
INTRODUCTION

IT HAS BEEN KNOWN that hypoxic cells exist in tumors
(7, 39) because of irregular localization of blood vessels.

The hypoxic cells are resistant to various anticancer treat-
ment modalities, such as radiation, bleomycin, cis-platinum,
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ABSTRACT

One of the major characteristics of tumor is the presence of a hypoxic cell population, which is caused by ab-
normal distribution of blood vessels. Manganese superoxide dismutase (MnSOD) is a nuclear-encoded mito-
chondrial enzyme, which scavenges superoxide generated from the electron-transport chain in mitochondria.
We examined whether MnSOD protects against hypoxia/reoxygenation (H/R)-induced oxidative stress using a
human pancreas carcinoma-originated cell line, KP4. We also examined whether MnSOD is necessarily pres-
ent in mitochondria to have a function. Normal human MnSOD and MnSOD without a mitochondrial target-
ing signal were transfected to KP4 cells, and reactive oxygen species, nitric oxide, lipid peroxidation, and
apoptosis were examined as a function of time in air following 1 day of hypoxia as a H/R model. Our results
showed H/R caused no increase in nitric oxide, but resulted in increases in reactive oxygen species, 4-hydroxy-
2-nonenal protein adducts, and apoptosis. Authentic MnSOD protected against these processes and cell death,
but MnSOD lacking a mitochondrial targeting signal could not. These results suggest that only when MnSOD
is located in mitochondria is it efficient in protecting against cellular injuries by H/R, and they also indicate
that mitochondria are primary sites of H/R-induced cellular oxidative injuries. Antioxid. Redox Signal. 6, 523–535.
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major chemotherapeutic agents utilized in the treatment of
cancer, etc. (for review, see 16), which are all major treat-
ments in cancer therapy. These treatment modalities are
known to generate reactive oxygen species (ROS) (4, 30,
49). These modalities are effective in killing tumor cells; one
of the mechanisms of tumor killing could be related to ROS



generation. Further, hypoxic cells may be related to the de-
velopment of metastasis (31). Hypoxic cells often become
reoxygenated after a dose of radiation or intermittent open-
ing of blood vessels (6, 42). This phenomenon has been
called reoxygenation (42).

Ischemia/reperfusion (I/R) in a normal brain causes oxida-
tive damage to neuronal cells (for review, see 20, 25). Patho-
logic events caused by transient tissue hypoxia followed by
oxygen reperfusion occur in numerous other tissues (for re-
view, see 10). The pathologic changes encountered following
reperfusion of an ischemic organ include an immediate gen-
eration of ROS, as well as subsequent inflammatory responses,
which lead to a second stage of further ROS generation at the
sites of damage. ROS generation following I/R has been ex-
amined in various experimental systems in vivo and in vitro
(20). The injuries caused by I/R also occur in organ transplan-
tation (10). One method to increase the effectiveness of organ
transplantation may depend on methods to prevent oxidative
stress. Clinical trials have been performed to determine whether
antioxidant substances will prevent hypoxic-induced injury
(10, 20). The use of gene therapy to reduce redox-mediated
damage following such I/R injuries is also a subject for clini-
cal consideration (10).

Many neuronal diseases, such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis, and
other diseases, such as aging, diabetes, premature babies, and
cancer, are now believed to result from oxidative stress (12,
24, 43). Involvement of oxidative stress in tumor tissue is a
subject of potentially great importance. Reoxygenation fol-
lowing hypoxia in tumor tissue has been implied to result in
better prognosis after radiation therapy, although this hypoxia
might also cause acceleration of tumor growth. However, how
hypoxia/reoxygenation (H/R) affects tumor cell viability, and
the subcellular mechanism(s) involved, have not been well
elucidated. Possible changes in tumors may result from mito-
chondrial degeneration, as well as from subsequent ROS gen-
eration in cells (10). Several studies have shown that mito-
chondria produce superoxide, mainly from complex I and III
of the electron transport system, which is located in the inner
membrane of mitochondria (5, 36). Production of ROS from
the electron transport chain may result in oxidative stress in
cells, and may result in apoptotic cell death (23–25, 43).
Manganese superoxide dismutase (MnSOD) is an essential
enzyme, which scavenges superoxide located in mitochondria
(44). The biological importance of MnSOD is demonstrated
by the following: (a) A lack of the MnSOD gene in Es-
cherichia coli and yeast makes them hypersensitive to oxida-
tive stress (8, 11, 41). (b) Homozygous mutant mice lacking
MnSOD died within the first 10 days after birth and showed
dilated cardiomyopathy, an accumulation of lipid in the liver
and skeletal muscle, and metabolic acidosis (21). (3) Mutant
mice lacking MnSOD showed degenerative injury of large
central nervous system neurons, particularly in the basal gan-
glia and brainstem, associated with damaged mitochondria.
Also, these mice showed progressive motor disturbances
characterized by limb weakness, rapid fatigue, and circling
behavior (18). (d) Transfection of MnSOD cDNA into cul-
tured cells rendered the cells resistant to paraquat- (32),
tumor necrosis factor- (13, 47), doxorubicin- (13), mitomycin
C- (13), radiation- (13, 27, 35), alkaline- (23), and chemical-

induced hypoxia (15), cigarette smoke-induced cytotoxicity
(34), and radiation-induced neoplastic transformation (33).
(e) The expression of human MnSOD genes in transgenic mice
protected the mice against oxygen-induced pulmonary injury
(45) and adriamycin-induced cardiac toxicity (48). Thus, the
expression of MnSOD is essential for the survival of aerobic
life and the development of cellular resistance to oxygen rad-
ical-mediated toxicity.

