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Homeostasis of selenium (Se), a critical antioxidant in-
corporated into amino acids and enzymes, is disrupted by
exposure to aryl hydrocarbon receptor (AhR) agonists. Here we
examined the importance of dietary Se in preventing the
toxicity of the most toxic polychlorinated biphenyl congener,
3,3',4,4' 5-pentachlorobiphenyl (PCB 126), a potent AhR
agonist. Male Sprague-Dawley rats were fed a modified
AIN-93 diet with differing dietary Se levels (0.02, 0.2, and
2 ppm). Following 3 weeks of acclimatization, rats from each
dietary group were given a single ip injection of corn oil
(vehicle), 0.2, 1, or 5 pmol/kg body weight PCB 126, followed
2 weeks later by euthanasia. PCB exposure caused dose-
dependent increases in liver weight and at the highest PCB
126 dose decreases in whole body weight gains. Hepatic
cytochrome P-450 (CYP1A1) activity was significantly in-
creased even at the lowest dose of PCB 126, indicating
potent AhR activation. PCB exposure diminished hepatic
Se levels in a dose-dependent manner, and this was accompa-
nied by diminished Se-dependent glutathione peroxidase
activity. Both these effects were partially mitigated by Se
supplementation. Conversely, thioredoxin (Trx) reductase
activity and Trx oxidation state, although significantly di-
minished in the lowest dietary Se groups, were not affected by
PCB exposure. In addition, PCB 126-induced changes in
hepatic copper, iron, manganese, and zinc were observed.
These results demonstrate that supplemental dietary Se was not
able to completely prevent the toxicity caused by PCB 126 but
was able to increase moderately the levels of several key
antioxidants, thereby maintaining them roughly at normal
levels.

Key Words: polychlorinated biphenyls; glutathione; glutathione
peroxidase; redox status; selenium; copper; zinc; superoxide
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Selenium (Se) is an essential trace element, a key component
of the antioxidant defense against reactive oxygen species
(Rayman 2000). Se is unusual in that it is cotranslationally
incorporated into the amino acid selenocysteine (SeCys) (Papp
et al., 2007). SeCys becomes part of the active site of antioxidant
enzymes, including the Se-dependent family of glutathione
peroxidases (SeGPx) responsible for reducing free hydrogen
peroxide to water (Flohe ef al., 1973; Rotruck et al., 1973) and
thioredoxin reductase (TrxR) responsible for reducing thiol-
donating thioredoxin (Trx). Se deficiency has been associated
with congestive cardiomyopathy and osteoarthropathy in
humans (Brenneisen et al., 2005), white muscle disease in
animals (Oldfield, 1987), and downregulation of antioxidant
defense genes in rats (Fischer et al., 2002). In recent studies,
supplemental Se was shown to reduce oxidative stress in animals
(Menéndez-Carrefio et al., 2008; Singh et al., 2006) and in
humans (Bardia et al., 2008; Seyedrezazadeh et al., 2008).

Polychlorinated biphenyls (PCBs), a family of 209 different
congeners, have been produced commercially as mixtures and
were widely used in industrial settings because of their stability
under a broad range of chemical, thermal, and electrical
conditions (Safe, 1994). However, that same stable nature of
PCBs also allows them to persist in the environment, despite
the decline in production since the 1970’s. Because of their
lipophilic nature, PCBs also bioaccumulate and biomagnify in
the food chain (Hansen, 1987; La Rocca and Mantovani,
2006). Biologically, individual PCB congeners were observed
to have very different toxic effects, necessitating studies of
individual congeners (Safe, 1984).

Of the 209 congeners, one of the most studied group of
PCBs are the non—ortho substituted, more coplanar PCBs,
which are able to bind avidly to the aryl hydrocarbon receptor
(AhR) and effect the induction of cytochrome P-450 (CYP)
enzymes. The most potent of these is PCB 126, with a toxicity
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equivalency factor of 0.1 relative to 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) (Bandiera et al., 1982; Birnbaum and DeVito,
1995; Sawyer and Safe, 1982). PCB 126 is found in commercial
Aroclor mixtures, most notably Aroclor 1254, and is a by-product
of combustion emissions (Alcock et al., 1998). Despite the end of
intentional PCB production in the United States, PCB 126 has
been found in city air and in buildings (Zhao et al., 2010). Human
adipose tissue shows PCB 126 levels from 120 to 730 pg/g wet
weight (Kannan ef al., 1988). Dioxins and dioxin-like PCBs
disrupt the homeostasis of antioxidant enzymes, including the
SeGPx (Hassan et al., 1985; Twaroski et al., 2001). Exposure to
various dietary factors or environmental contaminants may
increase oxidative stress. In such a situation, severe liver injury
may occur if antioxidant enzymes, such as GPx, are not
sufficiently present to remove the toxic intermediates (Polavarapu
et al., 1998).

We hypothesized that supplemental Se would be able to
mitigate some or all the hepatic alterations in enzyme activities
and oxidative stress caused by a PCB congener of potent
toxicity, PCB 126, whereas on the other hand, low dietary
intake of Se should increase the adverse effects of PCB 126
exposure. Male rats were fed Se-controlled diets with low (0.02
ppm), adequate (0.2), or supplemental (2 ppm) levels of Se
and administered a single low (0.2), medium (1), or high
(5 pmol/kg) dose of PCB 126, and their hepatic activity of
CYPI1A1, GPx, and TrxR, as well as the hepatic levels of Se,
Fe, Cu, Zn, and GSH, were determined 2 weeks after the
treatment with PCB 126 to test this hypothesis.

MATERIALS AND METHODS

Chemicals. All chemicals were obtained from Sigma-Aldrich Chemical
Company (St Louis, MO) unless otherwise stated. 3,3’ ,4,4’,5-pentachlorobiphenyl
(PCB 126) was prepared as described (Luthe et al., 2006). The crude product was
purified by aluminum oxide column and flash silica gel column chromatography
and recrystallized from methanol. The final product purity was determined by gas
chromatography-mass spectrometry analysis to be > 99.8% and its identity
confirmed by '*C nuclear magnetic resonance. “Caution: PCBs and their
metabolites should be handled as hazardous compounds in accordance with
National Institutes of Health guidelines.”

