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ABSTRACT

PCB126 (3,30,4,40,5-pentachlorobiphenyl) is a potent aryl hydrocarbon receptor agonist and induces oxidative stress. Because
liver manganese (Mn) levels decrease in response to PCB126, a Mn dietary study was designed to investigate the role of Mn
in PCB126 toxicity. Male Sprague Dawley rats received diets containing 0, 10, or 150 ppm added Mn for 3 weeks, followed by
a single ip injection of corn oil or PCB126 (5 mmol/kg body weight). After 2 weeks, Mn, Cu, Zn, and Fe levels in the heart, liver,
and liver mitochondria, and Mn-containing superoxide dismutase (MnSOD) and metallothionein mRNA, MnSOD protein,
and MnSOD activity were determined. Mn levels in liver, heart, and liver mitochondria were strongly decreased by the
Mn-deficient diet. Small effects on Fe levels and a stepwise increase in MnSOD activity with dietary Mn were also visible.
PCB126 caused profound changes in Cu (up), Zn, Fe, and Mn (down) in liver, but not in heart, and differing effects (Cu, Zn,
and Fe up, Mn down) in liver mitochondria. Liver MnSOD and metallothionein mRNA levels and MnSOD protein were
increased but MnSOD activity was decreased by PCB126. PCB126-induced liver enlargement was dose-dependently reduced
with increasing dietary Mn. These changes in metals homeostasis and MnSOD activity in liver but not heart may be a/the
mechanism of PCB126 liver-specific toxicity. Specifically, transport of Fenton metals (Cu, Fe) into and Mn out of the
mitochondria, a probable mechanism for lower MnSOD activity, may be a/the cause of PCB126-induced oxidative stress.
The role of metallothioneins needs further evaluation. Dietary Mn slightly alleviated PCB126-induced toxicities.
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Manganese (Mn) is an essential trace element for animals and
humans. It is required for protein and fat metabolism, immune
and nervous system function, bone health and blood sugar reg-
ulation. It is a critical component for enzymes involved in en-
ergy production and antioxidant response (Aschner et al., 1999;
Michalke, 2004). In animal models, Mn deficiency caused skele-
tal abnormalities, impaired reproductive function, altered lipid
metabolism, and other health problems (Baly et al., 1990; Davis
et al., 1990). Although Mn is readily available from a variety of
foods, several cases of Mn deficiency have been reported with
symptoms such as dermatitis, hypocholesterolemia, and short
stature, if the Mn deficiency happened early in life (Finley and

Davis, 1999; Friedman et al., 1987). In addition, Mn metabolism
can be disturbed as the result of other disease conditions or the
disruption of the homeostasis of other metals. Several diseases
have been linked to changes in Mn homeostasis such as epi-
lepsy, maple syrup urine disease, phenylketonuria, amyotro-
phic lateral sclerosis, and acromegaly (Bowman et al., 2011;
Finley and Davis, 1999). The liver is key for maintaining Mn ho-
meostasis (Finley, 1998; Schramm and Brandt, 1986). Liver is
among the organs that have the highest Mn levels (Dorman
et al., 2006), it produces 2 of the main plasma transport proteins
of Mn—albumin and transferrin (Crossgrove and Zheng, 2004),
and hepatobiliary excretion is the major route of elimination for
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Mn (Dorman et al., 2006). Therefore, anything that disrupts nor-
mal liver function can potentially affect Mn levels in the liver
and other organs.

The Mn-containing superoxide dismutase (MnSOD) converts
superoxide radical to hydrogen peroxide and hence serves as an
essential antioxidant in mitochondria. Increased levels of
MnSOD are protective against cancer (Oberley and Oberley,
1997; Petkau et al., 1975; St Clair et al., 1992). The MnSOD protein
is a homotetramer with 1 prosthetic manganese atom at the ac-
tive site of each subunit. MnSOD is encoded by the nuclear sod2
gene and acquires the manganese atom after translation during
the mitochondrial localization (Culotta et al., 2006). As a result,
the availability of this essential element plays an important role
in the regulation of the enzyme. Severe Mn deficiency led to de-
creased MnSOD activity in the heart and/or liver (Li et al., 2011;
Malecki and Greger, 1996; Zidenberg-Cherr et al., 1985). Such de-
pression of MnSOD activity has been correlated with excess
lipid peroxidation in hepatic mitochondria (Malecki and Greger,
1996; Zidenberg-Cherr et al., 1983) and may render animals and
humans more susceptible to cancer.

Metallothionein (MT), a family of cysteine-rich, low molecu-
lar weight proteins, functions in the transport of metals, and in
the defense against oxidative stress. MT consists of 4 isoforms
with MT1 and MT2 being expressed in almost every tissue.
Dietary Mn supplementation has been shown to increase the
expression of MT, and to increase antioxidant defenses
(Kobayashi et al., 2007). In addition, MT is transported into the
mitochondria, thus affecting the intracellular metal distribution
(Lindeque et al., 2010).

Environmental contaminants, like polychlorinated biphe-
nyls (PCBs) and related persistent pollutants alter metals ho-
meostasis in rodent liver (Al-Bayati et al., 1987; Elsenhans et al.,
1991; Wahba et al., 1988). This is particularly true for compounds
like 2,3,7,8-tetrachlorodibenzo-dioxin (TCDD), that are ligands
of the aryl hydrocarbon receptor (AhR). PCB126 (3,30,4,40,5-penta-
chlorobiphenyl) is a dioxin-like member of the PCB family
which exerts its toxicity, comparable to that of TCDD, mainly
through the AhR (Bandiera et al., 1982; Safe, 1990; Van den Berg
et al., 2006). Studies found that PCB126 caused a number of he-
patocellular alterations such as liver hypertrophy, fatty change,
necrosis, and micronutrient dysregulation in rats (Lai et al.,
2010, 2011, 2013). The incidence of liver cancer was also in-
creased in PCB126-treated rodents (Hailey et al., 2005; NTP, 2006;
Silberhorn et al., 1990; Yoshizawa et al., 2007). The consistent
finding of PCBs as animal carcinogens and increasing epidemio-
logic evidence for PCBs as human carcinogens have led the
International Agency for Research on Cancer to recently up-
grade PCBs to Group I Human Carcinogens (Lauby-Secretain
et al., 2013). One possible common mechanism leading to these
toxic manifestations of dioxin-like compounds is through in-
creased oxidative stress associated with the activation of the
AhR signaling pathway. Mitochondria, as a major user of molec-
ular oxygen, represent a potential source of reactive oxygen
species (Chen, 2010; Coteur et al., 2001; Hassoun et al., 2002).

