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Abstract Aims/hypothesis: Free radicals generated in mi-
tochondria play a crucial role in the toxic effects of cy-
tokines upon insulin-producing cells. This study therefore
investigated the role of manganese superoxide dismutase
(MnSOD) in cytokine-mediated toxicity in insulin-produc-
ing cells. Methods: MnSODwas either stably overexpress-
ed (MnSODsense) or stably suppressed (MnSODantisense)
in insulin-producing RINm5F cells. Cell viability was
quantified after incubation with different chemical reactive
oxygen species (ROS) generators and with cytokines (IL-1β
alone or a mixture of IL-1β, TNF-α and IFN-γ). Addition-
ally, cell proliferation and endogenous MnSOD protein
expression were determined after exposure to cytokines.
Results: After incubation with hydrogen peroxide (H2O2) or
hypoxanthine/xanthine oxidase no significant differences
were observed in viability between control and MnSOD
sense or MnSODantisense clones. MnSOD overexpression
reduced the viability of MnSODsense cells after exposure to
the intracellular ROS generator menadione compared with
control and MnSODantisense cells. MnSODsense cells
also showed the highest susceptibility to cytokine toxici-
ty with more than 75% loss of viability and a significant
reduction of the proliferation rate after 72 h of incubation
with a cytokine mixture. In comparison with control cells
(67% viability loss), the reduction of viability in MnSODan-
tisense cells was lower (50%), indicating a sensitising role
of MnSOD in the progression of cytokine toxicity. The

cell proliferation rate decreased in parallel to the reduction
of cell viability. The MnSOD expression level after ex-
posure to cytokines was also significantly lower in Mn
SODantisense cells than in control or MnSODsense cells.
Conclusions/interpretation: The increase of the mitochon-
drial imbalance between the superoxide- and the H2O2-
inactivating enzyme activities corresponds with a greater
susceptibility to cytokines. Thus optimal antioxidative strat-
egies to protect insulin-producing cells against cytokine
toxicity may comprise a combined overexpression of H2O2-
inactivating enzymes or suppression of MnSOD activity.
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Introduction

The function of superoxide dismutase (SOD) as an anti-
oxidant enzyme has been widely accepted [1]. Neverthe-
less, there is also experimental evidence that, under certain
circumstances, high SOD enzyme activities may promote
toxicity of superoxide-radical-forming compounds (for re-
view, see [2]).

The increased toxicity of a variety of superoxide-radical-
forming compounds observed in a number of cell types
overexpressing SOD [3–5] has been considered to result
from elevated hydrogen peroxide (H2O2) concentrations
and subsequent oxidative damage following hydroxyl rad-
ical generation [6, 7]. This enhanced toxicity is likely to
become evident in particular when the capacity for en-
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zymatic inactivation of H2O2 is limited, such as is the case
in insulin-producing cells [8, 9].

In recent studies we could show that mitochondrially
derived radicals play a crucial role in cytokine toxicity in
insulin-producing cells. In particular the mitochondrial tar-
geting of catalase proved to be an efficient strategy to
protect the cells against cytokine-mediated cell death, act-
ing against the imbalance between superoxide dismutation
and the inactivation of H2O2 [10]. Also manganese SOD
(MnSOD) overexpression proved to be an efficient prin-
ciple to ameliorate the activation of nuclear factor kappa B
(NF-κB) and inducible nitric oxide (NO) synthase after
cytokine exposure in insulin-producing RINm5F cells in
the early phase of cytokine signalling [11]. In the light of
these data the role of MnSOD in the toxicity of reactive
oxygen species (ROS) and cytokines deserves specific
consideration, as various studies in different cell types have
reported a higher susceptibility to ROS rather than a pro-
tection [3–5]. This raises the question about the functional
role of MnSOD in insulin-producing cells under the phys-
iological situation of low-activity levels of H2O2-inactivat-
ing enzymes.

