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Abstract

The environmental pollutants polychlorinated biphenyls (PCBs), especially dioxin-like PCBs,

cause oxidative stress and associated toxic effects, including cancer and possibly atherosclerosis.

We previously reported that PCB 126, the most potent dioxin-like PCB congener, decreases

antioxidants such as hepatic selenium (Se), selenium-dependent glutathione peroxidase and

glutathione (GSH), but also increases levels of the anti-atherosclerosis enzyme paraoxonase 1

(PON1) in liver and serum. To probe the interconnection of these three antioxidant systems, Se,

GSH, and PON1, we examined the influence of varying levels of dietary Se and N-acetylcysteine

(NAC), a scavenger of reactive oxygen species (ROS) and precursor for GSH synthesis, on PON1

in the absence and presence of PCB 126 exposure. Male Sprague Dawley rats, fed diets with

differing Se levels (0.02, 0.2, or 2 ppm) or NAC (1%), were treated with a single intraperitoneal

injection of corn oil or various doses of PCB 126 and euthanized 2 weeks later. PCB126

significantly increased liver PON1 mRNA, protein level and activity and serum PON1 activity in

all dietary groups, but did not consistently increase thiobarbituric acid levels (TBARS), an

indicator for lipid oxidation and oxidative stress, in liver or serum. Inadequate (high or low)

dietary Se decreased baseline and PCB 126-induced aryl hydrocarbon receptor expression but

further increased PCB 126-induced cytochrome P450 1A1 expression, the enzyme believed to be

the cause for PCB 126-induced oxidative stress. In addition, a significant inverse relationship was

observed between dietary Se levels and PON1 mRNA and PON1 activity, but also with TBARS

levels in the liver, suggesting significant antioxidant protection from dietary Se. NAC lowered

serum baseline TBARS levels in the controls and increased serum PON1 activity but lowered liver

PON1 activities in animals treated with 1 μmol/kg PCB 126, suggesting antioxidant activity by

NAC primarily in serum. These results also show an unexpectedly predominantly inverse

relationship between Se or NAC and PON1 during normal and PCB 126 exposure conditions.

These interactions should to be further explored in the development of dietary protection

regimens.
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Introduction

PCBs are ubiquitous environmental and human contaminants. The 209 different congeners

are often grouped according to their chemical structure and/or biological activity. Of these

the most prominent group is dioxin-like PCBs, congeners with no or one chlorine

substitution in ortho position which, like dioxin, interact with the arylhydrocarbon receptor

(AhR). PCB 126 is the most potent AhR agonist among them (Bandiera et al. 1982) and was

the first PCB congener classified by the International Agency for Research on Cancer

(IARC) as a human carcinogen (Cogliano et al. 2011). A more recent review of PCBs by

IARC classified PCBs as carcinogenic to humans (Group 1) and additionally dioxin-like

PCBs as human carcinogens based on extensive evidence of an AhR-mediated mechanism

of carcinogenesis (Lauby-Secretan et al. 2013). PCB 126 significantly alters the expression

of numerous genes resulting in altered enzyme activities, particularly of cytochrome P450

1A1 (CYP1A1) and antioxidant enzymes, resulting in oxidative stress in the liver (Hassoun

et al. 2002; Parkinson et al. 1983). Oxidative stress is believed to be an important factor in

all stages of carcinogenesis (Klaunig et al. 2011) as well as in many chronic diseases,

including atherosclerosis (Vogiatzi et al. 2009).

PON1, an antioxidant enzyme, is believed to have preventive properties against

atherosclerosis and cardiovascular diseases, mainly through removal of oxidized lipids in

low density lipoproteins (LDL) and cell membranes (Furlong et al. 2010). However, the

prevalence of atherosclerosis indicates that PON1 may not be sufficient to protect against

endogenous and exogenous sources of reactive oxygen species. Various nutrients or dietary

supplements may be needed to provide additional protection against oxidative stress.

In 1979 selenium (Se) was recognized as an essential human nutrient (Navarro-Alarcon et

al. 2002). Se plays an important role in various biological pathways, particularly in the

oxidative stress defense system due to the formation of selenocysteine, a fundamental

component of the active site of the glutathione peroxidase enzyme (SeGPx) (Papp et al.

2007). SeGPx reduces hydrogen peroxide and lipid hydroperoxides in the cytosol and

mitochondrial matrix (Flohe et al. 1973). Se was reported to influence the pathogenesis of

various diseases, among them cancer, cardiovascular and neurological diseases and immune

function (Brigelius-Flohe and Maiorino 2012; Darvesh and Bishayee 2010; Rayman 2012;

Sanmartin et al. 2011). Nutritional uptake of Se may vary considerably among individuals

and thereby their ability to prevent adverse health effects due to oxidative stress from

endogenous and exogenous factors.

The most important intracellular antioxidant is GSH. However, poor absorption when taken

orally is an impediment to the use of dietary glutathione as supplement. N-acetylcysteine

(NAC) has been widely used in replacement of direct glutathione administration (Witschi et

al. 1992). NAC, a thiol-containing amino acid, has been in clinical use for over 30 years,
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primarily as an antidote for acetaminophen overdose (Baumgardner et al. 2008). NAC is a

precursor in the GSH synthesis pathway and NAC's potential protective function has been

linked to the prevention of chronic diseases characterized by decreased GSH and/or

increased oxidative stress such as alcoholic liver disease (Thong-Ngam et al. 2007). Being a

source of sulfhydryl groups, NAC supports glutathione-S-transferase (GST) activity, an

important phase II detoxification enzyme. In addition, NAC is believed to promote

detoxification and to act as a scavenger of free radicals due to its direct interaction with

reactive oxygen species (ROS) (Aruoma et al. 1989; De Vries and De Flora 1993; Dodd et

al. 2008).

