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Abstract
Copper is essential for the function of the mitochondrial electron transport chain and several
antioxidant proteins. However, in its free form copper can participate in Fenton-like reactions that
produce reactive hydroxyl radicals. Aryl-hydrocarbon receptor (AhR) agonists, including the most
potent polychlorinated biphenyl (PCB) congener, 3,3',4,4',5-pentachlorobiphenyl (PCB126),
increase copper levels in rodent livers. This is accompanied by biochemical and toxic changes. To
assess the involvement of copper in PCB toxicity, male Sprague Dawley rats were fed an
AIN-93G diet with differing dietary copper levels: low (2 ppm), adequate (6 ppm), and high (10
ppm). After three weeks, rats from each group were given a single ip injection of corn oil
(control), 1, or 5 μmol/kg body weight PCB126. Two weeks following injections, biochemical
and morphological markers of hepatic toxicity, trace metal status, and hepatic gene expression of
metalloproteins were evaluated. Increasing dietary copper was associated with elevated tissue
levels of copper and ceruloplasmin. In the livers of PCB126-treated rats the hallmark signs of AhR
activation were present, including increased cytochrome P-450 and lipid levels, and decreased
glutathione. In addition a doubling of hepatic copper levels was seen and overall metals
homeostasis was disturbed, resulting in decreased hepatic selenium, manganese, zinc and iron.
Expression of key metalloproteins was either decreased (cytochrome c oxidase), unchanged
(ceruloplasmin and CuZnSOD) or increased (tyrosinase, metallothionein 1 and 2) with exposure to
PCB126. Increases in metallothionein may contribute/reflect the increased copper seen.
Alterations in dietary copper did not amplify or abrogate the hepatic toxicity of PCB126. PCB126
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toxicity, i.e. oxidative stress and steatosis, is clearly associated with disturbed metals homeostasis.
Understanding the mechanisms of this disturbance may provide tools to prevent liver toxicity by
other AhR agonists.

Introduction
Copper, an essential trace element with multiple biological roles, can be found in trace
concentrations (3–10 μg/g wet weight) in vital organs of the human body, including the
liver, brain, heart, and kidneys.1 Copper is necessary for cellular respiration and energy
production, since the copper-containing cytochrome c oxidase is part of the electron
transport chain that reduces oxygen. Copper also functions as a key component of the
antioxidant enzyme copper zinc superoxide dismutase (CuZnSOD), which detoxifies
reactive superoxide radicals. However, copper can also participate in superoxide catabolism
as a pro-oxidant by catalyzing a Fenton-like reaction that generates reactive hydroxyl
radicals.2 Therefore a fine control of tissue copper levels is of critical importance.

In previous studies, we observed that hepatic copper levels were significantly increased
following exposure to 3,3',4,4',5-pentachlorobiphenyl (PCB126).3 PCB126, the most toxic
PCB congener4,5, can assume a more co-planar conformation similar to that of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) due to the lack of chlorine atoms adjacent to the
biphenyl bridge in the 2,2',6,6' positions. These congeners, known as dioxin-like PCBs, are
potent aryl hydrocarbon receptor (AhR) agonists6 and induce cytochrome P-450 (CYP)
1A.7,8 Changes seen following exposure of rodents to potent AhR agonists, like TCDD and
PCB126, besides the increase in hepatic copper8–10 include liver hypertrophy, increased
metallothionein, 8-OHdG and reduced hepatic glutathione levels11,12, reduced hepatic
selenium and reduced selenium-dependent glutathione peroxidase activity and mRNA
levels.3,13,14 In addition, it is well shown that this class of compounds causes ROS and free
radical related pathologies.

Little is known about the role copper plays in PCB126-induced toxicity, if any. In this study,
we investigate dietary copper's involvement in PCB126-induced alterations to hepatic redox
status and toxicity. In addition, gene expression of several proteins whose functions include
intra- and extracellular metal trafficking (MT & Cp), pigment production (Tyr) and electron
transport (CytOx) were investigated for potential explanation as to the cause of copper
increase. We hypothesized that reducing the dietary intake of copper would result in a
reduction of the amount of copper available for Fenton-like reactions and thereby decrease
toxicity as measured by biochemical changes and morphology. On the other hand, high
levels of dietary copper were expected to produce additive or synergistic effects with
PCB126. To this end, male rats, placed on purified diets containing 2 (low), 6 (adequate), or
10 (high) ppm copper, were subsequently administered a single dose of 1 (low), or 5 (high)
μmol/kg of PCB126, and tissue metal levels, biochemical and morphological changes were
determined to evaluate toxicity and potentially explain the increased copper seen.

Methods and Materials
Chemicals

All chemicals were obtained from Sigma-Aldrich Chemical Company (St. Louis, MO)
unless otherwise stated. PCB126 (3,3′,4,4′,5-pentachlorobiphenyl) was prepared by an
improved Suzuki-coupling method of 3,4,5-trichlorobromobenzene with 3,4-dichlorophenyl
boronic acid utilizing a palladium-catalyzed cross-coupling reaction.15 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 GC/MS analysis
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to be > 99.8% and its identity confirmed by 13C NMR. Caution: PCBs and their metabolites
should be handled as hazardous compounds in accordance with NIH guidelines.

