard

E. Peterson (University of Wisconsin-Madison).

Diets. Standard mouse chow (2020X, Teklad Diets, Harlan Laboratories, Madison, WI) was
prepared using soybean oil (65 g oil/kg diet), while the n-3 PUFA diet was prepared using
menhaden fish oil (TD.110516; 150 g oil/kg diet, Teklad Diets). The nutrient and fatty acid
composition of each diet is shown in Table 1. As expected n-3 PUFA fatty acids were highly
enriched in the n-3 PUFA diet (36% of total fatty acids versus 8% in chow diet) and the n-6
PUFA fatty acids were greatly reduced (4.1% versus 53% in chow diet). In addition, the n-3
PUFA diet contained more total fat by weight, a higher percentage of saturated fatty acids, and
slightly higher Kcal/g than the standard chow diet. The protein and carbohydrate composition of

the two diets were similar.

Animals. C57BL/6J male mice were housed in a temperature-controlled environment and fed
standard mouse chow. At three months of age, mice were continued on standard mouse chow or
were fed an n-3 PUFA-enriched chow diet for ten weeks as described previously (Agbor et al.
2014). After eight weeks on the respective diets, mice were randomly assigned to receive dough

pills (Bio-Serv, Frenchtown, NJ) containing vehicle (1,4-p-dioxane) or 300 ng/kg/d TCDD for
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two weeks, as described previously (Walker ef al. 2012). When tissues were harvested, mice
were anesthetized with a single intraperitoneal injection of ketamine/xylazine (80/4 mg/kg) and
euthanized by exsanguination. Packed RBCs were collected for analysis of fatty acid
composition (OmegaQuant, Souix Falls, SD). Tissues were weighed and flash frozen. All
animal protocols were approved by the University of New Mexico Animal Care and Use
Committee (#:100849) and the investigations conformed to the Guide for the Care and Use of
Laboratory Animals published by the U. S. National Institutes of Health (NIH Publication No.

85-23, revised 1996).

Analysis of aortic vasoreactivity. Aortas were cleaned in ice cold physiological saline (130 mM
NaCl, 4.7 mM KCl, 1.18 mM KH;POy4, 1.17 mM MgSQy4, 14.9 mM NaHCOs3, 5.5 mM glucose,
26 uM CaNa,EDTA, 1.8 mM CaCl,, pH 7.4), cut into 3 mm segments and rings mounted in a
wire myograph (Radnoti Glass Technology Inc., Monrovia, CA) attached to a force transducer
(Grass Technologies, West Warwick, RI). Vessel viability was confirmed by constriction to 100
mM KCI. After a 30 min wash and phenylephrine (10 M) constriction, endothelial viability
was confirmed by minimum of 50% acetylcholine-mediated dilation (10 M). To assess
responses to AA, dose-dependent vasoconstriction (10 — 10™ M) was recorded prior to and after
30 min incubation with either SKF525 (25 uM) or SQ29548 (100 nM). To assess responses to
20-HETE, constriction to a single dose (10°* M) was recorded prior to and after 30 min

incubation with SQ29548 (100 nM).

Analysis of gene expression. Total RNA was isolated from the liver, kidney, aorta, heart, and

lung using RNeasy kit (Qiagen, GmbH, Germany). cDNA was synthesized using iScript Select
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cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) with the supplied random primers
and 250 ng RNA. PCR amplification was performed using an iCycler (Bio-Rad Laboratories)
with a reaction mixture comprised of iQ SYBR Green Supermix (Bio-Rad Laboratories) with
500 nM cytochrome P4501A1 (CYP1Al), CYP1BI1, CYP4al2, prostaglandin-endoperoxide
synthase 2 (PTGS2, cyclooxygenase 2) or RNA polymerase II (Pol2, reference) primers (Sigma-
Aldrich, KiCqStart® SYBR® Green Primers, Table 1S) and 250 pg cDNA/ul. Cycle threshold
data for both the target gene and reference gene were used to calculate mean normalized

expression as previously described (Lund et al. 2003).

Analysis of AHR and CYP1A1 protein expression. Heart and lung tissue were homogenized
either in lysis buffer (20mM Tris, pH 7.5, 150mM NaCl, ImM EDTA, 1mM EGTA, 1% triton
X-100, Complete Mini Protease Inhibitor Cocktail Tablets (Roche, Mannheim, Germany)) for
microsomal protein analysis or in a modified lysis buffer (25mM HEPES, pH 7.4, 20mM
NaMoOg, SmM EGTA, 3mM MgCl,, 10% glycerol, 50uM leupeptin, 20pg/mL aprotonin) for
whole protein analysis. Protein concentration was determined by Micro BCA Protein Assay Kit
(Thermo Scientific, Rockford, IL), and microsomal- and total protein were analyzed for
CYPIA1 and AHR, respectively, by Western blot. Protein samples were denatured by heating at
95°C in SDS loading buffer for 5 min, resolved by electrophoresis on a 10% SDS-
polyacrylamide gel, and transferred to a PVDF membrane. Membranes were probed using goat
polyclonal anti-CYP1A1 (1:500, Santa Cruz Biotech, Dallas, TX) or anti-AHR (Novus
Biologicals, Littleton, CO), followed by donkey anti-goat I[gG-HRP secondary antibody
(1:20,000, Santa Cruz Biotech). Detection was performed using ECL reagent (Western

Lighting™-ECL kit, Perkin Elmer) and imaged on a ProteinSimple FluorChem system
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(ProteinSimple, Santa Clara, CA). Membranes were then stripped using a mild stripping buffer,
probed using a rabbit polyclonal anti-GAPDH primary antibody in heart homogenates, anti-f3-
actin in lung homogenates and anti-cytochrome P450 reductase (CYPOR) in microsomes (1:500
dilution) and a goat anti-rabbit [gG-HRP secondary antibody (1:2000 dilution). Band intensity

was quantified using AlphaView SA digital image software.

