
Cytokines and nitric oxide inhibit the enzyme activity
of catalase but not its protein or mRNA expression in
insulin-producing cells

L A Sigfrid, J M Cunningham, N Beeharry, S Lortz1, M Tiedge1, S Lenzen1,
C Carlsson2 and I C Green
Pharmacy and Biomolecular Sciences, Cockcroft Building, Room 708, University of Brighton, Lewes Road, Brighton BN2 4GJ, UK

1Institute of Clinical Biochemistry, Hannover Medical School, D-30623 Hannover, Germany

2Department of Medical Cell Biology, Box 571, University of Uppsala, Biomedicum, 751 23 Uppsala, Sweden

(Requests for offprints should be addressed to I C Green; Email: i.c.green@bton.ac.uk)

Abstract

Pancreatic �-cells have low activities of the antioxidant enzyme catalase. Nitric oxide interacts with the
haem group of catalase inhibiting its activity. We have studied the activity of catalase in �-cells under
conditions mimicking prediabetes and in which nitric oxide is generated from cytokine treatment in vitro.
We also studied whether there is regulation of catalase enzyme activity by nitric oxide at the protein or
gene expression level. RINm5F insulin-producing cells, treated for 24 h with cytokines, showed increased
medium nitrite production (17±2·2 vs 0·3±0·2 pmol/µg protein) and significantly decreased cellular
catalase activity (42·4±4·5%) compared with control cells. A similar reduction was seen in
catalase-overexpressing RIN-CAT cells and in rat or human pancreatic islets of Langerhans. Catalase
activity was also suppressed by the long-acting nitric oxide donor diethylenetriamine/nitric oxide adduct
(Deta-NO) and this inhibition was reversible. The inhibition of catalase activity by cytokines in RINm5F
cells was significantly reversed by the addition of the nitric oxide synthase 2 (NOS2) inhibitors nitro
monomethylarginine or N-(3-(aminomethyl)benzyl)acetamidine (1400W). Protein expression was found to
be unchanged in cytokine- or Deta-NO-treated RINm5F cells, while mRNA expression was marginally
increased. We have shown that inhibition of catalase activity by cytokines is nitric oxide dependent
and propose that this inhibition may confer increased susceptibility to cytokine- or nitric oxide-induced
cell killing.
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Introduction

Cytokine treatment of pancreatic islet cells in vitro
results in generation of reactive oxygen species
(Rabinovitch et al. 1992) and nitric oxide (Southern
et al. 1990). In type 1 diabetes mellitus, where islet
�-cells are destroyed, there is evidence of increased
cytokine production (Hussain et al. 1996) and
formation of peroxynitrite from reactive oxygen
species and nitric oxide (Suarez-Pinzon et al. 1997,
2001, Lakey et al. 2001) – these can contribute to
cell death by both apoptosis and necrosis (Eizirik
et al. 1996, Hadjivassiliou et al. 1998, Hoorens
et al. 2001). For reviews on �-cell death see
Mauricio & Mandrup-Poulsen (1998) and Eizirik &

Mandrup-Poulsen (2001). Endogenous antioxidant
enzymes, which protect against reactive oxygen
species, were found to be lower in insulin-
producing cells compared with other tissues
(Grankvist et al. 1981, Lenzen et al. 1996, Tiedge et
al. 1997). It has been shown that overexpression of
antioxidant enzymes (Lortz et al. 2000) or the use of
inhibitors of nitric oxide production (Hadjivassiliou
et al. 1998) protects insulin-producing cells against
the harmful effects of certain cytokine or free
radical combinations.

Although the effects of cytokine and nitric oxide
on many parameters of islet cell function have been
studied in the last decade, there are very few
reports of their effects on antioxidant enzyme
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activity or expression in insulin-producing cells.
Interleukin-1� (IL-1�) exposure did not affect the
activity of catalase in RINm5F cells (Laychock
1998); however, IL-1� treatment of rat islets (Borg
et al. 1992) and more recently of purified rat �-cells
(Cardozo et al. 2001b) has been shown to
up-regulate the expression of the antioxidant
enzyme manganese-superoxide dismutase. De novo
synthesis of catalase has been demonstrated to be
up-regulated following IL-1� treatment of islets
from diabetes-prone BB rats (Sparre et al. 2002).
However, the enzyme activity of purified catalase
in vitro was inhibited by nitric oxide gas directly
(Brown 1995b) and cellular catalase was inhibited
by treatment with nitric oxide donors (morpho
sydnonimine-1 [SIN-1], s-nitroson-acetyl penicil-
lamine [SNAP]) (Farias-Eisner et al. 1996, Dobashi
et al. 1997, Hashida et al. 2000).