Animals
This animal experiment was conducted with approval from the Institutional Animal Care
and Use Committee of the University of Iowa. Male Sprague-Dawley rats, 4–5 weeks old,
from Harlan Sprague-Dawley (Indianapolis, IN) weighing 75–100 grams 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-93G based diet (Supplemental Table 1) containing a low (2
ppm), adequate (6 ppm), or high (10 ppm) copper level (diets obtained from Harland Teklad,
Madison, WI). These concentrations were chosen since the normal AIN-93G diet,
commonly used diet for rats, contains 6 ppm copper and levels of 2 and 10 ppm copper
represent only modest changes from this normal diet and not expected to produce toxic
effects. Moreover, 1 ppm copper in the diet was shown not to change liver and kidney
metallothionein compared to 6 ppm copper controls.16 Following three weeks of
acclimatization, a period shown to achieve steady state copper levels17, animals were
administered a single ip injection of vehicle (5 ml/kg body wt of stripped corn oil; Acros
Chemical Company, Pittsburgh, PA), or vehicle with a 1 μmol/kg (326 μg/kg) or 5 μmol/kg
(1.63 mg/kg) dose of PCB126. Two weeks following the injection, a time frame sufficient
for liver pathology to manifest8, the now 9–10 week old rats were euthanized using carbon
dioxide asphyxiation followed by cervical dislocation. Blood was collected by cardiac
puncture. Livers and kidneys were excised, weighed, and further processed as described
below.

Hepatic subcellular fractions preparation
Liver tissues were excised immediately following sacrifice, and homogenized in ice-cold
0.25 M sucrose solution, pH 7.4. The homogenate was centrifuged at 10,000g for 20 min.
The resulting supernatant was then centrifuged at 100,000g for 1 h. This supernatant,
containing the cytosolic fractions, was dispensed and aliquoted. The pellet containing the
microsomal fraction was washed twice with cold sucrose solution and resuspended in that
solution. Protein concentrations were determined by the method of Lowry et al..18 All
samples were stored at −80°C until further use.

Measurement of CYP1A1 activity
CYP1A1 activity was determined in hepatic microsomal fractions by the method of Burke
and Mayer19 with slight modifications, measuring the ethoxyresorufin deethylase (EROD)
activity with ethoxyresorufin as the substrate. The resulting fluorescent resorufin product
from the monooxygenase reaction was detected using a Perkin-Elmer LS 55
spectrofluorometer at excitation wavelength of 550 nm and emission wavelength of 585 nm.

Total Glutathione analysis
Total Glutathione levels were determined in liver tissues homogenized in 5% salicylic acid
based on the methods of Griffith20 and Anderson21, using 5,5′-dithio-bis-(2-nitrobenzoic
acid) (DTNB) as the substrate. The reaction catalyzed by glutathione reductase and NADPH
results in the formation of 2-nitro-5-thiobenzoate (TNB) and a yellow color which can be
measured at 412 nm. The absorbance change at 412 nm was followed in a Beckman DU-670
spectrophotometer for 5 min. The rate of yellow color accumulation is proportional to the
amount of total glutathione in the sample. Total glutathione levels are expressed per mg
hepatic protein. Oxidized glutathione was not measured due to additional oxidation of
samples before analysis as a result reduced glutathione was not measured.

Lai et al. Page 3

Chem Res Toxicol. Author manuscript; available in PMC 2014 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Measurement of Superoxide Dismutase (SOD) activities
Hepatic SOD activities were determined by the method of Spitz and Oberley22, measuring
the reduction of nitroblue tetrazolium (NBT) colormetrically, with xanthine-xanthine
oxidase as a source of superoxide anion radicals. Absorbance change at 560 nm was
followed in a Beckman DU-670 spectrophotometer for 5 min. To determine manganese
SOD (MnSOD) activity, the assay was performed in the presence of 5 mM cyanide, a level
that inhibits copper zinc SOD (CuZnSOD) activity. CuZnSOD activity was subsequently
determined by subtracting MnSOD activity from total SOD activity. One unit of SOD
activity is defined as the amount of protein that yields 50% of maximal inhibition of NBT
reduction by superoxide anion radicals.

Serum Ceruloplasmin measurement
Total Serum ceruloplasmin was determined using an ELISA kit purchased from ALPCO
(Salem, NH). Briefly, ceruloplasmin present in the serum binds to an anti-ceruloplasmin
antibody, which then forms complexes with an anti-ceruloplasmin antibody conjugated with
horseradish peroxidase. The addition of a chromogenic substrate, 3,3',5,5'-
tetramethylbenzidine, causes an absorbance change at 450 nm, which is used as a measure
of the concentration of ceruloplasmin in the test sample. The quantity of bound enzyme
correlates directly with the concentration of ceruloplasmin in the sample tested.

