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Summary. It is unknown whether interleukin-1 exerts a bi-
modal effect on Beta-cell function in vivo, and whether inter-
leukin-1 has a diabetogenic action in normal animals. We
therefore studied: (a) acute effects 2 h after an intraperito-
neal bolus injection of 4 pug of recombinant human inter-
leukin-1fper kg body weight on blood glucose, plasma levels
of insulin, glucagon and corticosterone in Wistar Kyoto rats,
either untreated or pre-treated with 4 pg/kg of interleukin-1
daily for 3 or 5 days; (b) the cumulative effects of repetitive
intraperitoneal injections of 4 pg/kg interleukin-1 on blood
glucose, glucose tolerance, plasma levels of insulin, glucagon
and corticosterone, pancreatic insulin content and pancreatic
ultrastructure; and (c) blood glucose and plasma concentra-
tions of insulin, glucagon and corticosterone 10 h after the
last of five intraperitoneal injections of interleukin-1, at
which time point the inhibitory effect of short-term inter-
leukin-1 exposure on insulin secretion reaches its nadir in
vitro. A single injection of 4 pg/kg of interleukin-1 caused a
slight, but significant lowering of blood glucose 2 h after in-
terleukin-1 injection with no significant changes in plasma
insulin and in spite of increases in plasma glucagon and
corticosterone. A lowering of blood glucose 2h after
interleukin-1 administration was reproduced with 40, but not
0.4 ug/kg of interleukin-1, and was also seen in interleukin-1
pre-treated rats. Two hours after the fifth injection of inter-
leukin-1, intraperitoneal glucose tolerance was impaired

with elevated plasma insulin and corticosterone levels and
increased pancreatic insulin content, indicating a state of
insulin resistance. Blood glucose levels significantly increas-
ed time-dependently 4-10 h after the third and fifth injec-
tion of interleukin-1, and diabetic values (blood glucose
> 11.0 mmol/I) were observed 6 and 10 h after the fifth injec-
tion of interleukin-1. Ten hours after the fifth injection of
interleukin-1, diabetic blood glucose levels were observed
together with a 50 % reduction in plasma insulin concentra-
tion. Ultrastructural examination showed no signs of Beta-
cell lysis. In conclusion, interleukin-1 has bimodal effects on
glucose homeostasis in vivo, a slight lowering of the blood
glucose followed by impaired glucose tolerance and later by
diabetic blood glucose levels. Two hours after the last of five
daily injections of interleukin-1 impaired glucose tolerance is
primarily caused by a state of insulin resistance, whereas
diabeticblood glucose levels are associated with inhibition of
insulin secretion. Thus, interleukin-1 causes a diabetic state
in normal animals, butit remains to be demonstrated that ad-
ministration of interleukin-1 to normal animals leads to per-
manent diabetes due to Beta-cell destruction.

Key words: Interleukin-15, Beta cells, morphology, glucose
tolerance, Type 1 (insulin-dependent) diabetes mellitus, pa-
thogenesis, rats.

The cytokine interleukin-1 (IL-1) modulates insulin se-
cretion from isolated islets in a time- and dose-dependent
bimodal fashion, stimulation of Beta-cell function fol-
lowed by inhibition [1, 2]. Interleukin-1 has also been
shown to be preferentially Beta-cell cytotoxic in vitro and
may be a major effector molecule in the pathogenesis of
Type 1 (insulin-dependent) diabetes mellitus [1]. Chronic
administration of IL-1 to animals with spontaneously-
developing Type 1 diabetes modifies the development of
diabetes probably due to an immunomodulatory effect of
1L-1 [3-5]. However, it is unknown whether IL-1 exerts a

bimodal effect on Beta-cell function in vivo and whether
IL-1 has a diabetogenic action in normal animals.
Invivobolusadministration of IL.-1 oracute stimulation
of endogenous IL-1 production have been reported to re-
duce the blood glucose (BG) concentration [6-9] and to
cause hyperinsulinaemia in normal animals [6, 7, 9-12].
Furthermore, a single intraperitoneal (i.p.) injection of
recombinant IL-1/3to normal rats produces a lowering of
the BG during an i. p. glucose tolerance test (IPGT) per-
formed 2 h after IL-1 injection [13]. In most studies the hy-
poglycaemiceffect of IL-1 hasbeen ascribed tothe stimula-
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tion of insulin secretion by the cytokine, either by directly
affecting the Beta cells [7, 9] or mediated by humoral sig-
nals from the central nervous system [10]. However, glu-
cose disposal may also be affected by IL-1in vivo [8, 11].

