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Purpose. The effects of transfection with the human Cu, Zn-superoxide
dismutase (hSOD)* gene on active oxygen-induced cytotoxicity in rat
skin fibroblasts (FR) were studied for the purpose of developing the
novel delivery system of hSOD using hSOD gene.

Methods. An expression plasmid for hSOD, pRc/RSV-SOD, was con-
structed and used to transfect FR cells. Xanthine (X)/xanthine oxidase
(XO) system were used to generate active oxygen species. The effects of
transfection with the hSOD gene on active oxygen-induced cytotoxicity
were assessed by comparing the number of surviving cells and the
level of lipid peroxidation in host and transformants after exposure to
X/XO system.

Results. The cellular SOD activity in RSV-SOD cells transfected with
pRc/RSV-SOD was significantly increased in comparison with host or
RSV celis transfected with the pRc/RSV plasmid containing no hSOD
gene as a control. Furthermore, Western blot analysis using an anti-
hSOD antibody indicated the production of hSOD in RSV-SOD cells.
On the other hand, aithough the numbers of surviving cells in both
host and RSV-SOD cultures after exposure to X/XO system decreased
in a time-dependent manner, the decrease in number of surviving RSV-
SOD cells was less than that in host cells. In the presence of catalase,
the decreases in number of surviving cells in both host and RSV-SOD
cultures after exposure to the X/XO system were also less than those
in the absence of catalase. However, the decreases in cell survival in
RSV-SOD cultures were significantly less than those in host cells in
the presence of catalase. Furthermore, the levels of lipid peroxidation
in RSV-SOD cells exposed to the X/XO system in the presence or
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4+ ABBREVIATIONS hSOD: Human Cu, Zn-superoxide dismutase;
cDNA: Complementary DNA; FR cells: Rat skin fibroblast cell line;
pRc/RSV: Eukaryotic expression plasmid vector utilizing the long
terminal repeat from Rous sarcoma virus; pRc/RSV-SOD: pRc/RSV
containing hSOD cDNA; RSV cells: FR cells transfected with pRc/
RSV; RSV-SOD cells: FR cells transfected with pRc/RSV-SOD; FBS:
Fetal bovin serum; G418: Geneticin disulfate; X: Xanthine; XO:
Xanthine oxidase; O,™: superoxide anion; ‘OH: Hydroxyl radical;
DMEM: Dulbecco’s modified Eagle’s medium; PCR: Polymerase
chain reaction; DAB: Diaminobenzidine; SDS-PAGE: Sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis TBS: Tris-buffered
saline TBA: Thiobarbituric acid; MDA: Malondialdehyde; EGF: Epi-
dermal growth factor.
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absence of catalase were lower than those in host cells. These results
indicated that the increase in cellular SOD activity by transfection with
the hSOD gene protects cells from oxidative stress.

Conclusions. Human SOD gene therapy may be useful for treatment
of diseases in which oxidative tissue damage is produced.

KEY WORDS: human Cu, Zn-SOD; catalase; oxidative stress;
gene therapy.

INTRODUCTION

Oxygen metabolites such as the superoxide anion (O,7)
play an important role in many different pathophysiological
processes including inflammation, rheumatoid arthritis, adult
respiratory distress syndrome, aging, thermal injury, and carci-
nogenesis (1, 2). Cu, Zn-Superoxide dismutase (SOD), which
catalyzes the dismutation of the toxic O, into O, and H,0,,
has been shown to play a pivotal role in protecting cells from
free radical damage (3). The protective role of cellular SOD
against oxidative stress has been demonstrated in vitro (4), and
cultured cells with increased SOD activity were shown to be
more resistant to oxidative stress (5). Recently, we observed the
induction of endogenous cellular SOD during the accelerated
wound healing at burn sites treated with epidermal growth
factor (EGF) ointment in rats (6, 7). These findings suggest
that therapeutic strategies to increase SOD activity may be
useful for the treatment of diseases in which oxidative tissue
damage is produced. However, although several attempts to
extend the half-life of SOD in blood have been performed (8,
9), direct delivery of SOD into the intracellular space has not
been reported. Such difficulty in delivery of macromolecules
may also limit the clinical use of the other therapeutic proteins.