Animals, diet, and PCB 126 exposure. Male Sprague-Dawley rats
weighing 75-100 grams from Harlan Laboratories (Indianapolis, IN) were
housed in individual wire cages in a controlled environment maintained at 22°C
with a 12-h light-dark cycle and water ad libitum. Animals were randomly
divided into three dietary groups and were fed ad libitum an AIN-93-based diet
(Supplementary table S-1) containing 0.02, 0.2, or 2 ppm sodium selenate
obtained from Harlan Teklad (Madison, WI). Following 3 weeks of
acclimatization, animals were given a single ip injection of vehicle (stripped
corn oil; 5 ml/kg body weight [b.w.]; Acros Chemical Company, Pittsburgh,
PA) or vehicle containing a low (0.2 pmol/kg, 65 pg/kg), medium (1 pmol/kg,
326 pg/kg), or high (5 pmol/kg, 1.63 mg/kg) dose of PCB 126. All groups
contained 4-6 rats. Feed consumption was monitored by determining the
weight of the remaining food per cage every other day. Two weeks after the
injection, animals were euthanized using carbon dioxide asphyxiation followed
by cervical dislocation. We found that a 2-week exposure period allows
sufficient time for the manifestation of the adverse effects of PCB 126 (Lai
et al., 2010). Because of its potency, only a small dose of PCB 126 is required
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for significant toxic effects. In rodents, doses as low as 1 pmol (326 pg) per kg
b.w. have been shown to cause significant liver changes and CYP1A1 induction
(Fisher et al., 2006; Lai et al., 2010). Liver and other organs were excised,
weighed, and further processed as described below. All animal protocols were
approved by the Institutional Animal Care and Use Committee of the
University of Iowa.

Preparation of hepatic subcellular fractions. Parts of the liver tissues
were immediately minced and homogenized in ice-cold 0.25M sucrose solution
containing 0.1mM EDTA, pH 7.4. The homogenates were centrifuged at
10,000 X g for 20 min. The resulting supernatants were then centrifuged at
100,000 X g for 1 h. These supernatants, containing the cytosolic fractions,
were dispensed and aliquoted. The pellets, containing the microsomes, were
washed twice with cold sucrose/EDTA solution, resuspended in this solution,
and aliquoted. Protein concentrations of the microsomal solutions were
determined by the method of Lowry er al. (1951). All tissue fractions were
frozen and stored at —80°C until further analysis.

Measurement of CYP (CYPIAI) activity. CYP1Al activity in hepatic
microsomal fractions was determined according to a slightly modified method
of Burke and Mayer (1974) by measuring the ethoxyresorufin deethylase
(EROD) activity with ethoxyresorufin as the substrate. The resulting fluorescent
resorufin product from the monooxygenase reaction was detected using
a PerkinElmer LS 55 Fluorescence Spectrometer at excitation wavelength of
550 nm and emission wavelength of 585 nm.

Measurement of superoxide dismutase activities. Superoxide dismutase
(SOD) activities were determined following the method of Spitz and Oberley
(1989). SOD activities are expressed as units of SOD activity per milligram protein.

Trace element determinations. Metal concentrations in different rat
tissues were quantitatively determined with an elemental mass spectrometer:
inductively coupled plasma MS (ICP-MS). ICP-MS was selected because of its
low detection limits and multielement capacity (Entwisle and Hearn, 2006).
Liver tissues were pretreated with microwave-assisted close-vessel acid
(HNO3) digestion prior to instrument measurement, and metal concentrations
in the treated tissues were determined with an Agilent 7500ce ICP-MS
equipped with a CETAC AS520 auto sampler.

Measurement of glutathione peroxidase (SeGPx, total GPx, and
glutathione transferase) activities. SeGPx and total GPx activities were
measured in hepatic cytosolic fractions by the methods of Lawrence and Burk
(1976) using hydrogen peroxide and cuemene hydroperoxide as the substrates,
respectively. Glutathione transferase (GST) activity was determined by the
method of Habig et al. (1974) using 1-chloro-2,4-dinitrobenzene (CDNB) as
the substrate. An absorbance change at 340 nm caused by the conjugation of
CDNB to reduced glutathione (GSH) was followed in a Beckman DU-650
spectrophotometer for 5 min. One unit of enzymatic activity is defined as the
amount of protein that oxidizes 1uM of nicotinamide adenine dinucleotide
phosphate per min, expressed as milliunits per mg protein.

Measurement of TrxR activity. TrxR activity was measured in hepatic
cytosolic fractions by the methods of Holmgren and Bjornstedt (1995) using
5,5’ -dithio-bis (2-nitrobenzoic acid) (DTNB) as the substrate (Holmgren
and Bjornstedt 1995). The formation of the resulting product, 2-nitro-5-
thiobenzoate (TNB), was determined spectrometrically at an absorbance of 412
nm. TrxR activity was estimated by subtracting the time-dependent increase in
absorbance in the presence of a TrxR activity inhibitor. One unit of activity was
defined as 1uM TNB formed (min X mg protein).

Measurement of the redox state of thioredoxin-1 and thioredoxin-2. The
redox states of Trxl and Trx2 were determined by the redox Western blot
technique, as described previously (Halvey ez al., 2005). After derivatization of
reduced Trx1 and Trx2 with 4-acetoamido-4-maleimidylstilbene-2,2-disulphonic
acid (Molecular Probes), oxidized and reduced forms were separated by
SDS-polyacrylamide gel electrophoresis and detected by Western blotting using
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a commercially available Trx 1-specific antibody (American Diagnostica, Stamford,
CT) or a Trx2-specific antibody (a kind gift from Dean P. Jones, Emory
University, GA). Densitometry was performed using LI-COR imaging software.
The redox state of Trx1 was calculated by dividing the sum of the 1 disulfide and 2
disulfide forms by the sum of all forms (oxidized and reduced) and expressed as
percent oxidized. Trx2 contains only one pair of cysteines. Therefore, the redox
state of Trx2 was calculated as percent oxidized according to the equation: %
oxidized = oxidized/(oxidized + reduced) X 100.