An often overlooked factor in public health is that different contaminants may modulate our

endogenous antioxidant enzyme activities. Our previous studies showed that PCB 126

significantly increased PON1 gene transcription in rat livers in a time- and dose-dependent

manner (Shen et al. 2012). Although this change in PON1 should enhance protection against

cardiovascular diseases, PCB 126 was linked to increased risk for atherosclerosis (Hennig et

al. 2002a; Hennig et al. 2002b). PCB 126 also disrupted the homeostasis of antioxidants

such as selenium (Hassan et al. 1985; Lai et al. 2011; Stemm et al. 2008), an element that

appears to be protective for high-density lipoprotein (HDL)-associated enzymes like PON1

(Kaur and Bansal 2009). In addition, PCB 126 depleted GSH (Hassoun and Periandri-

Steinberg 2010) which may place the free –SH group in PON1 at increased risk of

oxidation. Thus the increase in PON1 transcription was possibly counteracted by changes in

other antioxidants that could lead to enhanced inactivation of the enzyme and/or cancellation

of its protective effect.

Based on these recent findings, we designed in vivo studies to elucidate the interactions of

the two dietary antioxidants Se and NAC, who are expected to act through different

mechanisms (gene regulation and radical scavenging, respectively) on PON1 regulation and

activity in the presence and absence of PCB 126, an oxidative stress producing contaminant,

to understand the potential consequent for lipid peroxidation levels and human health.

Materials and Methods

Chemicals and Reagents

PCB 126 was synthesized and purified using a modified Suzuki-coupling method of 3,4,5-

trichlorobromobenzene with 3,4-dichlorophenyl boronic acid utilizing a palladium-catalyzed

cross coupling reaction as previously reported (Luthe et al. 2009). All reagents were

obtained from Fisher Scientific (Pittsburgh, PA) if not stated otherwise. The AIN-93 diets

modified with three different sodium selenate and NAC levels (Supplemental Table 1.) were

purchased from Harland Teklad (Madison, WI).

Animals and Treatment Protocol

For the Se study, male Sprague Dawley rats, weighing around 100 g, were purchased from

Harlan Laboratories, Inc (Indianapolis, IN). Rats were fed with three AIN-93 diets

(Supplemental Table 1A) containing 0.02 ppm (low), 0.2 ppm (adequate) and 2 ppm

(supplemented) sodium selenate and water ad libitum. After three weeks on the diet, a time
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chosen to allow Se equilibration in the tissues, rats from each dietary group were

administered a single i.p. injection of corn oil (5 mL/kg body weight; Acros Chemical

Company, Pittsburgh, PA), 0.2 ,1, or 5 μmol/kg body weight of PCB 126 (n=6 per group).

For the NAC study, male Sprague Dawley rats, weighing 75-100 grams from Harlan

Sprague Dawley (Indianapolis, IN) were randomly divided into two dietary groups, and

were fed with an AIN-93G diet or an AIN-93G based diet supplemented with 1.0% NAC

(Supplemental Table 1B) and water ad libitum. After one week, a time expected to be

sufficient for the equilibration of NAC loading in tissues, animals in each diet group were

given a single i.p. injection of corn oil alone or, 1 or 5 μmol/kg body weight of PCB 126 in

corn oil. All animals in both studies were housed in individual wire cages in a controlled

environment maintained at 22°C with a 12 h light-dark cycle and were euthanized 2 weeks

later by carbon dioxide asphyxiation and cervical dislocation. Livers and other organs were

excised, weighed, and further processed as described below. The animal protocols used were

conducted with approval from the Institutional Animal Care and Use Committee of the

University of Iowa.

Liver and Blood Sample Process

Liver samples were homogenated in ice-cold 0.25 M sucrose solution (pH 7.4) and

centrifuged at 10,000g for 20 min. The supernatants were then centrifuged at 100,000g for

1hr and the resulting microsomal pellets were washed and resuspended with the same

sucrose solution. Serum was separated from whole blood after centrifugation at 3,000g for

15 min at 4°C. All sample aliquots were stored at -80°C until use.

Measurement of Liver and Serum PON1 Activity

PON1 enzyme activities were determined in liver microsomes (Se study) of homogenate

(NAC study) and serum using two substrates, paraoxon and phenyl acetate. Briefly, the

enzyme activities were determined spectrophotometrically by following the initial rate of

substrate hydrolysis to p-nitrophenyl (412nm) or phenol (270nm), respectively, in 1000 mL

assay mixtures (100 mM Tris-HCl, 2.0 mM CaCl2, 2.0 mM paraoxon or 4.0 mM

phenylacetate, pH 8.0) at 25°C. A blank sample containing the assay buffer without enzyme

was run simultaneously to correct for spontaneous substrate hydrolysis. The units (U) of

enzyme activity were calculated from the molar extinction coefficients for p-nitrophenol and

phenol, E412 (18,290 M-1cm-1) and E270 (1310 M-1cm-1), respectively, and expressed as

U/mL serum or U/mg protein in liver homogenate. Each unit of enzyme is defined as that

hydrolyzing 1 nmol of paraoxon or 1 μmol of phenylacetate per min (Beltowski et al. 2005).