The intramitochondrial production of superoxide radi-
cals in the absence of relevant consumption processes such
as by biomolecules (e.g. NO) will result in an increase of
H2O2 concentrations [12]. On the other hand, it has been
suggested [13] that because dismutation competes with
reactions that convert superoxide radicals into H2O2 at
higher yields, SOD overexpression should also reduce the
generation of H2O2. However, because in most cell types
superoxide-inactivating capacity is higher than the H2O2-
inactivating capacity (ratio >1), the consequence of high
SOD activity is an increase of H2O2 production. Only in the
rarer situation of a ratio lower than unity should the rate of
H2O2 generation be slightly decreased in parallel with in-
creasing SOD activity (for review, see [2]). This explains
why MnSOD may be protective as well as harmful, de-
pending upon the conditions of ROS generation inside the
cell.

In this study we have investigated the effects of MnSOD
overexpression or suppression for the toxicity of chemical
generators of superoxide radicals and H2O2 as well as
proinflammatory cytokines on insulin-producing cells. For
this purpose we have used insulin-producing RINm5F
cells, which do not differ from primary beta cells in their
enzymatic antioxidative defence status.

Materials and methods

Materials Restriction enzymes and T4 DNA ligase were
obtained from New England Biolabs (Beverly, MA, USA).
Hypoxanthine (HX), xanthine oxidase (XO), menadione
(2-methyl-1,4-naphthoquinone) and MTT (3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyl tetrazolium bromide) were pur-
chased from Sigma (St Louis, MO, USA). Menadione
was recrystallised from methanol before use. The pcDNA3
expression vector, geneticin (G418) and all other tissue cul-
ture equipment were from Invitrogen (Karlsruhe, Germany).

The cDNA coding for human MnSOD was kindly provided
by Dr G. I. Bell (Chicago, IL, USA) and the antibody
against MnSOD was a kind gift from Dr M. D. Asayama
(Kitakyushu, Japan).

RINm5F cell culture and overexpression of antioxidant
enzymes in RINm5F cells RINm5F tissue culture cells
(passage 65–75) were cultured as described [9] in RPMI
1640 medium, supplemented with 10 mmol/l glucose,
10% (v/v) fetal calf serum, penicillin and streptomycin in a
humidified atmosphere at 37°C and 5% CO2. Insulin-
producing RINm5F cells have an antioxidative defence
status with an antioxidant enzyme equipment which does
not differ from primary islet cells [9, 14].

The cDNA for human mitochondrial MnSOD [15] was
subcloned into the pcDNA3 expression vector in sense
(MnSODsense) or antisense orientation (MnSODantisense)
by standard molecular biology techniques [11]. RINm5F
cells were stably transfected with the vector and positive
clones were selected through resistance against G418 (250
μg/ml). All clones were verified for MnSOD expression at
the level of mRNA and protein as well as at the level of
enzyme activities, as described before [11]. To study ex-
treme situations of MnSOD activities we used in addition
to a control clone two cell clones: (1) the MnSODsense
clone with a 120% increase of MnSOD protein expresion;
and (2) the MnSODantisense clone with a 40% decrease of
MnSOD protein expression (Fig. 3). The transfection of
RINm5F cells with the pcDNA3 vector lacking insert
(control cells) affected neither the expression of MnSOD
nor the expression of the other cytoprotective enzymes.
Notably the overexpression or suppression of MnSOD
also did not affect the expression of other antioxidant
enzymes, in particular those of catalase and glutathione
peroxidase (GPx). The antioxidant enzyme activities in
the cell clones used were as follows (U/mg protein):
control cells, catalase: 6±1, GPx: 0.17±0.03, copper/zinc
superoxide dismutase (CuZnSOD): 70±7, MnSOD: 13±
2; MnSODsense cells, catalase: 5±1, GPx: 0.14±0.02,
CuZnSOD: 68±7, MnSOD: 31±4; MnSODantisense
cells: catalase: 7±1, GPx: 0.13±0.01, CuZnSOD: 53±5,
MnSOD: 3±1. The insulin content (ng/μg DNA) was as
follows in the control and MnSODantisense and MnSOD
sense RINm5F cell clones: control, 3.8±0.3; MnSODanti-
sense, 3.3±0.3; MnSODsense, 3.4±0.2. The data are given
as means±SEM from four individual experiments.