Total glutathione (GSH and GSSG) analysis. For the determination of
glutathione, liver samples were homogenized in 5% salicylic acid. GSH and
oxidized glutathione (GSSG) levels were determined by the methods of Griffith
(1980) and Anderson (1985) using glutathione reductase as the substrate.
Absorbance change at 412 nm was followed in a Beckman DU-670
spectrophotometer for 5 min. The rate of yellow color accumulation is the
result of 5-thio-2-nitrobenzoate formation from DTNB proportional to the
amount of total glutathione in the sample. GSSG was measured independently
by incubating the tissue in 2-vinylpyridine, which conjugates GSH. GSH was
determined by subtracting GSSG from total glutathione. GSH levels are
expressed as per mg protein.

Histology. Formalin-fixed tissues (liver, spleen, and thymus) were
processed routinely, embedded in paraffin, sectioned at 3—4 pm, and stained
with hematoxylin and eosin for light microscopic examination. Frozen sections
were prepared from selected liver samples and stained with oil-red-O for
determination of the presence of lipid.

Statistics. The effect of PCB 126 treatment and dietary Se level on various
responses was studied using ANOVA analysis via procedure PROC general
linear models (GLM) in the statistical analysis package SAS (version 9.2). The
Dunnett’s test was used to compare PCB 126 treatment with the corn oil control
and other Se levels with 0.2 ppm Se level. This comparison was conducted
separately to PCB 126 treatment and Se level (one-way ANOVA) and jointly
(two-way ANOVA). In two-way ANOVA, the interaction term was removed if
it was not significant at 0.05 level. The effect of Se level is controlled when
applying Dunnett’s test to PCB 126 treatment by using LSMEANS statement in
PROC GLM. The same was done when applying the Dunnett’s test to Se level.

RESULTS

Growth and Organ Weights

The growth rate, indicated by weight gain during the 2
weeks after PCB 126 injection, was not significantly changed
in rats treated with low (0.2 pmol/kg) and mid (1 pmol/kg)
doses of PCB 126 in any of the Se groups (Table 2). However,
growth was significantly slowed, and some animals even lost
weight at the high (5 pmol/kg) dose of PCB 126. This effect
was slightly ameliorated by high dietary Se levels. Feed
consumption was also significantly diminished overall by PCB
126 exposure (data not shown) and correlated with the growth
effects (the correlation effect is indicated in Table 1).

Relative liver weight (as percentage of body weight) was
increased dose dependently by PCB 126 from 11 to 35% with
0.2 umol/kg PCB 126 to over 70% in all three Se groups with
5 umol/kg PCB 126 (Table 2). Dose-dependent thymic
involution of 20-29% at the low dose and around 80% at the
high dose of PCB 126 was observed (Table 2). Two-way
ANOVA analysis revealed that low (0.02 ppm) dietary Se
significantly reduced thymic involution. All doses of PCB
126 significantly increased relative lung weights, but not in
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TABLE 1
Two-Way ANOVA Analysis of the Effects of PCB 126, Dietary
Se, and Interaction

PCB 126 Dietary Se Interaction effect
Growth rate (%) < 0.001 — —
Feed consumption < 0.001 — 0.014
Relative liver weight (%) < 0.001 — —
Relative thymus weight (%) < 0.001 0.013 —
Relative lung weight (%) < 0.001 — —
Relative kidney weight (%) — — —
Relative testes weight (%) 0.021 — —
EROD activity < 0.001 — —
CuZnSOD activity — — —
Total SOD activity — — —
Hepatic Se < 0.001 < 0.001 0.004
Hepatic copper < 0.001 — —
Hepatic iron < 0.001 — —
Hepatic manganese < 0.001 0.047 —
Hepatic zinc 0.013 — —
SeGPx activity < 0.001 < 0.001 0.002
GST activity < 0.001 — —
Total GPx activity < 0.001 < 0.001 0.043
TrxR activity — < 0.001 0.030
Trx1 oxidation (%) — 0.003 —
Trx2 oxidation (%) — < 0.001 —
GSH (protein) — — —
GSSG (protein) — 0.001 —
GSSG/GSH (protein) — 0.002 —

Note. Only p values < 0.05 are reported.

a dose-dependent manner nor was an effect of Se diets apparent
(Table 2). No consistent significant effect on relative kidney
weight was seen by PCB 126 or dietary Se (data not shown).
The relative testes weight was significantly affected overall
only by the high dose of PCB 126, where an increase compared
with the solvent control was seen (Supplementary table S-2).

Effects on CYPIAI (EROD) Activity

As depicted in Table 3, EROD activity was significantly
increased (17- to 27-fold) by low (0.2 pmol/kg) and medium
(1 pmol/kg) doses of PCB 126. At a 5-umol/kg dose of PCB
126, EROD activity was also significantly increased, but at
a lower magnitude (8- to 13-fold) compared with the two lower
doses. The EROD activity was not significantly affected by
different dietary levels of Se.

Effects on Hepatic Se

Hepatic Se levels were significantly (65-75%) lower in the
low—dietary Se groups compared with the adequate Se groups
(Fig. 1). The higher Se level in the supplemental (2 ppm) Se
group resulted in a significantly 50-80% increased hepatic Se
levels compared with the adequate Se groups (Fig. 1). PCB 126
produced no significant change in hepatic Se in the low- or
adequate-Se animals. However, overall PCB 126 significantly
diminished hepatic Se by 8-35% at all doses, and this reduction
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TABLE 2
Weight Gain (%) and Relative Organ Weights (%) under Each Experiment Condition and Significance of Various Comparisons
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Dietary Se level

Treatment Low (0.02 ppm) Adequate (0.2 ppm) Supplemental (2 ppm) 2-Way ANOVA
Growth (%) Corn oil 21.1 +1.2 21.1 1.7 214 + 1.7 n/a
0.2 pmol/kg PCB 126 193 + 14 16.1 £ 1.9 16.9 = 2.0 *
1 umol/kg PCB 126 16.6 = 2.1 157 £2.2 14.1 + 1.2%
5 umol/kg PCB 126 —5.1 £ 2.5% —4.2 £ 1.9*% —0.6 £ 1.1*
2-Way ANOVA — n/a —
Relative liver weight (%) Corn oil 3.86 = 0.07 4.11 £ 0.06 4.36 = 0.10 n/a
0.2 pmol/kg PCB 126 5.00 = 0.19% 5.57 = 0.17* 4.84 = 0.17# *
1 umol/kg PCB 126 6.02 + 0.10* 6.27 + 0.17* 6.15 + 0.17* *
5 umol/kg PCB 126 6.91 + 0.43* 7.01 +0.31%* 7.52 + 0.14%* *
2-Way ANOVA — n/a —
Relative lung Corn oil 0.459 = 0.012 0.464 = 0.009 0.493 = 0.018 n/a
Weight (%) 0.2 pmol/kg PCB 126 0.526 + 0.015 0.573 = 0.023* 0.514 = 0.022 *
1 pmol/kg PCB 126 0.622 + 0.031%* 0.557 + 0.024* 0.611 + 0.038 *
5 umol/kg PCB 126 0.596 + 0.026* 0.653 + 0.027* 0.604 + 0.040 *
2-Way ANOVA — n/a —
Relative Corn oil 0.228 + 0.012 0.197 = 0.012 0.213 + 0.006 n/a
Thymus 0.2 pmol/kg PCB 126 0.161 + 0.003* 0.151 = 0.009* 0.171 + 0.012%* *