4-Hydroxynonenal (4-HNE) determination
Liver 4-HNE levels were measured using an ELISA kit from Cell Biolabs, Inc. (San Diego,
CA). Briefly, homogenized liver tissue samples were incubated with an anti-HNE-His
antibody, followed by incubation with a HRP-conjugated secondary antibody. Incubation
with the provided substrate solution results in an absorbance change at 450 nm which was
read in a Molecular Devices SpectraMax 340 96-well plate reader. The quantity of HNE-His
adduct in the tissue homogenates was determined by comparing the recorded absorbance
with that of a known HNE-BSA standard curve.

Hepatic metalloprotein gene expression analysis
Gene expression for select metalloproteins was determined by a two-step quantitative RT-
PCR method using an Eppendorf Realplex Mastercycler. Total RNA was isolated from
hepatic tissue using a Qiagen RNeasy Mini kit following the manufacturer's instructions.
The RNA was reverse transcribed with random primers using a High Capacity cDNA
Reverse Transcription Kit from Applied Biosystems. 1–10 ng cDNA was used with 300 nM
primers and Power SYBR green PCR master mix from Applied Biosystems for the real time
RT-PCR. Samples were run as duplicates and a mean value was used for further
calculations. Six biological replicates were evaluated for each treatment group. Actin was
used as the reference gene. Either the Pfaffl method or a standard curve method was used to
determine relative gene expression. All primers, excluding tyrosinase, have been published
before (sequences are given in Supplemental Table 2) and were produced by IDT
(Coralville, IA)23–26.

Trace elements determination
Metal concentrations in liver, kidney and blood were quantitatively determined with an
elemental mass spectrometer, the Inductively Coupled Plasma – Mass Spectrometry (ICP-
MS). ICP-MS was selected because of its low detection limits and multi-element capacity27.
Tissues were pretreated with HNO3 acid digestion prior to ICP-MS measurement, and metal
concentrations in the treated tissues were determined in an Agilent 7500ce ICP-MS
equipped with a CETAC ASX520 auto sampler.

Lai et al. Page 4

Chem Res Toxicol. Author manuscript; available in PMC 2014 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Histology
Sections of liver were fixed in formalin and glutaraldehyde for light microscopic and
transmission electron microscopic examinations, respectively. Formalin-fixed tissues were
routinely processed, embedded in paraffin, sectioned at 4 μm and stained with hematoxylin
and eosin. Glutaraldehyde-fixed tissues were stained with osmium tetroxide for lipid
evaluation, embedded in epoxy resin, sectioned at 50–100 nm and stained with uranyl
acetate and lead citrate. Frozen sections of selected liver samples were sectioned at 8 μm
and stained with oil red O for lipid evaluation (ORO). ORO liver sections were imaged at
400× magnification (DP72, Olympus) and analyzed using ImageJ software. The percent
staining was calculated by dividing the stained area by the total parenchymal area. Two
images were analyzed per tissue section.

Statistics
The effects of PCB126 and dietary copper on various response endpoints were studied using
ANOVA analysis via procedure PROC GLM in the statistical analysis package SAS
(version 9.2). Dunnett's test was used to compare PCB126 with the corn oil vehicle control
and the normal with the high and low dietary copper levels. This comparison was conducted
separately for PCB126 treatment and dietary copper levels (one-way ANOVA) and also
jointly (two-way ANOVA) (Table 1). In two-way ANOVA, the interaction term was
removed if it was not significant at level 0.05. When applying Dunnett's test to the PCB126
treatment, the effect of dietary copper was controlled by using lsmeans statement in PROC
GLM. The same was done when applying Dunnett's test to dietary copper levels.

Results
Effects on growth, feed consumption, and organ weights

Weight gain and feed consumption are early indicators of general toxicity of a treatment.
Weight gain (Supplemental Figure 1a) and feed consumption (Supplemental Figure 1b) were
not significantly influenced by the different copper diets, although rats on the low (2 ppm)
copper diet had a slightly higher growth rate than those on normal or high copper diets, even
with PCB126-treatment. Overall rats treated with PCB126 gained weight at a lower rate as
the corn oil control rats (Table 1), but for the individual groups this reduced growth was
significant only with the high (5 μmol/kg) dose of PCB126 (Supplemental Figure 1a).
Animals that were treated with PCB126 also overall consumed slightly less feed (Table 1),
which was significant for the individual group at the high PCB-dose with all diets and lower
(1 μmol/kg) PCB dose in the low and high copper diet group.

The relative liver weight (liver weight in percent of final body weight), was significantly and
dose-dependently increased by PCB126 (Figure 1a). Absolute liver weights were also
significantly increased by the PCB126 treatment (data not shown). In addition, statistical
analysis revealed an overall significant effect of copper diets on relative liver weight (Table
1). In contrast, relative kidney weights were not significantly affected by dietary copper
levels or PCB126 (data not shown).