To solve such problems, we proposed the use of gene
therapy as a new approach to deliver SOD into the intracellular
space; i.e. if the cells themselves would be the site of synthesis
of SOD by the direct transfer of the hSOD gene into the cells,
high concentrations and long-lasting effects of SOD would be
expected within the cells, and systemic side effects might be
greatly reduced (10).

In the present study, to evaluate the possibilities of gene
therapy with the hSOD gene for diseases related to oxidative
stress, we investigated the effects of transfection with the hSOD
gene on active oxygen-induced cytotoxicity generated enzymat-
ically in rat skin fibroblasts (FR).

MATERIALS AND METHODS

Materials

Human Cu, Zn-SOD (hSOD) ¢cDNA which was inserted
into the BamHI restriction site of the plasmid vector pUC119
and recombinant hSOD (3200 U/mg of protein) were kindly
supplied by Asahi Chemical Ind. (Tokyo, Japan). Dulbecco’s
modified Eagle’s medium (DMEM), Opti-MEM and Lipofec-
tin™, and xanthine oxidase were purchased from Flow Labora-
tories (Rockville, MD), Life Technologies (Grand Island, NY),
and Boehringer Mannheim GmbH (Mannheim, Germany),
respectively. E. coli HB101 competent cells, restriction endonu-
cleases (Hind 1II and Xba I), and PCR primers were purchased
from Takara Shuzo Co. (Kyoto, Japan). Trypsin solution, G418,
trypan blue, catalase, xanthine and DAB were purchased from
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Wako Pure Chemicals (Osaka, Japan). All other chemicals were
of reagent grade.

Cell Culture

The rat skin fibroblast cell line ATCC CRL 1213 (FR)
was obtained from the American Type Culture Collection and
was grown in DMEM containing 10% fetal bovine serum (FBS)
and penicillin-streptomycin mixture (Bio Whittaker, Walk-
ersville, MD) at 37°C in a humidified atmosphere of 5% CO,.

Construction of Expression Plasmid Containing
hSOD Gene

The expression plasmid for hSOD (pRc/RSV-SOD, Fig.
1) was constructed using a recombinant PCR technique; a Gene
Amp PCR Reagent kit with Ampli Taq DNA polymerase (Per-
kin-Elmer Cetus Instruments, Norwalk, CT) was used for PCR.
Briefly, recognition sites of the restriction endonucleases Hind
III and Xba I were added to 5’ and 3’ ends of the hSOD ¢cDNA
(471 bp) by PCR using Primer I " AAAAGCTTATGGCGAC-
GAAGGCCGTGTGC?) and Primer II (¥ AATCTAGAGAAT-
GTTTATTGGGCGATCCC?), respectively. Both pRc/RSV
(Invitrogen Co., San Diego, CA) and amplified DNA fragment
(487 bp) containing hSOD cDNA were digested by Hind III
and Xba L. Then, the fragments obtained were ligated using a
DNA ligation kit (Takara Shuzo Co., Kyoto, Japan) and pRc/
RSV-SOD (5593 bp) was constructed. We verified that the
amplified DNA fragment inserted into pRc/RSV-SOD con-
tained the hSOD cDNA by DNA sequencing (data not shown).
The plasmid was prepared in large quantities in E. coli trans-
formed by the alkaline lysis method. The purity of plasmid thus
obtained was checked by electrophoresis on a 0.7% agarose gel.