Analysis of cytochrome P450 eicosanoids and fatty acids. Cytochrome P450-generated
eicosanoids, including epoxyeicosatrienoic acids (EETs) from AA, and epoxyeicosatetraenoic
acids (EEQs) and epoxydocosapentaenoic acids (EDPs) from EPA and DHA, respectively, were
determined from liver and plasma of control and TCDD-exposed mice fed a chow or n-3 PUFA-
enriched diet (n=8/treatment/diet) as described previously (Arnold ez al. 2010b). Briefly, plasma
(100 pl) or homogenized tissue samples (30 mg aliquots) were mixed with internal standards (10
ng of each 20-HETE-d6; 14,15-EET-dS; 14,15-dihydroxyeicosatrienoic acid-d11; and 15-HETE-
d8 (Cayman Chemical) and subjected to alkaline hydrolysis. The metabolites were extracted by
solid-phase extraction and quantified by liquid chromatography tandem mass spectrometry (LC-
MS/MS). Fatty acid analysis was conducted by LC-MS; details are described in supplemental

methods and in Table 2S and 3S.

Statistical analysis. Data are expressed as mean + SEM. Dose-response data and area under the
AA-mediated constriction curves + inhibitors were analyzed by repeated measures, two-way

ANOVA with post hoc Holm-Sidak comparisons. Treatment- and diet-related changes were
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analyzed by two-way analysis of variance (ANOVA) with post hoc Holm-Sidak comparisons. p

< 0.05 was considered statistically significant.

10
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RESULTS

TCDD Increased Liver Weight and the n-3 PUFA Diet Attenuated this Increase

We first sought to determine if TCDD had any toxic effects reflected by changes in body or
organ weights, or liver oxidative stress markers, and whether these effects were altered by the n-
3 PUFA diet. Body weight was not altered by treatment or diet (Table 2). In contrast, TCDD
significantly increased liver weight by 13 + 2.4% on the chow diet. While TCDD increased liver
weight by 8.4 + 1.7% on the n-3 PUFA diet, this increase was not statistically significant. Liver
oxidative stress, as assessed by thiobarbituric acid reactive substances and the ratio of reduced to
oxidized glutathione, was not altered by treatment or diet (data not shown). Lastly, the n-3
PUFA diet significantly increased kidney weight and kidney-to-body weight ratio in both control

and TCDD treatment groups, compared to the chow diet.

TCDD and an n-3 PUFA Diet Differentially Affect RBC Fatty Acid Composition

To determine the effects of diet and TCDD exposure on fatty acid levels, the fatty acid
composition of RBCs from control and TCDD-exposed mice fed a chow or n-3 PUFA diet were
analyzed. Unsaturated and monounsaturated fatty acids varied with diet, but there were no
effects of TCDD treatment (Figure 1S). In contrast, mice fed an n-3 PUFA diet exhibited
significantly higher percentages of the n-3 PUFAs, EPA and DHA, and significantly lower
percentages of n-6 PUFAs, linoleic acid (LA, 18:2n-6) and AA, compared to mice fed a chow
diet (Table 3). Since the n-3 PUFA diet contained less of the n-3 PUFA precursor, a-linolenic
acid (ALA, 18:3n-3), than the chow diet, mice fed the n-3 PUFA diet exhibited significantly

lower percentages of ALA.

11
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TCDD significantly increased the percentage of ALA in mice on both diets, compared to
control mice, which might suggest an inhibition of the desaturase and elongase enzymes that
convert the precursor ALA to it longer chain metabolites, EPA and DHA. In support of this, we
found that TCDD significantly reduced the percentage of DHA on a chow diet and reduced the
metabolite/precursor ratio of EPA+DHA/ALA on both diets. Since the same enzymes convert
the n-6 precursor LA to its longer chain metabolite AA, we also assessed the AA/LA ratio.
While TCDD did not alter the percentage of the n-6 precursor LA, it reduced the percentage of
AA on a chow diet and reduced the AA/LA ratio on a chow diet. Overall, these data suggest that

TCDD may hinder the long chain PUFA biosynthesis pathway.

TCDD Enhanced AA-mediated Vasoconstriction and n-3 PUFAs Prevented this Enhancement
Since AA mediates vasoconstriction by P450-dependent metabolites (Escalante ez al. 1989) and
TCDD significantly induces a number of P450s, AA-mediated vasoconstriction in aortas from
control and TCDD-exposed mice fed a chow or n-3 PUFA diet was analyzed. We found that
TCDD significantly increased the magnitude of AA constriction in mice on a chow diet and this
increase was prevented in mice fed an n-3 PUFA diet, as observed from the AA dose-response

curves (Figure 1A) and area under the curve (AUC) analysis of AA constriction (Figure 1B).

TCDD Enhanced the P450 and Thromboxane/Prostanoid Receptor Contribution to AA
Vasoconstriction and n-3 PUFA Diet Normalized These Contributions

To further dissect the contribution of P450s and the thromboxane/prostanoid (TP) receptor to
constriction mediated by the metabolism of exogenously applied AA, aortic rings from control

and TCDD-exposed mice fed a chow or n-3 PUFA diet were incubated with a global P450

12
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inhibitor (SKF525) or a TP receptor antagonist (SQ29548), and the AA dose-response repeated.
Both P450 inhibition and TP receptor antagonism significantly reduced AA-mediated
constriction in control and TCDD treatment groups on both diets, but the greatest reduction was
observed in TCDD-exposed mice on a chow diet (Figure 1C, Table 4). In mice exposed to
TCDD on a chow diet, nearly 80% of AA constriction was P450 dependent and 92% was
mediated via the TP receptor, which was significantly higher than 55% and 69%, respectively, in
control mice fed a chow diet. In contrast, in mice fed an n-3 PUFA diet and then exposed to
TCDD, the percent contribution of P450s and TP receptor agonism to AA-mediated
vasoconstriction was 65% and 71%, respectively. These values were significantly lower than
TCDD-exposed mice on a chow diet, but were not different than control mice on the n-3 PUFA

diet..

