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Abstract
Mn superoxide dismutase (MnSOD) is an important mitochondrial antioxidant enzyme, and elevated
MnSOD levels have been shown to reduce tumor growth in part by suppressing cell proliferation.
Studies with fibroblasts have shown that increased MnSOD expression prolongs cell cycle transition
time in G1/S and favors entrance into the quiescent state. To determine if the same effect occurs
during tissue regeneration in vivo, we used a transgenic mouse system with liver-specific MnSOD
expression and a partial hepatectomy paradigm to induce synchronized in vivo cell proliferation
during liver regeneration. We show in this experimental system that a 2.6 fold increase in MnSOD
activities leads to delayed entry into S phase, as measured by reduction in bromodeoxyuridine (BrdU)
incorporation, and decreased expression of proliferative cell nuclear antigen (PCNA). Thus,
compared to control mice with baseline MnSOD levels, transgenic mice with increased MnSOD
expression in the liver have 23% fewer BrdU positive cells and a marked attenuation of PCNA
expression. The increase in MnSOD activity also leads to an increase of the mitochondrial form of
thioredoxin (thioredoxin 2), but not of several other peroxidases examined, suggesting the importance
of thioredoxin 2 in maintaining redox balance in mitochondria with elevated levels of MnSOD.
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Introduction
Mn superoxide dismutase (MnSOD), one of the three mammalian superoxide dismutases, is
encoded by a nuclear gene (Sod2) and is then transported into the mitochondrial matrix. It is
important for metabolizing superoxide radicals generated from incomplete reduction of oxygen
during electron transport, and mutant mice completely deficient in MnSOD cannot survive past
the early neonatal period [1]. Increased levels of MnSOD have been shown to be protective
against acute oxidative insults such as heart ischemia reperfusion injury [2], MPTP toxicity
[3], adriamycin-induced cardiomyopathy [4], and ionizing radiation damage [5–7]. Higher
levels of MnSOD have also been shown to confer a longer life span in Drosophila [8,9] and a
longer chronological life span in yeast [10]. However the life span extension benefit has not
been recapitulated in mammalian model systems [11].

The observation that MnSOD activity is often lower in tumors and transformed cells was made
independently by two groups over 30 years ago [12,13]. This prompted Oberley and Buettner
to propose that normal cells would become more susceptible to transformation if they lost
MnSOD and that addition of SOD to cancer cells would enable them to regain some
characteristics of normal cells [14]. Extensive studies have supported these hypotheses and
consequently, Sod2 is often considered to be a tumor suppressor gene [15]. The findings have
also been extended to in vivo studies with a two-stage skin tumor experimental system [16,
17] and a mouse model of T cell lymphoma [18]. Supplementation of MnSOD or SOD mimetics
has also been shown to delay the age of onset as well as the severity of skin tumors [19]. Life-
long reduction in MnSOD, on the other hand, leads to increased cancer incidence in mutant
mice with reduced MnSOD [20]. Consequently, MnSOD supplementation or enhanced
MnSOD expression has been proposed and tested successfully as part of an experimental anti-
cancer therapy [21–24].

Tumor suppression by MnSOD has, in part, been attributed to its anti-proliferative effect
resulting from changes in the intracellular balance of superoxide and hydrogen peroxide [25,
26]. MnSOD activity correlated directly with cell doubling time and inversely with the plating
efficiency and clonogenicity of the tumor cells, which resulted in decreased tumorigenicity in
nude mice [15,27]. The inverse correlation between cellular proliferative potential and MnSOD
activity also applies to nonmalignant cells [26,28,29]. MnSOD activities change in different
stages of cell proliferation and differentiation, with less MnSOD in S phase than that in G0
phase [30] and lower MnSOD in undifferentiated cells than in differentiated cells [31]. Studies
also showed that up-regulation of MnSOD leads to a prolonged G1/S phase in the cell cycle
[26], and that increased MnSOD favors cell quiescence [32].

Much of the work on antiproliferative effects of MnSOD has been carried out in vitro, and it
is not clear if the same applies in vivo during normal tissue regeneration. Since MnSOD
supplementation may be a promising ancillary anti-cancer treatment, it is important to know
how it may affect normal tissue regeneration. In this study, we use a tetracycline-inducible
system to achieve liver-specific expression of MnSOD in transgenic mice and a partial
hepatectomy paradigm for synchronized in vivo cell proliferation to examine the role of
enhanced MnSOD expression in cell cycle progression and antioxidant balance during liver
regeneration.

Methods
Generation of double transgenic mice for liver-specific expression of Sod2-TRE-LacZ

To create an inducible MnSOD expression construct, an 11 kb promoterless mouse MnSOD
(Sod2) genomic fragment containing the transcription initiation codon and the entire coding
sequence was isolated from a previously derived genomic clone [33] and inserted downstream
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of a bi-directional tet-responsive promoter (Figure 1). The bi-directional promoter controls
LacZ expression in the opposite direction, and induction of LacZ can be used as an indicator
for the expression of MnSOD from the same promoter. A DNA fragment containing the entire
Sod2-TRE-LacZ sequence was isolated from the cloning vector (pBI-G, GeneBank Accession
number, U89933) and microinjected into fertilized B6D2F1 eggs for transgenic mouse
production. Microinjection was carried out by the transgenic core facility at the University of
California, San Francisco.

Sod2-TRE-LacZ transgenic mice were backcrossed to C57BL/6J mice for 2–3 generations
before they were used for this study. Transgenic mice expressing a liver-specific transactivator
(LAP-tTA) were originally obtained from the Jackson Laboratory [34,35]. LAP-tTA is capable
of activating the transgenes on its own and the activation can be suppressed in the presence of
doxycycline (DOX). LAP-tTA transgenic line was crossed with Sod2-TRE-LacZ to generate
double transgenic (Sod2-TRE-LacZ transgenic with LAP-tTA transgene), single transgenic
(Sod2-TRE-LacZ transgenic or LAP-tTA transgenic), and non-transgenic mice within the same
breeding. To suppress Sod2-TRE-LacZ expression, double transgenic mice were fed Dox
supplemented (1,000 ppm in Purina 5001) mouse chow for 14 days. At the time the breeding
was carried out to generate mice for this study, Sod2-TRE-LacZ was on a mixed C57BL/
6J;DBA/2 background and LAP-tTA was on a mixed FVB/N;C57BL/6J background. All
animal handling procedures were approved by the IACUC committees at the University of
California, San Francisco and at the VA Palo Alto Health Care System.