Transfection

FR cells were transformed with pRc/RSV or pRc/RSV-
SOD using the Lipofection method (11). Briefly, a mixture of
Lipofectin™ (10 pg) and plasmid (5 pg) in Opti-MEM (final
volume; 2 ml) was added directly to the surface of cells which
were plated into culture dishes (60 mm in diameter, 1 X 10°
cells) in DMEM supplemented with 10% FBS 24 h before
transfection. After incubation for 5 h, DMEM with 10% FBS
was added and the cells were cultured. G418 (final conc. 400
pg/ml) as the selection reagent for the transformants was added
to the cells after 48 h. About two weeks later, the transformants
were selected and used within 45 days after transfection for
the experiments described below.

Determination of Cellular SOD Activity

Samples for determination of cellular SOD activity were
prepared by a modification of the method described in our
previous paper (7). Briefly, cells were separated and centrifuged,
and the pellet was resuspended with distilled water (70 1) and
then left at —80°C for one hour. The frozen sample was allowed
to stand at room temperature to disrupt the cells followed by
centrifugation at 14,000 rpm for 10 min. Then SOD activity
in the supernatant was measured by the nitrite method with
hSOD protein as a standard.
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Detection of hSOD Expression in Cells

Expression of hSOD in cells was detected by Western blot
analysis using a modification of the method described in our
previous paper (7). Briefly, the samples for determination of
cellular SOD activity containing 50 pg of protein were sub-
jected to 12.5 % SDS-PAGE. The proteins were then transferred
onto polyvinylidene difluoride membranes (Millipore Co., Bed-
ford, MA) at 120 mA for 5 h. The membranes were soaked in
TBS containing 3% gelatin to block nonspecific binding. The
signal of hSOD protein was visualized using the avidin-biotin
complex method with anti-hSOD whole serum (The Bind-
ingsite, Birmingham, UK), biotin-labeled purified rabbit anti-
sheep IgG (EY Laboratories, San Mateo, CA), streptavidin-
biotinylated horseradish peroxidase complex (Amersham Inter-
national, plc, Bucks, UK), and DAB and hydrogen peroxide as
the substrate. Recombinant hSOD protein was used as a
standard.

Effects of Transfection with hSOD Gene on X/XO System

We used the X/XO system for production of active oxygen
in vitro (12). The effects of transfection with hSOD gene on
the X/XO system were evaluated as follows. Cells (2 X 10°)
were incubated in DMEM (2 ml) with 10% FBS in dishes (35-
mm diameter) 24 h before exposure to the X/XO system. The
medium was replaced with FBS-free medium (2 ml) with or
without catalase (final conc. 3, 30 and 300 U/ml), and X (final
conc. 0.25 and 0.5 mM) and XO (final conc. 2.5 and 5 mU/
ml) were then added directly to each dish (host and RSV-SOD
cells). After incubation at 37°C for various periods (3, 6 and
24 h), cell survival was assessed using the Trypan blue exclusion
method. When host and RSV-SOD cells were treated with X
or XO alone, the numbers of surviving cells of both types were
not significantly different from control cells (data not shown).

Assay of Thiobarbituric Acid (TBA)-Reactive
Substances in Cells

The cells were scraped with a rubber policeman after
exposure to the X/XO system for 24 h, and centrifuged at 3,000
rpm for 5 min. The cell pellets were resuspended in 1.15% KCl
(0.5 ml) and used for the assay of TBA-reactive substances in
low actinic test tubes. Formation of TBA-reactive substances
was measured with a lipid peroxide assay kit (Wako Pure Chem-
icals, Osaka, Japan), using malondialdehyde (MDA) according
to Yagi et al. (13), and lipid peroxidation was expressed as
MDA equivalents per cell.

Statistical Analysis

Statistical analysis of the data was performed with Stu-
dent’s t-test or the analysis of variance (ANOVA). Statistical
significance was defined as a p < 0.05.

RESULTS

Firstly, the hSOD expression plasmid pRc/RSV-SOD, the
structure of which is shown in Fig. 1, was constructed using
recombinant PCR techniques.