Exposure to ROS donors Control and transfected RINm5F
cells were seeded at a concentration of 5×104 cells/well in
100-μl culture medium in 96-well microplates 24 h before
they were incubated with the test compounds. The cells
were exposed to 50 μmol/l H2O2 for 2 h in HEPES (20
mmol/l)-supplemented Krebs–Ringer bicarbonate medium
with 5 mmol/l glucose and, after removal of H2O2, for
another 18 h in RPMI 1640 medium. In another exper-
imental protocol, cells were incubated with a mixture of 125
μmol/l HX and 2.5 mU/ml XO in RPMI 1640 medium
for 18 h as described before [14]. This system contin-
uously generates superoxide radicals and H2O2 through
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electron transversion from the substrate HX [16]. At a pH
of 7.4 the portion of superoxide radical formation has
been described as being in the range of 30% [17]. H2O2

accumulated in the culture medium depending on the HX
concentration, reaching a saturation level 3 h after ini-
tiation of the HX/XO reaction. Menadione was freshly
dissolved and cells were exposed at a final concentration
of 15 μmol/l in RPMI 1640 medium for 18 h as described
before [14].

Exposure to cytokines Control and transfected RINm5F
cells were seeded at a density of 5,000 cells/well in 100-μl
culture medium in 96-well microplates and allowed to
attach for 24 h before 600 U/ml human IL-1β (Promo-
Cell, Heidelberg, Germany) or a combination of cytokines
(0.5×cytokine mixture or 1×cytokine mixture) was added
for a 72-h time period. The 1×cytokine mixture consisted
of 60 U/ml IL-1β, 185 U/ml human TNF-α and 14 U/ml
rat IFN-γ (PromoCell). The 0.5×cytokine mixture consisted
of half of these concentrations.

MTT viability assay After exposure to the different toxins,
the viability of the cells was determined using a microtitre-
plate-based MTT assay [18]. The decrease of MTT activity
represents a reliable metabolically based test for quanti-
fication of cell viability which correlates well with a loss
of RINm5F cell viability in the lactate dehydrogenase
release assay and in differential staining with fluorescent
dyes [9, 19]. The sense and antisense expression of MnSOD
did not affect the absolute levels of dehydrogenase ac-
tivities in the MTT assay and the cell growth rate in
comparison with mock-transfected control cells in the ab-
sence of the test compounds.

Determination of cell integrity and viability by differential
staining RINm5F cells were stained using the DNA-bind-
ing dyes Hoechst 33342 (Molecular Probes, Eugene, OR,
USA) and propidium iodide (Sigma) as indices of the num-
ber of viable, necrotic and apoptotic cells, as described
previously [20].

Measurement of cell proliferation The proliferation rate of
RINm5F cells was quantified by the colorimetric 5-bromo-
2-deoxyuridine (BrdU) Cell Proliferation ELISA (Roche
Molecular Biochemicals, Mannheim, Germany). Data were
expressed as a percentage of untreated cells after different
periods of cytokine exposure. The absolute A492 nm ab-
sorbance rates of the RINm5F control cells and the stably
transfected cell clones were not significantly different,
indicating comparable proliferation rates under control
conditions.

Western blot analyses of MnSOD protein expression
Whole cell extracts were obtained through sonification
in ice-cold PBS on ice for 15 s at 60 W with a Braun–
Sonic 125 sonifier. Protein content was determined by the
BCA assay (Pierce, Rockford, IL, USA). Twenty micro-
grams of protein were fractionated by SDS-PAGE and

transferred to polyvinylidene fluoride membranes. Non-
specific binding sites of the membranes were blocked by
non-fat dry milk overnight at 4°C. Then the blots were
incubated with a specific primary antibody against rat
MnSOD at a dilution of 1:10,000 for 1 h at room tempera-
ture, followed by a 1-h incubation period with the secondary
antibody, peroxidase-conjugated AffiniPure donkey anti-
rabbit IgG (H+L) from Dianova (Hamburg, Germany),
at a dilution of 1:15,000 at room temperature. The pro-
tein bands were visualised by chemiluminescence using
the ECL detection system (Amersham Bioscience, Frei-
burg, Germany). The intensity of the bands was quantified
through densitometry with the Gel-Pro Analyzer 4.0 pro-
gram (Media Cybernetics, Silver Spring, MD, USA).
Equal loading of lanes was verified by Ponceau staining
of the blots (data not shown).

