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Abstract

Recombinant human IL 1X1 inhibits glucose-induced insulin se-
cretion from isolated pancreatic islets and from purified j3-cells
obtained by fluorescence-activated cell sorting (FACS) of dis-
persed islet cells. Brief (1 h) exposure of isolated islets to IL I
produces sustained inhibition of insulin secretion for at least 17
h after the IL 1 has been removed from the culture medium. An
inhibitory effect of IL 1 on insulin secretion is not observed
when islets are coincubated with an inhibitor of DNAtran-
scription (actinomycin D). This finding indicates that the in-
hibitory effect of IL 1 on insulin secretion requires transcrip-
tion of one or more genes during the first hour of exposure of
islets to IL 1. The inhibitory effect of IL 1 on insulin secretion
also requires mRNAtranslation, because three structurally
distinct inhibitors of protein synthesis (cycloheximide, aniso-
mycin, and puromycin) prevent IL 1-induced inhibition of in-
sulin secretion when added to islets after the 1-h exposure to
IL 1. Two-dimensional gel electrophoresis of islet proteins
metabolically labeled with I35Slmethionine demonstrates that
IL 1 augments the expression of a 65-kD (pl 6.5) protein by
> 2.5-fold. These findings indicate that biochemical events oc-
curring within 1 h of exposure of islets to IL 1 lead to an
inhibition of insulin secretion that persists for at least 17 h
after the removal of IL 1. One of the early biochemical effects
of IL 1 on islets is gene transcription (0-1 h), which is followed
by mRNAtranslation (after 1 h). Our results suggest that the
inhibitory effect of IL 1 on insulin secretion is mediated by
protein(s) whose synthesis is induced by IL 1. (J. Clin. Invest.
1990. 86:856463.) Key words: cytokine * pancreatic S-cell -

diabetes mellitus * protein synthesis * two-dimensional gel elec-
trophoresis

Introduction

IL 1 is a 17.5-kD polypeptide produced by macrophages and
other cells. IL 1 is recognized as an important mediator of
inflammation and immunity and exerts effects on a number of
cellular targets. Biological effects of IL 1 include activation of
and induction of proliferation by T lymphocytes (1), induction
of fever by direct action on the hypothalamus (2), and stimula-

Address reprint requests to Dr. McDaniel, Department of Pathology,
Box 8118, Washington University School of Medicine, 660 South Eu-
clid Avenue, St. Louis, MO63110.

Receivedfor publication 18 September 1989 and in revisedform I
May 1990.

tion of acute-phase protein synthesis by hepatocytes (3). A
recently recognized effect of IL 1 is inhibition of insulin secre-
tion by isolated pancreatic islets (4-1 1). This finding has en-
gendered interest in the possibility that IL I may participate in
the pathogenesis of insulin-dependent diabetes mellitus or in
the physiologic modulation of insulin secretion (reviewed in
references 12 and 13).

Little is known about the biochemical mechanism(s)
whereby IL 1 inhibits insulin secretion. Study of the inhibitory
influence of IL 1 on insulin secretion is complicated by the fact
that IL 1 exerts this effect quite slowly. Previous studies of the
inhibitory effect of IL 1 on insulin secretion have involved
continuous exposure of islets to IL 1 for several hours or days.
While these studies have yielded a substantial body of infor-
mation about the biochemical effects of IL 1 on islets, they
have not revealed any close link between these biochemical
effects and the inhibition of insulin secretion by IL 1. For
example, long periods of exposure of islets to IL 1 have been
shown to inhibit glucose oxidation (8), glucose-induced Ca2`
uptake (14), and inositol phosphate production (17). and to
stimulate PGE2biosynthesis ( 15, 16). What relationship these
events bear to the inhibition of insulin secretion by IL 1, how-
ever, remains obscure.

The purposes of this study were to examine biochemical
changes induced by IL 1 during the first hour of exposure to
islets and to relate these effects to the inhibition of insulin
secretion, which develops several hours later. Wehave found
that very short periods of exposure of islets to IL 1 are suffi-
cient to produce all of the biochemical changes necessary to
inhibit glucose-induced insulin secretion at later time points.
These studies involved exposure of islets to IL 1 for 1 h, fol-
lowed by serial measurements of glucose-induced insulin se-
cretion at various times up to 17 h after the removal of the IL 1
from the culture medium. This experimental model has also
been used to examine the participation of gene transcription
and mRNAtranslation in the inhibition of insulin secretion by
IL 1.

Methods

Male Sprague-Dawley rats (200-300 g) were purchased from Sasco Inc.
(O'Fallon, MO). Collagenase was obtained from Cooper Biomedicals
(Freehold, NJ). CMRL-1066 tissue culture medium, MEM,and HBSS
were obtained from Gibco Laboratories (Grand Island, NY). Recom-
binant human IL 1 0 (1,000 U/ml) was obtained from Cistron Biotech-
nology (Pine Brook, NJ). L-[35S]Methionine (1 mCi/ml) was purchased
from NewEngland Nuclear (Boston, MA). 35S-translabel (10 mCi/ml)
was obtained from ICN Radiochemicals (Costa Mesa, CA). Actino-
mycin D, cycloheximide, puromycin, and anisomycin were purchased
from Sigma Chemical Co. (St. Louis, MO).