MnSOD has a leader sequence to target mitochondria [mi-
tochondrial targeting signal (MTS)]. This targeting signal
translates to an oligopeptide consisting of 24 amino acids
(14). The gene is transcribed in the nucleus, translated in the
cytosol, and transported into mitochondria, where the precur-
sor is cleaved and the protein undergoes maturation (22, 26).
The localization of MnSOD in mitochondria is dependent on
the presence of the signal. However, whether the enzyme
could have an antioxidative function when it is present in the
cytosol remains unclear. 

In these studies, we examine the role of mitochondria-
localized MnSOD in prevention against H/R-induced oxida-
tive injuries, using a human pancreatic tumor-derived cell
line, KP4, following H/R treatment. To elucidate further the
significance of mitochondrial localization, MnSOD without
the MTS gene was also tested using transfection in the same
cell system.

MATERIALS AND METHODS

Cell lines

A pancreatic cancer cell line, KP4 (28), was purchased
from the Riken Cell Bank (Tsukuba, Japan). pCR3.1-Uni
plasmid (Invitrogen, Carlsbad, CA, U.S.A.) containing a sense
human MnSOD cDNA insert was a kind gift of Dr. Akashi
(National Institute of Radiological Sciences, Chiba, Japan)
(27). A sequence analysis of the MnSOD gene in the con-
struct showed that the sequence was identical to the accession
number Y00472, except that C (nucleotide 113) was changed
to T, and C (nucleotide 529) was changed to G, which
changed alanine to valine and glutamine to glutamic acid,
respectively (27). The KP4 cell was transfected using the
GenePORTER transfection procedure (Gene Therapy Sys-
tems, San Diego, CA, U.S.A.) according to the manufac-
turer’s instructions. In brief, cells were plated for 24 h before
transfection at 60% confluence in a 60-mm dish. The cells
were stably transfected with 5 µg of pCR3.1-Uni plasmids
containing a sense human MnSOD cDNA insert, and lin-
earized by Sca I, in a serum-free Dulbecco’s modified Eagle
medium (DMEM) (Life Technologies, Inc., Grand Island, NY,
U.S.A.). The cells were also transfected with the same human
MnSOD construct, but without an MTS [mito(2) MnSOD],
which encodes 24 amino acids. The controls were transfected
with pCR3.1-Uni plasmids without a human MnSOD cDNA
insert and linearized by Sca I. Stable clones of both MnSOD
and control plasmid transfectants were selected with Ge-
neticin (Life Technologies, Inc.) at a f inal concentration of
500 µg/ml. Selected cellular clones that expressed MnSOD
(MnSOD-5, -9, and -10), MnSOD without a targeting precur-
sor [mito(2)-4, -6], selectable marker alone (vec-1 and -2),
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and the parental cell (KP4) were used in all of the experi-
ments. Selected clones were routinely maintained in DMEM
containing 10% fetal bovine serum (JRH Biosciences, Lenexa,
KS, U.S.A.) and 500 µg/ml Geneticin at 37°C in humidified
air containing 5% CO2.

To identify the localization of MnSOD and mito(2)
MnSOD, KP4 cells were also transfected with pEGFP expres-
sion plasmid with the MnSOD gene or the MnSOD gene lack-
ing MTS, which encodes the entire open reading frame of
MnSOD or the MnSOD lacking a mitochondria targeting
peptide, and also the mitochondria targeting peptide alone. To
construct pEGFP expression plasmids, the cDNAs were in-
cised with Eco RI and Hind III from the PCR products and in-
serted into the pEGFP-N1 expression vector (Clontech, San
Diego, CA, U.S.A.). The construct was transformed into an
XL1 Blue competent cell (Stratagene, La Jolla, CA, U.S.A.)
and purified with a QIAFilter Plasmid Kit (QIAGEN, Valen-
cia, CA, U.S.A.). The product was then transfected into cells
using the GenePORTER 2 (Gene Therapy Systems), using the
same method as described in the pCR3.1-Uni plasmid trans-
fection procedure above. The transfected cells were visual-
ized using a CSU-10 confocal laser scanning unit (Yokogawa
Electric Co., Tokyo, Japan) coupled to an IX90 inverted mi-
croscope with a UPlanAPO X40 objective lens (Olympus Op-
tical Co., Tokyo, Japan), and a C5810–01 color chilled 3CCD
camera (Hamamatsu Photonics K. K., Hamamatsu, Japan).
The cells were excited at 488 nm, and the emission was f il-
tered using a 515-nm barrier f ilter. To ascertain localization
of mitochondria, the cells were stained with MitoTracker Red
CMXRos (Molecular Probes, Eugene, OR, U.S.A.), then vi-
sualized using a confocal laser scanning microscope excited
at 488 nm, whereas the emission was filtered using a 580-nm
barrier f ilter. A merged double image of (GFP) and Mito-
Tracker was taken using a confocal laser scanning micro-
scope excited at 488 nm, and the emission was filtered using
a double-window barrier filter, of which the ranges were
510–590 and 580–620 nm.

In vitro biological experimental system 
for hypoxia and PO2 measurement system

Biological experiments were performed in a hypoxic
chamber [Anaerobic System MIP-1025 (Forma Scientific,
Marietta, OH, U.S.A.)], which was specially modified to cul-
ture mammalian cells. The conditions inside the chamber
were maintained with 95% humidified nitrogen plus 5% CO2.
The medium PO2 in a representative flask was measured with
MT 5000S (MTGiken, Tokyo, Japan), which was designed
and made especially for our experimental system. This equip-
ment included a small electrode (0.2 mm in diameter), which
could detect PO2 at a level as low as 0.1 mm Hg. A hypoxic
condition of <8 mm Hg was maintained throughout the exper-
iments. For H/R treatment, cells were maintained in hypoxia
for 24 h followed by subsequent exposure to air.