The aim of the present work was to investigate
the effect of cytokines on catalase activity and its
protein and mRNA expression in different types of
insulin-producing cells. This was achieved by
treating RINm5F cells as well as rat and human
islets with cytokines (IL-1�, interferon-� (IFN-�)
and tumour necrosis factor-� (TNF-�)). The nitrite
and nitrate produced were measured to relate the
results to the endogenous production of nitric
oxide, and the nitric oxide dependency was studied
using inhibitors of nitric oxide generation. The
pure nitric oxide donor diethylene traimine/nitric
oxide adduct (Deta-NO) was used to treat
catalase-overexpressing RINm5F (RIN-Cat) cells to
investigate whether overexpression could minimise
any inhibitory effects. Alternative sites of the
regulation of catalase activity at the protein and
mRNA level of catalase were also investigated.

Materials and methods

Cell culture

RINm5F tissue culture cells are radiation-induced
rat insulinoma cells, originally from the American
Type Culture Collection (Gazdar et al. 1980).
RIN-Cat cells are RINm5F cells which have been
transfected stably with the catalase gene (Tiedge
et al. 1997). Cells were grown in RPMI-1640
culture medium containing 11 mmol/l glucose
supplemented with 10% foetal calf serum (FCS), 1%
-glutamine (2 mmol/l), 1% penicillin (100 IU/ml)
and 1% streptomycin (100 µg/ml). Medium used

for RIN-Cat cells was also supplemented with
250 µg/ml genetecin (G418).

Treatment of cell lines

RINm5F cells were seeded at a density of 4�105

cells/well in 12-well plates and RIN-Cat cells were
seeded at a density of 2�105 cells/well in 24-well
plates. After 24 h, RIN and RIN-Cat cells were
cultured in fresh RPMI medium with Deta-NO
(100–500 µmol/l), with a cytokine combination –
IL-1� (140 U/ml), IFN-� (5 U/ml) and TNF-�
(53 U/ml) (R & D Systems (Europe Ltd),
Abingdon, UK), or left untreated as controls. The
cytokine doses chosen were those which allowed
the cells to generate nitric oxide sufficient to have
biological effects but not to cause cell detachment
and death. After 24 h, nitrite was determined in the
cell media using the modified Griess assay (Green
et al. 1982) and nitrate was converted to nitrite
using nitrate reductase essentially as described
elsewhere (Mabley et al. 2002). In some exper-
iments, cytokine production of nitric oxide was
blocked, using two different inhibitors of nitric
oxide synthase 2. NMMA (NGmonomethyl-l-
arginine monoacetate salt) (500 µmol/l) (Calbio-
chem, Nottingham, UK) and 1400W (100 µmol/l)
N-(3-(Aminomethyl)benzyl)acetamidine (Sigma-
Aldrich, Poole, UK) were added simultaneously
with cytokines into RPMI culture medium contain-
ing arginine. For catalase activity assay, cells were
trypsinised, washed twice in phosphate-buffered
saline (PBS) and spun at 188 g for 5 min at 4 �C.
PBS was removed and the cell pellet resuspended
in 300 µl phosphate buffer (25 mmol/l, pH 7·00).
Cell samples were frozen at �70 �C, thawed and
sonicated (10 s, probe 3, 50%, ultrasonic processor
XL; Heat Systems, NY, USA) on ice, prior to being
assayed for catalase activity (Johansson & Borg
1988). Protein samples were made alkaline and
assayed using the Bradford (1976) assay.

Rat and human islets of Langerhans

Islets of Langerhans were isolated from Wistar rats
by digesting the pancreatic tissue with collagenase
(Hadjivassiliou et al. 2000). Islets were incubated in
six-well plates at 37 �C in a humidified atmosphere
of 95% air/5% CO2 for 48 h before treatment.
Human islets were obtained from the Department
of Surgery, University of Leicester, Leicester, UK

L A SIGFRID and others · Inhibition of catalase activity by cytokines and NO510

www.endocrinology.orgJournal of Molecular Endocrinology (2003) 31, 509–518

http://www.endocrinology.org


and cultured in RPMI-1640 tissue culture medium
containing 5·5 mmol/l glucose, 50 U/ml penicillin,
50 µg/ml streptomycin, 2 mmol/l -glutamine
and 5% FCS (Hadjivassiliou et al. 1998). Rat
islets were cultured in RPMI-1640 containing
11 mmol/l glucose, 100 U/ml penicillin, 100 µg/ml
streptomycin, 2 mmol/l -glutamine and 10%
FCS.