The protein concentration in liver homogenates and microsomes was determined using the

Bradford protein assay (Bio-Rad Laboratories, Inc CA).

Analysis of a Direct Effect of NAC on Rat Serum PON1

Serum from an untreated rat was incubated with 0, 10 or 40 mM of NAC for 0, 10, 20 or 30

min at 37°C. The serum PON 1 activities were determined using paraoxon and

phenylacetate spectrophotometrically as described above. Experiments were repeated twice.
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Liver Gene Expression Profile

Total RNA was isolated from rat liver samples using the RNeasy Mini Kit from Qiagen, Inc

(Valencia, CA) according to the manufacturer's protocol. RNA concentration and purity was

determined by spectrophotometric measurement of A260/A280. cDNA templates were

generated using 1 μg of total RNA per 20-μL reaction and a High-Capacity cDNA Reverse

Transcription Kit from Applied Biosystems, Inc (Foster City, CA) according to the

manufacturer's protocol. Real-time PCR was performed in a 20-μL reaction with 4 ng of

cDNA template and 900 nM primer using a SYBR Green Master Mix kit from Applied

Biosystems, Inc. (Foster City, CA) according to the manufacturer's protocol. Primers used

were synthesized by Integrated DNA Technologies, Inc. (Coralville,IA). The primers were

selected from the indicated publications and the specificity of these primers was further

verified by the Primer-BLAST online program provided by National Library of Medicine.

The primer pairs for the rat genes are listed in Supplemental Table 2 and were designed

according to previously published reports (Boesch-Saadatmandi et al. 2009; Gaub et al.

2010; Romani et al. 2009; Shipley and Waxman 2006; Varatharajalu et al. 2009; Vondracek

et al. 2006).

The PCR program used started with 95° for 10 min followed by 40 cycles at 95°C for 30 s,

55°C for 30 s and 72°C for 1 min performed on an Eppendorf RealPlex2 Mastercycler®

(Hamburg, Germany). A melting curve analysis was carried out after the reaction to check

for false amplification caused by primer dimers, non-specific binding or other

contamination. The relative gene expression levels were calculated using the relative

standard curve method. The target gene expression levels were adjusted to a housekeeping

gene coding for ribosomal protein L13a (RPL13a).

Sodium Dodecyl Sulfate (SDS) Polyacrylamide Gel Electrophoresis and Western Blot
Analyses

To measure liver PON1 protein levels, Western blotting was performed. Briefly, liver

microsome samples (10 μg protein per sample, loaded on 1 gel in the order 3 controls, 1

empty slot, 3 samples of each PCB 126 dose) were electrophoretically resolved and

separated in 4% to 15% denaturing ployacrylamide gel (PAGE) and then transferred to the

polyvinylidene fluoride (PVDF) membrane using Bio-Rad Mini-PROTEAN and Mini-Trans

Blot systems, Bio-Rad Laboratories, Inc. (Hercules, CA). The membranes then were

immunoblotted using antibodies against PON1 and glyceraldehyde-3-phosphate

dehydrogenase (GRPDH; internal reference protein) from Santa Cruz Biotechnology, Inc.

(Santa Cruz, CA). The protein signal was determined using enhanced chemiluminescence.

Data were analyzed by IMAGE J software (V1.43, National Institute of Health, US).

Serum Lipid Profile

Lipid assay kits from BioVision Inc. (Mountain View, CA) were used. Briefly, total

cholesterol (TC) was measured directly in serum samples according to the manufacturer's

protocol. Rat serum was separated into high density lipoprotein (HDL) and Low density

lipoprotein (LDL) fractions by centrifugation under 2000g for 10 min with the precipitation

buffer supplied in the kit. The fractions were used for analysis of HDL associated
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cholesterol (HDL-C) and LDL associated cholesterol (LDL-C), respectively, according to

the manufacturer's protocol.

HDL Associated PON1 Activity and LDL Associated Lipid Hydroperoxides

PON1 is assumed to be primarily associated with HDL in the serum. Since PCBs change

lipid profiles we investigated the specific HDL-associated PON1 activity besides the overall

PON1 activity in serum (Se study only). The HDL-PON1 activity was determined against

phenylacetate as described above.

PON1 is known to specifically prevent LDL oxidation. The ferrous oxidation-xylenol

orange (FOX) assay was used to detect the lipid hydroperoxide level in the LDL fraction

(Jiang et al. 1992). Lipid hydroperoxides are linked to oxidative stress. The FOX assay is a

simple and sensitive method. It is based on the oxidation of Fe+2 to Fe+3 by simple-

oxidizing agents, which in turn binds to a sensitive dye, xylenol orange. The complex then

can be measured spectrophotometrically at 560 nm. The standard curve with hydrogen

peroxide was used for the quantification (Banerjee et al. 2003; DeLong et al. 2002;

Nourooz-Zadeh et al. 1994). Briefly, 10 μL LDL fraction sample was incubated with 90 μL

FOX working solution for 30 min at room temperature and absorbance was monitored at

560 nm. Aqueous solutions of known H2O2 concentration were used for calibration and

results were expressed as nmol/L H2O2 equivalents.