Repeated injections of human rIL-1 (rTL-1f) in vivo
inhibited glucose-stimulated insulin release from isolated
islets [14] and the isolated perfused pancreas [15] and in-
duced a transiently impaired glucose tolerance in normal
rats [13]. These observations suggest that repeated expo-
sure torIL-1/may inhibit Beta-cell function in vivo. How-
ever, plasma insulin levels were not determined in pre-
vious studies of long-term rIL-15 administration. Thus,
the aim of the present study was to test whether repeated
injections of human rIL-18 could induce insulinpoenic
diabetes in normal rats.

Materials and methods

Animals

Inbred male Wistar Kyoto rats (200240 g) (Mgllegaarden, Lille
Skensved, Denmark), were housed under controlled conditions of
light, humidity and temperature for 10 days before the experiments.
Rats were randomized to i. p. injections of either rIlL-15or vehicle in
an identical volume which were administrated at 09.00 hours. Body
temperature was measured before and 2 h after injection by means
of arectal thermometer (Medical Precision Thermometer, Ellab Dh
852, Copenhagen, Denmark). Only rats exhibiting a rectal tempera-
ture >37.5°C after injection of rIL-1/ were included in the study
[13]. The animals in the rIL-13 group were given an excess (100 g) of
standard rat chow (Altromin, Chr.Petersen A/S, Ringsted, Den-~
mark) 7 h after injection. Rats in the control group were pair-fed
with the group given 4 ug/kg body weight of rIL-151in the following
way: every morning the residual food was removed from the rIL-13
treated rats and weighed. An amount of food equal to the amount
consumed by the rIL-1/ treated rats during the preceding 24-h
period was then offered to the control rats. Thus, the control
rats were given 7.9 £0.03 g/100 g body weight (in experiment 3:
6.4+ 1.1 g/100 g body weight). Body weight was measured daily.

Preparation of rIL-1

Recombinant human IL-153 (Batch C04) was expressed in Escheri-
chia coli. It corresponded to the authentic 153 amino acid natural IL-
18, exhibiting the correct N-terminal amino acid in position 117
(alanine) [16]. Recombinant IL-1/3 was purified as described [16],
but using 34 um Q HR Sepharose (Pharmacia-LKB, Stockholm
Sweden) instead of FF-Q Sepharose, and omitting the final Sepha-
dex G75 gel filtration. The protein concentration was determined
using E = 0.60 (277 nm, 0.1 %) [17]. The specific biological activity of
rIL-18was 400 World Health Organisation U/ng as estimated by the
mouse co-stimulatory thymocyte assay [18]. The physiochemical
properties of rIL-13 were identical to natural IL-13[18]. Recombi-
nant IL-1Bwas diluted in sterile, endotoxin-free 0.9 % NaCl contain-
ing 0.1% strain-identical rat serum. The volume injected ranged
from 0.5 to 0.6 ml dependent upon the final concentration of rIL-13
as determined by an enzyme-linked immunosorbent assay technique
(ELISA) [18]. Endotoxin was not detectable in the rIL-18 solution
or the vehicle by the Limulus amoebocyte test [19].

Protocols

Experiment 1 was designed to study the effect of a single injection of
rIL-18 on BG and plasma insulin, glucagon and corticosterone con-
centrations, and to investigate putative changes in pancreatic weight,
pancreatic insulin content, BG, and plasma concentrations of in-