Weight (%)

1 umol/kg PCB 126
5 umol/kg PCB 126
2-Way ANOVA

0.101 + 0.008*
0.057 = 0.004*
#

0.089 + 0.006*
0.046 + 0.002*
n/a

0.084 + 0.004*
0.038 + 0.004*

Note. Results are expressed as mean + SEM. Each group contained four to six animals. One-way ANOVA was used to examine statistically significant differences
(p < 0.05) between each PCB 126 level and the corn oil treatment (indicated by “**”” if significant) and between low or supplemental and the adequate dietary Se level
(indicated by “‘#’ if significant). Significance for each factor based on two-way ANOVA is indicated in the ‘2-way ANOVA’’ rows by “‘# for Se level and the *‘2-
way ANOVA’’ column by ““*”” for PCB 126 level. All p values have been adjusted for multiple testing using Dunnett’s test. n/a, not applicable.

reached statistical significance with the mid (1 pmol/kg) and
high (5 pmol/kg) PCB doses in the supplemental dietary Se
groups relative to the corn oil control (Fig. 1). This resulted in
a highly significant (p < 0.004) interaction effect of PCB 126
and dietary Se (Table 1).

Effects on Hepatic Copper, Iron, Manganese, and Zinc

The liver tissue levels of several metals were analyzed to
identify the effects of PCB 126 and/or different dietary Se
levels. Hepatic iron was diminished by PCB 126, significantly

at the mid and high PCB doses and overall (Table 4). This
effect was most pronounced in the supplemented Se group
where the reduction reached 49% and least pronounced in the
low-Se group, where it only reached a 15% reduction with 5
pmol/kg PCB 126. However, overall, the dietary level of Se
had no effect on hepatic iron. Copper levels were not affected
by dietary Se but increased in a dose-dependent manner by
PCB 126 treatment, which reached significance at the mid (1
pmol/kg) and high (5 pmol/kg)-dose groups of PCB 126 in all
dietary Se groups (Table 4). PCB 126 reduced hepatic Zn

TABLE 3
EROD Activity (nmol/min/mg Protein) under Each Experiment Condition and Significance of Various Comparisons
(Adjusted Using Dunnett’s Test)

Dietary Se level

Treatment Low (0.02 ppm) Adequate (0.2 ppm) Supplemental (2 ppm) 2-Way ANOVA
Corn oil 0.10 = 0.02 0.13 = 0.02 0.11 = 0.02 n/a

0.2 pmol/kg PCB 126 2.68 + 0.12%* 2.70 + 0.08* 2.72 + 0.09* *

1 umol/kg PCB 126 2.38 + 0.22% 2.29 + 0.16%* 2.28 + 0.10*

5 umol/kg PCB 126 1.26 + 0.17* 1.08 + 0.07* 1.22 + 0.12*

2-Way ANOVA — n/a —

Note. Results are expressed as mean + SEM. Each group contained four to nine animals. One-way ANOVA was used to examine the difference between each PCB
126 level and the corn oil treatment (*). No significant differences between low or supplemental and the adequate dietary Se level were observed. Significance for each
factor based on two-way ANOVA is indicated in the bottom margin (Se, #) and in the right margin (PCB, *). The level for significance is 0.05. n/a, not applicable.
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Hepatic Selenium
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FIG. 1.

Liver Se (ng/g tissue) under each experiment condition and significance of various comparisons (adjusted using Dunnett’s test). Results are expressed

as mean = SEM (n = 4-6 animals/group). One-way ANOVA was used to examine the difference between each PCB 126 level and the corresponding corn oil
treatment (*) and low (0.02) or supplemented (2 ppm)-Se level versus adequate (0.2 ppm) Se level (#). p < 0.05.

levels by 5-20%, which was significant overall at the high PCB
dose (Table 4). No significant differences in zinc levels were
seen among the different dietary Se groups. Hepatic manganese
was diminished 8-33% by PCB 126, and this effect was dose
dependent, although statistically significant only in all mid-
PCB dose groups and at all doses overall and in the
supplemental (2 ppm) dietary Se groups. Although different
Se levels did not cause a significant difference individually,
a significant overall higher Mn level was seen in the low-Se
group compared with the adequate Se group (Table 4).

CuZnSOD and Total SOD Activities

The cytoplasmic SOD has an atom of Cu and Zn in its active
site; activities could potentially be influenced by changes in the
cellular levels of these metals. CuZnSOD and total SOD
activities were not significantly affected by PCB treatment or
dietary Se levels (Supplementary table S-3).

Effects on Glutathione Peroxidase and GST Activities

SeGPx activities were strongly influenced by the dietary Se
levels. In the solvent control animals, 0.02 ppm Se in the diet
resulted in 92% lower SeGPx activity compared with the
adequate (0.2 ppm) Se diet, whereas a supplementation of the
diet with 2 ppm Se resulted in a 41% increase of SeGPx (Fig.
2). In the adequate (0.2 ppm) and supplemental (2 ppm) dietary
Se groups, PCB 126 caused a dose-dependent reduction of
SeGPx activity by 25-40% (Fig. 2). No effect of PCB 126
treatment was apparent in the low—Se diet groups. Neverthe-

less, overall, the effects of dietary Se and PCB 126 were
strongly interactive (p < 0.002; Table 1). GST activities were
not affected by dietary Se but were increased in a dose-
dependent fashion (1.4- to 2.5-fold) by PCB 126 in all three Se
groups (Table 5). The total GPx activity was 73% lower in the
low-Se control group and 24% higher in the supplemented Se
controls compared with the adequate Se control group (Table
5). PCB 126 exposure caused a dose-dependent (1.3- to 2-fold)
increase in total GPx activity in the lowest (0.02 ppm) dietary
Se groups, but dose-dependent increase was not observed in the
adequate (0.2 ppm) and supplemental (2 ppm) dietary Se
groups. In the adequate Se group, total GPx activities were
decreased by low (0.2 pmol/kg) dose PCB 126, reached control
level in the 1 umol/kg doses of PCB 126, and was increased,
although nonsignificantly, in the high (5 pmol/kg)-dose group
(Table 5). With the supplemental Se diet, PCB 126 caused
a (nonsignificant) decrease in total GPx activity at the two
lower doses, and a return to control levels was seen with the
high dose of PCB 126. Overall, both, dietary Se levels and
PCB 126, had a significant effect on total GPx and together
a significant interaction (p < 0.043, Table 1).