Liver and Serum Lipid Peroxidation Analysis

To obtain an overall indication of oxidative stress the thiobarbituric acid reactive substances

(TBARS) assay was used. This method determines the total lipid peroxidation status

although with a limited specificity and sensitivity. TBARS level, expressed in terms of

malondialdehyde (MDA), was used as the index of lipid peroxidation in liver and serum

according to the methods described previously (Ohkawa et al. 1979; Yagi 1998). Briefly,

standard solutions (MDA), liver homogenate or serum lipid fraction were incubated with

0.8% or 0.67%, respectively of thiobarbituric acid at 95°C for 60 minutes and the red

pigment produced in the reaction was extracted by n-butanol-pyridine mixture (liver

homogenate) or n-butanol (serum). The pigment concentration was determined

spectrophotometrically (at 535 nm for liver samples) or spectrofluorometrically (at

excitation 515 nm and emission 553 nm for serum samples). TBARS level is expressed as

nmol/L of malondialdehyde (MDA) equivalents.

Determination of Total Serum Antioxidant Capacity

The total serum antioxidant capacity is a commonly used parameter in nutritional studies.

NAC and other dietary components were shown to increase the total serum antioxidant

capacity, while pathological conditions lower it. The ferric reducing ability of plasma

(FRAP) assay is a simple and reproducible method to assess the combined antioxidant

effects of non-enzymatic defense factors in biological fluids in addition to plasma (Benzie

and Strain 1996). At low pH, the ferrictripyridyltriazine (Fe3+-TPTZ) complex can be

reduced to the ferrous form (Fe2+-TPTZ) which has an intense blue color. This complex can

be monitored at 593 nm and used as the putative index of antioxidant or any other reducing
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potential in the samples. Aqueous solutions of known Fe2+ concentration were used for

calibration and results were expressed as μmol/L Fe2+ equivalents.

Statistics

All data are expressed as means ± SEM, interaction analysis was performed by two-way

ANOVA and One-way ANOVA was used within each factor (diet or PCB 126). All

analyses were carried out by General Linear Models (GLM) in SAS 9.2, P<0.01) followed

by Dunnett's T multiple comparison tests. A P value of <0.05 was considered to be

statistically significant. Pearson correlation analysis was used to establish the relationship

between various endpoints measured in this study.

Results

Liver Gene Expression Profile of CYP1A1, AhR, and ApoA1

Liver gene expressions of CYP1A1, a classic AhR target gene, and AhR gene itself were

significantly increased by all PCB 126 doses in a dose-dependent manner (Figs 1). This

effect of PCB 126 was, however, significantly more pronounced in low and supplemented

Se diet groups for the CYP1A1 gene while the opposite, significantly less induction in low

and supplemental Se diet groups, was found for the AhR gene. Reduced AhR gene

expression in the low and high Se diet groups was also seen in the corn oil control animals,

but no diet-related difference was seen in the control animals for CYP1A1 gene. ApoA1

expression was significantly increased in all three Se diets by 5 μmol/kg PCB 126 exposure

(P<0.05), but no Se-effect was observed.

Se and PCB 126 Effects on Liver PON1 Activities, Protein Levels, and Gene Expression

Liver PON1 activities were significantly and dose-dependently increased by PCB 126

treatments to up to 198% and 140% of the corn oil treated controls in all three Se diet groups

when assayed with paraoxon and phenylacetate, respectively (Fig 2 top). Compared to the

adequate level of Se (0.2 ppm), feed with low (0.02 ppm) Se resulted in increased liver

PON1 activities in both, the untreated controls and across all PCB 126 treatments. The

supplemented Se (2 ppm) diet group had slightly lower PON1 activity levels than the

adequate (0.2 ppm) Se group, but this was statically significant only for the arylesterase

activity in the 1 μmol/kg PCB 126 group. Thus dietary Se levels were inversely related to

liver PON1 activity and Se reduced the magnitude of the response of PON1 to the PCB 126

exposure in liver.

Western blot analysis shows significantly higher liver PON1 protein levels with the medium

and high doses of PCB 126 across all the Se levels (Fig 2 bottom left, Supplemental Figure

1). Se had no overall significant effect on PON1 protein level with the exception of the

medium (1 μmol/kg) PCB 126 treatment group where a significantly lower PON1 protein

level was visible in the supplemented (2 ppm) Se diet group compared to the 0.02 ppm and

0.2 ppm Se levels. These findings are consistent with our PON1 gene expression and

activity data in this study.
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PCB 126 treatments significantly increased PON1 gene expression (Fig 2, bottom right) at

all doses in a dose-dependent manner. Supplemental Se (2 ppm) reduced PON1 gene

expression which was significant in the control and low PCB 126 treatment group. These

two groups also showed lower PON1 mRNA levels with low (0.02 ppm) dietary Se

compared to adequate (0.2 ppm) Se, but with medium and high PCB 126 doses the PON1

gene expression was highest in the low Se groups, although not significantly.

Se and PCB 126 Effects on PON1 Activities in the Serum

Serum PON1 activity with both substrates was significantly increased by medium

(1μmol/kg) and high (5μmol/kg) doses of PCB 126. No significant effect of different Se

diets was found (Fig 3). It should be noted, however, that serum PON1 activity expressed as

per mg protein was about 30-50 times higher than liver PON1 activity.

About 72% of serum PON1 activity was associated with HDL. PCB 126 produced the same

trend of increased PON1 activity in serum HDL-associated PON1 activity compared to total

serum PON1 activity, but significant PON1 increase was detected only in the 5 μmol/kg

PCB 126 and 0.2 ppm Se treatment group.