Given our previous studies showing that Mn levels in the rat
liver were decreased following PCB126 treatment (Lai et al.,
2011), we were particularly interested in the influence of Mn in
the toxicity of this PCB, especially related to oxidative stress,
the hepatic antioxidant defenses, and the expression of mito-
chondrial MnSOD. The purpose of this study therefore was to
examine the effect of dietary Mn on the toxicity of PCB126
through modification of antioxidant proteins and alteration of
micronutrients. The ultimate goal is to evaluate the feasibility
to mitigate PCB toxicity through dietary Mn supplementation.

MATERIALS AND METHODS

Animals, treatment, and organ preparation. The experimental pro-
tocols were approved by the Institutional Animal Care and Use
Committee of the University of Iowa. Thirty-eight 3- to 4-week-
old male Sprague Dawley rats from Harlan Laboratories
(Indianapolis, Indiana) were individually housed in metal wire
cages and randomly divided into 3 dietary groups. Each group
was fed 1 of the 3 AIN-93-based diets obtained from Harlan
Teklad (Madison, Wisconsin): deficient manganese diet (with no
added Mn, 13 rats), adequate manganese diet (standard AIN-93
diet containing 10 mg/kg added Mn, 13 rats), and supplemented
manganese diet (150 mg/kg added Mn, 12 rats). Mn supplement
was in the form of inorganic manganese carbonate. The infor-
mation on the detailed manganese content of each diet is listed
in Table 1. Rats were allowed to acclimatize to the diets for 3
weeks before receiving a single ip injection of either corn oil
(5 ml/kg b.w., 6 animals per group per diet) or PCB126 (5 mmol/kg
b.w., 6 or 7 animals per group per diet) dissolved in corn oil. The
synthesis and characterization of PCB126 were described previ-
ously (Lai et al., 2010). The average body weight at time of injec-
tion was 246 6 17 g. Feed consumption and body weight of the
animals were monitored twice a week. All animals were sacri-
ficed 2 weeks after the injection by carbon dioxide asphyxiation
followed by cervical dislocation. Liver, heart, lung, and thymus
tissues were excised immediately after euthanasia, weighed,
flash frozen in liquid nitrogen, and stored at �80�C for later use.

Tissue total RNA extraction. Total RNA from frozen tissue samples
was isolated using the RNeasy Mini Kit from Qiagen Inc
(Valencia, California) according to the manufacturer’s instruc-
tions. The quantity and quality of RNA were determined spec-
trophotometrically by the absorbance at 260 nm (A260) and the
ratio of A260 and A280 in 10 mM Tris buffer at neutral pH.

Reverse transcription and real time PCR (qPCR). In total, 0.4 mg
(heart) or 1 mg (liver) of total RNA was reverse-transcribed into
cDNAs in a 20-ml reaction volume using the High Capacity RT
Kit from Applied Biosystems by Life Technologies Co (Carlsbad,
California) following the manufacturer’s protocol. qPCR was car-
ried out using 1–5 ng cDNA and the Power SYBR Green Master
Mix from Applied Biosystems in each 20-ml reaction and an
Eppendorf Realplex2 Master Cycler (Hamburg, Germany). The
primer sequences and cycling conditions for MnSOD, MT1, and
the house keeping genes GAPDH and b-actin were adopted from
literature (Lai et al., 2013; Pardo et al., 2008; Rubiolo et al., 2008).
All primers were synthesized by IDT (Coralville, Iowa) and the
sequences can be found in Supplementary Table 1. The DDCt or
Pfaffl method was used to calculate the relative mRNA expres-
sion of each gene. The relative expression of GAPDH and b-actin
mRNA was found to be similar across all groups.

TABLE 1. Composition of Diets

Diet Mn Content Mn Form

Deficient Mn < 2 mg/g (stated to be 0.4 mg/
g by supplier)

NA

Adequate Mn 11 mg/g (stated to be 10.4 mg/
g by supplier)

Manganese
carbonate

Supplemental Mn 150 mg/g Manganese
carbonate

NA, not applicable. The Mn content was determined by ICP-MS.
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Western blotting. Approximately 0.5 g of fresh liver was homo-
genized in 1.34 mM DETAPAC (diethylenetriaminepentaacetic
acid) in 0.05 M potassium phosphate buffer, pH 7.8. The protein
concentration of the whole liver homogenate was measured
using the Bradford assay (Bradford, 1976). Five mg of protein
from each sample was separated by 12.5% SDS PAGE in the
NuPAGE LDS Sample Buffer (Invitrogen, Carlsbad, California)
at 100 V for 100 min. Proteins were then transferred from the
gel to a PVDF membrane in tris-glycine buffer containing 15%
methanol at 100 V for 1 h. The blot was cut and the top half
was incubated overnight at 4�C with primary antibody against
MnSOD at 1:5000 dilution (No. 06-984, Upstate Millipore,
Billerica, Massachusetts) followed by a 1-h incubation at room
temperature with HRP-conjugated anti-rabbit secondary anti-
body (sc-2004 Santa Cruz Biotech, Santa Cruz, California) at
1:3000 dilution. The bottom half of the blot was incubated for
1 h at room temperature with HRP-conjugated anti-GAPDH
antibody (sc-25778, Santa Cruz Biotech) as loading control for
the lanes. Chemiluminescence was developed using
SuperSignal West Femto Chemiluminescent Substrate from
Thermo Scientific Pierce (Rockford, Illinois) and visualized
with the typhoon imaging system from GE Healthcare
(Piscataway, New Jersey). Densitometry was performed using
the GE Healthcare’s ImageQuant 5.2 software and the density
of MnSOD was normalized to that of GAPDH on each blot. The
expression of GAPDH protein was found to be similar across all
groups. This Western blot protocol is routinely performed in
the laboratory with established linearity range of protein
loading.