Effects on liver, kidney, and blood copper
Liver copper was significantly and dose-dependently affected by both dietary copper and
PCB126 and also exhibited an interaction effect (Table 1). Low (2 ppm) dietary copper
significantly diminished hepatic copper levels while high dietary copper increased them
which was significant in all PCB126-treatment groups (Figure 1b). In addition, a dose-
dependent increase in hepatic copper in rats treated with PCB126 was seen. Significance
was seen for both doses with the adequate and high copper diet but, only the high PCB126
dose in the low copper diet group (Figure 1b).
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In the kidneys the copper levels, determined as μg/g tissue wet weight, were overall slightly
higher than in the liver. The trends due to copper diet and PCB126 treatment mirrored those
in the liver (Table 2). Low and high dietary copper significantly increased and decreased
kidney copper levels, respectively, and the high (5 μmol/kg) dose of PCB126 significantly
increased kidney copper levels compared to corn oil-treated controls. However, in low dose
PCB126 treated rats levels were not significant compared to controls. Blood copper was also
significantly affected by both dietary copper and PCB126 with an interaction effect (Table
1). The trends were the same as in the kidneys and liver within normal and high copper diet
group (Table 2). Interestingly, blood copper was dose-dependently diminished by PCB126
in rats receiving low dietary copper.

Effects of copper diets and PCB126 on liver cytochrome P450 1A1 activity
Hepatic CYP1A1, as determined by measuring EROD activity, was significantly induced by
treatment with PCB126, more so with the lower (1 μmol/kg) dose than with the higher (5
μmol/kg) dose of PCB126 (Figure 2). Two-way ANOVA did not indicate an effect of
dietary copper levels on EROD activity; however, rats receiving less (2 ppm) copper in the
diet had a significantly lower baseline level of CYP1A1 activity than the corresponding corn
oil control with normal or high dietary copper levels (Figure 2).

Effects of copper diets and PCB126 on liver SOD activities
Different dietary copper levels might be expected to have an influence on CuZnSOD
activity. Neither the dietary copper level nor treatment with PCB126 alone or both in
combination had an influence on hepatic CuZnSOD activity or total SOD activity (Table 3).
MnSOD activity was diminished by PCB126. This effect was significant in the high dietary
copper group administered 5 μmol/kg PCB126 and overall at both PCB doses.

Effects on total hepatic glutathione
Treatment with PCB126 caused a reduction in total GSH in the livers of rats (Figure 3).
Although this effect seems pronounced and dose dependent with normal and high copper
diets, significance was seen only with the high dose of PCB126 in the normal copper group
when compared with the corresponding corn oil control. Two-way ANOVA confirmed that
overall both factors, PCB126 and dietary copper, diminished total hepatic glutathione levels
(Table 1).

Effects on Liver 4-HNE
Increased cellular levels of 4-HNE, a product of lipid peroxidation, are an indicator of
oxidative stress. Different copper levels in the diet did not influence the hepatic 4-HNE
either alone or in PCB-treated animals (Table 1; Supplemental Figure 2). Overall, PCB126
reduced 4-HNE, but at the level of individual data point a significant reduction was only
seen with the high dose of PCB126 on low copper diet.

Effects on serum ceruloplasmin and hepatic ceruloplasmin gene expression
Ceruloplasmin is the major copper-carrying protein in the blood and synthesized in the liver.
Serum ceruloplasmin was significantly diminished in all animals receiving the low (2 ppm)
copper diet (Figure 4a). In those on normal (6 ppm) or high (10 ppm) dietary copper feed,
PCB126 caused an increase in serum ceruloplasmin. In addition, two-way ANOVA revealed
an interaction effect of dietary copper and PCB126 on serum ceruloplasmin levels (Table 1).
Its gene expression resembled serum ceruloplasmin levels in that the low (2 ppm) copper
diet diminished ceruloplasmin mRNA overall significantly, although at the individual data
point levels this was only significant with the corn oil and low PCB treatment (Table 1;
Figure 4b).
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Effects on hepatic tyrosinase, cytochrome c oxidase and metallothionein gene expression
The copper-containing enzyme tyrosinase is the rate-limiting enzyme in the synthesis of
melanin and also involved in the oxidation of other endogenous phenols. PCB126 treatment,
particularly the high dose, caused an increase in tyrosinase expression in the high (10 ppm)
dietary groups which reached significance in the high copper diet group and overall (Table
1; Figure 5a).

Cytochrome c oxidase, complex IV in the electron transport chain, uses copper and has
genetic information in both the nucleus (subunit IV) and the mitochondrion (subunit I).
PCB126 treatment significantly decreased gene expression in the low (2 ppm) and adequate
(6 ppm) dietary groups and had an overall effect on both subunits (Table 1; Figures 5b and
c). In addition, two-way ANOVA revealed an interactive effect of copper diet and PCB126
treatment on the gene expression of cytochrome c oxidase subunit IV, the nuclear subunit.

Metallothionein is a cysteine rich intracellular protein that binds a wide range of metals from
essential metals like Cu, Zn and Se to the potentially toxic metals Cd, Hg and As.
Metallothionein isoforms 1 and 2 were significantly increased by both dietary copper and
PCB126 exposure (Table 1; Figure 5d and e). Induction reached a peak at 1 μmol/kg
PCB126 dose similar to the induction of CYP1A1 that was seen in the EROD activity.