RSV and RSV-SOD cells were obtained by transfection
of FR cells with pRc/RSV and pRc/RSV-SOD, respectively.
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Fig. 1. Structure of pRc/RSV-SOD. F4; SOD cDNA (487 bp), £3; sequences from pUC119 including
the B-lactamase gene and the Col E1l origin of DNA replication (2993-5208 bp), £3; Rous sarcoma
virus (RSV) promoter, l; polélinker containing the recognition sites of Hind Il and Xba I, [;

BGH polyadenylation signal,
gene, B, SV 40 polyadenylation signal.

The cellular SOD activities in host, RSV and RSV-SOD cells
are shown in Fig. 2A. The cellular SOD activity in RSV-SOD
cells was increased significantly (about 1.7-fold) relative to
those in both host and RSV cells. However, no significant
difference in the cellular SOD activity was observed between
host and RSV cells. Furthermore, as shown in Fig. 2B, a band
of the same size (approximately 16 kDa) as recombinant hNSOD
protein was observed only in RSV-SOD cells on Western blot
analysis. As polyclonal rabbit antiserum for hSOD was used
for these Western blots, other blots containing endogenous rat
SOD were probably observed in host and RSV-SOD cells.

To assess the effects of transfection with the hSOD gene
on oxidative stress, the numbers of surviving cells in host and
RSV-SOD cultures after exposure to the X/XO system in the
presence or absence of catalase were measured. The results are
shown in Fig. 3. In the absence of catalase (Fig. 3A), cell
survival was decreased not only in a time (3, 6, and 24 h)-
dependent manner, but was also dependent on dose of X/XO
(0.5 mM/5 mU/ml and 0.25 mM/2.5 mU/ml) in both cell types.
Further, the decreases in number of surviving RSV-SOD cells
at the indicated times were significantly less than those in host
cells cultures. The decreases in cell survival in both cells types
were also less in the presence than in the absence of catalase
at 3, 30, and 300 U/ml. However, the decreases in number
of surviving RSV-SOD cells at each dose of catalase were
significantly less than those in host cells. These results indicate
that RSV-SOD cells were more resistant to oxidative stress than
host cells.

; F1 origin, & sv 40 promoter, £, Neomycin resistance (Neo)

It has been reported that oxygen-derived free radicals
attack cell membranes and lipid peroxidation is then initiated
(14). Therefore, we assessed lipid peroxidation by determining
the levels of TBA-reactive substances in cells. Figure 4 shows
the levels of TBA-reactive substances in both host and RSV-
SOD cells after various treatments. Data are expressed as MDA
nmol per 107 cells. Although the MDA levels in host cells after
exposure to the X/XO system in the absence and presence of
catalase were elevated significantly in comparison with those
in control cells (untreated host cells), no elevation in level of
MDA in RSV-SOD cells was observed. Further, the MDA levels
in RSV-SOD cells after exposure to the X/XO system in the
absence of catalase were significantly lower than those in host
cells. These results indicate that lipid peroxidation in RSV-
SOD cells occurred to a lesser extent that in host cells.

DISCUSSION

We reported previously that marked improvement and
accelerated synthesis of Cu, Zn-SOD were found in burned
tissue following treatment with EGF ointment in rats (6, 15,
16), and that accelerated transcription of the endogenous Cu,
Zn-SOD gene by EGF was observed in vitro using rat skin
fibroblasts exposed to enzymically-generated active oxygen
species (7). The protective role of endogenous cellular SOD
against oxidative stress, and the inhibition of oxygen-induced
cytotoxicity by the supplementation of SOD protein into the
intracellular space have also been reported in cultured cells (4,
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A) B)