TCDD Increased AA-derived Vasoconstrictors and n-3 PUFA Diet Attenuated This Increase
AA mediates vasoconstriction via the P450 hydroxylase metabolite 20-hydroxyeicosatetraenoic
acid (20-HETE) (Escalante et al. 1989; Imig et al. 1996; Toth et al. 2013), although the P450
hydroxylase metabolite 19-HETE has also been reported to cause vasoconstriction (Escalante et
al. 1989). Thus, the expression of these two metabolites in liver and plasma were analyzed.
TCDD significantly increased 20-HETE in the liver of mice on both diets (Figure 2A), while
levels in control and TCDD groups were significantly attenuated on the n-3 PUFA diet. TCDD
also significantly increased 19- and 20-HETE in plasma of mice on a chow diet, and this increase
was prevented by the n-3 PUFA diet (Figure 2B). These data suggest that TCDD increases AA-

derived vasoconstrictors and that the n-3 PUFA diet prevents or attenuates these increases.
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Since CYP4A12 is the major P450 isoform that generates 20-HETE in male mice (Muller
et al. 2007), we further investigated whether TCDD also increased the levels of CYP4A12-
generated hydroxylase metabolites of EPA and DHA, 20-hydroxyeicosapentaenoic acid (20-
HEPE) and 22-hydroxydocosahexaenoic acid (22-HDHA). We found that TCDD significantly
increased 20-HEPE in liver and plasma of mice on both diets and 22-HDHA only in plasma of

mice fed the n-3 PUFA diet (Figure 2C and D).

20-HETE Induced Constriction via TP Receptor in Mouse Aorta

While 20-HETE has been shown to induce vasoconstriction in various vascular beds, its ability
to constrict the mouse aorta has never been reported. Thus, to confirm that 20-HETE could
induce constriction in the mouse aorta and the degree to which this was mediated by the TP
receptor, the effects of 20-HETE =+ TP receptor antagonist in aortic rings of control mice on a
chow diet were assessed. We found that 20-HETE significantly induced constriction of the

mouse aorta and this response was blocked by a TP receptor antagonist (Figure 3A and B).

TCDD Induced Cyclooxygenase 2 in Lung but not Cyp4al2 in Liver or Kidney

As noted above 20-HETE is predominately generated by CYP4A12 in male mice and in some
vascular beds vasoconstriction by 20-HETE is dependent on subsequent cyclooxygenase
metabolism to a TP receptor agonist (Escalante et al. 1989; Schwartzman ef al. 1989; Muller et
al. 2007; Toth et al. 2011). Thus, the mRNA expression of Cyp4al?2 in the liver and kidney, and
prostaglandin-endoperoxide synthase 2 (aka cyclooxygenase 2) was analyzed in the lung,
representing the tissues where they are predominately expressed. Cyp4al2 mRNA was

significantly higher in tissues of mice fed an n-3 PUFA diet, but its expression was not altered by

14
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TCDD (Figure 4A). In contrast, cyclooxygenase 2 mRNA was significantly induced by TCDD,

but its expression was not altered by diet (Figure 4B).

TCDD Selectively Increased CYP Epoxygenase Metabolites of n-6 and n-3 PUFAs

In addition to focusing on the generation of- and response to- vasoconstrictors, we sought to
determine if vasoprotective effects of the n-3 PUFA diet were associated with increases in P450-
generated vasodilators. Thus, the levels of the vasodilatory epoxide metabolites from AA, EPA,
and DHA were assessed. The epoxide metabolites of AA (EETs) were higher on the chow diet
than the n-3 PUFA diet and TCDD increased 11,12-EET in the liver and 8,9-, 11-12-, and 14,15-
EET in plasma (Fig 5A and B). The epoxide metabolites of EPA and DHA (EEQs and EDPs)
were all higher on the n-3 PUFA diet than the chow diet, except 5,6-EEQ which was not detected
in plasma, and TCDD significantly increased four of the 10 metabolites both liver and plasma;
17,18-EEQ, and 10,11-, 16,17- and 19,20-EDP (Figure 5C-F). We also compared the sum (Z) of
EETs, EEQs, and EDPs, based on diet and treatment. In both liver and plasma we found that
YEET derived from AA was significantly higher on the chow diet, while the XEEQ and XEDP
derived from EPA and DHA, respectively, were significantly higher on the n-3 PUFA diet
(Figure 5G and H). In particular, XEEQs and XEDPs were 20-80x and 2-4x higher, respectively,
in liver and plasma on the n-3 PUFA diet, compared to the chow diet. Further, TCDD induced

significant increases in the ZEEQs and ZEDPs in the liver and all metabolites in plasma.