Effects on liver, kidney, and blood selenium
Liver selenium was significantly affected overall (2-way ANOVA) by both dietary copper
(increasing) and PCB126 (decreasing), with an interaction effect for the two factors (Table
1). In addition, PCB126 caused a significant decrease in hepatic selenium even at the low
dose. In contrast to the liver, kidney selenium levels were increased by PCB126 at the high
(5 μmol/kg) dose (Supplemental Table 3a). Two-way ANOVA showed that blood selenium
was inversely affected by dietary copper.

Effects on liver, kidney, and blood iron
Liver and kidney iron levels were not influenced by dietary copper levels, but blood iron
was significantly increased overall by increasing amounts of copper in the diet
(Supplemental Table 3b). Liver iron was significantly diminished by PCB126 in the
adequate (6 ppm) and high (10 ppm) dietary copper groups. Blood iron was not influenced
by PCB126 overall. No significant effects of PCB126 on kidney iron levels were observed.

Effects on liver, kidney, and blood zinc
Two-way ANOVA showed that PCB126 caused a significant decrease in liver zinc levels,
while high dietary copper increased zinc significantly (Table 1; Supplemental Table 3c).
Kidney zinc was significantly increased overall by dietary copper but not PCB126. In
contrast, blood zinc was significantly decreased overall by PCB126, but not affected by
dietary copper.

Effects on liver, kidney, and blood manganese
PCB126 also caused an overall significant decrease in liver manganese (Table 1;
Supplemental Table 3d). However, there was an overall increase by dietary copper with no
interaction effect of the two factors (Table 1). Two-way ANOVA revealed a significant
overall increase in kidney manganese due to dietary copper and PCB126. Blood manganese
was not affected by PCB126, but was significantly decreased with increasing dietary copper
(Table 1).
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Histology
The histologic examination revealed that PCB126 treated livers had hepatocellular
enlargement due to cytoplasmic lipid accumulation with a mild increase in cytoplasmic
density. Additionally periportal hepatocytes had cytoplasmic clearing consistent with a
hydropic change. There was a PCB dose-response in severity of these hepatocyte alterations.
Apoptotic hepatocytes were identified in rats treated with the high dose of PCB126 in the
adequate (6 ppm) and high (10 ppm) dietary copper groups although only 1–2 rats were
affected in each group. No histologic changes associated with dietary copper levels were
noticed.

Evaluation and quantification of ORO staining showed an increase in liver lipid in PCB-
treated rats (Figure 6). In the control groups, significantly lower lipid content was observed
in the low (2 ppm) copper diet group.

Liver sections were examined by transmission electron microscopy to determine whether
ultrastructural differences due to PCB treatment or different dietary copper levels could be
detected (Supplemental Figures 3a, b and c). The observed ultrastructural changes were
consistent with PCB administration including increased cytoplasmic lipid and areas that
appeared to have increased smooth endoplasmic reticulum although no quantification of sER
was conducted. There was no evidence of lipid within the smooth endoplasmic reticulum.
There were no significant ultrastructure differences between dietary copper groups
administered the same PCB treatment.

Discussion
Copper's ability to act as both an essential antioxidant and a prooxidant makes it an
intriguing target in toxicity. Copper absorbed in the body is mostly bound to a transporter
protein, ceruloplasmin, or sequestered in cells bound to chaperones. In the unbound state,
copper can react with hydrogen peroxide and generate highly reactive hydroxyl radicals in a
Fenton-like reaction. These reactive oxygen species (ROS) can bind to lipids, proteins, and
DNA, and cause covalent modifications.28 Acute copper toxicity can result in various
pathologies, while chronic copper toxicity can cause severe hepatic and neurologic
damage.29,30 Because of the small therapeutic range, copper metabolism and excretion is
tightly controlled and regulated.31 Although toxicity as a result of direct disruption of copper
homeostasis has been well studied, little is known about the effects of xenobiotics on this
sensitive balance. PCBs, a family of persistent environmental pollutants, can cause ROS
generation and disrupt copper homeostasis.32,33 Consistent with previous findings, we
observed that the 5 μmol/kg dose PCB126 significantly slowed the growth of rats, an effect
that can partially be explained by the lower feed consumption observed (Supplemental
Figure 1). Liver weights were significantly increased by PCB126, particularly by the well
tolerated lower dose of PCB126, reflecting liver hypertrophy (Figure 1a). The high or low
dietary copper diets did not ameliorate or enhance the hypertrophy generally seen by this
dioxin-like PCB.