Superoxide dismutase (SOD) activity gel assay

A nondenatured gel assay for SOD activity was performed
according to a previously described method (3) with slight
modifications. Cells were sonicated in a 50 mM potassium
phosphate buffer (pH 7.8). Fifty micrograms of protein per

lane was electrophoresed through a nondissociating ri-
boflavin gel consisting of 5% stacking gel (pH 6.8) and 12%
running gel (pH 8.8) at 4°C. To visualize SOD activity, gels
were first incubated in 2.43 mM nitro blue tetrazolium (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) in deionized
water for 20 min, and then in 0.028 mM riboflavin (Wako
Pure Chemical Industries, Ltd.) and 280 mM TEMED
(N,N,N9,N9-tetramethyl ethylenediamine; Sigma Chemical
Co., St. Louis, MO, U.S.A.) in a 50 mM potassium phosphate
buffer (pH 7.8) for 15 min in the dark. Gels were then washed
in deionized water and illuminated under a fluorescent light
until clear zones of SOD activity were evident. The images
were obtained as TIFF f iles by a CCD camera in connection
with a Power Macintosh G4 (Apple Computer, Inc., Cuper-
tino, CA, U.S.A.). The bands of MnSOD were quantified
by NIH Image 1.61, which is available on the Internet via a
file-transfer protocol from http://rsb.info.nih.gov/nih-image/
download.html. The MnSOD activity of the parental cell was
used as the reference, and the relative MnSOD activities of
other cells were normalized to those in the parental cells. The
mean of the integrated density obtained from three indepen-
dent experiments was used as a representative value for the
experiment.

RT-PCR detection in MnSOD cells 
and mito(2) cells

Total RNA was isolated from cultured cells using the acid
guanidinium–phenol–chloroform method (9). First-strand
cDNA was synthesized using Moloney leukemia virus reverse
transcriptase (TOYOBO, Tokyo, Japan) with an antisense
primer, MnGPB 59 CCCGAATTCCCTTTTTGCAAGCCAT-
GTATCT 39. A subsequent PCR was then performed using the
same antisense primer, MnGPB, and a sense primer, MnGPA
59 GGGAAGCTTTGGCTTCGGCAGCGGCTTCAG 39, which
is for detecting a whole range of normal MnSOD mRNA, or a
sense primer, Mnmt-GPA 59 GGGAAGCTTATGAAGCACAG-
CCTCCCCGACCTG 39, which is for detecting MnSOD lack-
ing MTS mRNA, using ExTaq DNA polymerase (TaKaRa,
Tokyo, Japan) (Fig. 1). PCR was conducted in a PerkinElmer
Cetus Thermal Cycler for 31 cycles. After 5 min at 94°C and 5
min at 60°C, amplification was performed for a cycling profile
consisting of extension at 72°C for 1 min, denaturation at 94°C
for 30 s, and annealing at 60°C for 30 s, followed by final ex-
tension at 72°C for 10 min. The PCR products were analyzed
electrophoretically in a 1.5% agarose gel with ethidium bro-
mide staining. An image was obtained, and the bands were
quantified with an image quantifier (440CF; Kodak, New
Haven, CT, U.S.A.)

Microscopic assessment of nuclear chromatin
condensation and fragmentation

Cells grown on glass-bottom (35 mm) dishes (MatTek
Corp., Ashland, MA, U.S.A.) were stained with a fluorescent
dye, Hoechst 33342 (Molecular Probes). At 0, 0.25, 0.5, 1, 3,
and 5 h after 1 day of hypoxia, the cells were fixed for 30 min
in a solution containing 4% formaldehyde in phosphate-
buffered saline (PBS), and then incubated in PBS with
1 µg/ml of the dye for 30 min. The cells were washed twice
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with PBS and then twice with water. Fluorescence was visu-
alized using an IX90 inverted microscope with a UPlanAPO
203 objective lens (Olympus Optical Co.). The dye was ex-
cited at 340 nm, and the emission was filtered with a 510-nm
barrier f ilter. Photographs of microscope fields were taken
using a C5810–01 color chilled 3CCD camera (Hamamatsu
Photonics K.K.). More than 500 cells per culture dish were
counted, and counts were made in three separate cultures per
each H/R treatment. Analyses were performed without any
knowledge of the H/R treatment history of the culture dishes.
The percentage of apoptotic cells (apoptotic index) in each
culture dish was determined.

Bioimaging of nitric oxide (NO)

Diaminofluoresceins (DAFs) (Daiichi Pure Chemicals,
Tokyo, Japan) are fluorescent indicators for NO (17). They do
not react with NO itself, but with NO+ equivalents, such as
nitric trioxide (N2O3), which are produced by autoxidation of
NO. Diaminofluorescein-FM diacetate (DAF-FM DA), which
was a kind gift from Daiichi Pure Chemicals, is a newly syn-
thesized DAF, which permeates well into cells and is quickly
converted into water-soluble DAF-FM by esterases in the cy-
tosol, where the dye can remain for a long time. Under aero-
bic conditions, DAF-FM traps NO to yield highly fluorescent
triazofluoresceins (DAF-FM Ts) by nitrosation and dehydra-
tion. DAF-FM Ts are not formed in the presence of NO.
Glass-bottom (35 mm) dishes (MatTek Corp.) with monolay-
ers were prepared for staining with DAF-FM DA. At 0, 1, 2, 3,
and 6 h after a H/R treatment, the cell culture medium was re-
placed with a modified Hanks’ balanced salt solution con-
taining 10.0 mM HEPES, 1.0 mM MgCl2, 2 mM CaCl2, and
2.7 mM glucose adjusted to pH 7.3 ± 0.05. The cells were
then loaded with 10 µM DAF-FM DA by incubation for
30 min at 37°C. Bioimages of DAF-FM DA were acquired
using a CSU-10 confocal laser scanning unit (Yokogawa
Electric Co.) coupled to an IX90 inverted microscope with
UPlanAPO X20 objective lens (Olympus Optical Co.) and
C5810–01 color chilled 3CCD camera (Hamamatsu Photon-

