Interleukin-1 –Induced Alteration in a -Cell
Phenotype Can Reduce Cellular Sensitivity to
Conditions That Cause Necrosis but Not to
Cytokine-Induced Apoptosis
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Previous work has shown that interleukin-1 (IL-1 )
alters protein expression in -cells. This alteration is
associated with cell death in isolated rat islets but not
in isolated rat -cells. We examined whether IL-1 pretreatment of isolated -cells influences their sensitivity to toxic agents. After a 24-h culture with IL-1
(30 U/ml), -cells exhibited a lower expression of the
-cell–specific protein transcription factor pancreatic
and duodenal homeobox gene (PDX)-1, glucose transporter GLUT2, and proinsulin convertase PC2, with a
marked reduction (60–70%) in glucose-induced insulin
production and selective sensitivity to the toxins
alloxan (ALX) and streptozotocin (STZ). On the other
hand, the cells presented an increased expression of
Mn-superoxide dismutase, heat shock protein 70,
inducible heme oxygenase, and inducible nitrite oxide
synthase. This IL-1 –induced alteration in -cell phenotype resulted in a reduced cellular sensitivity to the
-cell–specific toxins ALX and STZ; the production of
nontoxic conditions of nitric oxide (NO) also rendered
the cells less susceptible to radical-induced damage.
Exposure to IL-1 can thus protect -cells against conditions that cause necrosis; however, it did not protect
against apoptosis induced by the additional presence of
interferon- or tumor necrosis factor- . Release of
IL-1 in the endocrine pancreas is thus not necessarily the cause of massive NO-dependent -cell destruction. On the contrary, IL-1 may protect these cells
against necrosis, though with a loss of their characteristic phenotype and homeostatic functions.
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ype 1 diabetes is caused by a marked reduction in the
number of pancreatic -cells (1). There is indirect
evidence that the -cell population actively participates in the process that can lead to -cell death. Isolated rat -cells can vary their sensitivity and/or defense capacity to cytotoxic conditions (2). It is still unknown whether this
property is also operative during the development of diabetes.
In rodents with type 1 diabetes, the destruction of -cells has
been associated with an increased local production of proinflammatory type 1 cytokines (3). Combinations of these
cytokines are cytotoxic in isolated rodent and human islet
preparations (3–5). If cytokines are released in islets with
insulitis, it is conceivable that their composition and respective
concentrations vary with the state of the infiltrate and its environmental conditions. Therefore, we consider it important to
investigate also the effects of single cytokines on islet -cells,
preferably in the absence of other islet components that might
influence the outcome and its interpretation (6). It was thus
found that single purified rat -cells are not destroyed during culture with interleukin-1 (IL-1 ), whereas isolated islets are
severely damaged (6). However, the cells underwent a profound change in their morphologic and functional characteristics (6). Their specific property as a glucose-regulated source
for insulin was markedly reduced, but their overall rate of noninsulin protein synthesis was not affected (6,7). IL-1 is known
to induce some noninsulin proteins that may influence the survival of the -cells (8–15). Thus, IL-1 –induced nitric oxide
synthase (iNOS) will lead to production of nitric oxide (NO),
which can damage islet cells (8–10). On the other hand, the
increased levels of superoxide dismutase, heat shock protein 70
(HSP70), and inducible heme oxygenase (HO-1) (11–15) may in
theory reduce the cellular sensitivity to damaging radicals, as
has been observed in a variety of cell types (16–21). A cytoprotective effect of IL-1 has not yet been observed in -cells.
It is difficult to investigate the possibility of a cytoprotective
effect of IL-1 in isolated islet preparations, where the heterogeneous composition makes it difficult to analyze processes in
one cell type, where local factors cause a preponderance of the
cytotoxic effects, and where the compact tissue organization
does not allow a precise quantification of cell death. These limitations are not encountered in purified rat -cell preparations.
We therefore used this model to examine whether IL-1 –
induced changes in protein expression can lead to protection
against damaging radicals.
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RESEARCH DESIGN AND METHODS
Purification and culture of rat -cells. Pancreatic islets were isolated from adult
male Wistar rats by collagenase digestion and dissociated into single cells in a calcium-free medium containing trypsin and DNase (22). Single -cells were purified
