
The mechanisms of beta-cell destruction in autoim-
mune diabetes comprise specific cell-mediated mech-
anisms as well as humoral factors like cytokines [1±4].
The latter initiate complex cellular signal cascades
which lead to cell death through necrosis or apoptosis
or both [2, 3, 5, 6]. Nitric oxide (NO) which is generat-
ed in the beta cell after cytokine stimulation by the
induction of NO synthase is regarded as a hallmark
of beta-cell toxicity together with the generation of
reactive oxygen species by a so far unknown mecha-
nism [1, 3, 5, 7±11]. DNA damage was shown to be a
critical step in NO induced toxicity, using chemical
NO donors as well as cytokines [12±15]. Doubt has
been expressed as to whether the toxic action of NO
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Abstract

Aims/hypothesis. The importance of different antiox-
idative enzymes for the defence of insulin-producing
cells against the toxicity of nitric oxide (NO) was
characterised in bioengineered RINm5F cells.
Methods. RINm5F insulin-producing cells stably
overexpressing glutathione peroxidase (GPX), cata-
lase (CAT) or Cu/Zn superoxide dismutase (SOD)
were exposed to S-nitroso-N-acetyl-d,l-penicillamine
(SNAP), sodium nitroprusside (SNP) and 3 morpho-
linosydnonimine (SIN-1), which generate both NO
and reactive oxygen species, and to the polyamine/
NO, complex DETA/NO which generates NO alone.
The viability of the cells was tested by the MTT assay.
Results. Overexpression of antioxidant enzymes pro-
vided significant protection against the toxicity of
SNAP, SNP and SIN-1, with an individual specificity
related to their chemical characteristics, but was
without effect upon the toxicity of DETA/NO. Cells
overexpressing GPX were well protected against

SNP and SNAP, while CAT was most effective
against SIN-1. SOD overexpression provided less
protection against the toxicity of SNAP and SNP
than overexpression of GPX but was more effective
in protecting against SIN-1. Co-incubation of cells
with NO donors and hydrogen peroxide or hypoxan-
thine and xanthine oxidase showed an overadditive
synergism of toxicity.
Conclusion/interpretation. The results emphasise the
importance of a synergism between NO and reactive
oxygen species for pancreatic beta-cell death. Such a
synergism has also been observed after exposure of
beta cells to cytokines. The component of the toxicity
that is mediated by oxygen radicals can be suppressed
effectively through overexpression of CAT, GPX or
SOD or both. [Diabetologia (1999) 42: 849±855]
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alone is sufficient to explain the phenomenon of cyto-
kine-induced beta-cell damage [4, 16]. Recent studies
have suggested that NO toxicity involves an interac-
tion with reactive oxygen species, possibly involving
formation of the highly cytotoxic peroxynitrite
through interaction of NO with superoxide [17, 18].
Support for such a synergistic action of NO and reac-
tive oxygen species comes from the observation that
rat islets are protected against the toxicity of cyto-
kines by extracellular antioxidants [8, 19] and by the
glutathione peroxidase (GPX) mimic ebselen [20].
Furthermore, there is evidence that peroxynitrite is
involved in beta-cell death in non-obese diabetic
(NOD) mice [21] and overexpression of Mn superox-
ide dismutase (SOD) has been shown to protect
against cytokine toxicity in INS-1 cells [22].

If a co-operative action between NO and reactive
oxygen species is important, the weak antioxidant en-
zyme status of pancreatic beta cells could be an impor-
tant factor in NO toxicity in these cells [23±25]. We
have previously shown that overexpression of antioxi-
dant enzymes in RINm5F insulin-producing cells pro-
vides powerful protection against reactive oxygen spe-
cies [25, 26]. In the present study we have used these
bioengineered cells to investigate the protective po-
tential of antioxidant enzymes against the toxicity of a
number of chemical donors of NO. Our results show a
significant protective effect of high intracellular anti-
oxidant enzymes against the toxic effects of some, but
not all, NO donors. The different protection patterns
of antioxidant enzymes against the toxicity of chemical
NO donors are a reflection of the individual chemical
characteristics of these compounds and can provide a
better understanding of the synergistic toxic action of
NO and reactive oxygen species in the destruction of
insulin-producing cells in autoimmune diabetes.