ics. K.K.). The DAF-FM DA was excited at 488 nm, and the
emission was filtered using a 515-nm barrier filter. The inten-
sity of the laser beam, the exposure time of the 3CCD cam-
era, and the gain of the amplifier were held at 500 µW, 1.0 s,
and 18 db, respectively, to allow quantitative comparisons of
the relative fluorescent intensity of the cells between groups.
Cells were chosen and scanned at more than three spots for
analysis on a random basis. The values for the average fluo-
rescence intensity per cell were obtained using IPLab Spec-
trum version 3.0 (Scanalystics Inc., Fairfax, VA, U.S.A.) soft-
ware with some modification of the program by the author
(H.J.M). The fluorescent intensity (which was acquired by
confocal laser microscopy and analyzed by computer) follow-
ing H/R treatment divided by the intensity of no-treatment in-
tact cells was calculated as the relative fluorescent intensity,
which indicates the “increment” of the intensity induced by
H/R treatment in each cell. Note that the relative fluorescent
intensity is not the ratio of the fluorescent intensity to the
control plasmid transfected cells or parental cells.

Relative levels of mitochondrial ROS

Dihydrorhodamine 123 (dhRho) (Molecular Probes) is an
oxidation-sensitive lipophilic dye that enters a cell and fluo-
resces when oxidized by mitochondrial ROS to the positively
charged rhodamine 123 derivatives. The relative level of mi-
tochondrial ROS loaded with dhRho was quantified by a con-
focal laser microscope image using the same procedures
described for DAF measurements, except that the f inal con-
centration of the dye used in the study was 10 µg/ml.

Immunofluorescent staining for 
4-hydroxy-2-nonenal (HNE)

Glass-bottom (35 mm) dishes (MatTek Corp.) with mono-
layers were prepared for immunofluorescent staining with a
monoclonal antibody directed against proteins modified by
the major membrane lipid peroxidation product, HNE. This
monoclonal antibody (NOF Corp., Tokyo, Japan), specific for
HNE-modified proteins, was raised by immunizing mice with
an HNE-modified keyhole limpet hemocyanin conjugate
(40). The antibody was tested for cross-reactivity toward glu-
taraldehyde, formaldehyde, 1-hexanal, 2-hexanal, 4-hydroxy-
2-hexanal, and 2-nonenal. Enzyme-linked immunosorbent as-
says with these potential competitors were performed. The
results indicated that the anti-HNE antibody is highly spe-
cific to HNE-derived modifications to protein. At 0, 1, 2, 3,
and 6 h after the H/R treatment, cells were fixed with 4%
formaldehyde/PBS at room temperature for 30 min and then
rinsed twice with PBS, and membranes were permeabilized
by incubation in 95% ethanol with 5% acetic acid for 10 min.
After washing with PBS twice, the cells were incubated for
4 min in a blocking solution (1% bovine serum albumin in
PBS) and for 1 h in anti-HNE mouse monoclonal antibody at
a dilution factor of 1:200. The cells were rinsed twice with
0.1% bovine serum albumin in PBS and reincubated with
Alexa Fluor 488 goat anti-mouse IgG (H+L) conjugate (Mol-
ecular Probes) for 1 h at room temperature. Image acquisition
and analysis were similar to that of DAF-FM DA, except that
the exposure time of the 3CCD camera was 10 s.
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FIG. 1. Schematic diagram of MnSOD gene and primer
setting. (A) Construct and primer range for MnSOD and
primers used to generate and detect full-length MnSOD cDNA
and mRNA. (B) Construct of the full-length MnSOD and
primers used to generate and detect MTS-lacking MnSOD
cDNA and mRNA.
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Statistical analysis

A statistical analysis was performed by an analysis of
variance, followed by Fisher’s post hoc tests. A p value of
<0.05 was considered to be statistically significant. Data
were presented as the means ± SE. Calculations were per-
formed with a statistical package, StatView 5.0J (SAS Insti-
tute Inc., Cary, NC, U.S.A.), on a Power Macintosh G3
(Apple Computer, Inc.).

RESULTS

Isolation of KP4 transfectants expressing 
MnSOD and mito(2) MnSOD

The production of active MnSOD in these transfectants
was investigated in cell lysates. The parent KP4 cells, two
vector clone transfectants (vec-1 and -2) (from six clones),
two mito(2) MnSOD clones [mito(2)-4 and -6] (from six
clones), and three MnSOD clones (MnSOD-5, -9 and -10)
(from 12 clones) were examined for MnSOD activity. The in-
tensity of MnSOD was semiquantified from the captured
image. MnSOD activity of the parental cells was normalized
to 1, and the relative MnSOD activities of the other cells were
calculated (Table 1). The increase in MnSOD activity in the
clones MnSOD-5, -9, and -10 was clearly detectable, i.e., the
MnSOD activity in the MnSOD-transfected cells was greater
than that in the control cells. The relative activities of MTS-
lacking MnSOD [mito(2)] transfectants were also greater
compared with that in the control cells, although they were
generally slightly less than those in the MnSOD clones.