Enzyme activity measurements
Gel-based activity measurements—MnSOD and CuZnSOD in liver lysates were
separated by non-denaturing isoelectric focusing gel electrophoresis (Ampholine PAGplate,
pH 3.5–9.5, Amersham Pharmacia Biotech, Inc. Piscataway, NJ), and activities were
determined with a nitroblue tetrazolium staining solution as described previously [36]. Sixty
to 150 µg total protein per lane from liver tissue lysates were used for the analysis. The activity
stain creates clear bands on a dark purple background and identifies the location of MnSOD
and CuZnSOD in the gel. Cytosolic and mitochondrial aconitase (ACO1 and ACO2) and
NADP-dependent isocitreate dehydrogenase (IDH1 and IDH2) were separated by cellulose
acetate gel (Cellogel, 250–300 µ, Accurate Chemical and Scientific Corporation, Westbury,
NY) electrophoresis at 200 volts for 15 minutes, and activities were determined with a MTT/
PMS staining solution as described [36,37]. The activity stain creates dark purple bands on a
white background and identifies the location of the mitochondrial and the cytosolic form of
each enzyme. The band intensity, which is proportional to the enzyme activity, was quantified
by Image J 1.36b (NIH, USA) and normalized to total protein loading. To control for gel to
gel variations in the activity stain, liver from an unoperated single Tg female mouse was loaded
in every gel. All data are expressed as a percentage of the standard sample described above.

Colorimetric assays—Glutathione reductase (GR) activities were determined by the
decrease in NADPH concentration [38] using the Glutathione Reductase Assay Kit from Assay
Designs/Stressgen (Ann Arbor, MI). A standard curve, generated with purified GR ranging
from 0.5 to 20 mU, was used to calculate specific GR activities in each sample. Total
glutathione S-transferase (GST) activity in liver lysates was determined by measuring the
conjugation of 1-chloro-2,4-dinitrobenzene (CDNB) with reduced glutathione [39] using the
Glutathione S-Transferase Assay Kit from Cayman Chemical (Ann Arbor, MI). The CDNB
extinction coefficient, adjusted for the path length of the solution in the well, of 0.00503
µM−1cm−1 was used. Enzyme activities were normalized to total protein, triplicate assays were
carried out for each sample.
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Partial Hepatectomy
Sod2-TRE-LacZ/LAP-tTA double transgenic mice (double Tg) have constitutively increased
expression of MnSOD in liver when they are fed with normal mouse chow and are used as the
liver-specific MnSOD transgenic mice. Single transgenic Sod2-TRE-LacZ (single Tg) mice
generated as littermates of doubleTg were used as control mice with basal level expression of
MnSOD. Partial hepatectomy was performed following the procedures of Greene and Puder
[40]. The average age was 11.6 ± 1.8 weeks (mean ± SD) at the time of surgery, and the surgeries
were always performed between 9 and 11 am. Mice were sedated by an i.p. injection of
Ketamine (120 mg/kg) and Xylazine (8 mg/kg), and anesthetized during surgery under a
constant flow of 2% isofluorane delivered through a nose cone. Sixty-70% of liver was
surgically removed from each mouse. To prevent infection, 5 gm/kg of Baytril was injected
once after surgery. To minimize pain, 0.1 mg/kg Buprenorphine was injected (i.p.) every 12
hours until the mice were euthanized for tissue collection. It has been well documented that
the number of BrdU positive cells peaks about 40 hours after partial hepatectomy in mice
[41,42]. Therefore, to catch the first round of cell replication, we injected bromodeoxyuridine
(BrdU, 50 mg/kg) in PBS (10 mg/ml, pH 7.2) into the intraperitoneal cavity at 39 hours and
euthanized the mice 2 hours later for tissue collection. Liver samples collected during surgeries
were designated as the 0-hour samples and those collected at 2 hours after BrdU injection were
designated as the 41-hour samples.

Tissue processing for hematoxylin and eosin (H&E) staining and BrdU immunostaining
A small sample (approximately 1 cm3 in size) of liver was fixed in 10% neutral buffered
formalin at room temperature for 24 hours and stored in 70% ethanol at 4°C prior to processing
for paraffin embedding. Four µm sections were prepared on histology slides. Before H&E and
BrdU staining, sections were heated in a 55°C oven for 10 seconds, deparaffinized in xylene
for 10 minutes, rehydrated through a series of descending concentrations of alcohol, and rinsed
three times in PBS (pH 7.2). For histologic analysis, the sections were stained with H&E and
evaluated by light microscopy based on the extent of necrotic areas and the size and amount
of lipid droplets (Supplemental Figure 2).