Human islets were treated for 48 h with IL-1�
(140 U/ml), IFN-� (1000 U/ml), TNF-� (53 U/ml)
or Deta-NO (250 µmol/l). Rat islets were treated
with IL-1� (140 U/ml), IFN-� (5 U/ml) and TNF-�
(53 U/ml) for 24 h. Islets were transferred with a
plastic pipette into Eppendorf tubes (1·5 ml),
washed twice in PBS and pelleted at 200 g.
Phosphate buffer (300 µl; 25 mmol/l) was added.
The islet samples were frozen at –70 �C, thawed
and sonicated for 10 s (as above) on ice, prior to
being assayed for catalase activity.

Catalase activity assay

The activity of catalase (E.C. 1.11.1.6) was
measured by a sensitive spectrophotometric
method (Johansson & Borg 1988). This method
utilises the peroxidatic function of catalase with
methanol as the hydrogen donor and the
production of formaldehyde is determined with
purpald (4-amino-3-hydrazino-5-mercapto-1,2,4-
triazole) as a chromogen. Samples of tissue
homogenates, blanks or formaldehyde standards
were incubated in duplicate with 5·9 mol/l
methanol and 4·2 mmol/l hydrogen peroxide in a
250 mmol/l phosphate buffer, pH 7·0, for 20 min
at room temperature (20 �C). After termination of
the enzymatic reaction with a 7·8 mol/l potassium
hydroxide solution, a second incubation with
purpald was performed for 10 min at 20 �C. To
obtain a coloured compound, the product of the
reaction between formaldehyde and purpald was
oxidised by potassium periodate. The absorbance
was measured at 540 nm.

Western blotting

RINm5F cells were treated for 24 h with a
combination of three cytokines (140 U/ml IL-1�,
53 U/ml TNF-� and 5 U/ml IFN-�) or 250 µmol/l
Deta-NO and were prepared for electrophoresis
and Western blotting as described previously
(Mabley et al. 1997). The protein content was

determined (Bradford 1976) and gel lanes were
equiloaded. The samples were separated on a
7·5% polyacrylamide gel (SDS-PAGE) and blotted
onto a polyvinylidene difluoride membrane (pore
size 0·45 µm) (Mabley et al. 1997). Catalase was
detected after incubation overnight at 4 �C in the
primary antibody (1:1000 dilution; polyclonal
anti-human catalase antibody raised in rabbit;
CN Biosciences UK, Beeston, Notts, UK). The
incubation with the secondary antibody goat
anti-rabbit IgG (H=L)–horseradish peroxidase
conjugate (1:1000 dilution; Bio-Rad Laboratories,
Hemel Hempstead, Herts, UK) was for 1 h at room
temperature. The proteins were visualised using an
enhanced chemiluminescence (ECL) kit from
Pierce, Rockford, IL, USA (Mabley et al. 1997).
The integrated density values (IDV) were deter-
mined using Imagemaster software ‘Alphaease’
(Alpha Innotech Corp, Cannock, UK) for the
catalase band in RINm5F cells treated with a
combination of cytokines or Deta-NO.

RNA isolation from islets and cell lines

RNA was isolated from islets and cell lines using
modifications of the acid guanidinium thiocyanate–
phenol–chloroform extraction methods originally
described by Chomczynski & Sacchi (1987). A
minimum of 200 islets was extracted using
TriReagent (and the protocol of Sigma-Aldrich
Chemical Co., Poole, UK). Isopropanol (0·5 ml)
was added to the RNA from the top aqueous layer
and the tubes were mixed and incubated for 1–24 h
at �20 �C. After incubation, the tubes were spun
at 14 000 g for 20 min at 4 �C, the supernatant
discarded and 1 ml ethanol (75%) added for each
1 ml TriReagent used. The tubes were spun at
14 000 g for 15 min at 4 �C, the supernatant was
discarded and the ethanol wash step repeated. All
of the supernatant was finally removed and the
pellets dried at room temperature; RNA samples
were stored at �70 �C. The quality and concen-
tration of the RNA were measured by the 260/280
ratio and only samples with ratios above 1·5 were
used in the experiments.

RINm5F cells seeded at 8�105 cells/well in
six-well plates were preincubated for 24 h at 37 �C
and then left as controls or treated with a
combination of three cytokines (140 U/ml IL-1�,
5 U/ml IFN-� and 53 U/ml TNF-�) or 250 µmol/l
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Deta-NO. RNAzol B (1 ml) (AMS Biotechnology
(Europe) Ltd) was added to all wells to lyse and
detach the cells. The cell lysate was passed through
a pipette tip a few times to solubilise the RNA and
the lysate was transferred to 1·5 ml tubes.
Chloroform (0·1 ml) was added to each tube and
the samples shaken vigorously for 15 s and put on
ice for 5 min, before being spun at 12 000 g for
15 min at 4 �C. The aqueous upper phase was
transferred carefully to new tubes for RNA
precipitation and handling as for islets (above).