These epoxide metabolites are subsequently converted to less active fatty acid diols by
soluble epoxide hydrolase and this conversion, as assessed by the ratio of the epoxide/diol

product, was largely unaffected by diet or TCDD treatment (Figure 2S). Additionally, the
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products of PUFA autoxidation and metabolism by lipoxygenase (LOX) 5, 12, and 15 were
analyzed. We found that the n-3 PUFA products were higher on the n-3 PUFA diet and the n-6
PUFA products were high on the chow diet, and that six of the 23 products (11-HETE, 5-HEPE,
15-HEPE, 11-HDHA, 17-HDHA, and 20-HDHA) were significantly increased by TCDD

(Figures 3S-6S).

n-3 PUFA Diet Reduced TCDD-induced Cyplal and Cyplbl Expression in Selected Tissues
Since TCDD induces Cyplal and Cyplbl, which can metabolize AA, EPA and DHA largely to
vasodilatory products, we measured their mRNA expression in a number of tissues. As expected
TCDD significantly induced Cyplal in all tissues on both diets (Figure 6A-E). Interestingly,
however, the n-3 PUFA diet significantly reduced basal and TCDD-induced Cyplal mRNA
expression in the kidney, heart, and lung, compared to the chow diet. Similarly, TCDD induced
Cyplbl mRNA in the liver and heart, and the n-3 PUFA diet significantly attenuated this
induction. In contrast, TCDD induced Cyp1bl in the lung, suppressed it in the kidney, and had

no effect in aorta, and none of these levels was altered by diet.

To determine whether the decrease in Cyplal mRNA expression by the n-3 PUFA diet
was associated with a decrease in protein expression as well as a decrease in AHR, the primary
transcriptional regulator of Cyplal, CYP1A1 and AHR protein expression from heart and lung
by western blot was measured. We found that the n-3 PUFA diet significantly attenuated
TCDD-induced CYP1A1 protein expression, compared to level of TCDD induction on the chow
diet (Figure 7A-D). However, we did not observe any significant change in AHR expression

(data not shown).

16
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DISCUSSION

This work shows for the first time that a diet enriched with n-3 PUFAs can prevent
vascular dysfunction induced by the persistent environmental pollutant, TCDD. This protection
is associated with a decrease in P450-generated vasoconstrictors that agonize the TP receptor,
including the AA metabolite, 20-HETE. Additionally, this protection is associated with an
increase in P450-generated vasodilatory epoxide metabolites from EPA and DHA, which are
further increased by TCDD exposure, potentially contributing to vasoprotective mechanisms
afforded by the n-3 PUFA diet. Finally, we observed that n-3 PUFAs significantly reduce

TCDD-induced CYP1A1 expression in a number of tissues.

Our previous work demonstrates that chronic TCDD exposure induces oxidative stress,
reduces endothelial-dependent vasodilation, and increases blood pressure in male mice (Kopf et
al. 2008). Further, we found that the reduction of endothelial-dependent vasodilation could be
prevented by an antioxidant and both the oxidative stress and loss of endothelial-dependent
vasodilation could be prevented by genetic deletion of Cyplal (Kopf et al. 2010a). A major
contribution of our current study is that it further elucidates the mechanism underlying TCDD-
induced vascular dysfunction. Our data demonstrate that TCDD significantly increases P450-
dependent vasoconstriction, which is likely mediated by increases in the P450-generated
hydroxylase metabolite of AA, 20-HETE. Vascular overproduction of 20-HETE decreases
endothelial-dependent vasodilation, and increases oxidative stress, vasoconstriction and blood
pressure (Wang et al. 2006). Furthermore, vasoconstriction by 20-HETE is mediated by

activation of TP receptor in many vascular beds (Escalante et al. 1989; Schwartzman et al. 1989;

18
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Muller et al. 2007; Toth et al. 2011), including the mouse aorta as shown by our results. We also
found that TCDD increases the contribution of the TP receptor to AA-mediated vasoconstriction,
further implicating the potential contribution of 20-HETE to TCDD-induced vascular
dysfunction. Finally, our results show that TCDD induces cyclooxygenase 2, consistent with
reports by others (Vogel et al. 1998), which may contribute to 20-HETE metabolism to a TP

receptor agonist.

Previously, it has been reported that TCDD significantly increases P450-generated
metabolites of AA, 19- and 20-HETE, in the liver of male mice (Bui ef al. 2012; Yang et al.
2013). While TCDD induces CYP1A1, 1A2, and 1B1 and studies show they can produce 19-
HETE, there is no evidence these P450s can produce 20-HETE (Falck et al. 1990; Choudhary et
al. 2004; Schwarz et al. 2004; El-Sherbeni et al. 2014). CYP4A12 is the major P450 isoform
that generates 20-HETE in male mice (Muller et al. 2007); however, it was not induced by
TCDD in either the liver or kidney. It is possible that TCDD induces CYP4A12 in the
vasculature, resulting in local increases in 20-HETE that act in a paracrine manner to cause
oxidative stress and vasoconstriction. Nonetheless, the P450s and tissues responsible for the

TCDD-induced increase in 20-HETE remain to be elucidated.

A second major finding of our work is that dietary n-3 PUFAs can prevent the TCDD-
induced vascular dysfunction in vivo. This is the first report that n-3 PUFAs can protect against
in vivo cardiovascular toxicity of halogenated aromatic hydrocarbons. These results are
consistent with studies showing that n-3 PUFAs can protect against the toxicity of TCDD and

dioxin-like polychlorinated biphenyls in vitro and in vivo. EPA can reduce TCDD-induced

19



Toxicological Sciences Page 20 of 43

oxidative stress, DNA damage, and cell death in cultured hepatocytes (Turkez et al. 2011b;
Palanisamy ef al. 2015) and that a higher ratio of n-3/n-6 PUFAs can reduce oxidative stress and
inflammation induced by the dioxin-like polychlorinated biphenyl, PCB77, in cultured
endothelial cells (Wang ef al. 2008). Additionally, both EPA and DHA protect against TCDD-
induced oxidative stress and hepatic and renal injury in rats in vivo (Turkez et al. 2011a;
Palaniswamy et al. 2014). Notably, however, in our study TCDD did not increase oxidative
stress markers or increase fatty acid autooxidation products in the liver. While it is possible that
increases in oxidative stress could have occurred in the vasculature, our results do not provide

evidence that the vasoprotective benefits of the n-3 PUFA diet result from antioxidant activity.