For BrdU immunohistochemical staining, sections were incubated with 10% methanol, 3%
hydrogen peroxide solution in PBS (pH7.2) for 30 minutes followed by washing three times
in PBS. The sections were then processed at room temperature (RT) sequentially with a 200
µg/ml pepsin solution in PBS containing 0.01 N HCl for 30 minutes, 2 N HCl for 45 minutes,
100 mM borax solution (pH 8.5) for 10 minutes, and PBS for 10 minutes, and then blocked
with 3% normal rat serum in PBS containing 0.1% Triton-X (PBST) for 30 minutes. Incubation
with primary antibody was carried out at 4°C overnight in a humid chamber using a rat
monoclonal antibody against BrdU (Table 1). Sections were washed three times in PBS for 5
minutes each at RT, and treated with biotinylated secondary antibody (Table 1) in PBST
containing 1% normal rat serum for 3 hours at RT. After three washes in PBS for 5 minutes
each, stain was visualized using the Vectastain Elite ABC Kit (PK-6100, Vector Laboratories)
according to manufacturer’s recommendations. Nuclei were counter-stained with hematoxylin
(H-3404, Vector Laboratories). Sections were mounted with cover slips and the BrdU
immunostaining of nuclei was evaluated by light microscopy using a 20x objective. Six
random, non-overlapping areas were counted for BrdU positive and negative cells from each
sample, and the percentage of BrdU positive cells over total cell population was calculated.
Small intestines, which continuously renew epithelial cells at the base of the crypts, were
collected from each BrdU injected mouse to serve as a positive control for BrdU
immunohistochemical staining. Samples with no BrdU positive staining in the small intestines
were excluded. The investigators conducting the histological evaluations and BrdU cell counts
were blinded to the genotypes of the samples.
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Western blot analyses
To determine changes in antioxidant enzymes, proteins involved in redox balance, proteins
involved in a few signaling pathways, and the extent of protein nitration in livers after partial
hepatectomy, western blot analyses were carried out. A piece of flesh-frozen liver from each
sample was homogenized in Mammalian Protein Extraction Reagent (M-PER, Pierce, USA)
containing a protease inhibitor cocktail (P2714, Sigma, USA) and phosphatase inhibitor
cocktail 1 (P2750, Sigma) at 20 µl per mg tissue. After centrifugation at 10,000 g for 5 minutes
at 4°C, supernatants were aliquoted and stored at −80°C. Total protein concentration was
measured using the Bradford method (Bio-Rad, USA). Thirty µg of total protein was separated
by the NuPAGE gel system (Invitrogen, USA) and transferred to a PVDF membrane for
western blot analyses. Membranes were blocked in 5% nonfat-milk/PBST solution (PBS
containing 0.05 % Tween 20, pH 7.2) and incubated sequentially with primary antibody and
horseradish peroxidase-conjugated secondary antibody (Table 1). Signals were detected using
ECL Plus Reagent and Typhoon 9410 and quantified using ImageQuant software version 5.0
(Amersham Bioscience Corp., USA). Primary and secondary antibodies used in this study are
listed in Table 1. The signal intensity of each band was normalized to that of β-actin. Liver
from an unoperated single Tg female mouse was used as a standard sample and was included
in each membrane to control for the inherent variance among membranes during western blot
processing and analysis. All data are expressed as a percentage of the standard sample described
above.

Statistical analyses
The statistical analysis program GraphPad Prism (version 4.03, GraphPad Software, Inc., San
Diego, CA, USA) was used for data analyses. Student’s t test was used to determine differences
between males and females and between single and double Tg. Within each experimental
group, comparisons between males and females were first carried out to determine gender-
based difference in the parameter examined. If there was no gender-based difference, data from
male and female mice were combined and compared between single and double Tg. Otherwise,
comparisons were carried out within each gender. The paired t test was used to determine
differences between 0 and 41 hours within each genotype. Two-way ANOVA was carried out
to determine possible interactions between genotype and gender (genotype x gender) and
between genotype and time (genotype x time).

Results
Characterization of Sod2-TRE-LacZ expression in double transgenic mice

Sod2-TRE-LacZ/LAP-tTA double Tg mice showed a liver-specific expression with an 18-fold
difference in β-galactosidase activities between double Tg mice treated with and without Dox
(Supplemental Figure 1). No significant changes in β-galactosidase activities were detected in
other tissues from double Tg mice treated with or without Dox. Enzymatic activities measured
from samples collected at various stages of this study showed a 2.6-fold increase in MnSOD
activities in the liver of Sod2-TRE-LacZ/LAP-tTA double Tg mice (Figure 3), and the activities
paralleled increase in MnSOD protein level (Figure 3 and Figure 5). The discrepancy in the
magnitude of increase between β-galactosidase and MnSOD activities in Sod2-TRE-LacZ/
LAP-tTA double Tg liver is likely due to the difference in the baseline level of each enzyme
in single Tg controls, in which β-galactosidase from the transgene is not expected to be
expressed and endogenous β-galactosidase is not active at the pH the activity assay is carried
out.
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Histopathological evaluation of livers after partial hepatectomy
We performed partial hepatectomy on a total of 61 mice. The gender and genotype segregation
followed the expected Mendelian inheritance pattern (Supplemental Table 1). Body weights
were measured before and at 41 hours post surgery; weights of the livers that were removed
during the surgery and recovered at 41 hours post surgery were also recorded. Based on the
histopathological assessments on the 41-hour liver samples, partially hepatectomized mice can
be divided into two groups: mice with good histopathological outcomes with no obvious
necrosis or with mild necrosis in less than 25% of areas examined, and mice with bad
histopathological outcomes with severe necrosis in more than 50% of areas examined with
compromised cellular structure (Supplemental Table 1). There were no significant differences
between the two groups in most of the parameters measured, except for the extent of body
weight loss measured at 41 hours post surgery. Mice with a good histopathological outcome
at 41 hours post surgery lost an average of 8.03±0.64% of their pre-surgery body weight,
whereas mice with a bad histopathological outcome lost 11.45±0.59% of their pre-surgery body
weight (p=0.0002). Samples with severe necrosis accompanied by completely disintegrated
cellular structure often showed no BrdU positive nuclear staining (data not shown). About 44%
of mice fell into the bad outcome category, but gender and genotype were not related to the
outcome and the cause of necrosis was not clear. All BrdU and all downstream studies were
restricted to samples either without necrosis or with mild necrosis in less than 25% of the
inspected area.

Reduced percentage of BrdU positive hepatocytes and PCNA expression in Sod2-TRE-
LacZ/LAP-tTA double Tg mice

BrdU incorporation into hepatocytes was evaluated as a proliferative index at 41 hours after
partial hepatectomy. A total of 1889 ± 350 cells were counted from each sample with 315 ±
58 cells per area. The percentage of BrdU positive cells in double Tg mice was 23% lower than
that in Sod2-TRE-LacZ single Tg controls (29.4 ± 2.5% vs. 37.9 ± 2.6% BrdU positive cells,
p=0.0237, Figure 2B). Consistent with the BrdU results, PCNA expression in double Tg mice
only went up by 2.8 fold at 41 hours after partial hepatectomy, whereas PCNA expression in
single Tg mice went up by 6.4 fold (Figure 2D). These results indicate that hepatocytes with
increased MnSOD expression have attenuated proliferative capabilities during liver
regeneration after partial hepatectomy. No gender-based differences in the number of BrdU
positive cells or PCNA expression was observed within each genotype.