MnSOD activity determination. MnSOD activity was measured
using the competitive inhibition assay developed by Spitz and
Oberley (1989). These experiments were conducted in the
Radiation and Free Radical Research Core laboratory of the
Holden Comprehensive Cancer Center at the University of Iowa
with a standardized protocol and established linearity range.
Briefly, reduction of nitroblue tetrazolium (NBT) by superoxide
radical generated from xanthine and xanthine oxidase is
reduced by the radical scavenger SOD. The rate of inhibition cor-
relates with the activity of SOD in the reaction mixture. In the
presence of cyanide, the activity of CuZnSOD is inhibited and
the spectral change of NBT is solely dependent on the activity of
MnSOD. One unit of activity is defined as the amount of protein
that inhibits NBT reduction by 50% and the MnSOD activity is
reported in unit/mg protein.

Mitochondria purification. Liver mitochondria were isolated
employing previously published methods (Frezza et al., 2007;
Wieckowski et al., 2009). Briefly, approximately 2 grams of fresh
liver tissue were homogenized in a Dounce tissue homogenizer
in IBc buffer containing 10 mM Tris-MOPS, 1 mM EGTA-Tris, and
200 mM sucrose (pH 7.4). The homogenate was washed several
times by centrifugation at 7000� g. The pellet (ie crude mito-
chondria extract) was resuspended in MRB buffer containing
250 mM mannitol, 5 mM Hepes, and 0.5 mM EGTA (pH 7.4). The
crude extract was then layered on top of Percoll medium con-
taining 225 mM mannitol, 25 mM Hepes (pH 7.4), 1 mM EGTA,
and 30% Percoll from GE Healthcare and centrifuged at 95
000� g in a Beckman Coulter Ultracentrifuge (Fullerton,
California). Pure mitochondrial fraction was collected and the
protein concentration determined by the Bradford assay. The
purity was checked by Western blot. No MnSOD could be
detected in the supernatant fractions while no cytosolic GAPDH
was detected in the mitochondrial fraction.

Metal measurements. Approximately 0.5 g liver and heart tissue
and the mitochondrial extracts were used to determine manga-
nese, copper, zinc, and iron levels using a previously described
method (Lai et al., 2011). Briefly, samples were pretreated with
microwave-assisted closed-vessel acid (HNO3) digestion prior to
instrument measurement. Metal concentrations were quantita-
tively determined with an elemental mass spectrometer by
inductively coupled plasma—mass spectrometry (ICP-MS) using
a Perkin-Elmer ELAN II ICP-MS equipped with a SC-2 auto sam-
pler (Elemental Scientific, Omaha). Results were normalized to
tissue weights or protein concentrations (mitochondria extract).
For statistical analysis results from the medium and supple-
mented Mn groups were compared with the corresponding con-
trols in the low Mn diet group.

Histology. Tissue sections were fixed in 10% neutral buffered for-
malin. Fixed tissues were then routinely processed, paraffin
embedded, and sectioned at 4 mm. Sections were stained with
hematoxylin and eosin and coverslipped.

Statistics. Data are reported as means 6 SE. The relative growth
of animals was calculated by subtracting the body weight at
injection from the final b.w. Organ weights were calculated as
percent (liver) or per thousand (heart, thymus, lung) of body
weight of the animal. The ANOVA analysis was performed by
using the SAS procedure PROC GLM (SAS version 9.2 Cart, North
Carolina) to determine the statistical significance of diet and
treatment. The LSMEANS procedure was applied to obtain P
values for pairwise comparisons. A P value< .05 was considered
statistically significant. Normality was confirmed using the
UNIVARIATE function of SAS followed by the NPAR1WAY func-
tion, as necessary.

RESULTS

Body and Organ Weights
Consistent with previous findings, PCB126 significantly slowed
body weight gain in rats regardless of the diets (Table 2). This
happened even though the feed intake was nearly the same in
all groups, regardless which injection the animals received,
except the supplemented Mn control group (Supplementary
Figure 1). This group had a higher food intake compared with
the other control groups and the corresponding PCB group on
supplemented Mn. Based on food consumption and body
weight, the mean Mn uptake was approximately 0.028 and
0.026 mg/kg-bw/day in corn oil and PCB126 treatment groups,
respectively, at the lowest dietary Mn level; 0.79 and 0.72 mg/kg-
bw/day in corn oil and PCB126 treatment groups, respectively,
at the adequate dietary Mn level; and 11 and 9.9 mg/kg-bw/day
in corn oil and PCB126 treatment groups, respectively, at the
highest dietary Mn level. Dietary manganese appeared to cause
slightly reduced liver weights in the control animals, although
the effect did not rise to statistical significance. PCB126 signifi-
cantly increased the liver weights of the rats on all 3 diets; how-
ever, the degree of liver hypertrophy was dose-dependently
decreased with increasing levels of Mn in the diet, and this was
statistically significant in the supplemented Mn group and for
diet overall. Mn did not affect the weights of heart, thymus, and
lung in any treatment group. PCB126 on the other hand caused
a significant decrease in absolute (data not shown) and relative
thymus weights due to a dramatic thymus involution and an
increase in relative lung weight (Table 2).
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Histology
Microscopic examination of liver tissues revealed hepatocytes
with large areas of cytoplasmic pallor (hydropic degeneration)
with occasional peripheralization of nuclei and small to moder-
ate circular vacuoles (lipid) (Figure 1; Supplementary Table 2).
The hydropic degeneration was the most severe change noted.
The changes in the PCB treated livers were consistent with pre-
viously documented PCB liver changes including hepatocellular
enlargement due to hydropic degeneration and hepatocellular
lipid accumulation. Other histologic changes that were present
in control and PCB treated livers included mild lymphocytic por-
tal inflammation and foci of extramedullary hematopoiesis.
There were no significant changes noted in the control Mn
groups (low, medium, and supplemental Mn). In the PCB treated
groups, there was variation in the severity of vacuolar change
within each group that did not appear to be related to the Mn