Effects on TrxR Activity and Trx Oxidation States

The TrxR activity was only influenced by low dietary Se
levels (Fig. 3). A reduction of Se to 0.02 ppm in the diet caused
a significantly (76-89%) diminished TrxR activity compared
with the adequate Se groups. No overall effect on TrxR was
observed in rats fed supplemental (2 ppm) Se (Fig. 3). Different
concentrations of PCB 126 did not have a significant effect on
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TABLE 4
Liver Copper, Iron, Manganese, and Zinc (pg/g) under Each Experiment Condition and Significance of Various Comparisons

Dietary Se level

Hepatic level of metals (1g/g) Treatment Low (0.02 ppm) Adequate (0.2 ppm) Supplemental (2 ppm) 2-Way ANOVA

Copper Corn oil 541 +0.39 4.87 + 0.33 5.70 £ 0.25 n/a
0.2 pmol/kg PCB 126 6.24 £ 0.46 5.81 £0.19 5.93 £0.32 —
1 umol/kg PCB 126 8.51 + 0.90* 7.31 + 0.62% 7.99 £ 0.36* *
5 umol/kg PCB 126 10.77 = 0.88* 10.51 = 0.60%* 9.67 + 0.46* *
2-Way ANOVA — n/a —

Iron Corn oil 165 = 14 154 + 14 191 = 14 n/a
0.2 pmol/kg PCB 126 138 = 14 158 + 14 150 + 12%* —
1 pmol/kg PCB 126 137 + 11 119+ 7 125 + 3% *
5 umol/kg PCB 126 141 = 14 119 + 11 98 + 10* *
2-Way ANOVA — n/a —

Manganese Corn oil 3.00 = 0.25 2.50 £ 0.17 291 £0.18 n/a
0.2 pmol/kg PCB 126 2.49 £ 0.26 2.29 £ 0.18 2.26 = 0.16* *
1 umol/kg PCB 126 2.17 + 0.18* 1.83 £ 0.18* 2.09 + 0.13* *
5 umol/kg PCB 126 2.45 £0.20 2.17 £ 0.14 1.95 £ 0.15* *
2-Way ANOVA # n/a —

Zinc Corm oil 375 £3.0 352 £2.6 40.7 £ 1.9 n/a
0.2 pmol/kg PCB 126 355+29 343 +2.7 34.6 2.1 —
1 pmol/kg PCB 126 357+£22 318 £ 1.2 35115 —
S umol/kg PCB 126 31.7 2.6 29.8 + 1.6 31.0 = 1.5% *
2-Way ANOVA — n/a —

Note. Results are expressed as mean + SEM. Each group contained four to six animals. One-way ANOVA was used to examine statistically significant differences
(p < 0.05) between each PCB 126 level and the corn oil treatment (indicated by ‘“*’” if significant) and between low or supplemental and the adequate dietary Se level
(indicated by “‘#’ if significant). Significance for each factor based on two-way ANOVA is indicated in the ‘“2-way ANOVA’’ rows by “‘#” for Se level and the *‘2-
way ANOVA’’ column by ““*”” for PCB 126 level. All p values have been adjusted for multiple testing using Dunnett’s test. n/a, not applicable.

TrxR activity at any of the dietary Se levels, but an overall between PCB 126 and Se (Table 1). Thioredoxin-1 (Trx1) and
significant decrease of TrxR activity was seen in the low-Se thioredoxin-2 (Trx2) were significantly more oxidized, 79 and
groups. This effect resulted in a significant interaction effect 107%, respectively, in the controls with a diet that was low in

SeGPx Activity
800 aCorn Oil
% 200 @0.2 umol/kg PCB 126 #
£ 01 umol/kg PCB 126 \
g 600 @5 umolrkg PCB 126
s )
5 500 #
£ - p F
Q * —
g 400 * % T
= i e
Z 300 7 - / /
s / T /
< 200 / /
bed A
: _ %
p 100 # # # g / %
0 I 777 i st 7 7
0.02ppm 0.2ppm 2ppm

Dietary Selenium

FIG. 2. SeGPx activity (umol/min/mg protein) and significance of various comparisons (adjusted using Dunnett’s test). Results are expressed as mean = SEM.
Each group contained four to six animals. One-way ANOVA was used to examine the difference between each PCB 126 level and the corn oil treatment (*) and
between low/high Se and the adequate Se control (#). p < 0.05.
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TABLE 5
GST (pmol/min/mg Protein) and Total Glutathione Peroxidase Activities (umol/min/mg Protein) under Each Experiment Condition
and Significance of Various Comparisons (Adjusted Using Dunnett’s Test)

Glutatione transferase activity (umol/min/mg protein) Total GPx activity (umol/min/mg protein)

Dietary Se level Dietary Se level

Low Adequate Supplemental 2-Way Low Adequate Supplemental 2-Way
PCB (0.02 ppm) (0.2 ppm) (2 ppm) ANOVA (0.02 ppm) (0.2 ppm) (2 ppm) ANOVA
0 pmol/kg 211 + 16 225 + 11 205 + 37 n/a 246 + 15# 670 = 55 832 + 25# n/a
0.2 pmol/kg 295 + 27* 301 + 32 305 + 20%* * 323 + 28# 640 + 48 723 £ 35 —
1 umol/kg 354 + 22% 382 + 23% 331 + 22% * 384 + 23%# 707 = 41 719 = 20 #
5 umol/kg 475 + 41%* 562 + 68* 461 + 45% * 500 £ 40%# 830 + 80 821 £ 55 *
2-Way ANOVA — n/a — # n/a —

Note. Results are expressed as mean + SEM. Each group contained four to six animals. One-way ANOVA was used to examine statistically significant
differences (p < 0.05) between each PCB 126 level and the corn oil treatment (*) and between low or supplemental and the adequate dietary Se level (#).
Significance for each factor based on two-way ANOVA is indicated in the bottom margin (#, Se) and in the right margin (*, PCB). n/a, not applicable.