Our results suggest that n-3 PUFAs likely protect against TCDD-induced vascular
dysfunction by multiple mechanisms. First, the n-3 PUFA diet significantly decreases the
percentage of AA and increases the percentage of EPA and DHA in cell membranes. We
observed this in RBCs and this is consistent with results from human RBCs and various tissues
in animal models in which diets are supplemented with n-3 PUFAs (Arnold et al. 2010b; Agbor
et al. 2014; Fischer et al. 2014; Schebb et al. 2014). This shift in PUFA membrane composition
subsequently shifts the P450-mediated omega-hydroxylase metabolic profile (Arnold ef al.
2010b; Agbor et al. 2014; Fischer et al. 2014). Less of the vasoconstrictor, 20-HETE, is
generated in the liver and more 20-HEPE and 22-HDHA are generated in liver and plasma,
suggesting that the substrate for Cyp4al2 shifts away from AA and towards EPA and DHA.
While vascular studies have not been conducted with 20-HEPE or 22-HDHA, a decrease in

levels of 20-HETE would be vasoprotective.
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Second, the shift in PUFA membrane composition also shifts the P450-mediated epoxide
metabolic profile; significantly decreasing the AA-derived EETs and significantly increasing the
EPA- and DHA-derived EEQs and EDPs, respectively. Studies show that EEQs and EDPs are
equipotent or more potent in causing vasodilation than EETs (Zhang et al. 2001; Ye et al. 2002),
while our studies in mouse aorta show that EEQs and EDPs are significantly more potent
vasodilators than EETs (unpublished data). Thus, the vasoprotective effects of n-3 PUFAs could
also be mediated by significant increases in their vasodilatory epoxides. Additionally, the
vasoprotective benefits of n-3 PUFAs may be enhanced further by TCDD, since TCDD
significantly increases levels of 17,18-EEQ, and 10,11-, 16,17- and 19,20-EDP in the liver and
plasma. The increases in 17,18-EEQ and 19,20-EDP likely result from induction of CYP1Al
and 1A2, since recombinant enzyme studies of CYP1A1 and 1A2 show that they generate these
two epoxides with high efficiency and stereospecificity (Schwarz et al. 2004; Fer et al. 2008;
Lucas et al. 2010). The P450s responsible for the increases of 10,11- and 16,17-EDP by TCDD
are uncertain. Nonetheless, these increases are consistent with a previous study showing that a
single high dose of TCDD (50 pg/kg) via intraperitoneal injection of mice on a chow diet
significantly increases hepatic 14,15- and 17,18-EEQ, and 7,8-, 10,11-, 13,14-, 16,17-, and
19,20-EDP (Yang et al. 2013). While the earlier study reported 5-20 fold increases in these
epoxides 3 days after injection, we detected more modest increases in the range of 1.5-2.0 fold

following 14 days of exposure to 300 ng/kg/d.

Third, reduced expression of CYP1A1 and increased substrate availability for CYP1A1
may also contribute to the vasoprotective benefits of n-3 PUFAs. As noted above CYP1A1 is

required for endothelial dysfunction and hypertension induced by TCDD (Kopf et al. 2010a;
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Kopfet al. 2010b). The n-3 PUFA diet significantly reduces TCDD-induced mRNA and
protein expression of CYP1A1, which could reduce CYP1A1-mediated vascular injury.
Additionally, the n-3 PUFA diet significantly increases EPA and DHA, highly preferred
endogenous fatty acid substrates for CYP1A1 (Arnold ef al. 2010a; Arnold et al. 2010b), which
could also reduce non-specific CYP1A1 oxidation of of other vascular fatty acid substrates.
Others have reported that EPA reduces TCDD-induced CYP1A1 activity in vitro and in vivo
(Palaniswamy et al. 2014; Palanisamy et al. 2015). The mechanism by which n-3 PUFAs reduce
TCDD-induced CYP1A1 expression and activity is not known, although we did not observe a
decrease in AHR expression in mice on the n-3 PUFAs diet. Thus, future studies are needed to
confirm these results and further investigate the ability of n-3 PUFAs to attenuate the AHR

signaling pathway.

There are some limitations to the conclusions we can draw from this study regarding the risk-
benefit ratio related to fish consumption. In our experimental model the n-3 PUFA diet preceded
the TCDD exposure, rather than occurring simultaneously as would occur with the consumption
of fish from the environment. Thus, the protect benefits of n-3 PUFAs following fish
consumption would depend on the rate of n-3 PUFA accumulation versus the rate of pollutant
accumulation. In contrast, our results more closely mimic the accumulation and protection of n-
3 PUFAs resulting from dietary supplements of adequate quantity and quality prior to fish
consumption and pollutant exposure. In addition, the potential protective benefits of n-3 PUFAs
suggested in this study are most relevant to halogenated aromatic hydrocarbon pollutants, such as
polychlorinated dibenzo-p-dioxins, dibenzofurans, and biphenyls, and cannot be extrapolated

other accumulated pollutants such as mercury. Lastly, while the n-3 PUFA diet differed from the
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chow diet primarily in the percentage of n-3 PUFAs, the increased levels of saturated fatty acids
could influence these results, although studies demonstrate that n-3 PUFAs can protect against

vascular dysfunction caused by saturated fatty acids (Lamping et al. 2013).