Statistical analyses Data are expressed as means±SEM.
Statistical analyses were performed using ANOVA plus
Dunnett’s test for multiple comparisons. Unless mentioned
otherwise, a p value <0.05 was regarded as statistically
significant. Statistical analyses and non-linear regression
analyses of the curves were done by the Prism analysis
program (Graphpad, San Diego, CA, USA).

Results

It was the aim of this study to clarify the role of MnSOD in
the toxicity of free-radical-generating compounds and cy-
tokines. For this purpose we generated insulin-producing
RINm5F cell clones with high or low MnSOD enzyme
activities through expression of sense or antisense con-
structs. Neither the overexpression nor the suppression of
MnSOD significantly affected the expression of the other
antioxidant enzymes, in particular the activity of catalase
and GPx, and the insulin content of the used cell clones,
thus excluding effects of clonal variations during the selec-
tion process of cell clones.

Toxicity of H2O2, HX/XO and menadione in MnSODsense
and MnSODantisense insulin-producing RINm5F cells The
first characterisation of the two MnSOD-manipulated
insulin-producing RINm5F cell clones (MnSODsense
and MnSODantisense) was performed using the three well-
characterized and defined chemical generators of ROS:
H2O2, the HX/XO system and menadione.

The viability of control RINm5F cells was reduced to
65% through incubation with 50 μmol/l H2O2 as evident
from the MTT assay (Table 1). Neither overexpression
of MnSOD (MnSODsense) nor suppression of MnSOD
(MnSODantisense) significantly affected the H2O2-induced
reduction of viability (Table 1).

After incubation with HX/XO (HX:125 μmol/l; HO:2.5
mU/ml), a system which continuously generates H2O2 and
superoxide radicals extracellularly, control RINm5F cells
exhibited a remaining viability of 61%. As in the case of
the incubation with H2O2, neither overexpression of MnSOD
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(MnSODsense) nor suppression of MnSOD (MnSODan-
tisense) significantly affected the HX/XO-induced reduc-
tion of viability (Table 1).

Exposure to 15 μmol/l menadione reduced the viability
of RINm5F control cells to 41% (Table 1). Suppression of
MnSOD (MnSODantisense) did not change menadione
toxicity significantly, but in cells overexpressing MnSOD
(MnSODsense) the viability was significantly reduced to
13% after exposure to menadione (Table 1).

Toxicity of cytokines in MnSODsense and MnSODanti-
sense insulin-producing RINm5F cells The viability of
control and transfected RINm5F cells was reduced after a
72-h incubation with IL-1β in a concentration-dependent
manner (Fig. 1). IL-1β at 60 U/ml caused in the MTT
assay only a minor decrease of the viability of less than
10% in non-transfected and in MnSODantisense-transfec-
ted cells (Fig. 1). Overexpression of MnSOD resulted in a
significantly (p<0.05) greater viability reduction to 68%
after incubation with 60 U/ml IL-1β (Fig. 1).

Higher IL-1β concentrations of 300 and 600 U/ml
decreased the viability in control cells by around 15–25%
(Fig. 1). Again, the extent of viability reduction by these
higher IL-1β concentrations was not significantly greater
than in MnSODantisense cells (Fig. 1). However, the re-
duction of viability was significantly (p<0.05) more pro-
nounced in MnSODsense cells incubated with either 300
or 600 U/ml IL-1β when compared with MnSODantisense
cells (Fig. 1).