sulin, glucagon and corticosterone during 5 days of treatment with
rIL-13 The rats were treated daily at 09.00 hours with rIL-13
(4 ug/kg body weight) or vehicle. Rats were decapitated 2 h after 1,3
or 5injections of rIL-18 or vehicle, or before injection day 1, 24 h
after the second injection (day 3 at 09.00 hours) or 24 h after the
fourth injeciton (day 5 at 09.00 hours) (rn = 10in each group).
Experiment 2 was designed to test the effect of repeated injections of
rIL-130n an IPGT, evaluated by BG, pancreaticinsulin content, and
plasma concentrations of insulin, glucagon and corticosterone. The
rats were injected with 4 ug/kg body weight of rTL-1 at 09.00 hours
on 5 consecutive days and were decapitated 30, 60, and 120 min after
an ip. challenge with 0.2g D-glucose/100 g body weight at
11.00 hours on day 5 (0.2 g D-glucose/ml) (=10 in each group).
Blood glucose concentration was determined in all rats 15 min after
glucose administration. Only rats showing a BG level 3 SD higher
than before the glucose injection were included in the statistical
analysis.
Experiment 3 was designed to study whether the effect on BG
depended on time and rIL-18 dose. The rats were injected with 0.4
(n=10),4.0 (n=12) or 40 (n = 12) pg/kg body weight of rIL-1/ daily
at 09.00 hours on 5 consecutive days. Control rats treated with ve-
hicle were either pair-fed with the rats injected with 4 ug/kg body
weight of r1L-153 (n = 8), or fed ad libitum (n = 8). Rats not treated at
all (n = 8) were included as a control group. Blood glucose concen-
tration was measured before and 2, 4, 6, and 10 h after injection on
day 1, 3, and 5. Ten hours after the last injection on day 5 the rats
were killed by decapitation.
Experiment 4 was performed to study the ultrastructure of the endo-
crine pancreas after injections with 4 ug/kg body weight of rIL-150r
vehicle daily at 09.00 hours on 5 consecutive days. On day 5 the rats
were randomized for isolation of the pancreas and were anaesthet-
ized by an i.p. injection of sodium pentobarbital (50 mg/kg) at
11.00 hours (n = 4 in each group).

In experiments 1-3, trunk blood was collected in tubes containing
50 ul30% EDTA and 125 pl aprotinin (20000 U/ml) and kept at 4°C
until centrifugation (4000 rev/min, 10 min). The plasma was frozen
(—20°C) for measurements of insulin, glucagon, and corticosterone
concentrations. The pancreata were excised, weighed, snap-frozen
inliguid nitrogen and stored for approximately one month at ~20°C
before extraction.

Hormone analysis in plasma

The plasma insulin concentration was measured by radioimmuno-
assay [20] using rat standards and anti-insulin serum M8170. The de-
tection limit was 3 pmol/l. Inter- and intra-assay coefficients of vari-
ation were 15 % and 5 %, respectively. The plasma concentrations of
corticosterone and glucagon were measured by commercially avail-
able RIA-methods (Novo-Nordisk A/S, Bagsveerd, Denmark). Glu-
cagon was extracted by ethanol precipitation [21]. The detection
limit of the assay was 20-25 ng/l and inter- and intra-assay coeffi-
cients of variation were 18.3 % and 11.6 %, respectively. The detec-
tion limit of the corticosterone assay was 25 ng/ml and inter- and
intra-assay coefficients of variation were 7 % and 6.3 % , respectively.
For BG determination 10 ui blood was drawn from a tail vein and
was analysed by a Kobas MIRA automatic analyser using the de-
hydrogenase method.

Pancreas extraction

Extraction with phosphoric acid ethanol was performed as pre-
viously described [22]. The insulin concentration in pancreatic ex-
tracts was determined by ELISA [15]. Our working range was
2 pmol/1-1.0 nmol/l. The intra-assay coefficients of variation for
three independent samples: 0.12 nmol/l (n =6), 0.23 nmol/l (n=6)
and 0.45 nmol/l (n = 6) were: 0%, 2.4 % and 3.7 %, respectively. The
inter-assay coefficients of variation for two independent samples, R1
and R2, each assayed in the dilutions 1:2 (0.91 and 0.83 nmol/l), 1:4
(0.44 and 0.41 nmol/l), 1:8 (0.20 and 0.19 nmol/t) and 1:16 (both
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Table 1. Body weight (BW), blood glucose concentration (BG) and
plasma concentrations of insulin, glucagon and corticosterone 2 h
after 1, 3 or 5 injections of recombinant interleukin-13 (rIL-18) or
vehicle. The number of rats at each blood sampling was 10

Day1 Day3 Day5
No. of injec- 1 3 5
tions
Group Vehicle rIL-18 Vehicle rIL-18 Vehicle rIL-18
BW 211 213 206 214 216 211
(2) +91 +£89 +102 =£100 113 =80
BG 5.5 5.1° 4.9 4.8 54 45
(mmol/) +02 04 04 =204 =07 £06
Insulin 165 151 186 264 223 224
(pmol/l) +39 £50 +£51 %107 105 =185
Glucagon 185 261° 163 289° 184 231
(ng/) 35 54 +48 8 5 = 68
Cortico-
sterone 274 423P 343 462° 288 455¢
(ng/t) +101 + & £114 £ 84 + 65 + 64

Means +SD. * p<0.03, ®p <0.01, ° p <0.001 comparing the rIL-1
group and the control group

0.11 nmol/), were 15.7%, 14%, 10.5% and 10%, and 10%, 11%,
12% and 22 %, respectively.