Serum Lipid Profile Changes due to Se diet and/or PCB 126 exposure

Serum TC and HDL-C were significantly increased by treatment with 1 μmol/kg PCB 126

(Figs 4). A significant drop back to the levels of corn oil treated rats was found at the 5

μmol/kg PCB 126 in TC and HDL-C compared to the 1 μmol/kg. These effects were seen in

all three Se diet groups, but the increase in HDL-C caused by 1 μmol/kg PCB 126 was

significantly smaller with the supplemented (2 ppm) Se diet.

PCB 126 had an inconsistent effect on LDL-C (Fig 4 bottom). No changes were seen in the

adequate (0.2 ppm) Se diet group. With low (0.02 ppm) Se in the diet, the untreated animals

seemed to have lower LDL-C, although this trend was not significant, while the LDH-C

level was higher with 0.2 and 1 μmol/kg PCB 126 treatment which was significant compared

to the PCB 126-treated control and to the corn oil control, respectively. In the supplemental

(2 ppm) Se diet group LDL-C was lower in the 1 and 5 μmol/kg PCB 126 groups compared

to the untreated control

PCB 126 had no effect on the HDL-C/TC ratio, while the HDL-C/LDL-C ratio was

significantly increased by all doses of PCB 126 (Supplemental Table 3). Se had no major

effect on these ratios.

Serum Antioxidant Capacity and LDL Associated Lipid Hydroperoxides

As shown in Table 1, serum antioxidant capacity was increased in response to all three doses

of PCB 126 at all Se levels with significance (P<0.05) detected with the adequate 0.2 ppm

Se diet.

PCB 126 had no significant impact on the LDL-lipid hydroperoxides except for the high

dose exposure (5μmol/kg) with low Se level (0.02 ppm), but Se overall significantly

decreased LDL-associated lipid hydroperoxide levels in a Se-concentration-dependent

manner (P<0.05).
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Liver and Serum Lipid Peroxidation Analyses (TBARS) in the Se study groups

The overall liver and serum lipid peroxidation levels (TBARS level) are shown in Table 2.

PCB 126 increased liver TBARS level statistical significantly only with the high dose

(5μmol/kg) in the low (0.02 ppm) Se diet group. Different dietary Se levels did not change

liver TBARS in any treatment group. Serum TBARSs levels on the other hand were

significantly (P<0.05) affected by Se. Animals on the adequate (0.2 ppm) Se diet had

significantly higher TBARS values than those in the low (0.02 ppm) and supplemental (2

ppm) Se diet groups. In addition, a significant increase of serum TBARS occurred in the

groups exposed by 1 and 5 μmol/kg PCB 126 in the adequate (0.2 ppm) Se diet group.

Effects of NAC on Liver and Serum PON1 Activities in Untreated and PCB 126-Exposed
Rats

As shown in Fig. 6 top, both doses of PCB 126 significantly increased liver PON1 activities

measured with both substrates by up to 5.1- and 4.8-fold in normal and NAC diet groups,

respectively. Serum PON1 activities (Fig. 6 bottom) were also significantly increased in

both dietary groups with increases of up to 46% compared to the untreated corn oil control.

Interestingly, NAC reduced the magnitude of induction of liver PON1 activity at 1 μmol/kg

of PCB 126. In contrast, NAC caused significant increases (P<0.05) in serum PON 1 activity

compared to the normal diet group at the 5 μmol/kg PCB 126 dose. No effect of NAC on

either liver or serum PON1 activity was found in control groups, indicating a potential

interaction between PCB 126 and NAC treatments (Table 4).

Liver and Serum Lipid Peroxidation in the NAC study

Liver TBARS levels (Fig 7A) were significantly lower in the 5 μmol/kg dose of PCB 126 in

both NAC and normal diet groups compared to controls. Lower levels of TBARS were also

noticed with 1 μmol/kg PCB 126 but significance (P<0.05) was only observed in NAC diet

group. Serum TBARS were decreased in 5 μmol/kg PCB 126 treated animals, but

significantly (P<0.05) only in the normal diet group (Fig 7B) Nevertheless, NAC had a

noticeable influence on both the liver and serum TBARS, causing a significant reductions in

liver TBARS in 1 μmol/kg PCB 126 treated group and in serum TBARS in the control

group.

Direct Effect of NAC on Serum PON1 Activity

In order to investigate whether NAC as a reducing agent has a direct effect on the serum

PON1 enzyme, NAC was added to serum from untreated rats and PON1 activities were

determined. No effect was observed with 10 and 20 mM NAC and only a non-significant

reduction was seen with 40 mM NAC after up to 30 min of incubation at 37°C compared to

the untreated serum (Supplemental Figure 2).

Discussion

Polychlorinated biphenyls (PCBs), particularly dioxin-like congeners like PCB 126, can

cause increased production of reactive oxygen species (ROS) leading to a condition of

oxidative stress (Jin et al. 2001; Rodriguez-Ariza et al. 2003) and increased lipid

peroxidation (Borlakoglu et al. 1990; Fadhel et al. 2002) which are major risk factors for
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cancer and atherosclerosis. Recently we reported that the gene expression in rat livers and

hepatic and serum activities of PON1, an antioxidant and anti-atherosclerotic enzyme, were

significantly increased by PCB 126 in a dose- and time-dependent pattern (Shen et al. 2012).