Se compared with the adequate Se group (Fig. 4a). PCB 126 Histology

had no significant effect on the oxidation state of Trx1 or Trx2. Dose-related histological changes were present in all PCB

126—treated rat livers. PCB 126 caused an increase in the

Effects on Hepatic Glutathione

No significant effects by PCB 126 or dietary Se on hepatic
GSH levels were observed, although Se had an overall
significant effect on hepatic GSSG and the GSSG/GSH ratio,
both of which were diminished by low dietary Se (Table 6, see
Table 1 for statistics).

amount and density of cytoplasm in centrilobular hepatocytes,
suggestive of smooth endoplasmic reticulum induction. No
additional histological changes were observed in rats that
received 0.02 pmol PCB/kg. In rats that were treated with
higher doses of PCB 126 (1 and 5 pmol), dose-dependent
cytoplasmic vacuolation and degeneration were present in all

s Z:: as:::ukz PCB 126 : ? %
% 0.25 - % % !
i | Z
= 0101 % %
0.05 - a . T T %ﬂ /
0.00 2 m : %A‘ . %

Dietary Selenium

FIG. 3. TrxR activity (U/ml) under each experiment condition and significance of various comparisons (adjusted using Dunnett’s test). Results are expressed
as mean + SEM. Each group contained four to six animals. One-way ANOVA was used to examine the difference between each PCB 126 level and the corn oil
treatment. “‘*’’ Indicates significant differences of PCB treatments versus corn oil vehicle control; “‘#’’ indicates significant difference of low/high Se versus
adequate Se. p < 0.05.
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FIG. 4. Trx1 (top) and Trx2 (bottom) oxidation state and significance of various comparisons (adjusted using Dunnett’s test). Results are expressed as mean +
SEM. Each group contained three animals. One-way ANOVA was used to examine the difference between each PCB 126 level and the corn oil treatment (*) and

low/supplemented Se versus 0.2 ppm dietary Se (#); p < 0.05.

groups except for the group exposed to 1 pmol PCB and the
low 0.02 ppm Se diet. In addition, dose-dependent scattered

apoptosis and karyomegaly were observed in all mid- and high-
PCB dose groups. Oil-red-O staining indicated that the
vacuolation was due to lipid accumulation (lipidosis/steatosis).
Dose-related thymic atrophy was observed in rats given higher
doses (1 and 5 pmol) of PCB 126, independent of dietary Se
level. No changes were observed in the spleen.

DISCUSSION

We previously observed a significant decrease in liver Se
levels and SeGPx activity after exposure of rats to higher doses
of PCB 77 (Schramm et al., 1985; Twaroski et al., 2001) and to
1 pmol/kg PCB 126 (Lai et al., 2010). Se and Se-containing
enzymes are important for health and for antioxidant defense
(Oldfield, 1987; Stadtman, 2000). Se supplementation was
shown to inhibit high fat-induced serum cholesterol oxidation
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TABLE 6
GSH (nmoles GSH/mg Liver Wet Weight), GSSG (nmoles GSSG/mg Liver Wet Weight), and GSSG/GSH Ratio under Each
Experiment Condition and Significance of Various Comparisons

Dietary Se level

Treatment Low (0.02 ppm)  Adequate (0.2 ppm)  Supplemental (2 ppm) 2-Way ANOVA

GSH (nmoles GSH/mg liver wet weight) Corn oil 8.15 +0.93 6.86 + 0.83 7.00 £ 0.82 n/a
1 pmol/kg PCB 126 8.57 = 1.18 6.71 £ 0.53 7.12 = 1.93 —
5 umol/kg PCB 126 8.45 + 0.67 7.26 £ 0.93 7.60 + 0.87 —
2-Way ANOVA — n/a —

GSSG (nmoles GSSG/mg liver wet weight) Corn oil 0.052 + 0.016 0.062 = 0.005 0.060 = 0.009) n/a
1 pmol/kg PCB 126 0.042 + 0.004 0.058 + 0.010 0.055 + 0.009 —
5 umol/kg PCB 126 0.043 + 0.006 0.057 + 0.007 0.051 = 0.015 —
2-Way ANOVA n/a —

GSSG/GSH Corn oil 0.638 + 0.123 0.902 + 0.166 0.853 + 0.061 n/a

Ratio (%) 1 umol/kg PCB 126 0.494 £ 0.112 0.863 + 0.087 0.770 + 0.183 —
5 umol/kg PCB 126 0.511 = 0.060 0.780 + 0.184 0.667 = 0.019 —
2-Way ANOVA n/a —

Note. Results are expressed as mean + SEM. Each group contained four to six animals. One-way ANOVA was used to examine statistically significant
differences (p < 0.05) between each PCB 126 level and the corn oil treatment (indicated by ““*’’ if significant) and between low or supplemental and the adequate
dietary Se level (indicated by “‘#’” if significant). Significance for each factor based on two-way ANOVA is indicated in the ‘‘2-way ANOVA’’ rows by “‘#’” for
Se level and the ‘2-way ANOVA’’ column by ““*’’ for PCB 126 level. All p values have been adjusted for multiple testing using Dunnett’s test. n/a, not

applicable.

(Menéndez-Carrefio et al., 2008), to decrease the toxicity of
cadmium in rats (Banni ez al., 2010), and to be promising in
protecting against cancer in animals (Menéndez-Carrefio ef al.,
2008; Singh et al., 2006) and humans (Bardia er al., 2008;
Seyedrezazadeh et al., 2008). Even modest deficiency in Se may
increase the risk of diseases (McCann and Ames, 2011). Thus,
a decrease in Se and Se-containing enzymes such as the one
observed with PCB 126 (Lai et al., 2010), PCB 77 (Schramm
et al., 1985; Stemm et al., 2008; Twaroski et al., 2001), and
TCDD (Hassan et al., 1985) may have unexpected negative
health consequences. However, high dietary Se levels are toxic
and may increase the risk of type II diabetes and cancer,
including PCB-induced hepatocarcinogenesis (Stemm et al.,
2008; Stranges et al., 2007). Therefore, to examine the effect of
different dietary Se levels, we fed rats with a diet containing low
(0.02 ppm), adequate (0.2 ppm), or supplemented (2 ppm) levels
of Se for 5 weeks with one ip injection of corn oil or PCB 126
(0.2, 1, and 5 pmol/kg) at the end of the third week.