by autofluorescence-activated sorting by use of cellular light-scatter and flavin adenine dinucleotide–autofluorescence as discriminating parameters (22).
The cytotoxicity assay consists of counting the percentage of dead cells and therefore requires the use of single cells. Purified single rat -cells (3 103 cells/ condition) were distributed over polylysine-coated microtiter plates and precultured for
24 h in Ham’s F10 medium containing 6 mmol/l glucose, supplemented with
0.075 mg/ml penicillin, 0.1 mg/ml streptomycin, 2 mmol/l L-glutamine, 1% (wt/vol)
bovine serum albumin (BSA) pretreated with charcoal (fraction V; radioimmunoassay grade; Sigma, St. Louis, MO), and 50 µmol/l 3-isobutyl-1-methylxanthine
(IBMX) (Janssen Chimica, Beerse, Belgium), with or without arginine (ARG)
(1 mmol/l) (6). Addition of IBMX is needed for the survival of single purified -cells
in serum-free media (23). At this concentration, IBMX induces lower cAMP production than the locally released glucagon in cultured islet preparations (24) and does
not affect IL-1 –induced NO formation from pure -cells (data not shown). The preparations were then cultured for another 24 h in the absence or presence of recombinant human IL-1 (0.3–300 U/ml) (>95% pure, 280 U/ng; Genzyme, Cambridge, MA)
with or without 1 mmol/l NG-methyl-L-arginine (NMA) (Sigma), or tumor necrosis factor (TNF)- (10–1,000 U/ml) (200 U/ng; Genzyme) with interferon (IFN)(10–1,000 U/ml) (10 U/ng; Genzyme), or the NO donor 1,2,3,4-oxatriazolium,5-amino3-(3,4-dichlorophenyl)-chloride (GEA 3162) (1–25 µmol/l) (Alexis, Nottingham,
U.K.). Thereafter, cells were exposed for 30 min to different concentrations of
alloxan (ALX) (0.5–2 mmol/l) or streptozotocin (STZ) (0.5–2 mmol/l), exposed for
60 min to GEA (50 µmol/l), and then cultured for 4 days without these agents before
the percentage of dead cells was determined by vital staining with neutral red (NR)
(2). A fluorescence assay was used to distinguish between necrosis and apoptosis
(25). Under these culture conditions, dead cells did not disintegrate, and they
remained detectable under the microscope. To analyze protein expression in conditions used in the cytotoxicity assay, purified -cells were cultured in suspension
after reaggregation of the cells during a shaking incubation (26). This method allows
quantitative cell recovery from the wells in numbers that are sufficient for analysis.
After the 24-h culture period with IL-1 or GEA, media were collected for measuring nitrite content (27), and cells were collected for protein analysis.
Analysis of cellular proteins. Newly synthesized proteins were labeled during
a 2-h incubation at 37°C in 200 µl Ham’s F10 medium containing 10 mmol/l glucose, 1% BSA, 2 mmol/l glutamine, 1 mmol/l ARG, and 50 µCi L-[3,5-3H]-tyrosine
(TRK200; Amersham, Bucks, U.K.) (6). At the end of incubation, the preparations
were washed, extracted in 1 ml acetic acid (2 mmol/l containing 0.25% BSA), and
assayed for 3H-protein, 3H-insulin, and total immunoreactive insulin content (6).
Protein expression was analyzed by Western blot as previously described (7).
Briefly, samples of 105 cells were sonicated in 50 µl SDS-gel sample buffer (5% SDS,
5% -mercaptoethanol, 80 mol/l TrisCl (pH 6.8), 5 mol/l EDTA, 10% glycerol, and
1 mmol/l phenylmethylsulfonyl fluoride) and then run on 10% SDS-polyacrylamide
gels, electrically transferred to nitrocellulose filters, and incubated with rabbit antirat iNOS antibody (1:10,000) (Transduction Laboratories, Lexington, KY), mouse
anti-human inducible form of heat shock protein 70 (HSP70) (1:1,000) (Stressgen,
Victoria, BC, Canada), rabbit anti-rat HO-1 antibody (1:1,000) (Stressgen), rabbit
anti-rat Mn–superoxide dismutase (MnSOD) antibody (1:3,000) (provided by
Dr. Kohtaro Asayama, Yamanashi Medical University, Yamanashi, Japan) (28), rabbit anti-rat GLUT2 antibody (1:1,000) (East Acres, Southbridge, MA), rabbit antirat PC2 (1:1,000) (provided by Dr. C.J. Rhodes, University of Texas Southwestern
Medical Center, Dallas, TX) (29), rabbit anti-rat pancreatic and duodenal homeobox gene (PDX)-1 (1:1,000) (provided by Dr. Ole D. Madsen, Hagedorn Research
Institute, Gentofte, Denmark) (30), or goat anti– -actin (1:1,000) (Santa Cruz
Biotechnology, Santa Cruz, CA). Horseradish peroxidase–linked Ig was used as
second antibodies and peroxidase activity was detected by enhanced chemiluminiscence (Amersham, Bucks, U.K.). The intensity of the bands was quantified
in an Ultrascan XL Enhanced Laser Densitometer (LKB, Bromma, Sweden) and
expressed in arbitrary units of optical density (OD).
Data analysis. The toxicity of an agent x was calculated from the percentage of NR+
cells counted in the presence of x and the corresponding control c (2):
Cytotoxicity x