Despite these limitations, our results demonstrate that a diet enriched in n-3 PUFAs can
protect against in vivo cardiovascular toxicity of a prototypical halogenated aromatic
hydrocarbon, TCDD, and this is mechanistically associated with a decrease in AA-generated
vasoconstrictors, an increase in n-3 PUFA-generated vasodilators, and a decrease in CYP1A1
expression. In conclusion, a diet enriched in n-3 PUFAs has the potential to protect against

toxicity associated with a class of environmental pollutants commonly accumulated in fish.
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Figure Legends

Figure 1. Effects of TCDD and an n-3 PUFA diet on vasoconstriction responses to arachidonic
acid (AA). A, Dose-response for AA-mediated constriction in aortic rings from control and
TCDD-exposed mice fed a chow or n-3 PUFA-enriched diet. B, Area under the curve analysis
of the dose-response curves shown in panel A. C, Area under the curve analysis of AA-mediated
constriction in the presence of a P450 inhibitor (SKF525, 25uM) or TP receptor antagonist
(SQ29548, 100 nM). Data are shown as mean + SEM, n=6-7/group and were analyzed by two
way, repeated measures ANOVA with post hoc Holm-Sidak comparisons. Panels A and B: *p <
0.05 compared to chow control; *p < 0.05 compared to chow TCDD; Panel C: *p < 0.05

compared to AA-constriction in the absence of inhibitor.

Figure 2. Effects of TCDD and an n-3 PUFA diet on AA-, EPA-, and DHA-derived
monohydroxy metabolites commonly generated by CYP4A12 determined by liquid
chromatography with tandem mass spectrometry from liver and plasma. A-B, Hepatic and
plasma concentrations of 19-HETE and 20-HETE from control and TCDD-exposed mice fed a
chow or n-3 PUFA-enriched diet. C-D, Hepatic and plasma levels of 20-HEPE and 22-HDHA
from control and TCDD-exposed mice fed a chow or n-3 PUFA-enriched diet. Data are shown
as mean + SEM, n=8/group and were analyzed by two way ANOVA with post hoc Holm-Sidak
comparisons. *Above a horizontal line, indicates a statistically significant difference between
chow and n-3 diet, p < 0.05. *Above a vertical bar indicates a significant difference between
control and TCDD exposure groups, p < 0.05. 20-HEPE, 20-hydroxyeicosapentaenoic acid; 19-
and 20-HETE, 19- and 20-hydroxyeicosatrienoic acid; 22-HDHA, 22-hydroxydocosahexaenoic

acid.
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Figure 3. Vasoconstriction effects of 20-HETE in the absence or presence of TP receptor
antagonist. A, Representative tracing of 20-HETE (10 M) constriction of mouse aortic ring +
TP receptor antagonist (SQ29548, 100 nM). B, Area under the curve analysis of 20-HETE
constriction = TP receptor antagonist (SQ29548). Data are shown as mean + SEM, n=3/group

and were analyzed by t-test. ***p <0.0001. 20-HETE, 20-hydroxyeicosatrienoic acid.

Figure 4. Effects of TCDD and an n-3 PUFA diet on mRNA expression of Cyp4al2 and
prostaglandin endoperoxide synthase 2 (aka cyclooxygenase 2). A, Cyp4al2 mRNA expression
in liver and kidney, normalized to the housekeeping gene, RNA polymerase 2 (Pol2). B,
Cyclooxygenase 2 mRNA expression in lung, normalized to Pol2. Data are shown as mean +
SEM, n=6-8/group and were analyzed by two way ANOVA with post hoc Holm-Sidak
comparisons. *Above a horizontal line, indicates a statistically significant difference between
chow and n-3 diet, p < 0.05. *Above a vertical bar indicates a significant difference between

control and TCDD exposure groups, *p < 0.05, ***p < 0.001.

Figure 5. Effects of TCDD and an n-3 PUFA diet on the profile of AA-, EPA-, and DHA-
derived monoepoxide metabolites determined by liquid chromatography with tandem mass
spectrometry from liver and plasma. A—B, AA-derived EETs; C-D, EPA-derived EEQs; and E-F,
DHA-derived EDPs. G-H, Sum (X) of EETs, EEQ, and EDPs from liver and plasma. Data were
analyzed by two way ANOVA with post hoc Holm-Sidak comparisons. *Above a horizontal
line, indicates a statistically significant difference between chow and n-3 diet, p < 0.05. *Above

a vertical bar indicates a significant difference between control and TCDD exposure groups, *p <

27



Toxicological Sciences Page 28 of 43

0.05. EET, epoxyeicosatrienoic acid; EEQ, epoxyeicosatetraenoic acid; EDP,

epoxydocosapentaenoic acid.

Figure 6. Effects of TCDD and an n-3 PUFA diet on mRNA expression of Cyplal and Cyplbl.
A-E, mRNA expression of Cyplal and Cyplbl, normalized to normalized to the housekeeping
gene, RNA polymerase 2 (Pol2), in liver, kidney, aorta, heart, and lung. Data were analyzed by
two way ANOVA with post hoc Holm-Sidak comparisons. *Above a horizontal line, indicates a
statistically significant difference between chow and n-3 diet, p < 0.05. *Above a vertical bar
indicates a significant difference between control and TCDD treatment groups within the same
diet, **p < 0.01, ***p < 0.001. “Above a vertical bar indicates difference between chow and n-3

PUFA diets within the same treatment group, “p < 0.05, *p < 0.01, *p < 0.001.

Figure 7. Effects of TCDD and an n-3 PUFA diet on protein expression of CYP1Al. A-B,
Representative western blot of cytochrome P450 reductase (CYPOR) and CYP1A1 protein, and
quantification of CYP1A1 protein expression, normalized to CYPOR expression, in lung and
heart microsomes, respectively. Data were analyzed by two way ANOVA with post hoc Holm-
Sidak comparisons. *p < 0.05, ***p < 0.001 versus control within the same diet; ™ p < 0.01

versus TCDD treatment on chow diet.
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TABLE 1. Nutrient and fatty acid composition, and calories of chow and n-3 PUFA-enriched diets.