Antioxidant enzyme profiles
We screened 1) nine antioxidant enzymes [CuZnSOD (SOD1), MnSOD (SOD2), EC-SOD
(SOD3), peroxiredoxin 1 (PRDX1), peroxiredoxin 3 (PRDX3), thioredoxin 1 (TXN1),
thioredoxin 2 (TXN2), glutathione peroxidase (GPX1), and catalase (CAT)]; 2) two proteins
related to NADPH generation in the mitochondria [nicotinamide nucleotide transhydrogenase
(NNT) and NADP-dependent isocitrate dehydrogenase (IDH2)]; and 3) cytosolic and
mitochondrial aconitase (ACO1 and ACO2) by western blot analyses. With the exception of
NNT, which was present at a very low level in the liver and could not be reliably quantified,
all proteins levels were normalized first to β-actin within each individual sample then to the
unoperated single Tg control common to all membranes (see Methods) and compared between
genders, genotypes, and treatment groups. In addition to western blot analyses, activity assays
were carried out to determine specific activities of SOD1, SOD2, ACO1, ACO2, IDH1, IDH2,
total glutathione S-transferase (GST), and glutathione reductase (GR).

Tight regulation of antioxidant enzymes in double Tg mice—Of the antioxidant
enzymes examined by western blot and/or activity analyses, only MnSOD and TXN2 are
increased in double Tg mice. There were no gender differences in the protein levels of these
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two enzymes. On average, MnSOD protein levels in double Tg were 63% and 53% higher than
in single Tg mice at 0 and 41 hours, respectively (Figure 3A). TXN2 protein levels in double
Tg mice on the other hand, were 40% and 82% higher than that in single Tg mice at 0 and 41
hours, respectively (Figure 3B). Protein levels for both enzymes were decreased at 41 hours
after partial hepatectomy. However, the extent of reduction in MnSOD was larger in double
Tg, whereas the reduction in TXN2 was larger in single Tg mice. In contrast, activity
measurements of MnSOD showed no decrease in activities after partial hepatectomy (Figure
3C).

Aconitase activities are reduced in double Tg at baseline—Cytosolic (ACO1) and
mitochondrial (ACO2) aconitase activities were measured to determine changes in
compartment-specific oxidative stress in single and double Tg mice after partial hepatectomy.
Double Tg mice showed a 30% reduction in ACO1 and ACO2 activities at 0 hour (Figure 4)
when compared to single Tg mice. However, the relationship was reversed after partial
hepatectomy and ACO2 activity was 40% lower in single Tg mice. No significant difference
in ACO1 activities between single and double Tg mice was detected at 41 hours.

Partial hepatectomy leads to reduced protein levels—With a few exceptions, partial
hepatectomy led to across the board reduction in protein levels, and the reduction was not
limited to a specific subcellular compartment (see below). The extent of reduction ranged from
9.7% to 34.7%. Four enzymes show significant reduction in both single and double Tg. They
are SOD1, SOD2, PRDX1, and IDH2 (Figure 5) with SOD1 and PRDX1 belonging to the
cytosolic compartment and SOD2 and IDH2 belonging to the mitochondrial compartment. In
addition, TXN2 and GPX1 showed a significant reduction in single Tg, whereas SOD3 showed
a significant reduction in double Tg only (data not shown). Furthermore, paired t test between
samples collected at 0 and 41 hours from the same mouse showed a more frequent and severe
reduction in male mice. Proteins that did not show a significant difference between 0 and 41
hours include ACO1, ACO2, CAT, PRDX3, and TXN1 (data not shown). In contrast to changes
in protein levels, enzyme activity measurements on SOD1, SOD2, and IDH2 showed no
remarkable differences between 0 and 41 hours (Figure 3C).

Gender differences in antioxidant protein profiles—Several proteins measured by
western blot analyses showed significant gender effects by two-way ANOVA, and they include
SOD3, PRDX1, PRDX3, TXN1, IDH2, and ACO2. In general, female mice have higher protein
levels than males in the same genotype and treatment group. Enzyme activity measurements
on IDH2 showed a similar gender effect with female mice having higher enzyme activities
than males (data not shown). Analyses of genotype x gender interactions showed significant
interactions at both 0 and 41 hours in PRDX1 and TXN1 (Figure 6), and only at 0 hour in
PRDX3 and at 41 hours in SOD3. No significant genotype x time interaction was identified in
any of the proteins examined. GR and total GST activities also showed a significant gender
effect (Figure 7). However, in contrast to the proteins mentioned above, male mice have higher
GR and total GST activities than females in the same genotype and treatment group.

Nitrotyrosine formation
To determine the extent of oxidative protein modification, we measured the level of
nitrotyrosine formation in the liver samples by western blot analysis. There were two major
bands identified by nitrotyrosine antibody at about 58 kD and 26 kD range. For the final data
analysis, we quantified and normalized the signal intensity of these two bands for comparison
across all samples. There were no significant gender- or genotype-based differences. However,
there were significant reductions in the 58 kD band in the 41-hour samples in both genotypes
(Figure 8). A similar trend was also observed in the 26 kD band, although statistical significance
was only present in single Tg males and double Tg females. The time effect accounts for 37.8%
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and 26.6% of variation observed in the 58 kD and 26 kD band, respectively. The identity of
the 58 and 26 kD nitrotyrosine positive proteins are unknown.

Changes in signaling pathways
To identify signaling pathways associated with MnSOD-mediated attenuation of hepatocyte
proliferation after partial hepatectomy, two pairs of representative samples (single and double
Tg) were screened using a commercial antibody microarray (Kinex™ antibody microarray
service, Kinexus, Vancouver, Canada), which focused on the regulation of proteins involved
in signal transduction. The results suggested attenuations in 1) proliferation, 2) apoptosis, and
the 3) MAP kinase, 4) PI3K, and 5) IRS/IGFR signaling pathways and enhancement of the
Wnt/β-Catenin signaling pathway in MnSOD overexpressing mice (data not shown). A few
representative proteins in each signaling pathway were then tested with the entire set of samples
by western blotting. These proteins (Table 1) included insulin receptor substrate 1 (IRS-1), β-
Arrestin 1, casein kinase 1ε, extracellular regulated kinases (ERK1/2), phosphoinositide 3-
kinase (PI3K) p110α, retinoblastoma protein (Rb), and p34 cell division cycle 2 (Cdc2). No
statistically significant differences between single and double Tg were observed in any of the
proteins examined (data not shown).