diet; however, this possibility cannot be totally ruled out. The
number of livers with less significant vacuolar change in each
Mn PCB group was 2/6 (low Mn), 3/6 (med Mn), and 3/6 (supple-
mented Mn).

Gene Expression
Dietary Mn levels did not affect the basal levels of MnSOD
mRNA in the liver as visible in the control animals shown in
Figure 2 (top left) but PCB126 significantly induced MnSOD and
MT expression in all dietary groups. The extent of MnSOD
induction was dependent on dietary Mn levels, ranging from
1.5-fold in the deficient Mn group to almost 3-fold in the supple-
mented Mn diet group. Very different effects were seen in the
heart (Figure 2, bottom left), where basal levels of MnSOD
mRNA were positively correlated with dietary Mn, while PCB126

TABLE 2. Body and Organ Weights in Response to PCB126 and Dietary Mn Levels

Dietary Mn Level (Added Amount of Mn) Deficient (0 mg/kg Diet) Adequate (10 mg/kg) Supplemented (150 mg/kg) Overall Diet

Growth (%) Corn oil 22.0 6 1.5 25.0 6 1.6 24.0 6 0.5 —
PCB126 12.8 6 1.5a 12.9 6 3.3a 9.9 6 2.1a —

Relative liver weight (%) Corn oil 4.49 6 0.09 4.40 6 0.05 4.34 6 0.09 —
PCB126 8.03 6 0.15a 7.40 6 0.27a 7.02 6 0.27a,b *

Relative heart weight (%) Corn oil 3.82 6 0.09 3.68 6 0.04 3.73 6 0.07 —
PCB126 3.57 6 0.09 3.49 6 0.05a 3.58 6 0.04 —

Relative thymus weight (%) Corn oil 2.28 6 0.13 2.37 6 0.14 2.22 6 0.09 —
PCB126 0.71 6 0.11a 0.49 6 0.02a 0.55 6 0.03a —

Relative lung weight (%) Corn oil 4.72 6 0.29 4.72 6 0.28 4.86 6 0.32 —
PCB126 7.22 6 0.57a 6.36 6 0.33a 6.49 6 0.53a —

aStatistically significant compared with the corn oil-treated animals on the same diet (PCB effect).
bStatistically significant compared with those on low Mn diet and the same treatment (diet effect).

*Overall significant effect of the diet. P< .05; n¼6 or 7.

After 3 weeks on diets containing 0, 10, or 150 mg/kg added manganese carbonate, male Sprague Dawley rats received a single ip injection of corn oil or PCB126 (5 mmol/

kg b.w.) and were sacrificed 2 weeks later. Growth %: ratio between weight gain after injection and b.w. at injection time. Relative organ weights: ratios between organ

weights and final b.w. Data are presented as mean 6 SE.

FIG. 1. Histopathology of livers following PCB126 (3,30,4,40 ,5-pentachlorobiphenyl) exposure with varying levels of dietary manganese (Mn). No alterations were seen

between the dietary groups, however, cytoplasmic pallor with occasional peripheralization of nuclei and small to moderate circular vacuoles were visible in the

PCB126 treated groups. These images are representative images of the various groups. Main images are �20 magnification with �40 magnification in inset.
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did not produce any significant effect in any diet group. MT
basal expression seemed to increase with dietary Mn, most visi-
ble in the supplemented Mn group, and a PCB126 mediated
induction was most noticeable in the adequate Mn group, but
none of these effects reached statistical significance (Figure 2,
top and bottom right).

MnSOD Protein Levels
As shown in Supplementary Figure 2 (top), PCB126 increased liver
MnSOD protein levels in all 3 dietary groups, which is consistent
with mRNA expression. Dietary Mn levels did not influence the
extent of this increase. In contrast, PCB126 or diet did not signifi-
cantly affect heart MnSOD protein levels (Supplementary Figure
2, bottom). Although MnSOD protein levels of the medium Mn
group were higher than those of the low Mn group, this effect
was not statistically significant and no further increase in
MnSOD protein levels were seen in the Mn supplemented group.

Enzymatic Activity of MnSOD
The basal level of liver MnSOD activity was dose-dependently
increased with increasing dietary Mn levels (Figure 3, top).
However, PCB126 treatment overrode this increase, resulting in
significantly lower MnSOD activities in the adequate and supple-
mented Mn diet group compared with the corn oil control on the
same diet. PCB126 exposure had no effect on MnSOD activity in
the deficient Mn diet group. Heart MnSOD activity levels were
consistent with the corresponding mRNA expression levels

(Figure 3, bottom), ie significantly increased with increasing lev-
els of Mn in the diet. However, the extent of this diet-dependent
increase in heart MnSOD activity (up to 2-fold) was much more
dramatic than the mRNA increase (1.2-fold). PCB126, on the other
hand, had no effect on MnSOD activity in any dietary group.