Human Cu, Zn-SOD

Cellular SOD activity (U/mg of protein)
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0-
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Fig. 2. Determination of cellular SOD activity (A) and detection of the expression of human Cu, Zn-SOD protein (B) in FR cells.
A) Determination of cellular SOD activity: [ll; host cells (untransfected FR cells), [J; RSV cells (FR cells transfected with pRc/
RSV), B3, RSV-SOD cells (FR cells transfected with pRc/RSV-SOD). Bars represent means = SE (n = 3). Statistical analysis of
the data was performed with ANOVA (*p < 0.05 and **p < 0.01). B) Western blot analysis for hSOD protein: Each sample
(50 pg of protein) was applied to SDS-PAGE for immunoblot analysis: lane 1; host cells, lane 2; RSV-SOD cells, and lane 3;
rhSOD (standard).
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Fig. 3. Effects of transfection with hSOD gene against X/XO-induced cytotoxicity in the
absence (A) or presence (B) of catalase. [ll; host cells, B3 RSV-SOD cells. Bars represent
means *+ SE (n = 3-6). Statistical analysis of the data was performed with Student’s ¢-test
(*p < 0.05 and **p < 0.01). Controi; untreated cells. A) Numbers of surviving cells were
counted at the indicated times after exposure to the X/XO (0.5 mM/5 mU/ml or 0.25 mM/2.5
mU/ml) system. B) The numbers of surviving cells were counted 24 h after exposure to the
X/XO (0.5 mM/5 mU/ml) system in the presence of the indicated doses of catalase (3, 30, and
300 U/ml).
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Fig. 4. Comparison of TBA-reactive substances between host and
RSV-SOD cells. TBA-reactive substances were assayed in host and
RSV-SOD cells 24 h after exposure to the X/XO (0.5 mM/5 mU/ml)
system in the absence or presence of catalase (30 U/ml). ll; host cells
and E|; RSV-SOD cells. Control; untreated cells. Bars represent means
+ SE (n = 3-9). Statistical analysis of the data was performed with
Student’s t-test (*p < 0.05, **p < 0.01, and ***p < 0.005).

5). These findings suggest that therapeutic regimens which
increase cellular SOD activity may be useful in the treatment
of diseases in which oxidative tissue damage is produced. How-
ever, although several attempts to extend the half-life of SOD
in blood have been made (8, 9), studies of systems to deliver
SOD protein into the intracellular space have been limited. We
supposed that such a delivery problem might also limit the
clinical use of the other therapeutic proteins. So, we now pro-
pose the use of therapeutic gene delivery as a new approach
to deliver SOD protein into the intracellular space. Evans et
al. (10) suggested that as the cell itself would be the site of
synthesis of therapeutic protein by the direct transfer of a thera-
peutic gene into the cells, the highest concentration of therapeu-
tic protein and long-lasting effects would be within the cells,
and the side effects should be greatly reduced. In the present
study, therefore, to evaluate the possibilities of gene therapy
with the hSOD gene for diseases related to oxidative stress,
we investigated the effects of cellular SOD activity following
transfection with the hSOD gene on enzymically generated
active oxygen-induced cytotoxicity in rat skin fibroblasts.
Initially, we constructed the plasmid pRc/RSV-SOD as a
vector to deliver the hSOD gene into the cells (Fig. 1). The
structure of pRc/RSV-SOD was confirmed by digestion with
restriction endonucleases (Hind III and Xba I) and Southern
blot analysis using hSOD cDNA as a probe (data not shown).
As shown in Fig. 2A, cellular SOD activity in RSV-SOD cells
was increased relative to that in host cells. A band of the same
size (approximately 16 kDa) as recombinant hSOD protein
observed in RSV-SOD cells also indicated the expression of
hSOD following transfection of FR cells with pRc/RSV-SOD
(Fig. 2B). These findings suggest that the increase in cellular
SOD activity in RSV-SOD cells was due to the expression of
hSOD protein as a result of transfection with pRc/RSV-SOD
and that this plasmid may be a useful vector for delivery of
the hSOD gene into cells. We also used the X/XO system,
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which produces superoxide anion and hydrogen peroxide (12),
as a system for the enzymatic generation of extracellular oxida-
tive stress. This form of oxidative stress mimics the action of
phagocytic leukocytes in inflammation which produce large
amounts of active oxygen close to the surfaces of target cells
(17). As there were no significant differences in cell survival
between host and RSV cells 24 h after exposure to the X/XO
system (data not shown), transfection itself did not appear to
influence the antioxidant activity of FR cells. The significant
increase in cell survival in RSV-SOD cells in comparison with
host cells in the absence of catalase (Fig. 3A) indicates that
the increase in cellular SOD activity achieved by transfection
with the hSOD gene had a protective effect against oxidative
stress. Further, the increase of cellular SOD activity in RSV-
SOD cells was increased by about 1.7-fold relative to host
cells consistent with previous results (7), so these results also
indicated that the increase of cellular SOD activity was involved
in the biochemical mechanism of the EGF-induced healing
process following injury. However, Amstad et al. reported that
the balance of antioxidant defense functions was more important
than simple adjustments of individual parts of the system in a
study using cells transfected with the SOD gene (18). Further,
it has been reported that under physiological conditions
enzymes such as catalase which dismute H,0, are present at
high levels in the body (19). In the presence of catalase, a
significant increase in survival of RSV-SOD cells in comparison
with host cells was observed (Fig. 3B), indicating that the
increase in cellular SOD activity achieved by transfection with
the hSOD gene protected cells from oxidative stress in vivo.
However, a decrease in protection against oxidative stress was
observed in the presence of excess catalase (300 U/ml).
Although it was speculated that these effects might be ascribed
to the cytotoxicity by the excess of catalase as described by
Speraza et al. (20), the detailed mechanisms underlying our
results remain unclear. Thus, further studies are necessary.