Nevertheless, oxidative stress in the form of increased oxidated GSH levels was visible as

was the reduction of a second antioxidant factor, hepatic Se (Lai et al. 2010). Se was

reported to reduce lipid peroxidation (Dillard et al. 1978; Hafeman and Hoekstra 1977;

Kutluhan et al. 2009) and hepatocellular damage (Bulucu et al. 2009; Chen et al. 1993). A

reduction of Se and GSH indicate a weakening of the antioxidant defense concurrently with

an enhanced defense due to increased PON1 activities. We were therefore interested in the

interaction among Se, GSH, PON1 and PCB 126 in oxidative stress production and

prevention. Such knowledge may allow the development of dietary intervention against the

toxic effects of dioxin-like compounds, like PCB 126.

We used diets with varying amounts of Se or supplemented with NAC, a precursor in the

glutathione synthesis pathway and sulfhydryl-group containing radical scavenger which is

already used in antioxidant therapy (Dodd et al. 2008) and analyzed parameters of oxidative

stress in animals without and with exposure to PCB 126. We already reported that the low

Se diet strongly reduced liver Se, SeGPx and thioredoxin reductase activity while diets with

supplemental Se increased these factors to or above the level of the adequate Se diet (Lai et

al. 2011). NAC reduced the severity of PCB 126-induced fatty liver (Lai et al. 2012). These

were first indications that both, dietary Se and NAC provide some antioxidant protection to

PCB 126-exposed rats.

Table 3 shows the two-way ANOVA analysis for the overall effects of Se, PCB 126 and

their potential interaction on various responses in this study. PCB 126 significantly affected

most endpoints except liver TBARS and the HDL/TC ratio, confirming the expected

changes in lipid profile, increased in gene transcription of CYP1A1, PON1 and others, and

increased oxidative stress by this dioxin-like PCB congener. Not expected was the

significant effect of dietary Se on the gene expression of CYP1A1, AhR and PON1 and an

interaction effect between Se and PCB126 for gene expression of CYP1A1 and AhR. An

overall significant effect of Se and interactive effect of Se plus PCB 126 was also apparent

for liver PON1 activities but not for serum PON1 activities. We also observed a significant

interaction effect of Se and PCB 126 for LDL-C, known as ‘bad cholesterol’. LDL-C is

closely related to lipid peroxidation, arthrosclerosis and cardiovascular diseases (Shao and

Heinecke 2009). In addition, Se influenced serum and liver TBARS, liver LDL-peroxides

and serum total antioxidant capacity, confirming the expected effect of Se on oxidative

stress levels (Table 3). These overall effects will be discussed below in detail.

PCB 126 dose dependently increased in PON1 mRNA (Fig 2) and no overall effect of Se on

PON1 gene expression was observed, but high Se significantly lowered the baseline and

PCB 126 induced PON1 levels while low Se lowered PON1 expression in controls and low

PCB 126 exposure. Genes reportedly up regulated by selenium supplementation include

TNF, IL1B, IL8, SOD2, CXCL2 and several other immunological and oxidative stress-

related genes (Kibriya et al. 2007) while Se deficiency has been associated with down

regulation of antioxidant defense genes (Fischer et al. 2002). At the gene expression level,

PON1 seems to display an inverted U shaped response during normal or low stress situation,
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but an inverse correlation to Se levels during high stress situation. Protein and activity

levels, however, display a strictly inverse relationship between PON1 and Se, as discussed

further below.

Interesting is the significant individual and interactive effects of Se on AhR gene expression,

resulting in lower AhR transcription with the low and high Se diets compared to adequate

diet in all PCB 126 and the control groups. More AhR transcription in the adequate Se group

did not result in more CYP1A1 transcription: the opposite occurred: CYP1A1 displayed a

U-shaped response with all samples from PCB 126 exposed animals in the low and high Se

groups displaying increased CYP1A1 transcription compared to the adequate Se groups. The

AhR transcription pattern resembled more the PON1 than the CYP1A1 transcription pattern

(Fig 1,2). The mechanism of these Se effects are not clear, but inadequate dietary Se levels

reportedly may have caused negative effects in therapeutic settings (Rayman 2012). These

(inverted) U-shaped dose-response curves with Se with or without PCB 126 exposure need

to be understood before any therapeutic application of Se diets.

PON1 binds to Apo A1 in HDL-C and Apo A1 has some antioxidant capacity (Hine et al.

2012). Some microarray studies reported a decrease in liver ApoA1 gene expression after

treatments with PCB 126 or TCDD, but those data were not verified by RT-PCR (Boverhof

et al. 2005; Kopec et al. 2008). Our observation of increased Apo A1 transcription with the

high dose of PCB 126 may be a consequence of the visible liver toxicity in our animals and

seems unrelated to PON1 and oxidative protection.

Despite less transcription of PON1 in low dietary Se controls/low PCB 126 exposure, liver

protein data presented a non-significant opposite effect, possibly due to the low sensitivity

of Western blots. However, liver PON1 activity was significantly higher in these animals

compared to the adequate Se groups, supporting the protein data. A strong Se and Se x PCB

126 interactive effect was confirmed by ANOVA analysis. We could hypothesize that the

mechanism may be, at least in part, through protein stabilization in low Se conditions, which

could result in PON1 compensating in part for the loss of protection in low Se situations.

PCB 126 also dose-dependently increased the PON1 activity in the serum, but significantly

only at the higher doses of PCB 126, most likely a consequence of the increased production

of PON1 in the liver and/or liver toxicity at the high PCB 126 doses. A significant Se effect

was only seen for arylesterase activity in the controls on low/high Se diets. This difference

between paraoxonase and arylesterase activity raises the question whether another, minor

enzyme may contribute to the total arylesterase activity in serum compared to the

paraoxonase activity.