Islet morphology at the ultrastructural level

The splenic part of the pancreas was removed and cut into approxi-
mately 1x1mm pieces, while bathed in 1% glutaraldehyde in
natriumcacodylate buffer (100 mmol/l Na-cacodylate, 2 mmol/l Ca,
80 mmol/l saccharose, pH 7.2). After further fixation for 1 hat4°Cin
1% glutaraldehyde, the tissue pieces were washed and postfixed
with cacodylate-buffered OsO, (1.5%) for 2 h. The specimens were
washed three times in cacodylate buffer and were stored in this buff-
er for a maximum of 10 days. After dehydration in graded ethanol
dilutions, the tissue was embedded in epoxy resin according to Spurr
[23]. All specimens were sectioned semi-thin and screened for islets
after staining with toluidine blue. Islet-containing tissue was sec-
tioned ultra-thin at random and was evaluated by the morphologist
in ablinded design. For quantitation of possible lytic events the num-
ber of Alpha and Beta cells were counted on photo micrographs at a
final magnification of 5000 x . Lysis at low-power magnification was
defined as opaque cytoplasm without the usual intermediate con-
trast. Lysis was further confirmed by screening the respective islet
cells at higher magnifications for disrupted cytoplasmic membranes.

Statistical analysis

Results are expressed as means + SD. The two-tailed Mann-Whit-
ney rank sum test and the Wilcoxon-Pratt test were used to test dif-
ferences between sets of unpaired data and paired data, respectively.
The Kruskal-Wallis test was used for comparing more than two sets
of unpaired data. Fisher’s exact test was used in the morphology
study. The level of significance chosen was 5 %.

Results

Experiment 1

Effects of rIL-1B (4 ug'kg) on blood glucose and plasma
concentrations of insulin, glucagon and corticosterone
evaluated 2 h after one, three or five injections of rIL-15 or
vehicle. Two hours after asingle injection of r1L.-15the BG

was lower compared to the control group with no con-
comitant changes in plasma level of insulin and in spite of
increased plasma levels of glucagon and corticosterone
(Table 1). After the third injection with cytokine only in-
creases in plasma levels of glucagon and corticosterone
were seen, with no changes in BG and insulin concentra-
tions when compared to the control group. In rats pre-
treated for 4 days with rIL-1/, only plasma corticosterone
was elevated 2 h after the fifth injection of rIL-15, with no
changes in other parameters (Table 1).

Effects of rIL-18 (4 ug’kg) on pancreatic weight, pancre-
atic insulin content, BG and plasma concentrations of in-
sulin, glucagon and corticosterone evaluated 24 h after two
or four injections of rIL-1B or vehicle. In rats studied 24 h
after the second injection of rIL.-13 the BG was signifi-
cantly elevated, despite increased insulin levels. The plas-
ma concentrations of glucagon and corticosterone were
unaffected, as were the pancreatic weight and insulin con-
tent (Table 2). Twenty-four hours after the fourth rIL-13
injection the pancreatic insulin content was increased des-
pite reduced pancreatic wet and dry weights. No differen-
ces were seen in BG, plasma levels of insulin, glucagon or
corticosterone (Table 2).

Experiment 2

Blood glucose, and plasma concentrations of insulin, glu-
cagon and corticosterone during an IPGT 2 h after five in-
jections of rIL-1[3 Before the IPGT BG and plasma levels

Table 2. Body weight (BW), pancreatic weight, pancreatic insulin
content, blood glucose concentration (BG), and plasma concentra-
tions of insulin, glucagon and corticosterone before (0) and 24 h
after 2 and 4 injections of recombinant interleukin-18 (:IL-18) or
vehicle. The number of rats at each blood sampling was 10