RT-PCR detection of mRNA in MnSOD 
cells and mito(2) cells

To ascertain the expression of MnSOD and MnSOD lack-
ing MTS, total cellular RNA was first reverse-transcribed
into cDNA with an antisense primer, MnGPB, and then sub-
sequently amplified by PCR. To examine the full-range MnSOD
including MTS gene expressions, a sense primer (MnGPA)
and an antisense primer (MnGPB) were used for PCR ampli-
fication, whereas to examine the MnSOD without MTS gene
expression, a sense primer (Mnmt-GPA) and an antisense
primer (MnGPB) were used for PCR amplification (Fig. 1).
Increased MnSOD mRNA levels were confirmed in MnSOD-
5, -9, and -10 using the MnGPA primer (Fig. 2A). However,

when the Mnmt-GPA primer was used, not only did the
mRNA for MnSOD-5, -9, and -10 increase, but higher mRNA
levels of the MnSOD products for mito(2)-4 and -6 trans-
fectants were observed (Fig. 2B). These results are consistent
with those found for MnSOD activity and demonstrate that
the transfection of MnSOD lacking MTS vectors was suc-
cessful in mito(2) -4 and -6 transfectants.

Effect of MnSOD on H/R-induced 
apoptotic cell death

To determine the effect of H/R treatment on apoptotic cell
death, we performed a microscopic assessment of nuclear
chromatin condensation and fragmentation assay using
Hoechst 33342 staining. For control experiments, we exam-
ined the change in the apoptotic index (number of apoptotic
cells/500 cells counted) in air (Fig. 3A) or hypoxic conditions
alone (Fig. 3B). As shown in Fig. 3, in cells grown up to
5 days in either air or hypoxic conditions, no increase in the
apoptotic index was observed.  In H/R experiments (Fig. 4),
the apoptotic index was determined in cells cultured in air for
0, 0.25, 0.5, 1, 3, and 5 days after the 1-day hypoxia treat-
ment. Except for MnSOD-5, -9, and -10, the apoptotic index
significantly increased at 1 day, and by 5 days declined to the
control levels in all cells. The absolute number of apoptotic
cells and the relative index, which was calculated as the ratio
of apoptotic cell count on day 1 to that on day 0, are listed in
Table 2. The results show that the relative apoptotic index was
suppressed in the full-length MnSOD transfected cells com-
pared with that of the KP4, vec-1 and -2, and mito(2) trans-
fectants. This result indicates that only when MnSOD is
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TABLE 1. RELATIVE INTENSITY OF MNSOD ACTIVITY

Cell line Relative intensity

KP4 1
Vec-1 1.091 ± 0.040
Vec-2 1.207 ± 0.292
Mito(2)-4 2.320 ± 0.494
Mito(2)-6 1.861 ± 0.191
MnSOD-5 2.471 ± 0.362
MnSOD-9 3.024 ± 0.482
MnSOD-10 2.570 ± 0.505

FIG. 2. RT-PCR detecting mRNA of the full length of nor-
mal MnSOD, or MTS-lacking MnSOD. (A) The full-length
MnSOD including MTS gene expression, a sense primer
(MnGPA), and an antisense primer (MnGPB) were used for
PCR amplification. The full-length mRNA levels were higher
in MnSOD-5, -9, -10 compared with that in the controls and
mito(2) clones. (B) MnSOD without MTS, a sense primer
(Mnmt-GPA), and an antisense primer (MnGPB) were used for
the PCR amplification. The transfected mRNA was higher in
MnSOD-5, -9, -10, mito(2) -4 and -6 transfectants, compared
with the untransfected and vector alone controls.
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localized in the mitochondria can it suppress H/R-induced
apoptosis.

MnSOD does not influence 
hypoxia-induced NO generation

To determine the effect of MnSOD on H/R treatment-
induced intracellular NO generation, a dye sensitive to a
change in the intracellular NO, DAF-FM DA, was used. To
ascertain NO generation ability in every cell type, we irradi-
ated cells with 15 Gy and examined NO generation at 2 h fol-

528 HIRAI ET AL.

FIG. 3. No change in the apoptotic index as a function of time in air or hypoxic conditions. The change in apoptotic index
(number of apoptotic cells/500 cells counted) in air (A) or hypoxia alone (B) is presented. n.s, not significant.

FIG. 4. Apoptotic index for H/R condition. The apoptotic
index in each cell line at 0, 0.25, 0.5, 1, 3, and 5 days in air after
1 day of hypoxia treatment (H/R treatment) was determined.
With the exception of MnSOD-5, -9, and -10, the apoptotic
index increased to a maximum in 1 day, followed by a decline
in all cells. The full-length MnSOD, and not MTS-lacking
MnSOD, suppresses H/R treatment-induced apoptosis. n.s, not
significant; *p < 0.05.

TABLE 2. NUMBER OF APOPTOTIC CELLS AND THE RELATIVE

APOPTOTIC INDEX

Apoptotic cell Relative apoptotic
Cell line day 1/day 0* index

KP4 16.33 ± 0.88 / 9.33 ± 0.67 1.75 ± 0.09
Vec-1 14.00 ± 1.00 / 7.67 ± 0.67 1.83 ± 0.13
Vec-2 18.00 ± 1.00 / 9.67 ± 1.20 1.86 ± 0.10
Mito(2)-4 17.00 ± 0.00 / 8.67 ± 0.33 1.96 ± 0.00
Mito(2)-6 14.33 ± 0.88 / 7.33 ± 0.33 1.95 ± 0.12
MnSOD-5 9.33 ± 0.88 / 9.67 ± 0.88 0.97 ± 0.09†

MnSOD-9 9.00 ± 0.58 / 8.67 ± 1.20 1.04 ± 0.07†

MnSOD-10 11.00 ± 0.58 / 9.67 ± 0.33 1.14 ± 0.06†

*Absolute apoptotic cell number per 500 cells. Data shown
in the table are the averages of three independent experiments.