cDNA synthesis

All RNA samples were DNase treated using RQ1
RNase-free DNase (Promega, Southampton,
Hants, UK). cDNA was synthesised from the RNA
samples using the reverse IT 1st strand synthesis kit
(ABgene, Epsom, Surrey, UK). An MS2-positive
control RNA (50 ng/µl) and MS2 primers supplied
in the kit were used as a positive control. A negative
‘no reverse transcription’ control was performed by
omitting the reverse transcriptase blend in one
cDNA sample to check for any DNA contamina-
tion in the RNA samples. RNA from islets (1 µg) or
2 µg from cells was used. All incubations were
performed in a TouchDown thermal cycler
(Hybaid Ltd, Ashford, Kent, UK). The cDNA
samples were stored at �70 �C.

Quantitative RT-PCR using the LightCycler
system

cDNA was constructed from 2 µg RINm5F RNA
as described above. Real-time PCR was carried out
on the iCycler iQ Real Time PCR detection system
using primers designed by Tib Molbiol, Berlin,
Germany. SYBR Green I was used as the
fluorescent dye. The results for mRNA expression
in RINm5F cells were related to glucose-6-
phosphate dehydrogenase (G6PDH) as the house-
keeper gene. Catalase primer P1: CTGTGTGA
GAACATTGCCAACCACC; catalase P2: CCA
GGCTGTGAGGTAACATAAGACT; G6PDH
P1: ATTGACCACTACCTGGGCAA; G6PDH
P2: GAGATACACTTCAACACTTTGACCT.
The relative quantities of PCR product to the
housekeeping gene were calculated following
the manufacturer’s recommended method using
the cycle threshold (CT) values (CT represents the
PCR cycle at which a significant increase in

fluorescence above the baseline is first detected).
The mean change in CT was calculated from
differences between the CT for gene of interest and
houskeeping gene for control, treated or exper-
imental groups. Relative quantification values are
expressed as 2 (–delta CT) see also http://
www.lightcycler-online.com.

Results

To study the effect of cytokines on catalase activity
on insulin-producing cells, RINm5F cells, catalase-
overexpressing RINm5F cells, rat and human islets
were treated with a combination of IL-1�, IFN-�
and/or TNF-� for 24 h. Treatment with IL-1� on
its own significantly inhibited catalase activity in
RINm5F cells by 20%, while IFN-� and TNF-�
were without effect (Fig. 1). Treatment with a
combination of cytokines – IL-1�, TNF-� and
IFN-� – inhibited catalase activity by 40% in
RINm5F cells (Fig. 1). Cytokine treatment
resulted in induction of nitric oxide synthase and

Figure 1 Catalase activity in RINm5F cells after 24 h of
cytokine or Deta-NO treatment. RINm5F cells were
seeded at 4×105 cells/well in 12-well plates and after
24 h were treated with IL-1� (140 U/ml), IFN-� (5 U/ml)
and TNF-� (53 U/ml), singly and in combination (3 cyto),
with 500 µmol/l Deta-NO or were left untreated as
control cells, for another 24 h. Cell samples were
frozen, sonicated, assayed for catalase activity and
protein was determined using the Bradford assay.
Catalase activity was determined as pkat/µg protein
and is expressed as means±S.E.M. Treatment with IL-1�
(140 U/ml) on its own or in combination with TNF-�
and IFN-� or Deta-NO for 24 h significantly inhibited
catalase activity related to protein content in RINm5F
versus control cells, *†‡P<0·01, n=4, one-way
ANOVA.
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intracellular production of nitric oxide in RINm5F
cells and islets of Langerhans. We tested whether a
specific nitric oxide donor inhibited catalase
activity and found that Deta-NO (250 µmol/l)
treatment for 24 h reduced catalase activity by 55%
in RINm5F versus control cells (Fig. 1).

The addition of NOS2 inhibitors confirmed that
the inhibition of catalase activity by cytokines was
due to nitric oxide. Treatment with nitro mono-
methylarginine (NMMA) or 1400W significantly re-
versed cytokine inhibition of catalase activity in
RINm5F cells (Fig. 2a) and decreased nitric oxide
production (Fig. 2b). Previously we have used NOS2
inhibitors in arginine-free medium to ensure elimi-
nation of measurable nitric oxide production. Un-
der those conditions, treatment of RINm5F cells
with NMMA – on its own or with cytokines –
resulted in unexpected inhibition of catalase activity
to 65% and 50% respectively compared with un-
treated cells (P,0·01, n=3, data not shown). The
NMMA effect on catalase activity was, however,
insignificant in arginine-containing medium (Fig.
2a); this, together with data from the more selective
inhibitor of NOS2 (1400W) enabled clear conclu-
sions to be drawn about the nitric oxide dependency
of cytokine inhibition of catalase activity.