Day 1 Day3 Day5
No. ofinjec- 0 2 4
tions
Group Vehicle rIL-18  Vehicle rIL-18 Vehicle rIL-18
BW 211 217 209 210 210 216
(2) +94 +94 87 +84 +93 £80
Pancreas wet
weight 1.0078 1.0631 1.1837 0.9370 0.9633 0.8170°
(g) +0.16 £0.13 +033 +022 +014 +0.09
Pancreas dry
weight 0.3723 04050 04632 03348 0.3442 0.2530°
() +0.08 007 +0.16 011 +0.08 =004
Total insulin
(nmol/pan- 6.3 6.7 7.0 7.8 84  109°
creas) +22 +24 £19 14 +16 *14
BG 6.0 6.1 5.0 5.7° 52 4.8
(mmol/t) +04 0.5 +03 06 08 0.6
Insulin 237 214 168 260? 176 184
(pmol/l) + 53 +48 £ 55 79 + 45 £ 32
Glucagon 178 165 206 200 200 180
(ng/) + 53 + 48 + 47 + 67 + 47 % 29

Corticosterone 345 362 419 308 429 372
(ug/l) £+ 76 +5 +90 +96 +131 +103

Means + SD. ® p <0.05, ® p < 0.01 comparing the rIL-1 group with
the control group
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Fig. 1. Blood glucose and plasma concentrations of insulin, glucagon
and corticosterone during an i.p. glucose tolerance test 2 h after the
last of five daily injections of 4 ug/kg of human recombinant inter-
leukin-183(n = 10) (@) or vehicle (n = 10) (O ). Rats were injected at

of insulin and glucagon were similar, whereas the plasma
concentration of corticosterone was higher in the rIL-13
group than in the control group (Table 2 and Fig.1). Dur-
ing the IPGT the BG was higher in the rIL-15 group com-
pared with the pair-fed control group. The BG did not
reach baseline level 120 min after injection of glucose as it
did in the control group (p < 0.001) (Fig. 1). Plasma insulin
levels increased markedly 30 min after glucose adminis-
tration in the rIL-1Btreated animals (p < 0.001), returning
to the baseline level at 120 min. In the control group, no
significant increase in plasma insulin was observed
(p=0.06) (Fig.1). The plasma glucagon level increased
120 min after glucose injection in the rIL-13group. Nosig-
nificant changes in plasma glucagon were observed in the
control group. The plasma level of corticosterone de-
creased in the rIL-15 group (p <0.001). In the control
group the concentration of corticosterone increased from
0 to 30 min, but was similar to the baseline level at 120 min
(Fig.1). No changes were observed in the total extractable
insulin content in the two groups during the IPGT (data
not shown).
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09.00 hours on each of five consecutive days and were decapitated
for sampling of trunk blood before and 30, 60 and 120 min after the
i.p. glucose challenge (0.2 g D-glucose/100 g body weight). Means
+SD. * p <0.05, ** p <0.01, *** p < 0.001

Experiment 3

The influence of time and different doses of rIL-18 on
blood glucose. Four and 40 ug/kg body weight of rIL-18
induced a significant decrease in BG 2 h after one and
three injections (Table 3). A preprandial increase in BG
was obvious 6 h after three rIL-14 injections, and 4 and
6 h after five injections of cytokine. BG was much higher
in all the rIL-1f treated rats compared with the control
rats (p <0.01) (Table 3). Postprandial BG 10 h after one,
three or five injections of rIL-1 or vehicle was increased
in most groups (p < 0.01) (Table 3). Ten hours after three
injections of rI1.-15 the BG concentration was higher, ir-
respective of dose, than in the control groups, and BG
was even higher after five injections of rIL-15 (p < 0.01)
(Table 3). Ten hours after the last injection of rIL-18 on
day 5 (4 ug/kg), hyperglycaemia was accompanied by a
marked reduction in plasma insulin concentration com-
pared with the pair-fed control group (p <0.0001)
(Fig.2). Plasma levels of glucagon and corticosterone, re-
spectively, were similar to levels obtained in pair-fed con-
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Table 3. The effect of 0.4 (n = 10), 4.0 (n = 12) and 40 (n = 12) pg/kg body weight (BW) of recombinant interleukin-1 (rIL-18) on blood glu-
cose (BG) (mmol/l) before and 2, 4, 6 and 10 h after 1, 3 and 5 injections of the cytokine. Rats treated with vehicle and pair-fed to the rIL-1 B
group given 4 g/kg body weight (n = 8), rats fed ad libitum (# = 8) and rats without treatment (n = 8) were included as control groups