Standard Chow n-3 PUFA Diet

Composition (2020X) (TD.110516)
Protein’ 19.1 18.6
Carbohydrates' 47.0 52.2
Total fat' 6.5 15.2
Fatty acids”
Saturated 15.0 28.1
Monounsaturated 234 22.7
n-3 PUFA
a-Linolenic acid (ALA; 18:3) 8.0 1.8
Stearidonic acid (SDA; 18:4) 0 3.5
Eicosapentaenoic acid (EPA; 20:5) 0 16.0
Docosapentaenoic acid (DPA; 22:5) 0 3.9
Docosahexaenoic acid (DHA; 22:6) 0 10.8
n-6 PUFA
Linolenic acid (LA; 18:2) 53.0 1.8
Arachidonic acid (AA; 20:4) 0 2.3
Kcal/g 3.1 4.2
"Percent by weight

*Percent of total fatty acids
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TABLE 2. Body and organ weights of 5.5 month-old mice fed a chow or n-3 PUFA-enriched

diet for 10 weeks and exposed to control or TCDD for the final two weeks on each diet.

Chow diet” n-3 PUFA diet
Weight Control TCDD Control TCDD
Body (g) 27.9+1.0 273+0.2 29.1+0.9 29.3+0.7
Heart (mg) 111+3 113 +3 116 + 3 108 + 3
(0.39+0.01)>  (0.41+0.01) (0.40 = 0.01) (0.37+0.01)
Liver (mg) 1,413 + 57 1,598 + 57* 1,510 + 57 1,628 + 57
(5.1+0.4) (5.8+0.1) (5.2+0.1) (5.6+0.1)
Kidney (mg) 295+ 8 297 +8 339 + 8" 328 + 8"
(1.06 + 0.03) (1.08 + 0.02) (1.17+0.02)"  (1.12+0.02)"
Lung (mg) 148 + 3 144 +3 150 + 3 150 + 3
(0.53 £0.01) (0.52+£0.01) (0.52+£0.01) (0.51 +0.01)

*Values are expressed as mean = SEM, n=8. Data were analyzed by two way ANOVA with post
hoc Holm-Sidak comparisons.

°(Organ weight (g)/body weight (g)) x 100

*p < 0.05 versus chow control

"p < 0.05 versus same treatment group fed the chow diet
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TABLE 3. n-3 and n-6 PUFAs, expressed as a percent of total fatty acids or metabolite-to-
precursor ratio, in RBCs of 5.5 month-old mice fed a chow or n-3 PUFA-enriched diet for 10

weeks and exposed to control or TCDD for the final two weeks on each diet.

Chow Diet” n-3 PUFA Diet

Fatty Acid” Control TCDD Control TCDD
n-3 PUFA
ALA (%) 0.096 +0.003  0.104 + 0.003* 0.034 +0.003"  0.039 + 0.003"*
EPA (%) 0.227£0.057  0.223 +0.057 10.3 +0.057" 10.6 + 0.057"*
DHA (%) 7.06+0.085  6.62+0.085* 13.9 + 0.085" 14.0 + 0.085"
EPA+DHA/ALA  76.5+3.3 66.9 + 3.4% 710 + 22° 621 + 15
n-6 PUFA
LA (%) 12.6+0.2 12.8+0.2 2.6+0.2" 2.6+0.2"
AA (%) 17.6+0.2 16.5+ 0.2% 8.5+0.2" 8.5+0.2"
AA/LA 1.40 £ 0.03 1.29 + 0.02* 3.24 +0.08" 3.28 +0.04"

*Abbreviations: a-linolenic acid (ALA, 18:3n-3), eicosapentanoic acid (EPA, 20:5n-4),
docosahexanoic acid (DHA, 22:6n-3), linoleic acid (LA, 18:2n-6), and arachidonic acid (AA,
20:4n-6)

®Values are expressed as mean + SEM, n=8. Data were analyzed by two way ANOV A with post
hoc Holm-Sidak comparisons.

*p < 0.05 versus control group fed the same diet

"p < 0.05 versus same treatment group fed the chow diet
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TABLE 4. Percent contribution of P450s and the TP receptor to AA-mediated aortic

constriction in control and TCDD-exposed mice fed chow or n-3 PUFA-enriched diet.

Diet and
Treatment P450° TP Receptor®
Chow
Control 55+8 69 +4
TCDD 79 + 8% 92 + 4%
n-3 PUFA
Control 71+3 60£6
TCDD 65+ 5" 71 + 6™

Percent inhibition by P450 inhibitor, SKF525, mean + SEM, n=7-8. Data were analyzed by two
way ANOVA with post hoc Holm-Sidak comparisons.

PPercent inhibition by TP receptor antagonist, SQ29548, mean + SEM, n=7-8. Data were
analyzed by two way ANOVA with post hoc Holm-Sidak comparisons.

*p < 0.05 compared to control group fed a chow diet

*» < 0.05 compared to TCDD chow diet
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Figure 1. Effects of TCDD and an n-3 PUFA diet on vasoconstriction responses to arachidonic acid (AA). A,
Dose-response for AA-mediated constriction in aortic rings from control and TCDD-exposed mice fed a chow
or n-3 PUFA-enriched diet. B, Area under the curve analysis of the dose-response curves shown in panel
A. C, Area under the curve analysis of AA-mediated constriction in the presence of a P450 inhibitor
(SKF525, 25uM) or TP receptor antagonist (SQ29548, 100 nM). Data are shown as mean + SEM, n=6-
7/group and were analyzed by two way, repeated measures ANOVA with post hoc Holm-Sidak
comparisons. Panels A and B: *p < 0.05 compared to chow control; #p < 0.05 compared to chow TCDD;
Panel C: *p < 0.05 compared to AA-constriction in the absence of inhibitor.