All Se diets were very well tolerated by the animals with
respect to growth and organ weights. PCB 126 on the other hand
inhibited growth and even resulted in weight loss at the highest
(5 umol/kg) dose. This was due most likely to decreased food
intake (wasting syndrome), similar to the effects of acute TCDD
toxicity (Seefeld er al., 1984). Even though Se alone had no
effect on feed intake, a significant interaction was seen with
PCB 126 and Se diet. This could indicate that Se ameliorates
PCB 126-induced wasting, but more experiments are needed to
confirm the small effect seen in these studies.

As expected, relative liver weights were dose dependently
increased by PCB 126, an effect that was also seen to a smaller

extent in the lungs of the animals (Table 2). The increase in
relative lung weights was consistent, but not clearly dose
dependent, and is therefore considered a treatment effect and
not reflective of weight loss. PCBs induce liver cancer in
rodents and possibly in humans (Mayes et al., 1998; Ward
et al. 2010). Although their mechanism of carcinogenicity is
not known, it is assumed that AhR activation may be involved,
at least in the promoting activity of certain PCBs (Brown ef al.,
2007). PCB 126 is by far the most potent AhR agonist of all
209 PCB congeners. Increase in liver weight is a well-known
consequence of AhR-mediated increase in endoplasmic re-
ticulum and may be the cause for the increase in lung weights.
Histological analysis confirmed this effect on the liver with all
PCB doses. Se had no effect on these parameters either alone or
in combination with PCB 126. The slight increase in relative
testes weights with high dose PCB is most likely a consequence
of reduced body weights in this group.

Thymic involution is another well-known effect of AhR
agonists. Macroscopic and histological evaluation confirmed
the dose-related thymic toxicity of PCB 126. Animals
receiving the low-Se diet had overall smaller reduction in
thymus weights compared with the normal Se group (Table 2),
not enough, however, to produce visible histological differ-
ences. We do not know the mechanism or consequence of this
small protective effect of the low-Se diet.

The 5 weeks on low- or supplemented-Se diets produced
a significant 70% decrease and 80% increase in hepatic Se
levels, respectively, compared with the adequate Se diet. These
changes in Se were more pronounced than in our previous
10-week promotion study on the same Se diets (Stemm ef al.,



DIETARY SE AND PCB 126 TOXICITY

2008). It is possible that the longer time on the diets allowed
for adaptations in the Se kinetics in the body. As before (Lai
et al., 2010), PCB 126 lowered hepatic Se levels in the
adequate dietary Se group, and this effect was dose dependent
(Fig. 1). Whereas supplemental dietary Se was unable to
prevent the PCB 126-induced loss of Se from the liver, the
remaining hepatic Se levels were still significantly higher than
those in rats receiving adequate Se. Thus, supplementing the
diet with Se was chemoprotective because it prevented hepatic
Se to fall below the normal tissue levels. This is similar to the
protective effect seen in cadmium-exposed rats on a Se-
supplemented diet (Banni et al., 2010). Rats fed the low-Se diet
showed hepatic Se levels that were already very low, and PCB
126 did not produce a significant further reduction. In-
terestingly, this level (~0.22 to 0.24 pg/g tissue) is the same
as the one observed with PCB 77 treatment of rats after 10
weeks on a low-Se diet (Stemm et al., 2008). This may be the
lowest hepatic Se level that the rat physiology will tolerate.
Overall, the interaction between PCB 126 and dietary Se levels
was highly statistically significant (Table 1), confirming the
observed effect of this strong AhR agonist but also the
modulation of this effect by different dietary Se levels.

PCB 126 is known to induce CYPs, particularly CYP1A.
CYPI1AL1 is not constitutively expressed, but its synthesis can
be greatly enhanced by AhR-driven upregulation of gene
expression (Parkinson et al., 1983). PCB 126 caused an
increase in CYP1A1 activity (Table 3), consistent with the
higher liver weight and induction of smooth endoplasmic
reticulum. The lower CYP activity in the high—-PCB 126 dose
groups may be due to oxidative inactivation of the enzyme by
reactive oxygen species or diminished cellular resources
available to support protein synthesis. Important in this study
is that the different Se diets did not influence this effect of PCB
126 on CYP1A1 activity in any way.

High CYP levels are potentially dangerous because uncoupling
of their catalytic cycle can cause a release of superoxide and
hydrogen peroxides (Schlezinger et al., 1999). Thus, this increase
in CYP activity by PCB 126 is believed to increase oxidative
stress in the liver. Surprisingly, in this study, we did not observe
an effect of PCB 126 on hepatic glutathione (GSH) as was seen
with PCB 77 (Twaroski et al., 2001). Even more surprising, the
low-Se diet slightly increased the hepatic total GSH level and
decreased GSSG and the GSSG/GSH ratio, suggesting less
oxidative stress. In wild birds, high tissue Se levels were shown
to correlate with high GSSG levels and GSSG/GSH ratios
(Franson et al., 2002; Hoffman, 2002). The authors suggest that
an increased SeGPx activity caused an increase in oxidative stress
(thiobarbituric acid reactive substances) and GSSG, which could
explain the increased carcinogenicity of PCBs at high Se levels
(Oldfield, 1987; Stemm et al., 2008). However, Se-related
toxicity in birds was seen at tissue levels of 3 ppm, 200%
higher than those achieved in the rats on supplemented Se diet.