When expressed as activity relative to protein expression,
similar trends were found (Figure 4). In the liver, the relative
MnSOD activity levels appear to increase with dietary Mn levels
in a dose-dependent manner in the corn oil controls groups,
while relative activity levels remained unchanged across diet
groups when treated with PCB126. The decrease of MnSOD
activity in response to PCB126 treatment appears to be more
dramatic when the activity is normalized to MnSOD protein lev-
els. A drop in relative activity level was observed in the Mn defi-
cient group with PCB126 treatment, while the absolute activity
level was similar between treatments on this diet (Figure 4, top).
In the heart, relative MnSOD activity also increased with dietary
Mn level, whereas PCB126 treatment did not significantly affect
this parameter (Figure 4, bottom).

Mitochondrial Metals Levels
We isolated liver mitochondria in an attempt to determine metal
levels in these organelles. Unfortunately, raw values for Mn from
most PCB126-treated samples were below the quantitation limit
of the method. This means that although Mn levels in these sam-
ples were above the detection limit, they were too low to be accu-
rately quantified. As an alternative qualitative approach, we

FIG. 2. Mn-containing superoxide dismutase (MnSOD) and metallothionein (MT1) mRNA levels in liver (top) and heart (bottom) in response to PCB126 and dietary Mn.

Male Sprague Dawley rats received diets containing 0, 10.5, or 150 mg/kg manganese carbonate for 5 weeks and 1 single ip injection of corn oil or PCB126 at 5 mmol/kg

b.w. after 3 weeks on the diet before being sacrificed. The MnSOD and MT1 mRNA quantity was first normalized to the quantity of the housekeeping gene GAPDH and

then all the results were normalized to the low Mn corn oil control level. GLM with LSMEANS procedure of ANOVA was used to determine overall significance of diet or

treatment. P values for pairwise comparisons were calculated by LSMEANS. aStatistically significant compared with low Mn diet and same treatment (diet effect),
bStatistically significant compared with the corn oil-treated animals on the same diet (polychlorinated biphenyl effect), with P< .05 and n¼6 or 7.
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normalized the raw data to the protein concentration of each
sample, and interpreted these data qualitatively. The raw Mn
data and protein levels are given in the Supplemenary Table 3,
while Figure 5 (top, left) depicts the calculated relative Mn levels
in each group after arbitrarily setting the value of the low Mn
control animals as 1. In corn oil control animals, the Mn level in
liver mitochondria from animals in the deficient Mn group was
much lower than that in the other dietary groups; the supple-
mented Mn diet did not increase Mn levels in liver mitochondria
beyond the level in the normal (adequate Mn) diet. In the
PCB126-treated animals, the mitochondrial Mn level increased
with increasing dietary Mn levels. However, compared with the
controls on the same diet, PCB126 decreased mitochondrial Mn
content. This effect was apparent in all dietary groups.

Mitochondrial Cu and Fe were within quantitation range. In
contrast, many values of Zn were not, because the detection
limit of our method was 5 times higher than for the other met-
als. Raw values for Zn in the mitochondria are shown in the
Supplementary Table 3. Cu and Zn levels were similar to each
other and were around 10 times higher than those of Mn and 10
times lower than those of Fe. A similar normalization procedure
as described for Mn was applied to all other metals and the
resulting data are depicted in Figure 5. PCB126 treatment
increased the mitochondrial level of all of these metals (Cu, Zn,

and Fe) in all dietary groups. The PCB126-effect for mitochon-
drial Cu and Zn levels was highest in the supplemented Mn diet
groups and statistically significant for Cu, where the increase
was nearly 5-fold. The mitochondrial Cu and Zn levels in the
deficient and adequate Mn diet groups were similar, more than
doubled for Cu, and almost 2-fold increased for Zn in PCB126
animals compared with the control animals. Mitochondrial Fe
levels were approximately 4-fold higher in PCB126-exposed rats
compared with the corn oil controls while dietary Mn did not
seem to have an influence.

Tissue Metal Levels
In the measurement of tissue metal levels, all the values are
well above the quantitation limit of the method. Basal levels of
Mn, Zn, Cu, and Fe differ greatly in the liver and heart in the
adequate Mn dietary control groups: liver contains higher Mn
(1.9 vs 0.4 mg/g wet tissue), Zn (24 vs 15 mg/g wet tissue) and iron
(104 vs 74 mg/g wet tissue), and less copper (3.5 vs 5.1 mg/g wet
tissue) compared with the heart. Liver Mn tissue levels varied
similarly to liver mitochondrial levels (Figure 6, top left; data in
the Supplemenary Table 4). They were significantly and dose-
dependently increased with dietary Mn levels, particularly
between the deficient and adequate Mn diets (3.7-fold), less so

FIG. 3. MnSOD activity in response to PCB126 and dietary Mn. A, MnSOD activity

in the liver. B, MnSOD activity in the heart. Experimental details and statistics

are described in Figure 2.

FIG. 4. Relative MnSOD activity (to protein expression of MnSOD) in response to

PCB126 and dietary Mn. A, Relative MnSOD activity in the liver. B, Relative

MnSOD activity in the heart. Experimental details and statistics are described in

Figure 2.
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from adequate to supplemented Mn diet (1.2-fold). PCB126, on
the other hand, decreased Mn in rat livers significantly in the
adequate and supplemented Mn diet groups.

Liver Cu was significantly increased by PCB126 treatment to
more than 2-fold in all diet groups, and the extent of increase
was slightly but significantly higher with supplemented Mn
compared with lower dietary Mn levels (Figure 6, top right).
Unlike mitochondrial Zn and Fe, which were increased by
PCB126, liver Zn levels were significantly reduced (approx-
imately 17%) by PCB126 treatment (Figure 6, bottom left). Liver
Fe was also reduced by PCB126, which was statistically signifi-
cant (15%–20%) in the rats on deficient and adequate Mn diets
(Figure 6, bottom right). In addition, there was a dose-dependent
decrease of liver Fe with increasing Mn levels in the diet in both
corn oil and PCB126-treated rats.