Discussion
In this study, we created and characterized a tetracycline-inducible MnSOD transgenic mouse
line and used partial hepatectomy as an experimental system to determine the effects of MnSOD
on cell cycle progression in an in vivo environment. We showed that up-regulation of MnSOD
in the liver by 2.6 fold led to a significant decrease in cell proliferation and in the number of
cells entering S phase after partial hepatectomy. We also showed that up-regulation of MnSOD
led to a concomitant increase in thioredoxin 2 (TXN2). Although partial hepatectomy led to
active cell proliferation, it also led to decreased expression of multiple cellular proteins and
the change was not limited to the mitochondrial compartment. Finally, based on antioxidant
enzyme profiles, male and female mice may rely on different antioxidant systems for ROS
removal.

A number of transgenic mice overexpressing MnSOD have been generated in the last two
decades [18,33,43–47]. These include tissue-specific and ubiquitous expression of MnSOD
with expression levels ranging from roughly 60% to 20 fold above non-transgenic control
levels. In all cases, control of transgene expression is limited to the promoters used to drive
the transgenes, and there is very little flexibility in controlling the timing of transgene
expression. A binary transgenic system such as the tetracycline-inducible system used in this
study, on the other hand, allows the flexibility in controlling the timing of transgene expression
and in directing transgene expression in different tissues by combining with tissue-specific
transactivator transgenic mice. The on/off switch of MnSOD expression is particularly
important, given the diverse effects of MnSOD on cell proliferation and differentiation and on
cell survival and tumor cell metastasis.

In this experimental system, the level of MnSOD was only increased by 2.6 fold in double Tg
mice, and yet, the number of cells entering S phase (BrdU positive cells) was 23% lower than
that in control mice (Figure 2B). A concomitant reduction in PCNA expression suggests that
lower BrdU index in double Tg mice was not because MnSOD overexpressing hepatocytes
progressed through cell cycle faster and had already passed the S phase when BrdU was
injected. A previous study showed that an 8-fold increase in MnSOD activity in androgen-
independent human prostate cancer cells resulted in a decrease in the number of cells in S-
phase as measured by BrdU incorporation (39.9% in control vs. 28.5% in MnSOD
overexpressing cells) [22]. An 80% increase in MnSOD activity in NIH/3T3 cells also led to
an 11% decrease in the number of cells in S-phase (34.6% in control vs. 23.7% in MnSOD
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overexpressing cells) [28]. Results from these reports are comparable with that from this study
(37.9% in control vs. 29.4% in MnSOD overexpressing hepatocytes) and suggests a consistent
effect of elevated levels of MnSOD on cell cycle progression in both the in vitro and in vivo
environments.

It has been suggested that redox imbalance due to MnSOD-mediated elevation of H2O2 may
account for growth inhibition in malignant cells [25] or the delay in cell cycle progression in
nonmalignant cells [26]. As an affirmation to that notion, increased expression of catalase in
mitochondria or cytosol was able to reverse the MnSOD-mediated inhibition of proliferation
and reduce the steady-state H2O2 levels in HT-1080 fibrosarcoma cells [48]. In addition, when
overexpression of MnSOD was forced on either non-malignant or malignant cells in vitro,
clones with increased MnSOD expression often had altered expression, as an adaptive
response, in other antioxidant enzymes, such as decreased CuZnSOD and increased glutathione
peroxidase or catalase activities [22,25,28,29,49]. Independently from these biological
experiments, Buettner et al show the contribution of MnSOD to the flux of H2O2 in cells by
measuring the rate of H2O2 release into culture medium from cells with differing levels of
MnSOD followed by kinetic modeling [50]. These results imply that there may be a maximum
level of MnSOD activity that cells can tolerate without compromising normal cellular
physiology and mitochondrial integrity, and that increased H2O2-removing capacity may help
in withstanding elevated MnSOD activity by reducing H2O2 toxicity.

Up-regulation of peroxidases in MnSOD overexpressing transgenic mice, on the other hand,
has not been reported perhaps because only a limited number of peroxidases, mainly catalase
and glutathione peroxidase, have been investigated either by western blotting or by direct
enzyme activity assay so far. In this study, we again showed that there was no significant change
in catalase and glutathione peroxidase 1 protein levels in MnSOD overexpressing mice.
However, with our investigation of an expanded panel of peroxidase families, we have shown
that mice with higher levels of MnSOD also had a parallel increase in the mitochondrial form
of thioredoxin (thioredoxin 2, TNX2), whereas levels of cytosolic thioredoxin (thioredoxin 1,
or TXN1) and mitochondrial peroxiredoxin (peroxiredoxin 3, or PRDX3) were not
significantly altered. Similar to this finding, an earlier in vitro study demonstrated a tight
temporal correlation between MnSOD induction and Txn2 transcriptional up-regulation [51].
This was likely a result of the need to re-establish the redox balance in the mitochondrial
compartment due to increased H2O2 production from excess amounts of MnSOD, as
introduction of an antioxidant into mitochondria dampened transcriptional induction of Txn2
[50]. The TXN2 result also underscores the importance of thioredoxin system in maintaining
an optimal mitochondrial redox environment.