The more toxic cytokine mixture, consisting of the
proinflammatory beta-cell-toxic cytokines IL-1β, TNF-α
and IFN-γ (60 U/ml IL-1β, 185 U/ml TNF-α, 14 U/ml
IFN-γ), caused a more pronounced decrease of viability
than IL-1β alone (Fig. 1). At both a higher (1×cytokine
mixture) and lower (0.5×cytokine mixture) concentration
the reduction of viability was significantly (p<0.05) greaterin
MnSODsense cells than in MnSODantisense cells (Fig. 1),
although no significant differences between control and
MnSODsense cells could be determined.

The data of the MTT assay corresponded well with the
cell death rate examined by differential staining of the
cells in response to cytokines. The cell death rate after 72-
h exposure to the 1×cytokine mixture was 60.5±8.3% for
the control cells, 85.7±7.2% for the MnSODsense cells
and 31.4±2.2% for the MnSODantisense cells (n=4 inde-
pendent experiments; p<0.05 MnSODsense and MnSOD
antisense cells compared with control cells).

Effects of cytokines on the proliferation rate of MnSOD
sense and MnSODantisense insulin-producing RINm5F
cells From previous studies it was evident that the cell
growth rate of RINm5F cells was significantly affected by
cytokines and thus represents another valid parameter of

Table 1 Effects of MnSODsense and antisense transfection of insulin-producing RINm5F cells on cell viability measured by the MTT assay
after exposure to the ROS generators hydrogen peroxide (H2O2), hypoxanthine/xanthine oxidase (HX/XO) or menadione

Test agent MnSODantisense Control MnSODsense

H2O2 (50 μmol/l) 61±7 (6) 65±2 (4) 66±4 (6)
HX/XO (125 μmol/l/2.5 mU/ml) 63±6 (5) 61±3 (3) 60±5 (5)
Menadione (15 μmol/l) 38±8 (4) 41±9 (4) 13±5* (4)

Viability values (means±SEM with the number of experiments in parentheses) were calculated from the absolute absorbance rates and are a
percentage of the untreated cells
*p<0.05 compared with control cells (ANOVA/Dunnett’s test for multiple comparisons)

Fig. 1 Effects of MnSODsense and antisense transfection of
insulin-producing RINm5F cells on cell viability after exposure to
IL-1β alone (a) or to a cytokine mixture (b). Open bars RINm5F–
MnSODantisense cells; grey bars RINm5F control cells; black bars
RINm5F–MnSODsense cells. Control and transfected insulin-pro-
ducing RINm5F cells were incubated for 72 h with IL-1β (60–600
U/ml) alone or with a cytokine mixture (1×cytokine mixture: 60 U/
ml IL-1β, 185 U/ml TNF-α, 14 U/ml IFN-γ) or half of it (0.5×
cytokine mixture). Cell viability was determined by the MTT assay
and expressed as a percentage of the untreated cells. Data are
means±SEM from four individual experiments. *p<0.05, com-
pared with MnSODsense cells (ANOVA/Dunnett’s test for multi-
ple comparisons)
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the toxic effects of cytokines [14, 19, 21]. Therefore, in
addition to the viability loss observed in the MTT assay,
the proliferation rate of the different cell clones after in-
cubation with IL-1β and with the cytokine mixture was
quantified.

Both IL-1β and the cytokine mixture reduced the pro-
liferation rate at different time points (24, 48, 72 h) during
the incubation. The reduction of the proliferation rate after
exposure to IL-1β (600 U/ml) was significantly (p<0.05)
greater in MnSODsense cells than in MnSODantisense
cells (Fig. 2). After incubation with the cytokine mixture
(60 U/ml IL-1β, 185 U/ml TNF-α, 14 U/ml IFN-γ) the
reduction of the proliferation rate was more pronounced
than in the case of IL-1β alone and significantly (p<0.05)

greater in both MnSODsense and control cells than in
MnSODantisense cells (Fig. 2).

Cytokine induction of MnSOD protein expression in
MnSODsense and MnSODantisense insulin-producing
RINm5F cells Both IL-1β and the cytokine mixture in-
duced MnSOD protein expression irrespectively of the
endogenous level of MnSOD expression in the different
RINm5F cell clones (Fig. 3). The MnSOD protein ex-
pression level, induced by IL-1β (600 U/ml) as well as by
the cytokine mixture (60 U/ml IL-1β, 185 U/ml TNF-α, 14
U/ml IFN-γ), was significantly higher in MnSODsense cells
(400%), and, albeit to a lesser extent, also in control cells
(220%) than in MnSODantisense cells (180%) (Fig. 3).