IL-1�, TNF-� and IFN-� also inhibited catalase
activity significantly by 30% in human islets and by
46% in rat islets (Fig. 3); Deta-NO inhibited
catalase activity by 40% in human islets versus
untreated islets (Fig. 3), indicating that primary
tissue enzyme was similarly susceptible to nitric
oxide-mediated inhibition.

A combination of cytokines also inhibited
catalase activity by 60% in catalase-overexpressing
RINm5F cells (RIN-Cat) versus untreated cells
(Fig. 4) (note the y axis levels of catalase). Deta-NO
treatment for 24 h inhibited catalase activity by
50% in RIN-Cat versus control cells (Fig. 4). The
inhibitory effect of Deta-NO on catalase activity in
RINm5F cells was reversible after a short time
exposure. RINm5F cells were treated with
250 µmol/l Deta-NO for 30 min which significantly
reduced enzyme activity (control 0·22�0·01 vs
Deta-NO 0·15�0·01 pkat/µg protein; P,0·05,
n=3, ANOVA). Cells were restored to normal
culture media after the 30-min treatment and,
when re-examined after 24 h, catalase activity had
recovered significantly to 0·25�0·03 pkat/µg
protein (P,0·05, n=3) – a value which was not
different from the 24-h control value.

Nitrite and nitrate produced from
cytokine-treated RINm5F and RIN-Cat cells

There was a dramatic rise in nitrite produced from
RINm5F cells or RIN-Cat cells cultured in the

Figure 2 (a) Catalase activity and (b) nitrite production in
RINm5F cells after treatment with cytokines (3 cyto) and
NOS2 inhibitors. RINm5F cells were seeded at
4×105cells/well in 12-well plates and after 24 h were
treated with IL-1�, IFN-� and TNF-� (as in Materials and
methods). Cells were also treated with NMMA (500 µmol/l)
or 1400W (100 µmol/l)±cytokines for another 24 h. Cells
were harvested, and pellets were frozen, sonicated and
extracts assayed for catalase activity and protein (a).
Catalase activity is shown as mean pkat/µg protein±S.E.M.

Treatment with a combination of the three cytokines
significantly inhibited catalase activity compared with no
treatment, *P<0·01, n=6. The cytokine inhibiton of
catalase activity was significantly reversed by the
addition of NOS2 inhibitors NMMA or 1400W, which had
no significant effect on their own, †‡P<0·01, n=6. (b)
Nitrite in the medium was assayed; cytokine stimulation
of nitrite production was significantly reversed by
NMMA, *****P<0·00001 and by 1400W, ‡P<0·03.
Statistical analysis was by one-way ANOVA.
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presence of either IL-1� on its own or a cytokine
mix, but not in the presence of either IFN-� or
TNF-� alone (Table 1). More nitrite was produced
in media from IL-1�- and cytokine-treated
RIN-Cat (70 and 73% respectively) versus
RINm5F cells. However, 54% more nitrate was
produced in media from cytokine-treated RINm5F
versus RIN-Cat cells and 70% more nitrate was
produced in media from IL-1�-treated RINm5F
versus RIN-Cat cells. There were no significant
differences in total nitrite plus nitrate production
between RINm5F and RIN-Cat cells after treat-
ment with a combination of cytokines (Table 1).

Protein and mRNA expression of catalase in
cytokine- or Deta-NO-treated RINm5F cells

There were no significant differences in the protein
expression of catalase, as determined by Western
blotting (Fig. 5) after treatment of RINm5F cells with

a combination of cytokines (IL-1�, IFN-� and
TNF-�) or with Deta-NO (250 µmol/l) for 24 h. The
IDV of Western blot bands was as follows: untreated
RINm5F cells (12 894�1218 IDV), cytokine-
treated (12 986�1617 IDV) and Deta-NO treated
(16 199�2532 IDV). There were no significant
differences in the mRNA expression of catalase in
RINm5F cells after treatment with IL-1�, IFN-�
and TNF-� or Deta-NO (250 µmol/l) for 24 h
compared with untreated cells (Fig. 5). For cytokine
treatment, three out of four experiments showed a
significant increase (approximately threefold) in
mRNA expression for catalase relative to G6PDH,
but the fourth experiment showed a slight decrease
causing the cytokine effect to be non-significant
statistically for a variety of analyses including
ANOVAs of log transformed raw data. If the effect
of cytokines on catalase are expressed relative to
controls set at 100%, there was significantly more
mRNA for catalase in cytokine-treated cells.