( [ % N R+ c

% N R +x]/ % N R +c)

100

Data are shown as means ± SE. The statistical significance of differences was
calculated by use of the Mann-Whitney U or Wilcoxon’s matched-pairs signed-rank
tests. Multiple comparisons were examined by use of the Kruskal-Wallis test.

RESULTS

Effect of IL-1 on expression of -cell proteins. After a
24-h culture with IL-1 (30 U/ml), -cells exhibited an
increased expression of MnSOD, HSP70, and HO-1 but not of
DIABETES, VOL. 49, MARCH 2000

FIG. 1. Protein expression in -cell aggregates cultured for 24 h with
or without IL-1 (0.1 ng/ml) or GEA (10 µmol/l) in the presence or
absence of 1 mmol/l ARG or 1 mmol/l NMA. Data are mean OD ± SE
from three to nine independent experiments. C, control. *P < 0.05
between test and control conditions; †P < 0.01 between test and control conditions; ‡P < 0.001 between test and control conditions.

actin (Fig. 1). These effects were associated with an induction
of iNOS expression (Fig. 1) and elevated nitrite levels in the
culture medium (19 ± 3 vs. 1 ± 1 pmol · 103 cells–1 · 24 h–1; P <
0.01; n = 5). On the other hand, the expression of GLUT2, PC2,
and PDX1 was decreased (Fig. 1). The cellular content in
insulin was not altered, but the rate of insulin synthesis was
suppressed by 60%; no difference was measured in the rate
of noninsulin protein synthesis (Table 1). The ratio of insulin
synthesis to noninsulin protein synthesis was twofold lower
than in the control preparations (Table 1).
Exposure to IL-1 in an ARG-free culture medium prevented
nitrite production (2 ± 1 vs. 0.3 ± 0.3 pmol · 103 cells–1 · 24 h–1;
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TABLE 1
Effects of IL-1 on insulin content and protein synthesis in -cell aggregates

Pretreatment
ARG+ NMA– control
ARG+ NMA– IL-1
ARG– NMA– control
ARG– NMA– IL-1
ARG+ NMA+ control
ARG+ NMA+ IL-1

n

Insulin content
(ng/10 3 cells)

Insulin (103 dpm ·
103 cells–1 · 2 h–1)