PON1 binds to HDL-C and removes peroxides from LDL-C in serum. Thus a change in the

lipid profile may have an influence on serum PON1 level and activity. Dioxin-like

compounds are known to elevate serum total cholesterol and HDL cholesterol (Carter 1985;

Quazi et al. 1983), which may be due to the increment in liver biosynthesis of cholesterol

(Horio et al. 1987). We observed a similar increase in serum TC and HDL-C with the

median dose of PCB 126. The high dose (5 μmol/kg) produced dramatically lower

elevations of these cholesterols, probably as a result of acute liver toxicity. The marginal
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effect of PCB 126 on LDL-C, consistent with other reports (Lind et al. 2004), resulted in an

increase in the HDL-C/LDL-C ratio which should be protective against cardiovascular

disease if not disturbed otherwise, for example by oxidative stress. Se had no consistent

effect on serum lipids, which is in agreement (Chen et al. 1986; Crespo et al. 1995;

Panczenko-Kresowska and Ziemlanski 1987) or disagreement (Bleys et al. 2008; Kaur and

Bansal 2009; Qu et al. 2000; Stranges et al. 2010) with other reports. Differences in Se

concentration and duration of feeding may be accountable for these discrepancies, since only

a low Se level may increase the ‘good cholesterol’, while too much Se will elevate TC,

LDL-C, and HDL-C (Laclaustra et al. 2009b), and increase the risk of cardiovascular

diseases (Laclaustra et al. 2009a; Stranges et al. 2010). The interaction effect of PCB 126

with Se on LDL-C (Table 3) might hint towards a slight protective effect of Se during low

dose exposure to xenobiotics, but this may be offset by an increased LDL-C level during no-

exposure periods (Fig 4). Overall, effects of Se on lipid profiles seem to be delicate, possibly

biphasic, and an unlikely parameter for PON1 activity modulations.

The ultimate goal of these dietary studies is to develop interventions of chemoprevention

through reduction of oxidative stress, which we determined in our samples with three

methods: TBARS indicate total lipid peroxidation, serum LDL-hydroperoxide the specific

oxidation of LDL-C lipids, and total antioxidant capacity the remaining non-enzymatic

reducing potential in serum. Comparing the control groups for all three parameters reveals

that the supplemented and low Se groups have lower liver (supplemented only) and serum

TBARS, serum LDL-hydroperoxide levels, and higher serum antioxidant capacity.

Apparently high Se provides antioxidant protection. The slightly higher PON1 levels in the

low Se groups possibly were sufficient to compensate for the lower Se levels.

PCB 126 only consistently increased TBARS in serum and only in the adequate Se groups.

The serum antioxidant capacity was increased with PCB 126, opposite to what was

expected, and cannot be explained at this time. In the PCB 126 samples, supplemented and

low Se significantly decreased serum TBARS, supporting the hypothesis that high Se and

compensation of low Se by increased PON1 are efficient antioxidant. To analyze possible

cinteractions between antioxidants and PCB 126 we normalized the data (Figs 5). These

figures suggest that the strongest induction of PON1 activity by PCB 126 but also the best

reduction in oxidative stress occur with adequate dietary Se. The reduced oxidative stress

may be attributed to increased PON1 activities, but a definite cause-effect correlation can

only be made by employing PON1 knock-out animals, which is beyond the scope of this

study. More importantly, supplemented or low dietary Se levels reduced the baseline

oxidative stress level to an extend that even during increased ROS production by xenobiotic

the oxidative damage remained often below the level in control rats with adequate Se diet.

For the NAC study, the two-way ANOVA analysis indicates a significant effect of dietary

NAC on PON1 activity in liver and serum and also an interaction effect between PCB 126

and NAC (Table 4). Closer analysis reveals that NAC did not affect basal PON1 activities,

but modified the PCB 126 effect, i.e. lessened the PCB 126-induced increase in PON1

activity in the liver (1 μmol/kg dose only) while boosting the increase in serum (both doses).

Possible mechanisms for these effects are i. increased excretion of PON1 from liver into

blood, ii. a direct interaction of NAC with sulfhydryl groups in PON1, or iii. an indirect
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effect due to NAC's ROS scavenging and GSH supplementing activity. We have no data to

support or disprove the first mechanism, the enhanced export from the liver. Comparing the

dose-responses in liver and serum, this mechanism appears unlikely. Our in vitro study

confirmed that NAC alone has no detectable direct effects on the basal level of serum PON1

activities (Supplemental Fig 1), suggesting that the second mechanism is unlikely. PON1's

anti-atherogenic activity is attributed to its ability to break down oxidized lipids of serum

lipoproteins (Aviram et al. 2000; Aviram 2006). This is, however, accompanied by a partial

inactivation of the enzyme through an interaction of oxidized lipids with the enzyme's free

sulfhydryl group (Aviram et al. 1999). PCB 126 is known to increase oxidative stress and

lipid peroxidation. NAC may have reduced lipid peroxidation in serum by scavenging

radicals or replenishing GSH, thereby preventing PON1 inactivation in the PCB 126

treatment groups. Since NAC did not increase total liver GSH, but reduced the level of

oxidized GSH in PCB 126 exposed and control animals (Lai et al. 2012), and serum TBARS

were significantly lower in the NAC controls compared to normal controls. Similar

protective effects of NAC were reported in other animal and cell culture studies (Grosicka-

Maciag et al. 2011; Sciuto et al. 1995; Vendemiale et al. 2001). Quercetin, another dietary

antioxidant supplement, also preserved PON1 activity, which was attributed to either

prevention of GSH depletion (Varatharajalu et al. 2009) or induction of PON1 gene

expression (Aviram 2006). For NAC, however, its radical scavenging activity may have

resulted in lower lipid peroxides and thereby less PON1 suicide inactivation and higher

PON1 activities in serum of PCB 126 exposed rats.