†p < 0.05 versus KP4, p < 0.05 versus vec-1, p < 0.05 versus
vec-2, p < 0.05 versus mito(2)-4, and p < 0.05 versus mito(2)-6.
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lowing the irradiation. The results show 12–20% increases in
NO generation in all cell types, indicating that every cell line
has the ability to generate NO against oxidative stress (data
not shown). In the next H/R experiments, the dye was loaded
at 0, 1, 2, 3, and 6 h in air after 1 day of hypoxia treatment,
and the images were acquired after 30 min of incubation. The
fluorescent intensity was not changed after the H/R treatment
in all cell types (Fig. 5). This result indicates that NO was not
a major contributor of H/R-induced cell injury.

MnSOD suppresses H/R-induced 
mitochondrial ROS generation

To determine the effect of MnSOD on H/R-induced mito-
chondrial ROS generation, a dye sensitive to a change in mi-
tochondrial ROS was used. For an analysis of the levels of
mitochondrial ROS, we utilized the same analytic technique
used for NO detection. The dye was loaded at 0, 1, 2, 3, and
6 h in air after 1 day of hypoxia treatment, and the images
were acquired after 30 min of incubation. The change in the
relative fluorescent intensity is shown in Fig. 6. This result
shows that the relative fluorescent intensity of the dhRho was
reduced in the MnSOD-transfected cells compared with the
KP4, vec-1, and -2 cells, indicating that MnSOD suppresses

H/R treatment-induced ROS generation in mitochondria. In
addition, the change in ROS in the mito(2) cells following
the H/R treatment was similar to that of the control and vector
cells, indicating MnSOD lacking MTS had no effect on H/R-
induced mitochondrial ROS levels.

H/R induces lipid peroxidation

To determine if changes of mitochondrial ROS generation
are accompanied by an increase in lipid peroxidation prod-
ucts, the levels of HNE-modified proteins were evaluated by
immunohistochemical staining. Preliminary experiments showed
that there was no significant change in HNE-modified protein-
staining intensity among all cell types using the intact cells
(data not shown). The change in the relative HNE-modified
protein-staining intensity in each cell line, which was obtained
at 0, 1, 2, 3, and 6 h in air after 1 day of hypoxia treatment,
is shown in Fig. 7. The result shows that the relative HNE-
modified protein-staining intensity was suppressed in the
MnSOD-transfected cells, but not in vector alone or MnSOD
lacking MTS transfected cells. These results indicate that nor-
mal MnSOD, and not MnSOD lacking MTS, suppresses the
levels of the H/R treatment-induced formation of intracellular
HNE-modified proteins.
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FIG. 5. Intracellular NO generation.The intracellular NO generation in each cell line at 0, 1, 2, 3, and 6 h in air after 1 day of
hypoxia treatment (H/R treatment) was determined. No increase in the intracelluar NO levels was observed in all cell lines exam-
ined. The apparent increase in NO level did not achieve statical significance. (A) Representative photographs of cell stained with
DAF. (B) Relative fluorescent intensity of DAF versus time (hours) in air following 1 day of hypoxia treatment (H/R treatment).
n.s, not significant.
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Correlation between mitochondrial ROS,
intracellular lipid peroxidation products, 
and cell death

To understand better the relationship between mitochon-
drial ROS, intracellular lipid peroxidation, and cell death, we
used a scattergram to plot (a) the relative apoptotic index
against the relative dhRho (ROS) staining intensity, (b) the
relative apoptotic index against the relative HNE-modified
protein-staining intensity, and (c) the relative HNE-modified
protein-staining intensity against the relative ROS staining in-
tensity, and then analyzed the data using linear regression
analysis. Figure 8A shows a linear-regression analysis of the
relative apoptotic index against the relative mitochondrial
ROS staining intensity (r = 0.818, p = 0.018). Figure 8B
shows a linear-regression analysis of the relative apoptotic
index versus the relative HNE-modified protein-staining in-
tensity (r = 0.933, p = 0.018). These results show a strong pos-
itive correlation between the mitochondrial ROS, the intracel-
lular lipid peroxidation products, and apoptosis. Figure 8C
illustrates a linear-regression analysis of the relative ROS
staining intensity versus the HNE-modified protein-staining
intensity (r = 20.856, p = 0.020), indicating a correlation be-
tween the relative ROS staining intensity and that of HNE-
modified protein adducts. Thus, intracellular mitochondrial

ROS staining intensity and relative HNE-modified protein-
staining intensity have a strong correlation with apoptosis, and
there is a strong correlation with mitochondrial ROS staining
intensity and HNE-modified protein-staining intensity.