12
12
4
4
6
6

17.9 ± 1.3
16.1 ± 1.3
12.8 ± 3.5
10.5 ± 2.2
16.9 ± 0.6
15.9 ± 1.5

17.6 ± 1.0
7.0 ± 0.8*
15.0 ± 0.5
11.3 ± 0.9
18.9 ± 1.4
17.4 ± 1.3

Protein synthesis
Noninsulin protein
(103 dpm · 103 cells–1 · 2 h–1)
6.6 ± 1.0
4.4 ± 0.6
4.8 ± 0.3
5.9 ± 0.5
5.4 ± 1.3
7.2 ± 1.8

Insulin/noninsulin protein
(dpm/dpm)
3.9 ± 0.8
1.8 ± 0.8†
3.2 ± 0.3
1.9 ± 0.2
4.6 ± 1.1
3.5 ± 1.0

Data are means ± SE of n independent experiments. -Cell aggregates were cultured for 24 h with or without IL-1 (30 U/ml). *P <
0.001 between conditions with and without IL-1 ; †P < 0.05 between conditions with and without IL-1 .

P > 0.05; n = 5). In this condition, the cells also exhibited an
increased expression of MnSOD and iNOS, but not of HSP70 and
HO-1; their expression of GLUT2, PC2, and PDX1 was no
longer significantly reduced and neither was their rate of
insulin synthesis (Fig. 1 and Table 1). We had previously
excluded the possibility that culture in an ARG-free medium
would be cytotoxic for the -cells; after 3 days, cell viability was
comparable (79 ± 2% living cells) to that in control medium with
1 mmol/l ARG (84 ± 2% living cells; n = 4; P > 0.05) as judged by
the cytotoxicity assay. When IL-1 was examined in an ARGcontaining medium supplemented with an inhibitor of iNOS
(1 mmol/l NMA), it also failed to affect the expression of
HSP70, HO-1, or GLUT2 and to reduce the rate of insulin synthesis; however, under this condition, the reduction on PDX-1
was significant, and the induction of MnSOD remained (Fig. 1).
These effects of IL-1 were not reproduced by TNF- or
IFN- . Exposure for 24 h to TNF- (100 U/ml) or IFN(100 U/ml) did not affect the expression of iNOS, HO-1, MnSOD,
or GLUT2 (Fig. 2) or the rate of insulin synthesis (18.7 ± 2.3 and
16.2 ± 1.8 dpm/cell after TNF- and IFN- treatment, respectively, vs. 19.6 ± 1.7 in control preparations; n = 4; P > 0.05).
Effect of NO donor GEA on expression of -cell
proteins. A low concentration of the NO donor GEA
(10 µmol/l) did not induce death of -cells during an exposure
period of 24 h. When -cell aggregates pretreated with
10 µmol/l GEA were analyzed for their proteins, an increased
expression of HO-1 was observed, whereas no significant
differences were noticed for any of the other tested proteins
(Fig. 1). Insulin content was not affected, and the rate of
insulin biosynthesis was similar to that in control preparations
(data not shown).
Sensitivity of IL-1 –pretreated -cells to the toxic
effects of ALX, STZ, and the NO-donor GEA. The toxic
effect of ALX on single -cells was assessed at the end of a
4-day culture period that followed a 30- or 60-min exposure
to this agent. Without ALX exposure, viability of the cells
was 85 ± 2% in control cells and 80–85% in cells pretreated
with IL-1 (0.3–300 U/ml for 1 or 4 days; P > 0.05 vs. control
preparations), confirming that IL-1 is not cytotoxic under
these conditions.
ALX (0.5–2 mmol/l) induced a dose-dependent toxicity in
the control cells (Fig. 3). IL-1 –pretreated cells (30 U/ml,
24 h) were less sensitive to the ALX toxicity: no cell death after
1 mmol/l ALX and <20% dead cells after 2 mmol/l vs. 55% in
control preparations (Fig. 3). This lower sensitivity was
observed for a wide IL-1 concentration range (3–300 U/ml,
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24 h) (Fig. 4); it occurred irrespective of the presence of
ARG (Fig. 3 and Table 2) or a blocker of iNOS activity (42 ±
2% dead cells after ALX in IL-1 – and NMA-pretreated cells
vs. 64 ± 5% in NMA-pretreated cells; P < 0.05; n = 5). A lower
sensitivity to ALX was also measured when the IL-1 pretreatment was prolonged to 4 days (Fig. 4); however, the
effect was less pronounced, in particular at the highest IL-1
concentration (300 U/ml).
The effect of IL-1 was not reproduced by TNF- or IFN- .
Preculture for 24 h with TNF- (100 U/ml) or IFN(100 U/ml) did not affect the survival of -cells (80–85% living cells, as in control preparations). In contrast to the IL-1
pretreatment, it did not reduce the cellular sensitivity to ALX
(Table 3). Similar results were obtained with lower (10 U/ml)
and higher (1,000 U/ml) concentrations of TNF- or IFN(data not shown). Furthermore, addition of TNF(100 U/ml) with IFN- (100 U/ml) to IL-1 (30 U/ml) did not
prevent IL-1 –induced protection during a 24-h pretreatment
(Table 3). A 4-day exposure to the cytokine combination was
in itself toxic and consequently led to apoptosis (25).
It was then tested whether IL-1 pretreatment also protected against a subsequent exposure to STZ (0.5–2 mmol/l for
30 min) or to toxic concentrations of the NO donor GEA
(50 µmol/l for 60 min). As with ALX, the cells were subsequently cultured for 4 days before calculating the percentage
of dead cells. In control preparations, STZ (0.5–2 mmol/l)