Oxygen-derived free radicals, mainly superoxide anion
and hydroxyl radicals, attack cell membranes, and then lipid
peroxidation is initiated (14). In the X/XO system used in this
study, large amounts of O, and H,0, are generated close to
the cell surface. O, also reduces Fe3* to Fe?*, and Fe?" can
react with excess H,O, to form the more toxic species -OH
(21). On the other hand, extracellular H,O, can penetrate cell
membranes because it is electroneutral. H,O, within cells is
detoxified principally by the glutathione redox cycle and endog-
enous catalase. However, intracellular excess of H,O, causes
O,~ generation (possibly through reaction with Fe3*), and the
generated O, reduces Fe** to Fe?* (4). The Fe2* thus generated
could then react with excess H,O, to form -OH. Thus, to assess
the effects of transfection with the hSOD gene on lipid peroxida-
tion in cells after exposure to active oxygen species, we deter-
mined the levels of TBA-reactive substances in host and RSV-
SOD cells after exposure to the X/XO system in the absence
and presence of catalase (Fig. 4). The elevated level of TBA-
reactive substances in host cells after exposure to the X/XO
system in both the absence and presence of catalase, but not
in RSV-SOD cells, indicates that the cytoprotective effect of
transfection with the hSOD gene against extracellular oxidative
stress may be based, at least in part, on a reduction in lipid
peroxidation within cells.

In conclusion, the present results showed that the increase
in cellular SOD activity achieved by transfection with the h\SOD



582

gene protects cells from the cytotoxic effects of extracellular
oxidative stress. Qur findings further suggest that hSOD gene
therapy may be useful in treatment of pathophysiological condi-
tions such as inflammation, adult respiratory distress syndrome
and rheumatoid arthritis, which are related to superoxide
release, and for hereditary diseases such as familial amyotrophic
lateral sclerosis, caused by mutations in the Cu, Zn-SOD gene
(22). However, to use gene therapy clinically, bio-pharmaceuti-
cal studies to achieve appropriate delivery of the therapeutic
gene into targeted tissues are necessary.
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