Time post treatment (hours)

0 2 4 6 10 0 2 4 6 10 0 2 4 6 10
Day1 Day 3 Day5
0.4 ug/kg BW 5.6 52 5.6 5.5 5.7 54 51 6.6" 9.8 9.2° 4.8 5.1° 7.1° 129°  12.6°
rIL-15 £03 £09 £03 +04 03 03 +05 =09 +42 £35 02 =*03 = 1.2 £ 45 + 48
4.0ugkg BW 5.6 5.2° 5.7 5.9? 6.1° 54 4.8 6.5 7.7° 8.4° 49 5.0 7.1° 13.9°  16.0°
rIL-18 +02 +03 +02 +04 +05 +£03 03 17 £19 +22 £05 05 =£10 £ 26 £ 26
40 pg/kg BW 5.6 5.2° 5.4° 5.28 5.0° 54 4.6 59 6.3 8.8° 4.9 48 6.4° 11.2°  14.5°
rIL-18 +03 +03 +£03 £03 406 06 +03 +£13 £25 +28 05 =05 =12 <+ 35 =+ 44
Pair-fed 5.5 55 57 55 6.3° 49 4.7 48 52 6.4 4.8 5.0 5.5° 6.1° 6.5°
+02 +04 403 +04 +04 +04 *04 +04 08 06 02 +02 +03 =+ 03 £ 05
Fedadlibitum 5.7 6.2 5.7 5.6 6.5° 5.6 5.3 5.5 55 6.4° 5.6 58 5.8 5.9¢ 6.6°
+04 +13 +04 +03 =06 =+02 +04 =£05 04 08 =+03 =02 £02 £ 03 + 03
Not treated 6.7
+ 02
p< 001 0.001 005 001 001 005 001 0.001  0.001  0.001

Means + SD. p < : p values obtained by the Kruskal-Wallis test comparing all groups. *p < 0.05 and ® p <0.01 when comparing the BG after

injection with the BG at 0 using Wilcoxon-Pratt test for paired-data

trol rats. No dose-response relationship between insulin
level and rIL-15 dose was demonstrated, whereas plasma
levels of glucagon and corticosterone was proportional
(p =0.01) and inversely correlated (p = 0.02), respective-
ly. A dose-dependent effect of rIL-1 on body weight re-
duction and temperature increase was observed (p < 0.02,
data not shown). In the groups treated with 0.4, 4.0 or
40 pg/kg body weight of rIL.-18, the average food intake
per 100g body weight was: 85+0.3, 63+0.6 and
4.6+ 1.0 g, respectively (p < 0.001). In the pair-fed control
group and the control group fed ad libitum the food in-
take was 6.4+ 1.1 and 9.3£0.6 g/100 g body weight, re-
spectively. The body weight and food intake during treat-
ment with the lowest dose of rIL-18 (0.4 ug/kg body
weight) did not differ from the control group fed ad libi-
tum.

Experiment 4

Effects of repeated rlL-1j injections on the ultrastructure
of the pancreas. We randomly selected and evaluated 23
and 17 islets, respectively, in four pancreata of rIL-18
treated rats and in four pancreata of vehicle-treated rats.
No differences were found in the appearance of Beta cells
with respect to lysis or granulation. A significant dif-
ference was recognized in the pericapillary spaces. The
normal narrow peri-capillary space was well-preserved in
83 % of the capillaries in control islets, both in the centre
of the islets as well as in the islet periphery (Fig.3a,
Table 4). In rats treated with rIL-18, 43% of the capil-
laries demonstrated enlargement of the peri-capillary
spaces (p <0.0001) (Figs.3b and c, Table 4). This promi-
nent widening was taken as morphological evidence for
oedema formation, and was also found within the inter-
cellular spaces of the Beta cell — Beta-cell contact zones

although to a lesser degree (Fig.3d) and, in the exocrine
tissue to a even lesser degree. In areas of oedema, the
Beta-cell plasma membranes demonstrated microvillous
processes.