Metal levels in the heart (Supplementary Figure 3 and Table 5)
were generally not affected by PCB126 treatment or dietary Mn
levels, except Mn (Supplementary Figure 3, top left), which was
significantly higher in all adequate and supplemented Mn dietary
groups. Here also, the level of increase in tissue Mn was most
pronounced between deficient and adequate Mn diets, less so
between the adequate and supplemented Mn diets.

DISCUSSION

Our previous results indicated that TCDD-treatment signifi-
cantly reduced the activity of the critical antioxidant enzyme
MnSOD in rat liver (Thampi, 1994). This reduction could poten-
tially aggravate the oxidative stress associated with the activa-
tion of the Ah receptor by this ligand. We also observed that

PCB126, another potent Ah receptor agonist, significantly
decreased hepatic Mn levels (Lai et al., 2011). In addition, rats fed
a standard Teklad AIN-93 diet versus the widely used Harlan
7013 diet (NIH-31 modified 6% mouse/rat diet) demonstrated
different MnSOD activity changes in response to PCB126 expo-
sure (unpublished data). These effects could be due to the differ-
ing concentrations of Mn in these 2 standard diets. In this
study, we fed differing dietary Mn levels to elucidate the effect
of Mn on the expression of MnSOD in response to PCB126 and to
determine if Mn supplementation is protective against PCB126-
induced liver toxicity and if Mn supplementation can modulate
MnSOD expression in response to PCB126. The deficient Mn diet
was Teklad AIN-93 M with no added Mn. Mn was only present
as impurities from other dietary ingredients, reaching approx-
imately 0.4 mg/g as determined by the Teklad Company. The
adequate Mn diet was the standard Teklad AIN-93 M which con-
tains 10 mg/g added Mn in the form of manganese carbonate.
The supplemented Mn diet contained 150 mg/g added Mn as
manganese carbonate, which is consistent with the amount of
Mn in the Harlan 7013 diet and known to be nontoxic. Excess
Mn could cause neurotoxicity, and therefore it was critical to
ensure that the Mn levels in the diet would not cause adverse
effects commonly associated with Mn intoxication. According
to the manufacturer’s data sheets, a basal Teklad AIN-93 M con-
tains different levels of metals compared with Harlan 7013 diet,
a common laboratory diet in rat studies. As shown in
Supplementary Table 6, AIM-93M diet contains less iron (48 vs
336 mg/kg), less zinc (30 vs 48 mg/kg), less manganese (11 vs
156 mg/kg), and less copper (6 vs 13 mg/kg) compared with the
7013 diet.

FIG. 5. Mitochondrial metal levels in the liver in response to PCB126 and dietary Mn. Exposure is described in Figure 1. The values were first normalized to protein con-

centrations and then to the value of corn oil-treated rats on low Mn diet.
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Dietary Mn levels did not affect the growth before or after
PCB126 exposure. Although added Mn did not alleviate effects
caused by PCB126, such as a trend in heart weight reduction,
thymic involution and increased lung weight, the supple-
mented Mn diet did significantly reduce the PCB-induced liver
enlargement in these animals. Hepatomegaly is a common
manifestation of TCDD and PCB toxicity and has been shown to
be the result of hepatocellular hypertrophy associated with
increased hepatic protein concentration and enhanced accumu-
lation of glycogen and lipid (Christian et al., 1986; NTP, 2006).
Rodent dietary Mn toxicity studies by the National Toxicology
Program (NTP, 1993) showed a decrease of liver weight by mid-
dle- and long-term Mn sulfate supplementation. In hamsters,
dietary Mn sulfate slightly reduced aflatoxin-induced bile duct
cell hyperplasia and significantly reduced enlarged nuclei and
liver glycogen levels (Hastings and Llewellyn, 1987; Katzen and
Llewellyn, 1987). The authors proposed Mn-caused changes in
membrane chemistry as mechanism for these protective
effects. In rats on a high polyunsaturated fatty acid diet, dietary
Mn protected against oxidation of heart mitochondrial mem-
branes (Malecki and Greger, 1996). The protective effect of sup-
plemented Mn against PCB126-induced liver enlargement could
be due to similar mechanisms and we propose that increased
MnSOD activity may be the cause for this protection of mito-
chondrial membranes against oxidative stress. It should be
noted, though, that the degree of this protection was small, in
contrast to the hypertrophy caused by PCB126.

In the heart, MnSOD mRNA, protein and activity were all
increased by Mn supplementation, which is consistent with
other studies (Li et al., 2011), and PCB126 had no additional

effect. In contrast, the liver reacted differently to PCB126, which
became apparent when we analyzed all 3 levels of MnSOD
expression. Previous studies measured only MnSOD mRNA or
MnSOD protein or activity changes in response to AhR ligands
(Cheng et al., 2009; Jin et al., 2010; Kono et al., 2002; Murugesan
et al., 2008; Shimizu et al., 2003). Our data suggest that MnSOD is
regulated by PCB126 at least at 2 levels, transcriptionally and
posttranslationally. The transcriptional and translational induc-
tions of MnSOD expression could be the result of increased oxi-
dative stress imposed by PCB126, an AhR agonist. Chemicals
such as co-planar PCBs and TCDD are known to induce oxida-
tive stress (Chen, 2010; Hassoun et al., 2002). An in-depth analy-
sis of possible mechanisms of this regulation is discussed
elsewhere (Wang et al., unpublished data). The differences of
MnSOD response between the heart and liver could be the result
of different bioavailability of PCB126, as liver is the major organ
for xenobiotic response and the major organ affected by the
intraperitoneal exposure. The amount of PCB126 that reached
the heart after liver accumulation and redistribution to the adi-
pose tissues may be minimal.