We observed a significant induction of EROD (CYP1A1) activity following PCB126
exposure, confirming its potent binding and activation of the AhR. The higher dose of the
toxicant PCB126 did not further increase the induction response of CYP1A1. We have
observed this non-linear trend both in vitro and in vivo. In an earlier study using chick
embryo hepatocytes, we found that dioxin – like PCBs caused potent induction of total
cytochrome P-450 content and EROD activities with increasing concentrations until a
maximum was reached. Further concentration increases resulted in marked reduction of total
cytochrome P-450 and EROD activity.34 We have also observed this effect in the rat as
well.3,35–37 Other groups have seen similar trends with PCB related compounds both in
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cells38–40 and in animals.41–43 Decrease in EROD activity seen with higher doses of
PCB126 maybe the result of inhibition or inactivation of CYP1A1 by PCB126. Several
papers have been published showing this trend in both marine animals and vertebrates.44–46

Strong induction of cytochrome P450 without the presence of a substrate is known to
increase oxidative stress in vitro, if that effect takes place in vivo it may be involved in the
cancer promoting activity of such compounds. Surprisingly, we did not observe an increase
in the lipid peroxidation product 4-HNE and although total GSH was somewhat lowered in
PCB-treated animals this was only significant for the 6 ppm copper-high PCB126 group.
Although not shown by the parameters tested, countless other studies have shown the
connection between ROS and dioxin-like PCBs.

Past studies have shown that dioxin-like compounds, including PCB126, caused significant
increases in hepatic copper levels.8,11 Consistent with those observations, we observed a
significant dose-dependent increase in hepatic copper levels in all rats exposed to PCB126.
Liver copper was also increased by high dietary copper levels. As a result, the 10 ppm
copper diet treated with 5 μmol/kg PCB126 had an increase of liver copper levels of about
100% compared to the no treatment controls on adequate copper (Figure 1b). Despite these
considerable differences in the liver copper levels due to diet and PCB126, there were no
effects on hepatic total or CuZnSOD activity (Table 2). These results support the assumption
that the dietary copper levels used in this study did not reduce or increase liver copper to a
physiologically relevant level.47

To investigate the cause of increased hepatic copper, the levels of copper-containing
enzymes along with metallothionein were investigated as a cause of copper sequestration.
Interestingly, with exception of the high copper diet – high PCB126 group, PCB126
treatment did not significantly increase ceruloplasmin in the serum nor were any changes in
its gene expression in the liver observed, even though levels of copper were increased in
both tissues (Figure 4). The increase seen in the high copper diet – high PCB126 group may
be the result of increased production of the longer-lived holoceruloplasmin from the
apoceruloplasmin but more studies are needed to confirm this.48–50 We hypothesized that
other copper-containing proteins or another mechanism was involved in the PCB-induced
increase in copper. Tyrosinase, also known as monophenol monooxygenase, is a copper-
containing protein that has been shown to be induced by exposure to TCDD in melanocytes
through activation of the Ah receptor.51 Its expression was not affected by dietary copper,
but PCB126 treatment slightly increased tyrosinase gene expression in the liver, particularly
in the high copper diet group (Figure 5a). This study provides the first evidence of hepatic
tyrosinase expression and its modulation by PCB126. This small increase may contribute to
the overall increase in hepatic copper that is seen with PCB exposure and may change the
biotransformation pathway of endogenous and exogenous compounds.

Cytochrome C Oxidase, or Complex IV in the electron transport chain, is made up of 13
different subunits, 10 genes from the nucleus and 3 genes from the mitochondrion, and uses
two copper atoms and two heme groups.52 In this study we found a PCB126-related
decrease in mRNA for both subunit I, from mitochondrion, and subunit IV, from the
nucleus, but no significant effect of the copper diets (Figures 5b and c). Complex IV
functions in the final step in the electron transport chain to reduce O2 to H2O.53 Disruption
of the electron transport chain may result in the generation of reactive superoxide anions54

and subsequent increase in antioxidant enzymes.55 In addition, other AhR agonists have
been reported to disrupt the electron transport chain and diminish ATP levels in the
liver.56,57 A decrease in ATP levels may result in decreases in hepatic copper export
mediated by copper-transporting ATPases (in humans ATP7A and ATP7B)58,59, but further
studies are needed to test this hypothesis.
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Hepatic metallothionein 1 and 2 gene expression was significantly increased with both
dietary copper and PCB126 (Table 1; Figure 5d and e). This is consistent with previous
findings using similar planar dioxin-like compounds.8,11 Metallothionein has a greater
binding affinity for copper than for zinc which potentially explains the decrease of zinc in
the liver. In addition, metallothionein is able to bind up to 12 atoms of copper60 so even the
modest increase that is seen with PCB126 (3-fold) could explain the increases in hepatic
copper. Although the protein levels of metallothionein will need to be investigated to
confirm this hypothesis along with the levels of other copper chaperones.