Discuassion

The present study demonstrated that diabetic BG-values
and low insulin levels were induced by repeated injections
of rIL-1/ in normal rats compared to truly pair-fed con-
trols. The time-dependent increase in BG levels and the
diabetic state 10 h after the last injection of r1L-15suggest
that daily injections of rIl.-1 cause a progressive inhibi-
tion of insulin release in vivo. Pancreatic insulin content
was increased and no ultrastructural signs of Beta-cell
damage were seen. These findings in vivo are very similar
to the impairment of insulin release combined with in-
creased islet insulin content and unaffected Beta-cell mor-
phology reported for isolated islets within a defined win-
dow of the bimodal time- and dose-relationship of the
effects of IL.-1 on Beta-cell function [24, 25]. The (IL-18
induced increase in BG in vivo was reversible after three
injections of rIL-15, i.e. the BG fell from 8-9 mmol/110 h
after the third injection of rIL-15to normal values before
the fifth injection on the morning of day 5. More pro-
longed rIL-1Btreatment or co-administration of other cy-
tokines may be necessary to produce permanent diabetes
as a result of Beta-cell damage.

Our findings cannot be explained by reduced food-in-
take caused by the well-known anorectic effect of IL-1.
Firstly, control animals were pair-fed to receive exactly
the same amount of food consumed by the rats treated
with 4 pg/kg body weight of rIL-1, and the body weights
were identical in the two groups throughout the study.
Secondly, we have previously shown that 5 days of re-
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Fig.2. Blood glucose and plasma concentrations of insulin, glucagon
and corticosterone 10 h after the last of five daily injections of 40
(n=12), 4.0 (n=12) or 0.4 (n=10) ug/kg body weight of human
recombinant interleukin-153. Control rats treated with vehicle were

duced food-intake does not influence the BG levels dur-
ing an IPGT [13]. Thirdly, 0.4 ug/kg body weight of rIL-1
caused hypoinsulinaemia and hyperglycaemia without
reducing food intake.
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pair-fed with the rats injected with 4.0 ug/kg body weight of human
recombinant interleukin-143(n = 8) or were fed at libitum (n=8). A
group of rats without treatment was included (# = 8). Means £ SD.
For significances and p values see text

The hyperglycaemic and hypoinsulinaemic condition
10 h after the last injection of rIL-15 may seem to be in
contrast to the potentiated insulin release during the
IPGT 8 h earlier on the same day. However, supporting



Fig.3a—d. Electron micrographs from pancreatic islets after the last
of five daily injections with human recombinant interleukin-1 (xIL-
15) (4 ng/kg body weight) or vehicle. a Low-power magnification
(1800 % ) of an islet from a control rat, showing perfectly normal
structure. e, exocrine tissue, ¢, capillary. b Low-power magnification
(1800 % ) of an islet from an rIL-15treated animal showing marked
oedema formation within the endocrine tissue, most easily recog-

nized as a considerable enlargement of the pericapillary spaces (—).
¢ High power magnification (5000 x ) of an islet capillary of a treated
rat shows the oedema surrounding the capillary bed (—) and the
numerous microvilli on the surfaces of surrounding Beta cells ( »).
d Enlargement of extracellular spaces and concomitant microvillous
Beta-cell surfaces are also found within the endocrine tissue of the
rIL-1f-treated rats ( ») (7000 x )
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Table 4. Rats were injected at 09.00 hours with 4 ug/kg body weight
of recombinant interleukin-15 (rIL-18 ) or vehicle on each of five
consecutive days. Two hours after the last injection the rats were an-
aesthetized and the pancreas was isolated for ultramorphological
studies. All islets capillaries were counted and sorted for the ap-
pearence of oedema. The number of collapsed capillaries were also
noted.

No. No.of Normal Oedema Collapsed
ofislets capillaries
Vehicle 17 309 257(83%) 33 (11%) 19(6%)
rlL-18 23 189 86 (46%) 81 (43%)° 22 (12%)*

Fisher’s exact test. * p < 0.03, ® p <0.0001

our in vivo observations of a bimodal effect of rIL-15on
insulin release, recent in vitro studies demonstrated that
exposure of isolated islets to rIL-1f for 60 min caused an
initial increase of glucose-induced insulin release, fol-
lowed by a progressive decline in Beta-cell function with a
nadir after 10-12 h. Thereafter, Beta-cell function re-
covered and insulin secretion reverted to baseline values
after 72 h [26].