Discussion

Cytokine treatment results in free radical formation
and changes in gene (Cardozo et al. 2001a) and

Figure 3 Catalase activity in human and rat islets after
24 h of cytokine or Deta-NO treatment. Human or rat
islets were cultured for 2 days. Human islets were then
treated with IL-1� (140 U/ml), IFN-� (1000 U/ml) and
TNF-� (53 U/ml) (3 cyto), with 250 µmol/l Deta-NO or
left untreated as control islets. Rat islets were treated
with IL-1� (140 U/ml), IFN-� (5 U/ml) and TNF-�
(53 U/ml) for 24 h or left untreated as control islets.
Islets samples were frozen, sonicated and assayed for
catalase activity, and protein was measured using the
Bradford assay. Data are expressed as means±S.E.M.

Treatment with cytokines or Deta-NO for 24 h resulted
in decreased catalase activity related to protein content
in human islets, *‡P<0·01 versus untreated islets, n=3.
Treatment with the three cytokines also decreased
catalase activity in rat islets, ‡P<0·01 vs control islets,
n=3. Statistical analysis was by one-way ANOVA.

Figure 4 Catalase activity in RIN-Cat cells after 24 h of
cytokine or Deta-NO treatment. Catalase-overexpressing
RIN-Cat cells were seeded at 2×105 cells/well in 24-well
plates for 24 h and treated with IL-1� (140 U/ml), IFN-�
(5 U/ml) and TNF-� (53 U/ml), with 100 µmol/l Deta-NO
or left untreated as control cells. After another 24 h, cells
were trypsinised, sonicated, frozen and assayed for
catalase activity. Protein was measured using the
Bradford assay. Values are expressed as means±S.E.M.

Cytokines or Deta-NO significantly inhibited catalase
activity related to protein content after 24 h in RIN-Cat
cells, *†P<0·01 versus untreated, n=3, one-way ANOVA.
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protein expression (John et al. 2000, Mose Larsen
et al. 2001) of ‘harmful’ and ‘protective’ proteins in
�-cells. Our work has shown that a previously
unreported potentially harmful action of cytokines
is inhibition of an existing antioxidant defence.
Thus, IL-1� treatment, which is known to increase
reactive oxygen (Pociot et al. 1993), as well as
nitrogen species (Lindsay et al. 1997, Suarez-Pinzon
et al. 1997), lowers the activity of catalase in
insulin-producing cells. A combination of cytokines
(IL-1�, IFN-� and TNF-�) further inhibited
catalase activity, not only in RINm5F cells but also
in catalase-overexpressing RINm5F cells and in rat
and human islets of Langerhans.

The low affinity of catalase for its substrate
hydrogen peroxide favours the detoxification of
high concentrations of this toxin. Under situations
of cellular stress with a concomitant deterioration
of oxidative metabolism, high amounts of hydrogen
peroxide could be formed, e.g. in the vicinity of the
mitochondria due to rapid dismutation of superox-
ide radicals. Studies in insulin-producing RINm5F
cells overexpressing glutathione peroxidase re-
vealed that glutathione peroxidase cannot compen-
sate for low expression levels of catalase in the
detoxification of hydrogen peroxide (Lenzen et al.
1996, Tiedge et al. 1997, Grankvist et al. 1981).
Thus, in insulin-producing cells, the inactivation of
catalase by nitric oxide may weaken the antioxida-
tive defence status resulting in cell death by necrosis
and apoptosis.

Table 1 Nitrite and combined nitrite and nitrate in minimum essential media (MEM) from RINm5F and RIN-Cat cells
after cytokine treatment. Nitrite or nitrite and nitrate produced in the media from cytokine-treated RINm5F and
RIN-Cat cells are expressed related to protein content (pmol/�g). RINm5F and RIN-Cat cells were treated with
individual cytokines or a combination of cytokines (IL-1� (140 U/ml), IFN-� (5 U/ml) and/or TNF-� (53 U/ml) (three
cytokines)) for 24 h in MEM (no nitrate) plus supplements. Nitrite and nitrate were measured using the modified
Griess assay (Green et al. 1982). Protein was measured using the Bradford assay. Values are expressed as
means±S.E.M.