Materials and methods

Materials. Sodium nitroprusside (SNP), rhodanese, sodium
thiosulphate, S-nitroso-N-acetyl-d,l-penicillamine (SNAP),
Cu/Zn SOD (from bovine liver), CAT (from bovine erythro-
cytes), hypoxanthine (HX), xanthine oxidase (XO), diethyl-
enetriamine and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl te-
trazolium bromide (MTT) were purchased from Sigma (St.
Louis, Mo., USA). Spermine was from Fluka (Buchs, Switzer-
land). (z)-1-{N-[3-Aminopropyl]-N-[4-(3-aminopropylammo-
nio)butyl]-amino}-diazen-1-ium-1,2-diolate (SPER/NO) [27]
and (z)-1-[2-(2-Aminoethyl)-N-(2-ammonioethyl)amino]dia-
zen-1-ium-1,2-diolate (DETA/NO) [28] were kindly provided
by Dr. K.-D. Kröncke (Düsseldorf, Germany). 3-Morpholino-
sydnonimine (SIN-1) was kindly provided by Hoechst Marion
Roussel (Frankfurt, Germany). All tissue culture equipment
was from GIBCO Life Technologies (Gaithersburg, Md.,
USA).

Tissue culture. RINm5F tissue culture cells overexpressing
CAT (RIN-CAT), GPX (RIN-GPX) and Cu/Zn SOD (RIN-
SOD) were generated by stable transfection of the cDNAs in
the pcDNA3 vector [26]. Briefly, the antioxidant enzyme activ-

ities were, in control and overexpressing cells, respectively: 6
and 564 U/mg protein in CAT overexpressing cells, 0.2 and 3.9
U/mg protein in GPX overexpressing cells, 70 and 154 U/mg
protein in SOD overexpressing cells [26]. In control experi-
ments it was confirmed that transfection with the pcDNA3
vector lacking insert did not affect the expression of the cyto-
protective enzymes. Cell proliferation and MTT absorbance
rate as well as insulin secretion and content of RINm5F cells
remained unchanged after overexpression of cytoprotective
enzymes. The cells were cultured as described [26] in RPMI
1640 medium, supplemented with 10 mmol/l glucose, 10 %
(v/v) fetal calf serum, penicillin and streptomycin in a humidi-
fied atmosphere at 37 °C and 5 % CO2. Selenium (10 nmol/l)
as an essential co-factor for GPX was added to the tissue cul-
ture medium of GPX-transfected cells. Selenium did not affect
enzyme expression or protection against the test compounds.
Control and transfected RINm5F cells were seeded at a con-
centration of 5 ´ 104 cells/well in 100 ml culture medium in 96
well microplates and allowed to attach for a period of 24 h be-
fore addition of test compounds which were freshly dissolved
as a 10 ´ stock solution in phosphate buffered saline solution.
All cells were incubated at 37 °C with the test compounds.

The cells were exposed to serial concentrations of SNP in
the presence of sodium thiosulphate (5 mmol/l) and rhodanese
(80 U/ml) [14] and to serial concentrations of SNAP, SIN-1 and
DETA/NO in RPMI 1640 medium with 10 mmol/l glucose for
18 h. Sodium thiosulphate and rhodanese were added to the
medium in SNP experiments in order to inactivate cyanide
ions. The viability of RINm5F cells was not affected by the
presence of these compounds. In experiments investigating
synergistic effects of NO generating compounds and reactive
oxygen species, non-transfected RINm5F cells were exposed
to SIN-1 (1 mmol/l) or SNAP (0.4 mmol/l) in the presence of
H2O2 (40 mmol/l) or HX/XO (50 mmol/l /1 mU) for 18 h. In all
experiments, the viability of the cells was determined after
the 18 h incubation period using a microplate based MTT as-
say [29]. Viability was expressed in per cent of the MTT absor-
bance in the absence of the toxic compound. In experiments
investigating the effects of exogenous addition of antioxidant
enzymes, Cu/Zn SOD (60 U/ml) or CAT (6 U/ml) or both
were added to the incubation medium immediately before ad-
dition of SNAP (1.6 mmol/l), SNP (1.6 mmol/l) or SIN-1
(3.5 mmol/l). Control experiments with boiled preparations of
SOD and CAT were carried out in parallel. The effectiveness
of inactivation by boiling was verified by measurement of the
enzyme activities.