The time-dependent increase in BG levels 6-10 hours
after rIL-1fBinjection on day 3 and 5 is similar to the obser-
vation in vitro that successive “hits” are increasingly de-
vasting for the Beta cells [27]. Thus, inhibition of Beta
cells exposed thrice to rIL-18for 24 h in vitro was partly,
but decreasingly reversible [27]. Reversibility of rIL-1Sin-
duced increase in BG was evident in the present study by
the findings of normal BG values before the fifth injection
of rIL-15. Extended sampling for BG and insulin during
the different 5 days of treatment is needed to disclose the
nadir and the recovery period for rIL.-13 inhibited Beta-
cell function in vivo.

Long-term treatment (weeks) with 10ug/kg body
weight of r1L-1faccelerates, whereas 0.5 ug/kg delays the
onset of diabetes in the spontaneously diabetic BB rat [3].
In the NOD mouse long-term treatment with 8 ug/kg
body weight of rIL-1 ¢ prevents diabetes development [4],
an effect not found in an earlier study using a similar dose
of rIL-1¢ [5]. Since IL-1 is a potent immunomodulatory
agent, it is possible that the effects of IL-1 on the develop-
ment of Type 1 diabetes in the BB rat and the NOD mouse
are mediated through effects of IL-1 on the ongoing im-
mune attack on the islets rather than through direct effects
of IL-1 on the Beta cells, but this question needs further
investigation.

Plasma corticosteroid levels are known to be increased
after a single injection of IL-1 [6]. To our knowledge this is
the first demonstration of an inverse dose-response rela-
tionship between rIL-153 dose and plasma level of corti-
costerone 10 h after five injections of rIL-14. This finding
may be explained by a time-dependent, bimodal effect of
rIL-13 on corticosterone release, inhibition preceded by
stimulation, analogous to the effect on insulin release in
vivo reported herein and the in vitro effects of rIL-150n
Beta cells, thyroid cells and Leydig cells [1, 28, 29].

Enlargement of the pericapillary spaces was the only
evident ultrastructural finding in the endocrine pancreas.
This may be explained by increased permeability of the
endothelial cells [30] induced by circulating rIL-18. We

did not look for other markers of activation of endothelial
cells e.g. induction of adherence molecules [31]. In areas
of oedema formation, Beta cells showed plasma mem-
brane microvillous processes. This observation may be re-
lated to reported changes in the cytoskeleton induced by
monokines [32, 33].

We confirmed that bolus injection of rIL.-13in normal
rats causes amoderate decrease in BG [6-9, 15] despite in-
creases in glucagon and corticosterone [6]. We did not find
an increase in plasma insulin concentration in parallel
with the fall in BG as found in vivo [7, 9, 10, 12] or in vitro
[1, 24,25, 34]. Bolus injection of IL-18 to normal animals
leads to increased glucose-stimulated insulin release ex
vivo [35], and potentiates glucose or arginine stimulation
of insulin secretion in vivo [36]. In our study we may have
missed a plasma insulin peak after bolus injection of rIL-
15 due to the sampling intervals in our experimental de-
sign. Increased peripheral glucose uptake and utilization
may contribute to the reductionin BG [8, 12, 37].

It has previously been suggested that rIL.-1Sconfers in-
sulin resistance in vivo [36] and in vitro [38]. Itis likely that
increased insulin resistance contributes to the impaired
IPGT and the increasing pre- and post-prandial BG after
three or five injections of rIL-14. A possible shift from in-
creased to decreased glucose uptake or utilization may be
explained by the rIL.-14 induced spikes in corticosterone
release, and other IL-1 induced glucoregulatory hor-
mones, leading to increased insulin resistance, or by direct
effects of rIL-18 on peripheral tissue glucose uptake and
liver glucose production. Indicative of a shift to a state of
decreased insulin sensitivity during the 5-day treatment
with IL-1, is the recent demonstration of an improved glu-
cose tolerance after a single injection of rIL-15[10]. How-
ever, detailed studies of glucose metabolism were not per-
formed.

Evaluation of the effects of prolonged exposure torIL-
18 on pancreas function in vivo is complicated by con-
comitant rIL-1/ induced effects on food intake, cortico-
sterone secretion, and on peripheral tissue glucose
disposal and production. However, it is demonstrated in
the present investigation that functional effects of rIL-13
in vivo mimicks the functional effects of the cytokine on
isolated islets in vitro, except that Beta-cell cytotoxity was
not demonstrated. We conclude that multiple injections of
rIL-18may be diabetogenic in vivo by a combination of in-
hibition of Beta-cell function and decreased insulin sensi-
tivity.
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