Nitrite/protein
(pmol/�g)

Nitrate/protein
(pmol/�g)

Total nitrite and nitrate
(pmol/�g)

RIN-Cat RINm5F RIN-Cat RINm5F RIN-Cat RINm5F

Control 3±1·2 0·3±0·2 1±0·7 3±1·4 2±1·7 2·5±1·25
IL-1� 53±22·5 17±3·3 35±15·7 116±26·3c 106±32·8 133±29·4
IFN-� 2±1·0 1±0·5 0±0 3±2·2 1±0·8 3±2·2
TNF-� 4±1·6 1±1·2 0·4±0·4 6±3·6 0·5±0·31 7±4·7
Three cytokines 63±25·6a 17±2·2 56±21·2 122±17·8b 129±45·3 139±19·9

There was significantly more nitrite produced in the media from the three cytokine-treated RIN-Cat cells vs RINm5F cells, aP<0·05,
n=4, but significantly more nitrate was produced in the media from the three cytokine-treated RINm5F vs RIN-Cat cells, bP<0·05,
n=3 and in the media from IL-1�-treated RINm5F vs RIN-Cat cells, cP<0·05, n=3. There were no differences in nitrite plus nitrate
between RINm5F and RIN-Cat cells after any treatment. Student’s t-test was used.

Figure 5 Catalase protein and mRNA expression in
RINm5F cells treated with the three cytokines or
Deta-NO. RINm5F cells were cultured in RPMI-1640
media to 70% confluency in six-well plates, treated for
24 h with a combination of cytokines (140 U/ml IL-1�,
53 U/ml TNF-� and 5 U/ml IFN-�), 250 µmol/l Deta-NO or
left untreated as control cells. Cell protein extracts (20 µg)
were loaded per well; a polyclonal catalase antibody and
ECL detection were used. Lane 1: purified catalase
(0·1 ng) RINm5F cell extracts; lane 2: untreated cells;
lane 3: cytokine treated; lane 4: untreated cells; lane 5:
DETA-NO treated. RNA was extracted using a
chloroform–phenol extraction protocol and cDNA was
synthesised from 2 µg RNA and quantified using the
LightCycler system. Data are expressed as
means±S.E.M., n=4 experiments; catalase expression
levels are corrected relative to expression of G6PDH.
Statistical analysis was by one-way ANOVA. There were
no significant differences in either mRNA or protein
expression of catalase after treatments, although there
was a significant difference (P<0·049) for increased
catalase mRNA if the data for four experiments are
converted to percentage of control (set at 100%).
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The NOS2 inhibitors – NMMA and 1400W –
were used to demonstrate whether inhibition of
catalase activity by cytokines was due to nitric oxide
production. The arginine analogue NMMA was
used in arginine-free medium initially but conclu-
sions could not be drawn about nitric oxide media-
tion of the cytokine effect on catalase activity since
NMMA, on its own, inhibited catalase activity in
RINm5F cells. NMMA has been found to inhibit
catalase activity in brain cells (Rotzinger et al. 1995,
Barthwal et al. 2000). There is a possible mechanism
for this effect of NMMA in arginine-free medium,
i.e. NOS2 produces superoxide when the arginine
concentration is low (Xia & Zweier 1997) and the
superoxide produced has been reported to inhibit
catalase (Halliwell & Gutteridge 1999). However, in
normal RPMI medium, NMMA alone did not sig-
nificantly lower catalase activity and reversed the
cytokine inhibition of activity. Use of 1400W
(Garvey et al. 1997) convincingly confirmed that
nitric oxide mediated the cytokine inhibition.

An alternative strategy to see if nitric oxide
inhibited catalase activity in insulin-producing cells
was to use a chemical nitric oxide donor. We found
that the specific and longer acting nitric oxide
donor Deta-NO inhibited catalase activity in
RINm5F cells, rat islets and human islets to the
same extent as cytokines. These findings are in
agreement with previous studies using catalase
from other cell types. Nitric oxide has previously
been shown to inhibit purified bovine catalase
activity in vitro (Brown 1995b). Nitric oxide donors
(SNAP, Deta-NO) have also been shown to inhibit
catalase activity in a rat glial cell line (Dobashi et al.
1997), human ovarian cancer cells (Farias-Eisner
et al. 1996), endothelial cells (Hashida et al. 2000)
and in MRL-lpr/lpr mice prone to autoimmune
disease (Keng et al. 2000).

Catalase-overexpressing RINm5F cells generated
more nitrite compared with control RIN cells after
cytokine treatment in this study. This is consistent
with their higher levels of nerve factor �B activity
(Martins et al. 2001). Most nitric oxide is converted
to nitrite in aqueous solutions within seconds
(Halliwell & Gutteridge 1999); nitrite readily reacts
with superoxide (O2

�) to form nitrate (Kelm 1999)
or with hydrogen peroxide to produce peroxynitrite
(Halliwell & Gutteridge 1999). RIN-Cat cells
should contain a lower concentration of hydrogen
peroxide and therefore be better protected from
formation of peroxynitrite from hydrogen peroxide

and nitrite compared with RINm5F cells. We
found that the high production of nitric oxide after
treatment with cytokines or Deta-NO was sufficient
also to reduce the high levels of catalase activity in
the catalase-overexpressing RINm5F cells, and this
occurred to a similar degree as in RINm5F cells.
Catalase activity was further inhibited by three
cytokines vs IL-1� on its own but we measured no
significant increase in nitrite plus nitrate – this may
be explained by our carrying out treatments
separately, those specifically designed to measure
nitrite plus nitrate being in nitrate-free MEM,
rather than RPMI medium, used when activity
assays were performed.