Consistent with our previous observations3,8, PCB126 caused a significant decrease in liver
selenium, zinc, manganese and iron levels, the opposite of the effect on copper (Figure 1b).
It has been suggested that copper is preferentially absorbed into the liver over other trace
metals during periods of stress.61 Selenium was decreased in the liver even at the lower dose
and was increased in the blood and kidneys. These observations suggest that PCB126 caused
an increase in selenium excretion from the liver into the blood and increased uptake into the
kidneys, possibly by conjugation to electrophilic compounds.62 Selenium is incorporated
into several antioxidant enzymes and inactivation of those enzymes, due to lack of selenium,
would result in an increased susceptibility to oxidative stress.63,64 Zinc was also decreased
in the liver, zinc is an essential element in CuZnSOD, but this enzyme activity was not
reduced in the liver, indicating that Zn levels did not fall below the required minimum.
Manganese, however, a crucial component of MnSOD, is the most important mitochondrial
antioxidant defense system and an enzyme that is implicated in cancer and
neurodegenerative diseases. MnSOD activity was significantly reduced by PCB126
exposure. Assuming that manganese availability is the limiting factor for MnSOD activity
(this issue is explored in detail in a separate report65), this toxic effect of PCB126 on an
important antioxidant enzyme is mediated through a disturbance of metal homeostasis and
not through direct effects on the enzyme or its gene regulation. Iron was also decreased in
the liver by PCB126. Disruption of heme synthesis, specifically inhibition of
uroporphyrinogen decarboxylase, has been linked to TCDD and may explain the changes in
iron status but further studies need to be done.40

As expected, large cytoplasmic lipid vacuoles were visible in the livers of PCB126-treated
rats (Supplemental Figure 3b&c). We observed a potential increase in the lipid synthesizing
smooth endoplasmic reticulum (SER), but no lipid accumulation was observed in either
smooth or rough endoplasmic reticulum (Supplemental Figure 3b&c). Oil-Red-O
quantification confirmed an increase in lipid accumulation with PCB126 administration over
all dietary groups. In a separate study, we have confirmed the increases in hepatic lipid
levels in the livers of rats treated with PCB126.37 This suggests a potential increase in lipid
synthesis and/or disruption of lipid metabolism (Figure 6). Alterations to hepatic lipid
profiles has been shown to be linked to complexed copper66, although the mechanism of this
change is unknown. Interestingly, dietary copper only lowered the liver lipids in the low
copper diet and did not show an effect in the high copper diet animals. This is in contrast to
the increased lipid accumulation seen in Wilson's Disease, a genetic disorder that causes the
buildup of copper in the liver.67 Although the increases in hepatic copper seen in Wilson's
Disease are orders of magnitude higher. This may suggest that a higher copper diet than the
one that we used in this study is needed to see a more pronounced copper related effect.
However, steatosis observed in PCB126-treated rats is also observed in the early stages of
Wilson's Disease and is believed to be the result of oxidative damage caused by excess
copper and Fenton chemistry. Steatosis may also be related to copper accumulation itself,
independent of oxidative stress. Thus the disruption of copper homeostasis by PCB126 may
be a/the major mechanism of steatosis of this and possibly other strong AhR agonists.
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The involvement of copper in PCB126-induced toxicity is not well understood. Since AhR
agonists cause increases in hepatic copper levels, this study sought to determine mechanisms
of PCB126-induced liver toxicity related to copper levels. PCB126 did increase copper
levels in the liver as expected but this increase was not fully explained by increases in
copper containing enzymes. However the increases seen in hepatic metallothionein gene
expression may explain the increased copper. In addition, the moderately increased
availability of copper through the diet did not enhance or diminish the toxicity of PCB126. It
is unclear whether increased hepatic copper directly causes toxicity or is a byproduct of
toxicity and how this is related to the disturbed homeostasis in other essential minerals.
Further studies will be needed to fully elucidate the involvement of copper and other metals
in PCB126 toxicity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

PCB polychlorobiphenyl

CuZnSOD copper zinc superoxide dismutase

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin

AhR aryl-hydrocarbon receptor

CYP1A1 cytochrome P450 1A1

EROD ethoxyresorufin deethylase

DTNB 5,5′-dithio-bis-(2-nitrobenzoic acid)

NBT nitroblue tetrazolium

MnSOD manganese superoxide dismutase

4-HNE 4-hydroxynonenal

RT-PCR reverse transcription polymerase chain reaction

ICP-MS inductively coupled plasma – mass spectrometry

ORO oil red o

Cp ceruloplasmin

Tyr tyrosinase

CytOxI cytochrome c oxidase subunit I

CytOxIV cytochrome c oxidase subunit IV

MT1 metallothionein isoform 1
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MT2 metallothionein isoform 2