TXN2, a 12 kD disulfide reductase, is part of the thiol-reducing system in mitochondria and
its role is to reduce PRDX3, which removes mitochondrially-generated H2O2 [52]. Oxidized
TXN2 is then reduced by thioredoxin reductase 2 [52]. The presence of TXN2 is critical for
cell survival, since homozygous TXN2 knockout (Txn2-/-) mice die during mid-gestation
between embryonic day 10.5 and 12.5 [53]; fetal fibroblasts derived from Txn2-/- embryos are
not viable in culture [53]; and TXN2-deficient cells undergo spontaneous apoptosis [54].
Heterozygous Txn2 knockout mice also show impaired mitochondrial function, increased
production of ROS, and enhanced sensitivity to oxidative stress [55]. On the other hand, higher
levels of TXN2 confer protection, in most cases, against conditions of oxidative stress [56–
61] even though some contradicting results from in vitro studies exist [59,62]. TXN2 is
constitutively expressed at high levels in tissues with high metabolic rates [63], and expression
of TXN2 has been shown to increase in muscles from senescent and caloric restricted mice
and in cells treated with H2O2 [64,65]. However, the mechanism underlying up-regulation of
Txn2 is mostly unknown. Up-regulation of TXN2, but not TXN1, in the present experiment
suggests that there is a compartment-specific requirement for enhancing H2O2 metabolism
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within mitochondria. Up-regulation of TXN2, but not of PRDX3, within the thiol-reducing
pathway also implies that there may be a preference in ramping up production of this small
thiol protein in response to increased MnSOD. Whether the preference for TXN2 over PRDX3
is due to the efficiency in producing smaller proteins (TXN2, 12 kD vs. PRDX3, 28 kD), or a
more responsive Txn2 promoter to H2O2 signaling in not clear.

Aconitases are iron-sulfur containing enzymes and are very sensitive to direct inactivation by
O2

−, H2O2, and ONOO− [66–69]. Even though there was no significant difference in ACO1
and ACO2 protein levels between single and double Tg mice at 0 and 41 hours, reduced ACO1
and ACO2 activities was observed in double Tg mice (Figure 4) at 0 hour. The data suggests
that, even with a compensatory increase in TXN2, a 2.6 fold increase in MnSOD activity leads
to increased oxidative stress in the cytosol and mitochondria. The data is consistent with the
notion that increased MnSOD expression leads to increased H2O2 production [32,48,50], which
then leads to increased inactivation of aconitases. Single Tg mice showed a ~40% reduction
in ACO1 and ACO2 activities at 41 hours after partial hepatictomy, suggesting an increase in
oxidative stress in both cytosolic and mitochondrial compartments during this early stage of
tissue regeneration. Double Tg mice, on the other hand, did not have a further reduction in
ACO1 activities after partial hepatectomy, and ACO2 activities in double Tg mice actually
improved by 45%. The data implied a lower level of ROS in the mitochondria in double Tg
mice during the initial period of tissue regeneration. Whether the improved ACO2 activities
reflect a more reduced environment in the mitochondria will need to be confirmed with
independent assays on other redox-sensitive proteins.

It is interesting that the two-way ANOVA showed a significant gender effect in the protein
levels of four antioxidant enzymes (SOD3, PRDX1, PRDX3, and TXN1) and two
mitochondrial proteins (IDH2 and ACO2), as well as in the specific activities of four enzymes
(IDH2, ACO2, GR, and GST) examined in this study. Female mice tend to have higher protein
levels in the peroxiredoxin/thioredoxin pathway (PRDX1, PRDX3, and TXN1, Figure 6),
whereas male mice have higher enzyme activities in the glutathione/glutathione reductase
pathway (GR and GST, Figure 7). Even though our examination of these two pathways was
not exhaustive, the results underscored a possible difference in redox regulations between male
and female mice. Despite these differences, there were no gender differences in the number of
BrdU positive cells or PCNA expression levels (Figure 2), nor was there difference in partial
hepatectomy outcome (Table 1). The data suggest that peroxiredoxin/thioredoxin and
glutathione/glutathione reductase pathways are probably equally important in redox regulation
and consequently, rendering the same outcome in cell cycle progression under conditions of
MnSOD overexpression. Among this group of proteins, only PRDX1 and TXN1 showed
interaction between gender and genotype. PRDX1 levels were significantly higher in single
transgenic females (i.e. non-MnSOD overexpressors) than single Tg males, and the difference
was diminished in double Tg mice (Figure 6, upper panel). On the other hand, TXN1 levels
were higher only in double transgenic females, but not in single transgenics (Figure 6, lower
panel). This contradictory genotype x gender interaction between two enzymes of the same
thiol reducing pathway suggests that, within the context of this experimental system, controls
of PRDX1 and TXN1 expression in female mice may be independent of each other.
Alternatively, increase in MnSOD level may have a dichotomy effect on PRDX1 and TXN1
in female mice only.

A large number of proteins analyzed in this study showed a significant reduction at 41 hours
after partial hepatectomy, and this was not limited to proteins in a specific subcellular
compartment, nor was it related to a specific genotype. With the exception of protein nitration
products (the 58 and 26 kD bands), we were examining proteins that belonged to antioxidant
or metabolic systems. It is possible that during tissue regeneration cellular resources need to
be diverted for the production of “building blocks” for rapid tissue expansion. Consequently,
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expression of non-structural proteins may be selectively down regulated to increase production
of essential structural proteins, and differences in MnSOD and other proteins would have no
bearing on this shift. The reduction in nitrotyrosine levels after partial hepatectomy (Figure 8)
was more likely a reflection of the selective down regulation of non-structural proteins, rather
than an indication of reduced oxidative stress. The lack of concordance between changes in
protein levels and enzyme activities in SOD1, SOD2, and IDH2 after partial hepatectomy could
be due to the ROS-sensitive nature of these enzymes [70–73] and as a result, not all proteins
have full enzyme activities. It is also possible that the discrepancy is due to the nature of the
activity measurement approach. These enzymes were separated by non-denaturning IEF gel
or cellulose acetate gel followed by activity staining. The methods have a narrower linear range
for signal detection and a higher level of gel-to-gel variations when compared to western blot
analyses. Consequently, the sensitivity for detecting changes in specific activities may be lower
than the conventional kinetic assays carried out with a spectrophotomer.

A step-wise effort was carried out to identify candidate signaling pathways responsible for the
delay in cell cycle progression and suppression of cell replication in MnSOD overexpressing
mice during liver regeneration. Even though our initial screen with two pairs of samples
identified some candidate signaling pathways, subsequent screening of all the samples with a
few selected members in each pathway by western blotting failed to lead to any firm conclusion.
This was probably because only a few proteins and their phosphorylation status in each pathway
were tested. A more extensive study will be necessary to identify signaling pathway(s) involved
in MnSOD-mediated delay in cell cycle progression and/or suppression of cell replication.