In terms of MnSOD expression in response to dietary Mn lev-
els, we found that both MnSOD mRNA and activity levels were
increased in the liver and heart in the corn oil control groups
with increasing dietary Mn but MnSOD protein levels remained
unchanged. The increased MnSOD mRNA levels with increasing
dietary Mn levels indicate a transcriptional induction both in the
liver and in the heart, while the increased MnSOD activity rela-
tive to MnSOD protein expression suggests increased posttransla-
tional activation with increased dietary Mn. These findings are
consistent with those reported by others. Lee et al. (2013) reported

FIG. 6. Liver metal levels in response to PCB126 and dietary Mn. For experimental details and statistics see Figure 2. Liver total metals contents was normalized to the

tissue weight used to determine metal levels by inductively coupled plasma—mass spectrometry.
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increased MnSOD activity, unchanged apoprotein, and increased
metallation of the enzyme in mice receiving ip injections of 4 mg/
kg-bw Mn chloride in addition to dietary levels of 80 or 100mg Mn/
g-diet. Similarly, Jouihan et al. (2008) found ip injections of Mn
chloride reversed mitochondrial Mn deficiency and increased
MnSOD activity in Hfe�/�mice.

MT is an important protein involved in antioxidant defense
and metal homeostasis. In the liver, MT1 expression was signifi-
cantly upregulated by PCB126 in all the different dietary groups.
In the heart, Mt1 gene expression was nonsignificantly
increased and hardly higher in the supplemental Mn group
compared with the corresponding control, which may be the
result of the increased basal level of expression seen in the sup-
plemental Mn group. MT is known to traffic throughout the cell,
in particular in the mitochondria, where it can disrupt respira-
tion (Lindeque et al., 2010; Ye et al., 2001). Movement of MT into
the mitochondria following PCB126 exposure may partially
explain the changes seen in the mitochondrial metal levels.
Additional studies are planned to investigate this possibility.

Metal levels in the heart were stable. PCB126 did not influ-
ence Mn, Cu, Fe, or Zn, indicating resilience of this tissue to
xenobiotic influence. The only diet-related effect was that Mn in
the adequate and supplemented groups was twice as high as in
the deficient Mn diet group. This suggests that the deficient
(0.4 mg/kg) Mn diet may be insufficient to achieve the maximum
heart level. It should be pointed out, however, that the basal
level of Mn in the heart with Mn adequate or supplemented diet
was much lower than the corresponding levels in the liver
(approximately 0.4 and 1.7 mg/kg for heart and liver, respec-
tively). Therefore, whether this lower level in the heart is subop-
timal and causing health problems remains to be determined.
The heart MnSOD activity correlated very well with the heart
Mn level but quantitatively not so well with sod2 mRNA levels,
suggesting that Mn may be the determining, rate-limiting factor
for MnSOD activity.

In the liver, dietary Mn levels modulated tissue levels of Mn
and Fe but in opposite directions. Finley and Davis (1999) sum-
marized that high dietary Mn interferes with Fe homeostasis.
This may explain the significantly reduced Fe levels in the livers
of the supplemented Mn diet group. In addition, tissue levels of
all 4 tested metals were significantly changed by PCB126, ie
increased Cu and decreased Mn, Zn, and Fe, consistent with our
previous findings (Lai et al., 2011). Many metal transporters can
transport several different metals. It was hypothesized that Fe
transporters may interact with Mn (Finley and Davis, 1999). The
zinc transporters ZIP8 (Slc39a8) and ZIP14 (Slc39a14) also trans-
port Mn and Cd, and ZIP14 is capable of transporting Fe. Thus,
any factor that is interfering with one of these transporters may
decrease the absorption of other metals. Because liver Fe, Mn,
and Zn concentrations were all decreased to a relatively similar
extent in PCB126-treated rats, changes in the activity of 1 or
more metal transporters could be responsible. Another candi-
date is the divalent metal transporter (DMT1) (Slc11a2) (Himeno
et al., 2009), which is known to transport Fe as well as Mn. DMT1
and the iron storage and iron acquisition proteins ferritin and
transferring receptor 1 (Trf-1), respectively, are regulated by iron
regulating proteins (IRP1 and IRP2) (Hentze et al., 2004). TCDD
altered ferritin, transferrin receptor, and IRP1 or IRP2
(Santamaria et al., 2011). Whether PCB-induced decrease of liver
Fe and Mn and/or Zn involves these proteins needs to be deter-
mined. In contrast, Cu levels in the liver were increased due to
PCB126 exposure. It was suggested that increased Cu levels in
the liver might result from impaired biliary excretion of this
metal (Elsenhans et al., 1991). However, Mn is also excreted into

the bile and was decreased in the liver of PCB126-exposed ani-
mals, making this option less attractive. Alternatively, changes
in storage and sequestration may be involved in Cu increases in
the liver. MTs are cysteine-rich proteins that are known for their
function as antioxidants and for the storage and transport of
Zn, Cu, Cd, and Hg (Vallee, 1995). MTs were increased after
PCB126 exposure, which may partially explain the increases in
Cu. MTs have a greater binding affinity for Cu than for Zn,
which could explain the different effects of PCB126 treatment
on these 2 metals. Nishimura et al. (2001) reported a similar
increase in MT transcription and proteins and hepatic Cu levels
after exposure of rats to TCDD. However, they also saw an
increase in hepatic Zn and Fe levels. This discrepancy with our
findings may have been caused by the fact that they used
female rats, low doses of TCDD, and sacrificed the animals 1
week after exposure. Gender-specific responses have been
reported and there are some indications that PCB126 and TCDD
do not always have the identical effects on gene regulation
(Vezina et al., 2004; Wahba et al., 1988). Another likely reason for
these different responses may be their choice of diet (not
described), which may have contained much higher levels of Fe
and Zn than our AIN-93 diet.