Conclusions

Our results demonstrate that dietary antioxidants like Se and NAC have protective effects

against oxidative stress, but are no easy quick-fix solution. PCB 126 was still able to

increase oxidative stress, probably by inducing CYP enzymes, depleting liver selenium and

reducing activities of Se-dependent anti-oxidant enzymes such as thioredoxin reductase and

SeGPx (Lai et al. 2011). Thus avoidance of exposure to dioxin-like compounds needs to be

the first line of public health protection. Supplemental dietary Se reduced baseline and

induced oxidative stress levels in serum, but caution should be used in choosing a dietary Se

level, since very high doses are known to have negative effects. The effect of Se on AhR and

CYP 1A1 transcription should be further explored to elucidate the underlying mechanisms.

The significant interaction effects between dietary Se and PON1 suggest complementation

which needs to be understood to avoid unexpected negative consequences of dietary

interventions. The Se effect on PON1 and ultimately on oxidative stress was probably

primarily mediated through gene induction in the liver, but the gene regulation pathway Se

unknown and other mechanisms, like PON1 protein stabilizing, cannot be excluded. NAC

on the other hand probably worked by scavenging radicals, thereby preventing PON1

inactivation in serum. Overall, increased PON1 activities, by whatever mechanism, may

have a protective effect, counteracting PCB 126-induced oxidative stress in the form of lipid

peroxidation thereby reducing the risk of atherosclerosis, cancer and other diseases. Further

studies should focus on the mechanisms of Se induced gene regulation and PON1

regulation, the interaction between different endogenous and exogenous antioxidants, and

their combined effects in prevention of oxidative damage by various contaminants.
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Figure 1. Effects of PCB 126 and Se on CYP1A1 (top), AhR (middle), and APOA1 (bottom) gene
expression in the liver
mRNA levels were adjusted to the level of the housekeeping gene RPL13a. Results are

expressed as mean ± SEM (n=6). Statistical significant (p<0.05) differences between (a) a

PCB 126 level and the corn oil treatment, (b) 0.02 or 2 ppm Se and 0.2 ppm Se diet, (c)

0.02ppm and 2ppm Se diet.
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Figure 2. Effects of PCB 126 and Dietary Se Levels on PON1 Activity (top), Protein Level
(bottom left), and Gene Expression (bottom right) in the Liver of Male Rats
Liver PON1 activity was determined with paraoxon (top left) and phenylacetate (top right)

as substrate. Results are expressed as mean ± SEM (n=3-6). Statistical significance (p<0.05)

between: (a) each PCB 126 dose vs the corn oil treatment, (b) low (0.02) or supplemented (2

ppm) vs the adequate (0.2ppm) Se diet, and (c) low and supplemented (0.02ppm and 2ppm)

Se diets.
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Figure 3. Effects of PCB 126 and Se on PON1 Activity in Serum
PON1 activity in serum was determined with paraoxon (top left) and phenylacetate (top

right), and in serum-HDL with phenylacetate (bottom left). Results are expressed as mean ±

SEM. (n=3-6). Statistically significant differences (p<0.05) between (a) a PCB 126 level and

the corn oil treatment, (b) 0.02 or 2 ppm Se and 0.2ppm Se diet, (c) 0.02ppm and 2ppm Se

diet.
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Figure 4. Serum Lipid Profile in animals treated with PCB 126 and different Se diets
TC (top), HDL-C (middle) and LDL-C (bottom) results are expressed as mean ± SEM

(n=6). One-way ANOVA followed by Dunnett's test found statistical differences (0.05)

between (a) a PCB 126 level and the corn oil treatment, (b) 0.02 or 2 ppm Se and 0.2 ppm

Se diet, (c) 0.02 ppm and 2 ppm Se diet, (d) 1 and 5 μmol/kg PCB 126.
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Figure 5. Effects of PCB 126 and Se on normalized level of serum endpoints
Serum PON1 activity (top left), serum HDL PON1 activity (top right), serum antioxidant

capacity level (bottom left), serum LDL hydroperoxide (bottom right). Results are expressed

as % of corresponding corn oil control value.
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Figure 6. Effects of PCB 126 and NAC on liver (above) and serum (below) PON1 activity
Animals on a normal or NAC supplemented diet received 1 ip injection of PCB 126. PON 1

activity was determined 2 weeks after injection using paraoxonase (left) or phenylacetate

(right) as substrate. Results are expressed as mean ± SEM (n=6). One-way ANOVA

followed by Dunnett's test was used to examine the difference between each PCB 126 level

and the corn oil treatment (significance indicated by ‘a’ p<0.05) and between the normal and

NAC diet (significance indicated by ‘b’, p<0.05).
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Figure 7. Liver and serum TBARS level in the NAC study
TBARS levels in liver homogenate (above) and serum (below) of animals on a normal or

NAC supplemented diet 2 weeks after ip injection of corn oil or PCB 126. Results are

expressed as mean ± SEM (n=6). One-way ANOVA followed by Dunnett's test was used to

examine the difference between each PCB 126 level and the corn oil treatment (significance

indicated by ‘a’ p<0.05) and between the normal and NAC diet (significance indicated by

‘b’, p<0.05).
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