Statistical analyses. Data are expressed as mean values ± SEM.
Statistical analyses were done using the two-sided Student's
t test or ANOVA plus Dunnett's test for multiple comparisons.
EC50 values were calculated from nonlinear regression analy-
ses using least square algorithms of the Prism analysis program
(Graphpad, San Diego, Calif., USA).

Results

Cytotoxicity of NO donors

SNAP. A concentration-dependent decrease of via-
bility in non-transfected RINm5F cells was recorded,
with an EC50 value for SNAP of 0.58 mmol/l. Overex-
pression of GPX significantly increased cellular re-
sistance against SNAP, resulting in an EC50 value of
1.53 mmol/l. CAT overexpression was less effective
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than GPX but nonetheless doubled the EC50 value
compared with controls. SOD overexpression provid-
ed a small but significant protection against SNAP,
with a 40% increase in the EC50 value (Fig.1A; Ta-
ble 1).

SNP. Overexpression of GPX gave excellent protec-
tion against the toxic effect of SNP, whereas overex-
pression of CAT was without effect. The viability of
cells overexpressing GPX decreased only marginally

even at concentrations of SNP which caused com-
plete cell death in non-transfected controls. Due to
the extraordinary resistance of these cells it was not
possible to calculate an EC50 value for the cells over-
expressing GPX. SOD overexpression also provided
significant protection with a 50% increase in the
EC50 value (Fig.1B; Table 1).

SIN-1. The EC50 value for SIN-1 in control cells was
2.3 mmol/l. More than 80% of the control cells lost
their viability at concentrations between 1.5 and
3.5 mmol/l which indicates the narrow toxicity range
of this compound. Cells overexpressing CATwere sig-
nificantly more resistant to SIN-1 than controls, with
an EC50 value of 3.0 mmol/l. In contrast to SNAP-
and SNP-induced toxicity, overexpression of GPX
provided no protection against SIN-1. Overexpression
of Cu/Zn SOD decreased the toxicity of SIN-1, with an
EC50 value of 2.8 mmol/l (Fig.1C, Table 1).

DETA/NO. The EC50 value of DETA/NO was
1.25 mmol/l (Fig.2; Table 2). Overexpression of
CAT, GPX or SOD did not protect against DETA/
NO-induced toxicity (Fig.2; Table 2). DETA (die-
thylenetriamine) alone was not toxic in control exper-
iments (data not shown).
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Fig. 1. A-C Effects of overexpression of antioxidant enzymes
in RINm5F cells on the toxicity of SNAP A, SNP B and SIN-1
C. (k) non-transfected, (U) cells overexpressing GPX, (n)
cells overexpressing CAT, (&) cells overexpressing Cu/Zn
SOD. Viability was measured by the MTT assay and expressed
as % of the untreated cells. Data are given as means ± SEM
from 4±6 individual experiments

Table 1. Half-maximal effective concentrations (EC50) for
toxicity in the MTT assay of SNAP, SNP and SIN-1 in RINm5F
cells after overexpression of various antioxidant enzymes

SNAP (mmol/l) SNP (mmol/l) SIN-1 (mmol/l)

Control 0.58 ± 0.03 (5) 0.98 ± 0.09 (5) 2.3 ± 0.10 (6)
GPX 1.53 ± 0.02 (5)a > 2 (5)a 2.1 ± 0.01 (6)
CAT 1.09 ± 0.04 (5)a 1.03 ± 0.08 (5) 3.0 ± 0.11 (6)a

SOD 0.90 ± 0.02 (5)a 1.52 ± 0.07 (6)a 2.8 ± 0.03 (6)a

Cells were exposed to serial concentrations of the test com-
pounds as used in the concentration dependencies shown in
Figure 1. Viability of the cells was determined by the MTT as-
say. The EC50 values were calculated by nonlinear regression
analyses from the curves in Figure 1. Values are means ± SEM
with the numbers of experiments in parentheses. a p < 0.01
cells compared with controls (ANOVA/Dunnett's test).