FIG. 2. Protein expression in -cell aggregates cultured for 24 h with
or without cytokines: , control;
, IL-1 (30 U/ml);
, TNF(100 U/ml); , IFN- (100 U/ml); and , the combination of these three
cytokines. Data are mean OD ± SE from four or five independent
experiments. *P < 0.05 between test and control conditions; †P < 0.01
between test and control conditions.
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FIG. 3. Effect of IL-1 pretreatment on ALX- or STZ-induced toxicity
in -cells. Single -cells were precultured for 24 h with ( ) or without ( ) IL-1 (30 U/ml) in a medium supplemented with or without
1 mmol/l ARG. Cells were then exposed for 30 min to 0–2 mmol/l ALX
or STZ and were subsequently cultured for 4 days before determining
the percentage of dead cells. Data are means ± SE from four or five
independent experiments. *P < 0.05 between IL-1 –pretreated and
control cells; †P < 0.01 between IL-1 –pretreated and control cells.

caused a dose-dependent increase in the percentage of dead
cells. The agent was less toxic after IL-1 pretreatment,
either in the presence or absence of ARG (Fig. 2). The cytotoxicity of GEA was also markedly reduced in IL-1 –pretreated cells (3–300 U/ml for 24 h) (Fig. 4), but in contrast to
the ALX and STZ toxicities, only when ARG was present during the pretreatment (Table 2). Addition of the ARG analog
NMA during IL-1 exposure (30 U/ml for 24 h) also prevented
the protective effect of the IL-1 pretreatment: toxicity of GEA
(50 µmol/l for 60 min) was 65 ± 8 and 73 ± 8% in the NMA-control with and without IL-1 , respectively (P > 0.05; n = 5). A
similar protection against GEA was measured when IL-1 pretreatment was prolonged to 4 days (Fig. 4). By using a fluorescence toxicity assay, cell death by ALX, STZ, or GEA was
identified to occur through necrosis.
Sensitivity of GEA-pretreated -cells to the toxic
effects of ALX and high concentrations of GEA. We
examined whether NO could reduce the -cell sensitivity to
toxic agents. To test this possibility, -cells were pretreated
with a nontoxic concentration of the NO donor GEA (i.e.,
1–10 µmol/l for 24 h). In this concentration range, the 24-h culture medium contained 0.5–2.5 µmol/l nitrite, which is comparable to the nitrite concentrations during IL-1 exposure
(30 U/ml for 24 h) (1.6 ± 0.3 µmol/l). After a subsequent 4-day
culture period, -cell survival (75 ± 2%) was comparable to
that in control preparations (76 ± 2%; P > 0.05). Higher GEA
concentrations (50 µmol/l for 60 min) were cytotoxic (Figs.
4 and 5; Table 3). This GEA toxicity was reduced when the
-cells were pretreated with the nontoxic GEA concentrations
DIABETES, VOL. 49, MARCH 2000