Discussion

Insulin-producing cells are characterised by a particular
imbalance of antioxidative defence between the two enzy-

Fig. 3 Effects of cytokine treatment on MnSOD protein expression
in MnSODsense- and antisense-transfected insulin-producing RINm5F
cells. Cells were seeded 24 h before incubation with IL-1β alone
(600 U/ml) or with the 1×cytokine mixture (60 U/ml IL-1β, 185
U/ml TNF-α, 14 U/ml IFN-γ). Twenty-four hours after incubation,
the cells were lysed and MnSOD protein expression was quantified
by Western blot analysis. A Ponceau-stained section of the mem-
brane for loading control purposes, and a representative blot from
six individual experiments (a). Quantitative densitometric analysis
of six experiments (b). Open bars RINm5F–MnSODantisense
cells; grey bars RINm5F control cells; black bars RINm5F–
MnSODsense cells. Band intensities from control cells were set at
100%. Data are means±SEM. *p<0.05, **p<0.01, compared with
MnSODsense cells (ANOVA/Dunnett’s test for multiple comparisons)

Fig. 2 Effects of MnSODsense and antisense transfection of
insulin-producing RINm5F cells on the proliferation rate after
cytokine treatment. Open circles RINm5F control cells; solid circles
RINm5F–MnSODsense cells; solid squares RINm5F–MnSODanti-
sense cells. Cells were exposed to IL-1β alone (600 U/ml) (a) or
1×cytokine mixture (60 U/ml IL-1β, 185 U/ml TNF-α, 14 U/ml
IFN-γ) (b) for 24, 48 or 72 h. Proliferation was quantified by a
BrdU-specific ELISA and expressed as a percentage of the pro-
liferation rate of cells without cytokine treatment. Absolute absor-
bance rates of the three RINm5F clones were not significantly
different (data not presented). Shown are means±SEM from four to
six individual experiments. *p<0.05, **p<0.01 compared with
MnSODsense cells (ANOVA/Dunnett’s test for multiple comparisons)
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matic scavenger systems, namely the superoxide-radical-
and the H2O2-inactivating enzyme systems. While the
superoxide-radical-inactivating isoenzymes in the cytosol
(CuZnSOD) and in the mitochondria (MnSOD) are ex-
pressed at moderate but overall appropriate levels, the ex-
pression of the H2O2-inactivating enzymes catalase and
GPx in insulin-producing cells is very low [8, 9]. In situa-
tions of high superoxide radical production, as during the
autoimmune attack of pancreatic beta cells in type 1 dia-
betes mellitus, this imbalance might result in a cytotoxic
accumulation of H2O2.

Neither MnSOD overexpression nor MnSOD suppres-
sion had a significant effect on cell viability after incu-
bation with H2O2. The toxicity of HX/XO, which releases
H2O2 together with superoxide radicals extracellularly, was
also not affected by changes in the MnSOD expression
level in insulin-producing cells.

Reduced MnSOD gene expression in the MnSODanti-
sense cells also left menadione toxicity unaltered. Howev-
er, overexpression of MnSOD in the MnSODsense cells
resulted in an enhanced toxicity. The toxicity of menadione
is based on redox cycling with its semiquinone and the
subsequent release of superoxide radicals [22, 23]. This
redox process takes place preferentially in the mitochon-
dria and explains the great toxicity of menadione to mito-
chondrial proteins and DNA [24].

These experiments allow the conclusion that an increased
superoxide-radical-inactivation capacity in the MnSOD
sense cells results in an enhanced H2O2 production, the
inactivation of which is limited, however, by the low H2O2

detoxification capacity in insulin-producing cells [10, 25].
On the other hand, mitochondrial superoxide radical dis-
mutation is apparently not rate-limiting in insulin-pro-
ducing cells, since the viability was not reduced through
MnSOD suppression in the MnSODantisense cells.