Table 2. Half-maximal effective concentrations (EC50) for
toxicity in the MTT assay of DETA/NO in RINm5F cells after
overexpression of various antioxidant enzymes

DETA/NO (mmol/l)

Control 1.25 ± 0.18 (4)
GPX 1.14 ± 0.19 (5)
CAT 1.30 ± 0.33 (5)
SOD 1.25 ± 0.34 (5)

Cells were exposed to serial concentrations of the test com-
pound as used in the concentration dependencies shown in Fig-
ure 2. Viability of the cells was determined by the MTT assay.
The EC50 values were calculated by nonlinear regression ana-
lyses from the curves in Figure 2. Values are means ± SEM
with the numbers of experiments in parentheses.



Protective effects of exogenous antioxidant enzymes
on the toxicity of NO donors. The addition of CAT
or SOD to the culture medium, either alone or in
combination, had no effect on the toxicity of SNAP,
SNP or DETA/NO (Table 3). Addition of CAT or
SOD alone did not significantly counteract the toxic
effects of SIN-1 but addition of both enzymes provid-
ed significant protection against SIN-1 induced toxic-
ity (Table 3). The protective action was not seen with
enzymes that had been inactivated by boiling (data
not shown).

Synergistic effects of hydrogen peroxide and HX/XO
on the toxicity of SIN-1 and SNAP in RINm5F control
cells. RINm5F cells were exposed to low concentra-
tions of SNAP or SIN-1 in combination with H2O2
or HX/XO. Incubation of non-transfected con-
trol cells with H2O2 (40 mmol/l), HX/XO (50 mmol/l/
1 U/l), SNAP (0.4 mmol/l) or SIN-1 (1 mmol/l) alone
for 18 h had little effect on cellular viability, with a
maximal loss of 25% in the presence of H2O2

(Fig.3). Combining SNAP with H2O2 or HX/XO,
however, resulted in an overadditive toxic effect with
an average additional increase in the toxicity of 18%
for H2O2 and 10% for HX/XO, exceeding the sum
of the average toxic effects of the single compounds
(Fig.3A). The co-operative action was even more
pronounced when SIN-1 was combined with H2O2 or
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Fig. 2. Effects of overexpression of antioxidant enzymes in
RINm5F cells on the toxicity of DETA/NO. (k) non-trans-
fected, (U) cells overexpressing GPX, (n) cells overexpressing
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ed cells. Data are given as means ± SEM from 4±6 individual
experiments
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Fig. 3. A,B Synergistic effects of oxygen free radical donors on
the toxicity of SNAP A and SIN-1 B in RINm5F control cells.
Cells were exposed to 40 mmol/l hydrogen peroxide
(H2O2),50 mmol/l hypoxanthine plus 1 U/l xanthine oxidase
(HX/XO), 0.4 mmol/l SNAP, 1 mmol/l SIN-1 alone or to a
combination of one of the NO donors with one of the oxygen
free radical donors. Viability was measured by the MTT assay
and expressed as % of the untreated cells. Data are given as
means ± SEM from 5 individual experiments. #p < 0.05 com-
pared with H2O2-treated cells, *p < 0.05 compared with SIN-1
treated cells, **p < 0.01 compared with H2O2-treated cells (Stu-
dent's t test)

Table 3. Protective effects of catalase (CAT) and Cu/Zn SOD (SOD) added to the incubation medium of control RINm5F cells
against toxicity of various NO donors

Enzyme Addition SNAP SNP SIN-1
Viability (%)

DETA/NO

None 14.7 ± 1.5 (5) 25.1 ± 5.0 (5) 2.9 ± 0.6 (4) 29 ± 4 (5)
CAT 14.0 ± 3.0 (5) 24.4 ± 5.4 (5) 7.5 ± 2.0 (4) 31 ± 3 (5)
SOD 9.7 ± 2.6 (5) 21.0 ± 4.0 (5) 4.9 ± 1.6 (4) 36 ± 3 (5)
SOD/CAT 10.4 ± 2.1 (5) 22.4 ± 4.7 (5) 75.4 ± 4.6 (4)a 33 ± 3 (5)

Non-transfected control RINm5F cells were exposed to SNAP
(1.6 mmol/l), SNP (1.6 mmol/l), SIN-1 (3.5 mmol/l) or DETA/
NO (5 mmol/l) in the presence of exogenous Cu/Zn SOD
(60 U/ml) and/or bovine CAT (6 U/ml). Viability of the cells
was determined by the MTT assay and expressed as per cent

of the untreated controls. Values are means ± SEM with the
number of experiments in parentheses. a p < 0.01 compared
with the inhibition by the toxic compound in the absence of
exogenous antioxidant enzymes (ANOVA/Dunnett's test).