The catalase assay could not discriminate
between lowering of enzyme activity per se or a
decrease in catalase protein or mRNA. There are
few other reports on catalase protein regulation in
insulin-producing cells – primary rat islet catalase
protein levels were undetectable by Western
blotting and activity is significantly lower than in
rat liver (Tiedge et al. 1997). Using Western
blotting, we found expression of catalase in
RINm5F cells with a different antibody more
clearly than previously (see Tiedge et al. 1997).
Catalase expression was not altered by cytokines or
nitric oxide donor treatments in our study. De novo
synthesis of catalase protein was not found to be
altered by cytokines or nitric oxide in normal rat
islets (John et al. 2000) but was found to be up-
regulated in diabetes-prone BB rat islets cultured
with IL-1� (Sparre et al. 2002). In our study, we
found that catalase mRNA was not decreased by
treatment with cytokines or nitric oxide, consistent
with results elsewhere (Cardozo et al. 2001a).

The inhibitory effect of nitric oxide on catalase
activity in insulin-producing cells was reversible
after a short time exposure. This may be due to
a breaking down of nitric oxide by catalase which
has been reported in the presence of hydrogen
peroxide in vitro (Brown 1995b). Nitric oxide binds
to the iron in the catalase haem groups (Brown
1995a) and competition with hydrogen peroxide for
these binding sites may lead to increased accumu-
lation of hydrogen peroxide within cells. Nitric
oxide also inhibits cytochrome oxidase in mito-
chondria, which leads to decreased ATP and leak-
age of free radicals, leading to further production of
hydrogen peroxide (Brown & Borutaite 1999). Nitric
oxide and hydrogen peroxide therefore might work
synergistically in cell killing.
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Rat islets are often more susceptible to injury com-
pared with human islets (Eizirik et al. 1994). Modulation
of the levels of catalase activity may alter the susceptibil-
ity of �-cells to cytokine or free radical attack in different
species. Previous studies have indicated that rodent pan-
creatic islets contain low levels of catalase activity com-
pared with that in other rodent organs (Grankvist et al.
1981, Tiedge et al. 1997) and compared with that in
human islets (Welsh et al. 1995, Benhamou et al. 1998).
Rat islet responses to nitric oxide donors were different in
the short term compared with those of human islets;
however, after 48-h culture treatment islet function was
similarly decreased in the two species (Eizirik et al. 1996).

Catalase overexpression in cell lines (Tiedge et al.
1997) and in rat, porcine and human islets of
Langerhans (Benhamou et al. 1998) has been found
to improve the defence of these insulin-producing
cells against cytokine and reactive oxygen damage.
Catalase-overexpressing RINm5F cells (RIN-Cat)
were found to be ten times more resistant against
hydrogen peroxide toxicity (Tiedge et al. 1997) and
30–50% more resistant against the nitric oxide –
and reactive oxygen species – donors (SIN-1 and
SNAP) compared with control RINm5F cells
(Tiedge et al. 1999). Interestingly, RIN-Cat cells
were not more resistant than control RINm5F
cells against killing by the pure nitric oxide donor,
Deta-NO (Tiedge et al. 1999). The catalase-
overexpressing RINm5F cells also showed higher
viability after cytokine treatment with a combi-
nation of IL-1�, TNF-�, and IFN-�, but were not
more resistant against IL-1� treatment on its own
compared with unmodified RINm5F cells (Lortz
et al. 2000), suggesting that IL-1� induces mainly
nitric oxide production and combined cytokines
give rise to reactive oxygen species in insulin-
producing cells.

In conclusion, cytokine treatment induces nitric
oxide which inhibits catalase activity in insulin-
producing cells; the inhibition is reproduced by
exogenous nitric oxide and both treatments inhibit
activity in cells where catalase has been overex-
pressed. This inhibition may confer added suscep-
tibility to cytokine-induced toxicity. However, as
the effects of cytokines and nitric oxide on catalase
activity are reversible in the absence of these
agents, and are not inhibitory at the level of protein
expression or catalase gene expression in �-cells,
increased expression of catalase may help the
cell to survive deleterious effects of local high
concentrations of free radicals.
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