163x351mm (300 x 300 DPI)



Toxicological Sciences Page 38 of 43

>

O = N W Hh OO0 OO N ®

vy
S

1 Control Chow == Control n-3 PUFA
ZZ2A TCDD Chow [Zzz TCDD n-3 PUFA

*

w
L

*

*
*
7 ﬂ% 7 |
[ [ 0 | |
19-HETE 20-HETE 19-HETE 20-HETE

*

Hepatic Concentration
(ng/mg protein)
Plasma Concentration
(ng/ml)

N

(@)

O

*

N
N
o

(ng/ml)
o

_
o

Hepatic Concentration
(ng/mg protein)
(8]

Plasma Concentration

3 _  ®
2
L[ [ 1
e SA-HLH 20-HEPE 22-HDHA
Figure 2. Effects of TCDD and an n-3 PUFA diet on AA-, EPA-, and DHA-derived monohydroxy metabolites
commonly generated by CYP4A12 determined by liquid chromatography with tandem mass spectrometry
from liver and plasma. A-B, Hepatic and plasma concentrations of 19-HETE and 20-HETE from control and
TCDD-exposed mice fed a chow or n-3 PUFA-enriched diet. C-D, Hepatic and plasma levels of 20-HEPE and
22-HDHA from control and TCDD-exposed mice fed a chow or n-3 PUFA-enriched diet. Data are shown as
mean £ SEM, n=8/group and were analyzed by two way ANOVA with post hoc Holm-Sidak
comparisons. *Above a horizontal line, indicates a statistically significant difference between chow and n-3
diet, p < 0.05. *Above a vertical bar indicates a significant difference between control and TCDD exposure

groups, p < 0.05. 20-HEPE, 20-hydroxyeicosapentaenoic acid; 19- and 20-HETE, 19- and 20-
hydroxyeicosatrienoic acid; 22-HDHA, 22-hydroxydocosahexaenoic acid.
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Figure 3. Vasoconstriction effects of 20-HETE in the absence or presence of TP receptor antagonist. A,
Representative tracing of 20-HETE (10-5.4 M) constriction of mouse aortic ring £ TP receptor antagonist
(SQ29548, 100 nM). B, Area under the curve analysis of 20-HETE constriction £ TP receptor antagonist
(SQ29548). Data are shown as mean = SEM, n=3/group and were analyzed by t-test. ***p < 0.0001. 20-
HETE, 20-hydroxyeicosatrienoic acid.
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52x17mm (300 x 300 DPI)

Page 40 of 43



Page 41 of 43

Toxicological Sciences

[ Control Chow =1 Control n-3 PUFA
[zz2a TCDD Chow [z TCDD n-3 PUFA

>

*

S
o

* *

* 1%

10

: (B ﬂ%ﬁﬂ ﬂrﬂ ﬂa

5,6- 8,9- 11,12-  14,15-
Epoxyeicosatrienoic Acid (EET)

Hepatic Concentration
(ng/mg protein)

()

*

*

P
o N M

Hepatic Concentration
(ng/mg protein)

o N b O

bilda.

5,6- 8,9- 11,12- 14,15- 17,18
Epoxyeicosatetraenoic Acid (EEQ)

m

w
o
*

o
*
*
*
*

a2 o NN
o O
*

Hepatic Concentration
(ng/mg protein)
o

: ﬂﬁﬂ %ﬂ ) n@ﬂ

10,11- 13,14- 16,17- 19,20-
Epoxydocosapentaenoic Acid (EDP)

G 2400 *

]

£ = 2200
<32
o 8 £ 2000 ’l‘
2® o
a g O 1800 1 * J
= wé 400 *
2BO 300
I3 - * *

2% 200

100 % % %
o L[z [1 il
SEET JEEQ JEDP

Figure 5. Effects of TCDD and an n-3 PUFA diet on the profile of AA-, EPA-, and DHA-derived monoepoxide
metabolites determined by liquid chromatography with tandem mass spectrometry from liver and plasma.
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and EDPs from liver and plasma. Data were analyzed by two way ANOVA with post hoc Holm-Sidak

comparisons. *Above a horizontal line, indicates a statistically significant difference between chow and n-3
diet, p < 0.05. *Above a vertical bar indicates a significant difference between control and TCDD exposure
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Figure 6. Effects of TCDD and an n-3 PUFA diet on mRNA expression of Cyplal and Cyplbl. A-E, mRNA
expression of Cyplal and Cyplb1, normalized to normalized to the housekeeping gene, RNA polymerase 2
(Pol2), in liver, kidney, aorta, heart, and lung. Data were analyzed by two way ANOVA with post hoc Holm-

Sidak comparisons. *Above a horizontal line, indicates a statistically significant difference between chow

and n-3 diet, p < 0.05. *Above a vertical bar indicates a significant difference between control and TCDD

treatment groups within the same diet, **p < 0.01, ***p < 0.001. #Above a vertical bar indicates
difference between chow and n-3 PUFA diets within the same treatment group, #p < 0.05, ##p < 0.01,
###p < 0.001.
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Figure 7. Effects of TCDD and an n-3 PUFA diet on protein expression of CYP1A1l. A-B, Representative
western blot of cytochrome P450 reductase (CYPOR) and CYP1A1 protein, and quantification of CYP1A1
protein expression, normalized to CYPOR expression, in lung and heart microsomes, respectively. Data were
analyzed by two way ANOVA with post hoc Holm-Sidak comparisons. *p < 0.05, ***p < 0.001 versus
control within the same diet; ## p < 0.01 versus TCDD treatment on chow diet.
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