sER smooth endoplasmic reticulum

ROS reactive oxygen species

MnSOD manganese superoxide dismutase
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Figure 1.
PCB126 significantly increased liver weight (a) and hepatic copper (b) in a dose-dependent
manner. Error bars represent SEM. Each group contained 4–6 animals. * p < 0.05 as
compared to adequate (6 ppm) dietary copper. † p < 0.05 as compared to Corn Oil vehicle
control.
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Figure 2.
PCB126 significantly induced EROD activity. Error bars represent SEM. Each group
contained 4–6 animals. * p < 0.05 as compared to adequate (6 ppm) dietary copper. † p <
0.05 as compared to Corn Oil vehicle control.
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Figure 3.
PCB126 and dietary copper significantly decreased total liver glutathione suggesting
increased oxidative stress. Error bars represent SEM. Each group contained 4–6 animals. * p
< 0.05 as compared to adequate (6 ppm) dietary copper. † p < 0.05 as compared to Corn Oil
vehicle control.
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Figure 4.
Dietary copper and not PCB126 caused a significant increase in the serum levels (a) and
hepatic expression (b) of ceruloplasmin. Fold change is calculated relative to 6 ppm dietary
copper and corn oil treatment. Error bars represent SEM. Each group contained 4–6 animals.
* p < 0.05 as compared to adequate (6 ppm) dietary copper. † p < 0.05 as compared to Corn
Oil vehicle control.
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Figure 5.
Tyrosinase expression (a) was induced upon PCB126 treatment and in a near dose-
dependent manner whereas dietary copper had little effect. PCB126 treatment significantly
decreased cytochrome c oxidase subunit I (b) and subunit IV (c) gene expression. PCB126
treatment and dietary copper increased the expression of both MT1 and MT2. Fold change is
calculated relative to 6ppm dietary copper and corn oil treatment. Error bars represent SEM.
Each group contained 4–6 animals. * p < 0.05 as compared to adequate (6 ppm) dietary
copper. † p < 0.05 as compared to Corn Oil vehicle control.
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Figure 6.
The percent of lipids in the liver increased with exposure to PCB126 with little effect from
dietary copper. Error bars represent SEM. Each group contained 4–6 animals. * p < 0.05 as
compared to adequate (6 ppm) dietary copper. † p < 0.05 as compared to Corn Oil vehicle
control.
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Table 1

Two-way ANOVA analysis of the effects of dietary copper, PCB126, and interaction

Dietary Copper PCB126 Interaction Effect

Growth Rate (%) - ↓<0.0001 -

Feed Consumption - ↓<0.0001 -

Rel. Liver Weight (%) ↓0.0227 ↑<0.0001 -

Rel. Kidney Weight (%) - - -

Liver EROD Activity - ↑<0.0001 -

Liver MnSOD Activity - ↓0.0037 -

Liver CuZnSOD Activity - - -

Liver Total SOD Activity - - -

Liver Glutathione ↓0.0005 ↓0.0026 -

Serum Cp ↑<0.0001 - 0.0019

Liver 4-HNE - ↓0.0145 -

Liver Cp Expression ↑0.0197 - -

Liver Tyr Expression - ↑0.0066 -

Liver CytOxI Expression - ↓<0.0001 -

Liver CytOxIV Expression - ↓<0.0001 0.0002

Liver MT1 Expression ↑0.0001 ↑<0.0001 -

Liver MT2 Expression ↑0.0072 ↑<0.0001 -

Liver Copper ↑<0.0001 ↑<0.0001 0.0001

Liver Selenium ↑0.0011 ↓<0.0001 0.0020

Liver Iron - ↓0.0002 -

Liver Zinc ↑<0.0001 ↓<0.0001 -

Liver Manganese ↑0.0006 ↓<0.0001 -

Kidney Copper ↑<0.0001 ↑0.0005 -

Kidney Selenium ↑<0.0001 ↑<0.0001 -

Kidney Iron - - -

Kidney Zinc ↑0.0017 - -

Kidney Manganese ↑0.0081 ↑0.0111 -

Blood Copper ↑<0.0001 ↑0.0281 0.0013

Blood Selenium ↑0.0026 - -

Blood Iron ↑0.0130 - -

Blood Zinc - ↓0.0019 -

Blood Manganese ↓0.0001 - -

Only p-values <0.05 are reported
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Table 2

Kidney (μg/g) and blood copper (μg/L) under each experiment condition and significance of various
comparisons (adjusted using Dunnett's test)

Kidney Copper (μg/g tissue wet weight) Blood Copper (μg/L)

Treatment Dietary Copper Level Dietary Copper Level

Low (2 ppm) Adequate (6 ppm) High (10 ppm) Overall Low (2 ppm) Adequate (6 ppm) High (10 ppm) Overall

Corn Oil 4.34 ± 0.09
(-,*)

6.44 ± 0.36 (-,-) 7.28 ± 0.42
(-,-)

- 490 ± 51
(-,*)

793 ± 22 (-,-) 890 ± 34 (-,-) -

1 μmol/kg PCB126 4.25 ± 0.12
(-,*)

6.70 ± 0.49 (-,-) 7.83 ± 0.44
(-,-)

- 420 ± 61
(-,*)

955 ± 58 (-,-) 1003 ± 41 (-,-) -

5 μmol/kg PCB126 4.46 ± 0.13
(-,*)

8.00 ± 0.86 (-,-) 9.24 ± 0.48
(†,-)

† 342 ± 64
(-,*)

1007 ± 53 (†,-) 1167 ± 56 (†,-) †

Overall * - * * - *

Results are expressed as mean ± SEM. Each group contained 4–6 animals. One-way ANOVA was used to examine the difference between each
PCB126 level and the corn oil treatment, "†" in the parentheses indicates a significant difference due to PCB treatment. Similarly, a "*" in the
parentheses indicates significant differences between low or supplemental and the adequate dietary copper level. Significance for each factor based
on two-way ANOVA is indicated in the bottom margin for copper diet (*) and in the right margin for PCB treatment (†). The level for significance
is 0.05 and n=6 for each group.
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