MnSOD is an important mitochondrial antioxidant enzyme. Its catalytic activity leads to
changes in the balance of O2

− and H2O2 and in turns, alters cellular physiology. On the one
hand, presence of MnSOD is protective against O2

− toxicity, and up-regulation of MnSOD
mediated by FOXO3a protects quiescent cells from oxidative stress [74]. The presence of
MnSOD is necessary to protect the proliferative capacity of confluent normal human fibroblasts
[75], and increased MnSOD expression reduces chromosomal instability, thereby reducing
tumor onset in a T cell lymphoma mouse model [18]. Therefore, a major challenge in
generalizing about MnSOD as a tumor suppressor protein may arise from the fact that MnSOD
acts as a pro-survival protein and can protect cancer cells against chemotherapeutic agents that
rely on generation of reactive oxygen species for their cytotoxicity [76]. On the other hand,
up-regulation of MnSOD without accompanying H2O2-removing capacity results in onset of
spontaneous apoptosis [77,78], and increased mitochondrial H2O2 generation from elevated
levels of MnSOD activity is responsible for reduced cell proliferation and entrance into the
quiescence phase of cell cycle in mouse fibroblasts [26,32,79]. Consequently, a combination
of enhanced MnSOD activity and reduced H2O2 removing capacity has been shown to be quite
effective in inhibiting tumor growth in nude mice [24]. In the clinical setting though it would
be difficult, if not impossible, to administer anticancer agents only within the tumor proper
without affecting the surrounding normal tissues. Therefore, MnSOD-based tumor therapy
needs to take into consideration its potential impact on normal tissue survival, repair, and
regeneration. More complete knowledge of the response to elevated MnSOD levels in normal
tissues vs. malignant tissues will be beneficial in applying MnSOD-based tumor therapies to
suppress and eradicate tumor growth and at the same time, maintain or enhance the repair and
regeneration of surrounding normal tissues.
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List of Abbreviations

ACO1 cytosolic aconitase

ACO2 mitochondrial aconitase

BrdU bromodeoxyuridine

CAT catalase

CuZnSOD CuZn superoxide dismutase (SOD1)

EC-SOD extracellular superoxide dismutase (SOD3)

GPX1 glutathione peroxidase 1

GPX4 glutathione peroxidase 4 (PhGPX4)

GR glutathione reductase

GST glutathione S-transferase

IDH1 cytosolic NADP-dependent isocitrate dehydrogenase

IDH2 mitochondrial NADP-dependent isocitrate dehydrogenase

LAP liver-enriched activator protein

MnSOD Mn superoxide dismutase (SOD2)

NNT nicotinamide nucleotide transhydrogenase

PCNA proliferative cell nuclear antigen

PRDX1 peroxiredoxin 1

PRDX3 peroxiredoxin 3

PRDX-SO3 peroxiredoxin, sulfonic form

Sod2 gene encoding Mn superoxide dismutase

Tet-Of suppresses transgene expression in the presence of tetracycline and its
analogues

Tg mouse transgenic mouse

TRE tetracycline response element

tTA transactivator for tetracycline response element

TXN1 thioredoxin 1

TXN2 thioredoxin 2

Txn2 gene encoding thioredoxin 2
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Figure 1.
Inducible MnSOD (Sod2) expression construct under the control of a bi-directional tet-
responsive element (TRE). The thick vertical bars in Sod2 represent the five exons and the
horizontal line represents the intron sequence. The arrows indicate the orientations of Sod2 and
LacZ. The drawing is not to the scale.
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Figure 2.
BrdU and PCNA analysis of liver samples from partial hepatectomy. A, Images of BrdU
staining in liver and small intestine recovered at 41 hours post surgery. Representative BrdU
positive sections (ii and iv) and negative controls (i and iiI) are shown. BrdU positive cells
showed intense brown color in the nuclei interspersed among hepatocytes (ii) and at the base
of the crypts of the small intestine lining (iv). Sections were counter stained with hematoxylin.
Small intestines were used as positive controls for BrdU injection and immunostaining.
Negative controls (i and iii) for BrdU immunostaining were carried out without the primary
antibody. B, Percentage of BrdU positive cells in livers recovered at 41 hours post surgery
from single and double Tg mice. C, PCNA levels determined by western blot analysis.
Representative results from 4 each independent pairs of liver samples collected at 0 hour and
41 hours post surgery from male single and double Tg mice are shown. D, the ratio of PCNA
levels between 0 hour and 41 hours. Single Tg, Sod2-TRE-LacZ single transgenic mice; double
Tg, Sod2-TRE-LacZ/LAP-tTA double Tg mice. Single Tg, n=15 (11 males and 4 females);
double Tg, n=11 (4 males and 7 females). Scatter plots show individual values and horizontal
lines indicate mean ± SEM in B and D.
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Figure 3.
Increased expression of MnSOD and TXN2 in Sod2-TRE-LacZ/LAP-tTA double Tg mice. A
and B, MnSOD and TXN2 protein levels determined by western blot analyses. Single Tg, n=15
(11 males and 4 females); double Tg, n=11 (4 males and 7 females). C, MnSOD activities
determined by non-denaturing IEF gel electrophoresis followed by activity staining. Single
Tg, n=8 (4 males and 4 females); double Tg, n=11 (4 males and 7 females). SOD2 and TXN2
are protein designations for MnSOD and thioredoxin 2, respectively. Mean ± SEM of
normalized signal intensity are shown. Error bars are too small to show in the activity figure.
Student’s t test was carried out for the comparison between single and double Tg at each time
point.
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Figure 4.
Changes in cytosolic and mitochondrial aconitase activities. ACO1 and ACO2 were separated
by cellulose acetate gel electrophoresis followed by activity staining. Single Tg, n=8 (4 males
and 4 females); double Tg, n=11 (4 males and 7 females). ACO1 and ACO2 are protein
designations for cytosolic aconitase and mitochondrial aconitase, respectively. Mean ± SEM
of normalized signal intensity are shown.
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Figure 5.
Decreased antioxidant protein levels after partial hepatectomy. Proteins that show a significant
reduction in both single and double Tg mice at 41 hours post surgery are shown. Mean ± SEM
of normalized western blot signals are shown. Single Tg, n=15 (11 males and 4 females); double
Tg, n=11 (4 males and 7 females). PRDX1, SOD1, IHD2, and SOD2 are protein designations
for peroxiredoxin 1, CuZnSOD, isocitrate dehydrogenase 2 (NADP-dependent), and MnSOD,
respectively. Paired t test was carried out for the comparison between 0- and 41-hour samples
within each genotype.
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Figure 6.
Gender and genotype interaction affects PRDX1 and TXN1 levels at both time points. Upper
panel, significant differences in PRDX1 protein levels between males and females were
observed in single Tg mice. At both 0 and 41 hours, male single Tg mice have less than 60%
of PRDX1 found in female single Tg mice. No significant differences were observed between
male and female double Tg mice. Lower panel, significant differences in TXN1 protein levels
between males and females were observed in double Tg mice. TXN1 levels in male double Tg
mice are only 15% and 8% of that in female double Tg mice, respectively. No significant
difference in TXN1 level between males and females was observed in single Tg mice. Single
Tg, n=15 (11 males and 4 females); double Tg, n=11 (4 males and 7 females). Two-way
ANOVA was used to determine interaction between gender and genotype; Student’s t test was
used for the comparison between males and females within each genotype.