Localization of MnSOD, MnSOD lacking MTS,
and MTS signal only in KP4 cells

To examine localization of MnSOD, MnSOD lacking
MTS [MnSOD mito(2)], and MTS signal alone (Mito sig-
nal), the cDNA was linked with the pEGFP vector and then
transfected with KP4 cells. To localize mitochondria, the
same cells were stained with MitoTracker Red CMXRos. A
merged double image of GFP and MitoTracker was made to
verify coexistence of MnSOD, MnSOD lacking MTS, or
MTS alone in mitochondria. Figure 9 shows that MnSOD was
localized in mitochondria, as shown by the color yellow
(green plus red) in the double image of pEGFP and Mito-
tracker. A similar image was taken for MTS alone (Mito sig-
nal) in the double image, where a yellow color is clearly
shown. However, for MTS-lacking MnSOD [MnSOD mito(2)],
only a few yellow color regions can be seen in the double
color picture, indicating the most of the MnSOD lacking MTS
was localized in cytosol, although the fluorescent intensity of
pEGFP in the image is unclear or obscure in the cytosol.

530 HIRAI ET AL.

FIG. 6. Mitochondrial ROS generation. The levels of ROS in mitochondria in each cell line at 0, 1, 2, 3, and 6 h in air after
1 day of hypoxia treatment (H/R treatment) were determined. The relative fluorescent intensity of the dhRho was reduced in the
MnSOD transfected cells compared with the KP4, vec-1 and -2, and mito(2) cells. (A) Representative images of cells examined
for dhRho, at 0 h or at the peak times. (B) Relative fluorescent intensity of dhRho versus time (hours) in air following 1 day of hy-
poxia treatment (H/R treatment). n.s, not significant; *p < 0.05.
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DISCUSSION

Using a human pancreatic tumor cell line, KP4, we first
examined the effects of H/R on ROS production, lipid peroxi-
dation, and cellular viability following 1 day of hypoxia and

subsequent exposure to air. The results show that H/R in-
creased ROS, lipid peroxidation, and apoptosis, although the
apoptosis frequency was small. In this study, we investigated
whether an enhanced expression of mitochondrial MnSOD, a
superoxide-scavenging enzyme, can protect cells against H/R.

We found that H/R-produced apoptosis is suppressed by
MnSOD, but not by mito(2) MnSOD, which is not located in
the mitochondria. These results signify the importance of mi-
tochondrial localization of MnSOD. It has been shown that
adenoviral gene transfer with MnSOD is effective in reducing
the extent of in vivo I/R injury in the rat heart (1) and in
mouse liver (50), but expression of copper/zinc SOD (Cu/
ZnSOD) did not function in protection in the mouse liver
model (50). Given the fact that the MnSOD and Cu/ZnSOD
used in these studies were mainly expressed in the mitochon-
dria and cytosol, respectively, these results are consistent
with our results. Our results further indicate that not only is
active MnSOD important, but also it must be located in the
mitochondria for the observed protection.

The reaction between superoxide radicals and NO to form
peroxynitrite is a subject under considerable study. Superox-
ide radicals can react at diffusion rates with NO to form per-
oxynitrite, a potent biological oxidant. In this study, however,
we could not f ind evidence of further NO induction by hy-
poxia treatment. This is not surprising, because oxygen is an
essential substrate for NO synthesis. Our results are also con-
sistent with various other reports that indicate that hypoxia
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FIG. 7. IntracellularHNE adducts. The intracellular levels of HNE protein adducts in each cell line at 0, 1, 2, 3, and 6 h in air
after 1 day of hypoxia treatment (H/R treatment) were determined. (A) Representative photographs of cell staining with an anti-
body against HNE protein adducts at 0 h or peak hours. (B) Relative fluorescent intensity of HNE protein adducts versus time
(hours) in air following 1 day of hypoxia treatment (H/R treatment). n.s, not significant; *p < 0.05.

FIG. 8. Correlation between mitochondrial ROS, intracel-
lular lipid peroxidation protein adducts, and cell death. (A)
Linear-regression analysis showing the relationship between the
relative apoptosis index and the relative dhRho staining intensity
(mitochondrial ROS) after H/R treatment (r = 0.818, p = 0.018).
(B) Relationship between the relative apoptosis index and the
relative HNE protein-adducts staining intensity (intracellular
lipid peroxidation products) (r = 0.933, p = 0.018). (C) Relation-
ship between the relative dhRho staining intensity and the rela-
tive HNE protein adducts staining (r = 20.856, p = 0.020). Mito-
chondrial ROS, intracellular lipid peroxidation products, and
apoptosis have a strong correlation with each other.
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limits NO synthesis even when NO synthase is overexpressed
(for review, see 19). As ROS are increased without a concur-
rent increase in NO production in the H/R model, it is likely
that the observed increase in HNE-modified proteins is medi-
ated via hydroxyl radical generation. The finding that in-
creased expression of MnSOD abolished the increased levels
of HNE-modified proteins under H/R further supports this
possibility.

Our results indicating that only MnSOD and not mito(2)
transfectants suppress the formation of HNE-modified pro-
teins suggest that superoxide production in the mitochondria
is important for the production of HNE-modified proteins
under conditions of H/R. Our results further indicate that the
localization of active MnSOD in the mitochondrion is impor-
tant for the suppression of ROS production and subsequent
formation of HNE protein adducts. These results suggest that
H/R-induced apoptosis is linked to the production of ROS
and its toxic products.

Mitochondrial damage and the role of mitochondria in
apoptosis are well established in various pathological condi-
tions. However, it is largely unknown whether mitochondria
are the sources or targets in such apoptosis events. Our results

suggest that induction of oxidative injury in mitochondria is
an upstream event leading to apoptosis in H/R-induced cell
death.