FIG. 4. Dose and time dependency of IL-1 pretreatment on ALX- or
GEA-induced toxicity in -cells. Single -cells were precultured for
24 h ( ) or 4 days ( ) with or without different concentrations of
IL-1 . Cells were then exposed to ALX (2 mmol/l for 30 min) or GEA
(50 µmol/l for 60 min) before culture for 4 days. At the end of culture,
the percentage of dead cells was calculated. Data are means ± SE
from four or five independent experiments. *P < 0.05 between IL-1 –
pretreated and control cells.

(Fig. 5). The ALX toxicity was also reduced by this pretreatment (Fig. 5). After 10 µmol/l pretreatment, the toxicity of
2 mmol/l ALX and of 50 µmol/l GEA was only minor (<15%),
whereas it was >60% in control preparations (Fig. 5).
DISCUSSION

This study confirms that IL-1 alone is not necessarily cytotoxic for rat -cells (6). In such in vitro conditions, the
cytokine was found to alter the cellular phenotype, as indiTABLE 2
Effects of IL-1 pretreatment on
cytotoxic action of ALX and GEA

-cell sensitivity to the
Cytotoxicity

Pretreatment
ARG+ control
ARG+ IL-1 (30 U/ml)
ARG– control
ARG– IL-1 (30 U/ml)

ALX

GEA

55 ± 7
17 ± 6*
51 ± 3
13 ± 6†

57 ± 10
27 ± 7*
61 ± 9
56 ± 11

Data are means ± SE of five independent experiments and
express toxicity caused by exposure to 2 mmol/l ALX for 30 min
or 50 µmol/l GEA for 60 min. *P < 0.05 between IL-1 and corresponding control; †P < 0.01 between IL-1 and corresponding
control.
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TABLE 3
Effects of cytokine pretreatment on
cytotoxic action of ALX and GEA

-cell sensitivity to the
Cytotoxicity

Pretreatment
Control
IL-1 (30 U/ml)
TNF (100 U/ml)
IFN (100 U/ml)
IL-1 + TNF + IFN

ALX

GEA

73 ± 2
32 ± 4*
65 ± 4
72 ± 3
36 ± 3*

74 ± 4
25 ± 6*
67 ± 5
66 ± 6
63 ± 5

Data are means ± SE of five to seven independent experiments and
express toxicity caused by exposure to 2 mmol/l ALX for 30 min
or 50 µmol/l GEA for 60 min. *P < 0.01 vs. control pretreatment.