A metal with possible chemoprotective activity is zinc.
Hepatic zinc levels were significantly decreased by the
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high (5 pmol/kg) dose and slightly but not significantly with
1 pmol/kg PCB 126, similar to our previous findings (Lai ez al.,
2010). TCDD reportedly produced no change (Wahba ef al.,
1988) or increases (Nishimura er al., 2001) in hepatic Zn
levels. The reason for this difference between PCB 126 and
TCDD is not known. The Se diets did not influence Zn levels,
indicating that PCB-induced changes in Se levels were not the
cause of the lower hepatic Zn content. In addition, hepatic
manganese was decreased by all PCB 126 treatments.
Interestingly, liver manganese levels were slightly but overall
significantly higher in the low-Se group compared with
adequate or supplemented Se, possibly a compensatory
mechanism.

Despite the induction of CYP, a hemoprotein, hepatic iron
levels were decreased as the dose of PCB 126 increased
(Table 4). This is most likely a diet effect because 2 weeks
exposure to PCB 126 seems too short to produce uroporphyria.
TCDD increased hepatic iron levels (Nishimura ez al., 2001),
a second dissimilarity with PCB 126 effects. Dietary Se did not
influence hepatic iron levels, indicating that these parameters
are independent from each other.

Hepatic copper was significantly increased by PCB 126 in
a dose-dependent manner, in agreement with our previous
findings and similar findings with TCDD (Elsenhans et al.,
1991; Lai et al., 2010; Nishimura et al., 2001; Wahba et al.,
1988). Even a single injection of 0.2 pmol/kg PCB 126
produced an apparent, although not significant, increase in Cu,
whereas the high-dose doubled hepatic copper levels. The
mechanism of this hepatic Cu increase by PCB 126 or TCDD is
not known, but an impairment of biliary excretion was
suggested (Elsenhans er al., 1991). Cu is a very efficient
Fenton reagent, which can convert H,O, to the highly reactive
hydroxyl radical, which immediately oxidizes proteins and
cellular DNA (Buettner and Jurkiewicz, 1996). Copper
supplementation was shown to decrease Se levels in muscles
of cattle (Garcia-Vaquero et al., 2011), indicating that these
two trace metals influence each other. Our major question in
this study was whether the Se diet would influence copper
levels. As shown in Tables 1 and 4, Se did not affect hepatic
Cu levels alone or in combination with PCB 126.

Cu is a constituent of the CuZnSOD, an important
cytoplasmic antioxidant enzyme, and believed to be rate
limiting. However, the higher availability of Cu as a result of
PCB exposure did not cause an increase in CuZnSOD activity,
neither did dietary Se. Dietary Se has been reported to
influence other antioxidant enzymes, notable are the selenoen-
zymes glutathione peroxidase (SeGPx) and TrxR (Stadtman,
2000). SeGPx is a major peroxidase that detoxifies H,O, and
cytosolic hydroperoxides. Rats receiving the supplemented Se
diet had higher SeGPx activity, whereas animals on low Se had
significantly diminished SeGPx activities compared with the
adequate group (Fig. 2). In addition, PCB 126 decreased
SeGPx activity in a dose-dependent manner; this effect was
more pronounced when the hepatic Se level was higher—even
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the low dose of PCB 126 significantly lowered SeGPx in the
supplemental Se group, whereas the mid-PCB 126 dose was
needed in the adequate Se group and no statistical significance
effect of PCB 126 was apparent in the low-Se group. However,
in Se-supplemented rats, the SeGPx activity after PCB 126
treatment remained in the baseline range of the control animals
on adequate Se diet. Thus, supplementation of the diet with Se
prevented a significant decrease of this important antioxidant
enzyme below normal levels, a chemoprotective effect against
PCB 126 toxicity. Low dietary Se had a much stronger effect
on SeGPx than PCB 126, but it was hypothesized that even
a small decline in nonessential selenoproteins like the SeGPX
may cause aging-related diseases such as cancer, loss of bone
density, and resistance to infections, heart diseases, and others
(McCann and Ames, 2011). In addition, PCB 126 and Se diet
had an interactive effect (Table 1), raising the concerns that
even small dietary deficiency of Se, if combined with exposure
to AhR agonists like PCB 126 and TCDD, may be enough to
cross the threshold of the no observable effect limit.

Total GPx was significantly affected by PCB 126, dietary
Se, and in interaction between these two factors. Total GPx
activity increased with increasing dietary Se levels, but PCB
126 did not have a significant effect in the adequate and
supplemental Se groups and even caused an increase in the
low-Se groups. This seems contradictory, considering the
decrease in SeGPx. One component of total GPx activity is
GST activity. PCB 126 caused a dose-dependent increase in
GST activity (Table 5), similar to the effect of Aroclor 1254
(Schramm et al., 1985; Steinberg et al., 1989). This induction
of GST by PCB 126 was not Se dependent and sufficient to
more than compensate for the decrease of SeGPx by PCB 126.

The second major Se-dependent antioxidant system includes
TrxR. The low-Se diet caused about 75-85% reduction in TrxR
activity (Fig. 3), similar to effects reported by others (Hill ez al.,
1997). A small, nonsignificant increase in TrxR was seen in the
Se-supplemented group. The TrxR activity was not affected by
PCB 126 (Fig. 3), which is in agreement with reports that
SeGPx activity declines before TrxR activity, possibly because
the GPx messenger RNA loses stability during Se deficiency
(Bermano et al., 1996). However, a small, but significant,
overall interaction effect between Se and PCB 126 was
observed by ANOVA analysis (Table 1).

The significant increase in the oxidation level of Trx1 and
Trx2 in the low-Se group (Fig. 4) was most likely
a consequence of the very low TrxR activity levels in this
group. Although several PCB treatment groups showed higher
oxidized Trx levels than the controls, this did not reach
significance, indicating that the Trx system may be stable
enough to resist insults from AhR agonists even under low-Se
conditions.

These results demonstrate that although dietary Se supple-
mentation did not prevent Se depletion in the liver following
PCB 126 exposure, added dietary Se was able to increase
hepatic Se levels and SeGPx activity moderately, keeping both
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above or within the range of the control livers. This modulating
effect could be the explanation for the lower levels of 8-oxodG
and DNA adducts in Inuits who, due to their diet, have high
PCBs but also very high Se levels in their blood (Ravoori ef al.,
2010). Thus, considering the bioaccumulation of ubiquitous
environmental contaminants like PCBs, dioxins, and furans and
the possibility that even a small diet-related reduction of
selenoproteins like SeGPx may increase the risk of age-related
diseases like cancer, more emphasis should be placed in
understanding the complex interactions between/among these
contaminants and our diet.
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