Overexpression of MnSOD also significantly enhanced
the toxicity of IL-1β and a cytokine mixture consisting of
IL-1β, TNF-α and IFN-γ. Reduced MnSOD gene expres-
sion in MnSODantisense cells left the toxicity of IL-1β
unaffected and in the case of the more toxic cytokine mix-
ture it even provided protection. The greater toxicity of the
cytokine mixture is apparently a result of TNF-α-induced
ROS formation in the mitochondria [10, 26–29]. The ob-
served protective effect of a reduced MnSOD gene expres-
sion was evident not only in the MTT viability assay but
also in the measurements of cell proliferation.

Thus, all experimental evidence provided in this study
shows that an increased rate of dismutation of the super-
oxide radical to H2O2 in the mitochondria of insulin-pro-
ducing cells through the antioxidant enzyme MnSOD fosters
cytokine toxicity. The very low expression level of H2O2-
inactivating enzymes in these cells [8, 9] prevents a fast
and efficient removal of toxic H2O2 generated intrami-
tochondrially through the action of MnSOD. Through
overexpression of catalase within the mitochondrial com-
partment, we were able to protect insulin-producing cells

against cytokine-induced toxicity and thus demonstrate
the deleterious effects of mitochondrially accumulated
H2O2 [10]. Enhanced toxicity due to increased MnSOD
protein expression was also observed in MnSOD-over-
expressing fibroblasts [7, 30, 31], in skeletal muscle cells
[32], in fibroblasts and in brain of patients suffering from
neuronal ceroid lipofuscinosis type 6 [33], in the ovarian
cancer cell line SK-OV-3 [34] and in transformed human
bronchial epithelial cells [35].

An additional contributing/aggravating factor which ex-
plains the particularly pronounced toxicity of cytokines, is
the ability of IL-1β to induce the expression of MnSOD
protein in insulin-producing cells (Fig. 3) [36, 37] as well
as in other cell types [38, 39] and the inhibition of catalase
enzyme activity by NO [40], which fosters H2O2 gener-
ation. IL-1β is also known to decrease glutathione synthase
expression in rat islets, and therefore additionally reduces
antioxidative capacity of islets [41]. Through MnSOD sup-
pression in MnSODantisense cells this additional toxic
component of cytokine-induced toxicity is reduced but not
abolished, since MnSOD induction in these cells reduces
expression only to an expression level which is physiolog-
ically present in control cells not exposed to cytokines.

The results of the present experiments show that a com-
plete chemical reduction of oxygen to H2O in the respi-
ratory chain is crucial to prevent ROS-mediated toxicity in
insulin-producing cells even though inactivation of super-
oxide radicals through SOD alone may ameliorate activa-
tion of signal cascades of cytokine-mediated cell death
such as suppression of NF-κB activation [11]. Here it be-
comes evident that cytokine signalling comprises a com-
plex chain of events, in which the generation of ROS seems
to be a crucial event, although overexpression of MnSOD
significantly reduced the initial activation of NF-κB [11].
Thus the balance between the superoxide-radical- and H2O2-
inactivating enzyme systems is of particular importance in
insulin-producing cells in order to prevent oxidative dam-
age. This fact must also be kept in mind when devising
therapeutic measures in order to strengthen resistance
against the toxic actions of ROS and proinflammatory cyto-
kines. A possible strategy for correction of this imbalance
might be an increase of catalase activity in the mitochon-
drial compartment, thereby preventing the accumulation
of H2O2 by elimination of this bottle-neck in the ROS-
inactivation chain [10]. This strategy may be combined
with the overexpression of MnSOD to ensure a balanced
elimination of mitochondrially generated radicals. Alter-
natively, a reduction of MnSOD activity by the antisense
technique, as achieved in the present study, may adjust
mitochondrial SOD activity to the existing low catalase
and GPx expression preventing toxic effects of high levels
of H2O2. Thus MnSOD represents a key target structure
for antioxidative protection of beta cells whose benefit or
harm crucially depend upon the expression level of H2O2-
inactivating enzymes.
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