cated by changes in cell shape (6) and in cellular proteins (7).
A 24-h exposure reduced the expression of -cell–specific proteins, such as PDX-1, GLUT2, proinsulin convertase PC2, and
insulin and increased that of other proteins such as HO-1,
HSP70, MnSOD, and iNOS. Induction of these nonspecific proteins has been previously described (7,12,14,15); it is now
shown that they occur independently of cytotoxic effects. Suppression of transcription factor PDX-1 is expected to result
in lower expression of -cell–specific genes, such as insulin,
IAPP, GLUT2, and glucokinase (31–34). These data are consistent with the concept that IL-1 can shift the functional
state of -cells to that of a glucose-unresponsive population,
which explains the loss of their characteristic property,
namely the production of insulin in response to glucose (6).
This IL-1 –induced alteration in -cell phenotype appears in
part to be NO-dependent; it cannot be completely reproduced by an exogenous NO donor.
The observation that IL-1 shifts the rat -cell toward a phenotype with reduced expression of its specific traits (6,7, and
present data) led us to test whether this change reduces its sensitivity for ALX and STZ, two agents with -cell–selective toxicity. We found that IL-1 –pretreated -cells were less sensitive
to both toxins. In view of the profound alteration in protein synthesis and gene expression, several nonmutually exclusive
processes might account for this lower sensitivity. The
decreased GLUT2 expression is expected to lower the cellular
uptake of ALX and STZ and, consequently, their cytotoxicity
(35,36). The altered functional state may reduce depletion in
cellular NAD+, as after heat shock (37). The increase in
MnSOD could provide a higher capacity for scavenging oxygen
radicals (38). On the other hand, the lower sensitivity to the two
toxic agents appeared to be independent of an increased
expression of HO-1 or HSP70, since it was also observed in the
ARG-free condition in which these proteins were not elevated.
The IL-1 –pretreated -cells were also more resistant to
cytotoxic concentrations of the NO donor GEA. Induction of
this resistance appeared to be NO dependent, because it did not
develop in an ARG-free medium or in the presence of the iNOS
inhibitor NMA; it could be mimicked by an NO donor used at
nontoxic concentrations. Low levels of NO have been previously shown to confer cytoprotection in other tissues
(16,17,39). In -cells and these other cell types, this protective
effect is associated with an increased expression of HO-1 (16).
It is not yet unequivocally established that this enzyme provides
an increased cellular resistance to NO damage. Previous studies have suggested that bilirubin, which is produced by HO-1,
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FIG. 5. Dose dependency of GEA pretreatment on cytotoxicity of
ALX-induced toxicity or a high concentration of GEA-induced toxicity in -cells. Single -cells were exposed to ALX (2 mmol/l for 30 min)
or GEA (50 µmol/l for 60 min) after a 24-h preculture with or without
different concentrations of GEA and were subsequently cultured for
4 days before determining the percentage of dead cells. Data are
means ± SE from four independent experiments. *P < 0.05 between
GEA-pretreated and control cells; †P < 0.01 between GEA-pretreated
and control cells; ‡P < 0.001 between GEA-pretreated and control cells.

can scavenge reactive oxygen species (18,19). This mechanism can explain why HO-1 induction by GEA also protects the
cells against ALX toxicity. The increased HO-1 expression can
be considered a marker for the cellular response to NO.
The IL-1 –induced protection against ALX and NO toxicity was also observed after a longer exposure period (4 days)
to the cytokine. The effect against ALX, however, lost significance at the highest IL-1 concentration (300 U/ml); it is
unknown whether this failure results from a downregulation
of the IL-1 receptors. This IL-1 –induced protection against
cytotoxic agents appears to be specific for this cytokine, at
least when compared with the effects of TNF- or IFN- .
Neither of these cytokines induced a lower cellular sensitivity to ALX, nor did they cause an alteration in protein expression as seen with IL-1 . Their addition to IL-1 did not counteract the protective action of IL-1 , at least during a 1-day pretreatment protocol. As shown previously (25), longer
pretreatment periods (4 days) with the cytokine combination
resulted in death of isolated rat -cells, which indicates that
exposure of rat -cells to IL-1 does not protect them against
the cytotoxic effect of a cytokine combination. Under this
experimental condition, the combination of IL-1 with TNFand IFN- leads to apoptosis (25). We can thus conclude that
IL-1 can protect rat -cells against agents that cause necrosis but not against cytokine-induced apoptosis. IL-1 alters the
characteristic -cell phenotype so that the cells become less
DIABETES, VOL. 49, MARCH 2000
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sensitive to the -cell–specific toxins ALX and STZ. It also
induces expression of NO synthase, which mediates an
NO-dependent protection against oxygen and NO radicals.
This IL-1 protection was preserved in the presence of other
proinflammatory cytokines, namely IFN- and TNF- , at
least during a 24-h treatment period. It was detected in purified single -cell preparations in which IL-1 did not cause the
cytotoxicity that has been described in isolated islet preparations (3–5). In isolated islets, local NO accumulation might
rapidly reach cytotoxic concentrations that make -cell
necrosis the preponderant phenomenon. The present data are
therefore not in contradiction with those previously
described in isolated islets; they should not be taken as evidence against the possibility that IL-1 is cytotoxic in vivo.
They do, however, indicate that this cytokine is not necessarily
cytotoxic for -cells and that it can even protect these cells
against certain agents that cause -cell necrosis. The consequence for such IL-1 –induced protection is, however, the loss
of -cell normal homeostatic function.
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