HX/XO with overadditive toxic effects of 27% for
H2O2 and 35% for HX/XO (Fig.3B).

Discussion

Nitric oxide and oxygen free radicals play an impor-
tant part in the destruction of beta cells in autoim-
mune diabetes [4, 30, 31] although the precise mech-
anism of interaction is still not known. To further
clarify this issue, our study focused on the protective
potential of antioxidant enzymes against the syner-
gistic action of NO and oxygen free radicals using
bioengineered RINm5F insulin-producing cells
overexpressing CAT, GPX or SOD [26]. The NO
donors SNAP, SNP and SIN-1 have been widely
used in the study of the pharmacological and toxic
effects of NO. They have also been shown to be tox-
ic to beta cells [14, 15, 32]. In our study, we have
also investigated the toxicity of the polyamine NO
complex DETA/NO which generates beta-cell toxic
NO without concomitant release of oxygen free rad-
icals [12].

The Results section shows the data obtained in the
experiments of the clones with the highest cytopro-
tective enzyme activities. To exclude an influence of
a clonal variation, we studied the effects of the test
compounds in two additional clones with high expres-
sion of GPX, CAT and SOD. These studies showed
no significant differences in the protection against
the toxicity of NO donors (data not shown).

The mechanism and specificity of NO production
vary considerably among the different NO donors.
SIN-1 spontaneously decomposes under aqueous
conditions, generating superoxide and NO at compa-
rable rates [33, 34]. Superoxide reacts rapidly with
NO, forming peroxynitrite [18], while any that does
not react in this way will dismutate to hydrogen per-
oxide. Superoxide, NO, peroxynitrite and hydrogen
peroxide have all been detected in incubations of
SIN-1 [35, 36]. In contrast, SNP does not release NO
spontaneously but is activated by one-electron reduc-
tion to the nitroxide radical anion [37]. The radical
anion decays to release NO but it can also redox cy-
cle, with concomitant generation of superoxide [38].
Nitrosothiols such as SNAP spontaneously dissociate
to NO and the thiyl radical [33]. The latter, via forma-
tion of the disulphide radical anion, generates super-
oxide [39]. In contrast, the polyamine/NO complex
DETA/NO yields NO without the formation of reac-
tive oxygen species or other free radicals that can
generate such species [12, 33].

We selected for the present experiments the polya-
mine/NO complex DETA/NO rather than SPER/NO
as a pure NO donor because DETA (diethylenetri-
amine) after release of NO was not toxic to RINm5F
cells in contrast to spermine which was toxic also by
itself (unpublished observation).

Cells incubated with SIN-1, SNAP and SNP, but not
with DETA/NO, will therefore be exposed not only to
NO but also to reactive oxygen species and peroxyni-
trite. There has been much debate as to which of these
are involved in the induction of the cell death pro-
voked by NO donors. In our experiments, the impor-
tance of extracellular formation of superoxide and hy-
drogen peroxide by the NO donors was investigated
by addition of SOD and CAT to the cell cultures, while
the importance of a co-operative effect of NO and re-
active oxygen species was determined by addition of
hydrogen peroxide or HX/XO (which generates both
hydrogen peroxide and superoxide radical) to the me-
dium. Addition of antioxidant enzymes had no effect
on the toxicity of SNP, in line with earlier observations
[34], or on that of SNAP and DETA/NO, indicating
that the extracellular production of reactive oxygen
species does not play a major part in the toxic action
of these substances. A pronounced effect was record-
ed with SIN-1, however, indicating that the reactive
oxygen species generated by this substance make a sig-
nificant contribution to its toxicity. Addition of hydro-
gen peroxide or HX/XO potentiated the effects of
SNAP and SIN-1 in an overadditive fashion, consis-
tent with a synergistic action between NO and reactive
oxygen species, as observed in other cell types [40].
Such a co-operative action of NO donors and reactive
oxygen species, both of which had little effect in isola-
tion, could be of crucial importance in mediating the
toxicity of cytokines to beta cells.