As for mitochondrial metal levels in the liver, we followed
the methods described by Frezza et al. (2007) and Wieckowski
et al. (2009) to isolate liver mitochondria. Of the 4 metals exam-
ined, only some measurements of Mn and Zn were below the
limits of quantification, which occurred only in PCB126-treated
animals. We were able to reliably quantify mitochondrial met-
als in the control groups on each diet for all metals examined.
Lee et al. (2013) were able to quantify mitochondrial Mn level in
the liver in mice, but much higher Mn intake levels were used.
Mice received ip injections of soluble MnCl2 at 12 mg/kg/day, in
addition to the basal diet containing Mn at 80 or 100 mg/kg-diet.
The mean Mn intake in our study was 0.026–11 mg/kg/day, and
the insoluble Mn carbonate was used in the diet. The oral
absorption of Mn is only approximately 1%–5% (Roth and
Garrick, 2003). The AIN-93 M diet used in this experiment con-
tains less Mn (11 mg/kg in the adequate Mn dietary group vs
156 mg/kg) and Zn (30 vs 48 mg/kg) compared with the regular
7013 rodent diet used routinely for nondietary studies. This
could have led to the very low levels of these metals in our
experiment. In addition, The AIN-93 M diet contains much more
Ca (4998 vs 1.19 mg/kg) and Mg (510.3 vs 0.2 mg/kg) compared
with the 7013 diet (Supplementary Table 6). This can signifi-
cantly affect the absorption of Zn and Mn—the combination of
Ca and Mg levels is inhibitory to Mn absorption (Maas et al.,
1969), and Ca inhibits Zn absorption (Lonnerdal, 2000). All these
factors may have contributed to unusually low Zn and Mn levels
in the mitochondria extract in this study, making it more chal-
lenging to detect these metals. Even though we were able to
quantify metal levels in the mitochondria in the control groups,
PCB126 treatment significantly decreased mitochondrial Mn
and Zn levels as well as total mitochondrial protein levels, mak-
ing it even more challenging to quantify the metals. MnSOD is a
mitochondrial enzyme that contains Mn. Its relative activity
(normalized to protein expression) was reduced in response to
PCB126 treatment, and increased in response to dietary Mn lev-
els (Figure 4). These trends coincide with the trends of the
measured of mitochondrial Mn levels in the liver, and suggest
that the measurements of mitochondrial Mn can actually be
used qualitatively and reflect the mitochondrial response to
PCB126 treatment.

The mitochondrial levels of Mn and Cu correlated well with
total liver levels, even though some measurements of Mn fell
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below the quantitation limit of the method. A noteworthy
exception is the supplemented dietary Mn group, where PCB126
increased mitochondrial Cu concentration to a much higher
extent than in the other 2 dietary groups. Because this supple-
mentary level of Mn is the “normal” level of other popular rat
diets, such a profound influx of the strong Fenton catalyst Cu
into mitochondria after exposure to AhR ligands could
potentially be quite common.

Interestingly, mitochondrial Fe and Zn levels were signifi-
cantly elevated in PCB126-treated rats while total tissue levels
were significantly reduced. In a hereditary hemochromatosis
mouse, the increased Fe in the mitochondria, especially free Fe,
lead to an increase of oxidative stress in the mitochondria and
reduced mitochondrial uptake of Mn, Zn, and Cu (Jouihan et al.,
2008). However, PCB126 increased, not decreased mitochondrial
Cu and Zn and reduced only mitochondrial Mn, suggesting that
the effect of PCB126 is mediated through another, more specific
mechanisms. With TCDD a similar increase in liver mitochon-
drial Fe and Cu levels was observed, accompanied by an increase
in hepatic Fe and Cu levels, decrease in microsomal Fe, and no
changes in Zn levels (Al-Bayati et al., 1987; Wahba et al., 1988,
1990). Differences for male and female rats were observed, like
much higher hepatic Fe levels in females compared with males.
The authors proposed that mitochondria may function as a com-
pensatory deposit for excess iron in the cell. However, hepatic Fe
levels were lower in rats exposed to PCB126, which suggests a
more specific, possibly transporter-related explanation. These
differences in the findings with 2 different compounds that act
through the same mechanism, binding to the AhR, emphasizes
the need to control for possible confounding factors, particularly
diet and gender, which may strongly influence the magnitude
and even direction of the effects of xenobiotics on metal homeo-
stasis. Independent of these differences, an increase of Fe and
Cu, 2 very efficient Fenton reagents in liver mitochondria, may
result in the increased formation of highly reactive hydroxyl radi-
cals, damage to DNA, lipids, and proteins, disturbance of the
redox functions of mitochondria, and may possibly be an under-
lying mechanism of the toxicity of AhR agonists.

It should be noted that although Mn is an essential metal,
chronic excess exposure through inhalation and ingestion can
affect the release of dopamine from dopaminergic neurons in
the brain, which is known as manganism (Guilarte, 2010). We
carefully selected the dietary Mn levels to be tested in this study
to ensure that no neurologic effects would occur. In humans,
the U.S. Food and Nutrition Board/Institute of Medicine estab-
lished a Tolerable upper level intake (UL) of 11 mg Mn/day for
adults (Trumbo et al., 2001). Should Mn supplementation be fur-
ther considered as a remediation for PCB126 toxicity, the total
levels ingested per day cannot exceed the UL in humans.

In summary, Mn supplementation significantly reduced the
PCB126-induced hepatomegaly. It also significantly increased
the mRNA, protein and activity levels of MnSOD in the heart in
a dose-dependent manner. In the liver, however, Mn supple-
mentation failed to fully reverse the reduction of MnSOD activ-
ity by PCB126. Similarly, MT expression in the heart was
relatively unaffected by diet or PCB126, whereas the liver
showed a marked increase in expression following PCB126
exposure. MT or/and other factors may be the reason for the dis-
turbed metal homeostasis in liver mitochondria, where PCB126
exposure caused a large increase in Cu, Fe, and Zn, which may
increase oxidative stress, and a decrease in mitochondrial Mn,
which is a possible cause for the reduced MnSOD activity and
general toxicity. Overall, dietary Mn supplementation had par-
tial protective effect against PCB126 toxicities.
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