Kim et al. Page 23

Free Radic Biol Med. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Gender differences in GR and GST activities. Upper panel, significant differences in GR
activities between males and females were observed in single Tg mice at both time points. GR
activities in male single Tg mice were 40 and 60% higher than that in females at 0 and 41 hours,
respectively. Lower panel, significant differences in GST activities between males and females
were observed in single and double Tg mice at both 0 and 41 hours. On the average, GST
activities in male mice were 80 to 110% higher than that in females. GR and GST are protein
designations for glutathione reductase and glutathione S-transferase, respectively. Single Tg,
n=14 (10 males and 4 females); double Tg, n=11 (4 males and 7 females). Mean ± SEM of
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specific activities are shown. Student’s t test was used for the comparison between males and
females within each genotype.
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Figure 8.
Reduction of 3-nitrotyrosine in mouse livers after partial hepatectomy. Representative western
blot results from four double Tg males are shown (upper panel). Signal intensities from the
two major 3-nitrotyrosine positive bands were quantified and normalized to that of β-actin
(lower panel). Sizes of the two major 3-nitrotyrosine positive bands were determined based on
molecular weight standards and actual locations of IDH2 and MnSOD on the same blot. Paired
t test was carried out for the comparison of each 3-nitrotyrosine positive band between 0- and
41-hour samples.
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Table 1

Primary and secondary antibodies used in this study

Target Origin Company/Source Catalog no. Dilution

S phase cells
(BrdU) Rat monoclonal Abcam ab6326

BU1/75(ICR1) 2 µg/mL

Rat IgG (H+L)1 Rabbit polyclonal Vector
Laboratories BA-4000 1 µg/mL

Proliferating cell
nuclear antigen

(PCNA)
mouse monoclonal Dako M0879, clone PC10 1:1,000

CuZnSOD (SOD1) rabbit polyclonal Lab Frontier LF-PA0013 1:10,000

MnSOD (SOD2) rabbit polyclonal Stressgen SOD-110 1:5,000

EC-SOD (SOD3) rabbit polyclonal custom-made3 ref # [80] 1 µg/mL

Peroxiredoxin 1
(PRDX1) rabbit polyclonal Lab Frontier LF-PA0001 1:2,000

Peroxiredoxin 3
(PRDX3) rabbit polyclonal Lab Frontier LF-PA0030 1:2,000

Thioredoxin 1
(TXN1) rabbit polyclonal Lab Frontier LF-PA0002 1:2,000

Thioredoxin 2
(TXN2) rabbit polyclonal Lab Frontier LF-PA0012 1:1,000

Glutathione
peroxidase 1

(GPX1)
rabbit polyclonal Lab Frontier LF-PA0019 1:1,000

Catalase (CAT) mouse monoclonal Sigma C0979, clone CAT-
505

1:40,000

Cytosolic
aconitase (ACO1) rabbit polyclonal R. Eisenstein ref # [81] 1:2,000

Mitochondrial
aconitase (ACO2) rabbit polyclonal R. Eisenstein ref # [82] 1:2,000

IDH24 rabbit polyclonal custom-made3 0.5 µg/mL

NNT5 rabbit polyclonal custom-made3 1 µg/mL

Nitrotyrosine mouse monoclonal Upstate 05–233, clone 1A6 1:2,000

β-actin2 mouse monoclonal Sigma A3854, clone AC-15 1:50,000

IRS-1 rabbit polyclonal Cell Signaling 2382 1:1,000

Phospho-IRS-1
(Ser332/336) rabbit polyclonal Cell Signaling 2580 1:1,000

β-Arrestin 1 mouse monoclonal Invitrogen/Zymed 39–5000 1:1,000

Phospho-β-Arrestin
1 (Ser412) rabbit polyclonal BioSource 44–200 1:1,000

Casein kinase 1ε mouse monoclonal Santa Cruz Sc−81446 1:1,000

ERK1/2 rabbit polyclonal Assay Designs KAP-MA001 1:1,000

Phospho-ERK1/2
(Thr202/Tyr204)

rabbit polyclonal Assay Designs KAP-MA021 1:1,000

PI3K P110α rabbit polyclonal Cell Signaling 4255 1:1,000

Rb rabbit polyclonal Abcam Ab6075 1:200

Phospho-Rb
(Ser807)

rabbit polyclonal Invitrogen 44–579 1:1,000

P34 Cdc2 rabbit polyclonal Invitrogen/Zymed 33–1800 1:1,000
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Target Origin Company/Source Catalog no. Dilution

Phospho-p34 Cdc2
(Thr14/Tyr15)

rabbit polyclonal Invitrogen/Zymed 38–7300 1:1000

Mouse IgG (H+L)2 goat polyclonal Bio-Rad 172–1011 1:10,000

Rabbit IgG (H+L)2 goat polyclonal Bio-Rad 170–6516 1:10,000

1
tagged with biotin

2
tagged with HRP

3
Proteintech Group Inc., USA

4
Keyhole limpet hemocyanin conjugated (KLH)-N433TTDFLDTIKSNLDRALGKQ452 peptide as antigen

5
KLH-C1073DALQAKVRESYQK1086 peptide as antigen
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