The importance of intracellular formation and de-
struction of reactive oxygen and reactive nitrogen
species was studied in RIN5mF cells expressing high
levels of antioxidant enzymes. Cells transfected with
SOD were more resistant than control cells to the
toxic action of SIN-1, SNP, and SNAP. There are sev-
eral possible mechanisms for this effect. Firstly, the
protective effect of SOD could reflect a direct toxic
effect of superoxide. Secondly, SOD could act by in-
hibiting formation of peroxynitrite. Thirdly, as sug-
gested in a previous study [41], the reduction of NO
to the nitroxyl anion (NO±) by SOD could lead to
detoxification, since NO± decays to the non-toxic ni-
trous oxide [42]. Such a process would be expected
to provide protection against all NO donors but un-
der the conditions of our experiments SOD had no
effect on the cytotoxicity of DETA/NO. So there is
no answer to this question at the moment.

Transfection of RIN5mF cells with CAT gave sig-
nificant protection against the cytotoxicity of SNAP
and SIN-1. This observation could reflect the involve-
ment of intracellularly-generated hydrogen peroxide
in the toxicity of these substances or detoxification
of NO via the CAT-NO complex. Nitric oxide ligan-
ded to iron is oxidised by hydrogen peroxide, forming
nitrite [43], and it has been shown that NO com-
plexed to CAT is destroyed by hydrogen peroxide
[44]. Because the primary function of CAT is to de-
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stroy hydrogen peroxide, this reaction might at first
seem rather implausible. Because of the low affinity
of CAT for its substrate, however [45], low concentra-
tions of this substance can exist even in the presence
of high levels of the enzyme and, in view of the results
of another study [44], such levels must be sufficient to
destroy the CAT-NO complex. In this way NO would
be detoxified through conversion to nitrite. In this
context it is possibly important that hydrogen perox-
ide is formed by reaction of peroxynitrite with biolog-
ically relevant amino-type molecules such as ATP or
nucleic acids [46].

Cells transfected with GPX were more resistant to
the toxicity of SNAP and SNP than control cells.
Again, this could reflect the involvement of intracel-
lular hydrogen peroxide but it could also be attribut-
able to the ability of GPX to detoxify peroxynitrite,
converting it to nitrite [47].

The protection of pancreatic beta cells against au-
toimmune destruction is a crucial element of all con-
cepts for the prevention of Type I (insulin-depen-
dent) diabetes mellitus. The generation of NO and
reactive oxygen species in beta cells during autoim-
mune attack has been shown in several studies [1, 3,
4]. Antioxidant free radical scavengers [8, 19] as
well as the chemical GPX mimic ebselen [20] pro-
tected against cytokine mediated toxicity in insulin-
producing cells. The protective potential of chemical
antioxidants, however, is low compared with that of
antioxidant enzymes. In fact transgenic mice overex-
pressing Cu/Zn SOD proved to be significantly more
resistant towards the diabetogenic compound allox-
an [48].

We have recently shown the efficacy of optimised
antioxidant enzyme levels in protecting bioengi-
neered insulin-producing RINm5F cells against reac-
tive oxygen species [26]. After exposure to potent ox-
idants such as H2O2 or HX/XO, these cells showed a
level of antioxidative defence which could not be
achieved by chemical antioxidants. This has also
been confirmed recently in primary cells overexpress-
ing CAT through an adenoviral vector system [49]. In
our study, these bioengineered RINm5F cells also
provided an excellent tool to investigate whether an-
tioxidant enzymes could protect against the toxicity
of NO donors. Although the mechanism of action of
these enzymes is not yet completely understood, the
demonstration that they can reduce the harmful ef-
fects of certain NO donors will be important in the
development of future strategies trying to protect
pancreatic beta cells from cytokine-mediated damage
during autoimmune destruction. Evidence for the
protective potential of antioxidant enzymes against
cytokine-mediated toxicity has recently been provid-
ed by studies on insulin-secreting cell lines overex-
pressing mitochondrial Mn SOD [22]. Finally, these
studies will help us to define levels of antioxidant en-
zymes that are optimal for the protection of insulin-

secreting cells against destruction during the develop-
ment of autoimmune diabetes.
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