Endogenous MnSOD is a nuclear-encoded protein that is
cotranslationally transported into mitochondria where the
signal peptide is removed and Mn is inserted to produce ac-
tive proteins. The role of MnSOD in protecting against ox-
idative stress-mediated cell death has been demonstrated in
organisms ranging from bacteria to mammals. In all studies
reported thus far, it has been assumed that the effect of
MnSOD is due to its location in mitochondria. However, the
question remains to be investigated as to whether enzyme lo-
calized outside mitochondria has any protective effect. Our
results reported here clearly demonstrate that expression of
active MnSOD outside mitochondria was not effective. Al-
though it is unclear how MnSOD located outside mitochon-
dria acquires its Mn and proper conformation for its activity,
our results from activity assay, mRNA RT-PCR assay, apop-
tosis observation, and colocalization studies (Table 1, Figs.
2, 4, and 9) provide strong support that active MnSOD out-
side mitochondria is not effective in protecting against H/R-
induced apoptosis. Our GFP vector images (Fig. 9) show that
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FIG. 9. Localization of MnSOD, MnSOD lacking MTS, and MTS alone in KP4 cells. Localization of full-length MnSOD,
MnSOD lacking MTS [MnSOD mito (2)], and MTS signal alone (Mito signal) is shown. GFP was visualized using the pEGFP
transfection sytem. To locate mitochondria, the same cells were stained with MitoTracker Red CMXRos. Merged double images
of GFP and MitoTracker were made to identify MnSOD in mitochondria. MnSOD was localized in mitochondria, as shown by the
yellow color (green plus red) in the double image of pEGFP and MitoTracker. A similar image was taken for MTS alone (Mito
signal) in the double image, where a yellow color is clearly shown. However, for MTS lacking MnSOD [MnSOD mito (2)], only
a few yellow color regions can be seen in the double color picture, indicating that most of the MnSOD lacking MTS was localized
in cytosol, although the fluorescent intensity of pEGFP is unclear or obscure in cytosol in the picture.

http://www.liebertonline.com/action/showImage?doi=10.1089/152308604773934288&iName=master.img-014.jpg&w=444&h=306
http://www.liebertonline.com/action/showImage?doi=10.1089/152308604773934288&iName=master.img-014.jpg&w=444&h=306
http://www.liebertonline.com/action/showImage?doi=10.1089/152308604773934288&iName=master.img-014.jpg&w=444&h=306
http://www.liebertonline.com/action/showImage?doi=10.1089/152308604773934288&iName=master.img-014.jpg&w=444&h=306


only small amounts of transfectants of MnSOD mito(2) are
found in mitochondria. The distribution of GFP outside mi-
tochondria of the MnSOD and Mito signal alone may indi-
cate that the intensity of MnSOD lacking MTS was low be-
cause of a wide dispersion over cytosol. Although our
finding that the MnSOD construct lacking MTS expresses
active MnSOD protein outside mitochondria is unexpected;
this phenomenon has been observed for other antioxidant en-
zymes as well. For example, Tamura et al. (37) demonstrated
a much greater enhancement of cellular resistance to oxidant
challenge by CHO cells by stable transfection with leader se-
quence of glutathione reductase (GR) cDNA than they ob-
served in a construct lacking the MTS, which produced com-
parable increases in the total cellular GR activities, but did
not increase mitochondrial GR activities (29, 37, 38). Arai et
al. (2) demonstrated the effect of phospholipid hydroperoxide
glutathione peroxidase, which is naturally synthesized as
a long form (the L-form; 23 kDa) and a short form (the 
S-form; 20 kDa). The long form contains a mitochondrial tar-
geting leader sequence, whereas the short form lacks the
leader sequence. Cells transfected with the L-form containing
vector were more resistant against oxidative stress, including
potassium cyanide, rotenone (chemical hypoxia), and exoge-
nous tert-butyl hydroperoxide oxidant injuries, compared with
those cells transfected with the S-form containing vector (2).
Wong (46) demonstrated that MnSOD without the mitochon-
drial leading targeting signal failed to protect against radia-
tion, whereas the reduction of normal cytosolic Cu/ZnSOD or
normally extracellularly expressed SOD to mitochondria with
MTS resulted in protection against radiation. These results
suggest that MnSOD, which is located in cytosol, does not
function to prevent against H/R treatment-induced oxidative
damage and cell death, and only when the enzyme is located in
mitochondria does MnSOD have a function. Taken together,
these data support the critical role of mitochondria localiza-
tion of antioxidant enzymes for the protection against cellular
injury from outside stress initiated in the mitochondrion.

In summary, the findings shown in study indicated that
(a) H/R induced increased mitochondrial ROS production,
lipid peroxidation protein-adducts, and subsequent apoptosis;
(b) these processes were suppressed by active MnSOD in the
mitochondria but not in the cytosol even when the MnSOD is
active; and (c) the results support the overall hypothesis de-
picted in Fig. 10 showing that H/R triggers mitochondrial
ROS production and generation of lipid peroxidation prod-
ucts, and subsequently accelerates cell death and its inhibi-
tion by MnSOD.
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Cu/ZnSOD, copper/zinc superoxide dismutase; DAF, di-
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modified Eagle medium; GFP, green fluorescent protein; GR,
glutathione reductase; HNE, 4-hydroxy-2-nonenal; H/R, hy-
poxia followed by reoxygenation; I/R, ischemia/reperfusion;
mito(2), lacking MTS; mito(2)-, MTS lacking MnSOD
transfected cell clone; MnSOD, manganese superoxide dis-
mutase (EC 1.15.1.1); MnSOD-, MnSOD transfected cell
clone; MTS, mitochondrial targeting signal; NO, nitric oxide;
PBS, phosphate-buffered saline; ROS, reactive oxygen species;
SOD, superoxide dismutase; vec-, vector alone transfected
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