Islet isolation and culture. Islets were isolated from three to eight
rats fed ad lib. by collagenase digestion, as previously described ( 18).
Briefly, on the day before each experiment, pancreases were inflated
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with HBSSand the tissue was minced and digested with collagenase (5
mg/ml) for 15-17 min at 390C. The islets were then separated on
discontinuous Ficoll density gradients and selected with a stereomi-
croscope to exclude any contaminating tissues. Islets were cultured
overnight in an atmosphere of 95% air/5% CO2 at 370C in 2.5 ml
complete tissue culture medium (CMRL-1066 containing 5 mMD-
glucose, 1%L-glutamine, 5%heat-inactivated fetal bovine serum, 0.5%
penicillin, and 0.5% streptomycin).

Exposure of islets to IL 1. Islets which had been cultured overnight
in CMRL-1066 were distributed into two or more sterile Petri dishes,
and 2.5 ml fresh CMRLmedium was added. IL 1 was added to some
dishes at a concentration between 0.1 and 10 U/mi. Vehicle for IL 1
(PBS containing 2 ,M DTTand 0. 1%BSA, pH 7.2) was added to other
dishes as control. The islets were then cultured in an atmosphere of
95% air/5% CO2 at 370C. In some experiments islets were cultured
continuously with IL 1 for up to 18 h. In other experiments islets were
cultured with IL 1 for shorter periods ( 1, 3, or 5 h). At the end of the 1-,
3-, or 5-h pulse with IL 1, the islets were washed five times with
CMRL-1066 medium to remove the IL 1, and the medium was re-
placed with fresh CMRL-1066 medium containing no IL 1. The islets
were then cultured under an atmosphere of 95% air/5% CO2at 370C
for up to 17 h. In all experiments, control islets were washed and
handled in a manner identical to that of the IL 1-treated islets.

Studies with actinomycin D, cycloheximide, puromycin, and aniso-
mycin. Actinomycin D and cycloheximide were prepared as 1-mM
stocks in DMSO. Puromycin was prepared as a 250-mM stock in
DMSO.Anisomycin was prepared as a 50-mM stock in distilled water.
In the experimental protocols, 1 qI of the appropriate stock was added
per 1 ml CMRL-1066 medium to achieve a final actinomycin D con-
centration of 1 uM, a final cycloheximide concentration of 1 ,uM, a
final puromycin concentration of 500 MM, or a final anisomycin con-
centration of 50 MM. DMSO(vehicle for actinomycin D, cyclohexi-
mide, and puromycin) and distilled water (vehicle for anisomycin)
were added to the appropriate control dishes. In these experiments, the
inhibitors of RNAand protein synthesis were present either during the
1-h pulse with IL 1 or during the culture period after the 1-h IL 1 pulse.

Measurement ofglucose-induced insulin secretion. At the end of the
culture period, islets were washed in modified Krebs-Ringer bicarbon-
ate buffer (KRBB: ' 25 mMHepes, 115 mMNaCl, 24 mMNaHCO3, 5
mMKCI, I mMMgCl2, 2.5 mMCaCl2, pH 7.4) containing 3 mM
glucose and 0.05% BSA. Groups of 20 islets were counted into 10 X 75
mmsiliconized borosilicate test tubes, preincubated for 30 min in
KRBBcontaining 3 mMglucose and 0.05% BSA, and then incubated
for 30 min in fresh KRBB(3 or 16.5 mMglucose, 0.05% BSA). Prein-
cubation and incubation were performed at 37°C under an atmo-
sphere of 95% air/5% CO2. Insulin content of the incubation medium
was measured by double-antibody RIA as described elsewhere (7).

Purification of islet fl-cells by autofluorescence-activated cell sorting
(FACS). Isolated islets were dispersed into individual cells by treat-
ment with dispase, as previously described ( 19, 20). The freshly disso-
ciated cells were subjected to autofluorescence-activated cell sorting
using a FACS-IV instrument (19, 20). An argon laser illuminated the
cells at 488 nm, and emission was monitored at 510-550 nm. The cell
sorting process yields two purified cell populations (19, 20). One popu-
lation consists of highly purified ,3-cells (> 90%) (19, 20). The second
population is predominantly a-cells (70%), but also contains some

b-cells and a few l-cells ( 19, 20).
Effect of IL 1 pretreatment (18 h) on glucose-induced insulin secre-

tion from purified fl-cells. Purified fl-cells were incubated with IL 1 (5
U/ml) or vehicle for 18 h in CMRL-1066 tissue culture medium (5
X 105 cells/dish). After the 18-h pretreatment, the cells were counted
with a hemocytometer. The fl-cells were then aliquoted into l-ml Petri

1. Abbreviations used in this paper: KRBB, Krebs-Ringer bicarbonate
buffer.

dishes (- 8,000 cells/dish). A volume (1 ml) of KRBBsupplemented
with 0.05% BSA, glucose (3 or 16.5 mM), and theophylline (5 mM)
was then added. The cells were incubated at 370C for 3 h. The cells and
supernatants were then transferred to microcentrifuge tubes (1.5 ml)
and centrifuged, and the supernatant was removed. The insulin con-
tent of the supernatant was then determined by RIA (7).

Measurement of islet insulin content. Islets were treated with IL 1 (5
U/ml) or vehicle for 1, 5, 9, or 18 h, as described above. Islets from the
control and IL 1-treated groups were then washed and resuspended in
KRBB(3 mMglucose, 0.05% BSA), and counted into 10 X 75 mm
borosilicate tubes (20 islets/tube). The KRBBwas removed from the
islets with a pipetman; acid-ethanol (1 ml) was added to each tube (7);
and the islets were incubated at 40C for 48 h. The supernatant was then
removed, and serial dilutions of the supernatants were prepared. Insu-
lin content of the acid-alcohol extracts was measured by double-anti-
body RIA (7).

Measurement of islet preproinsulin mRNAlevels. Isolated islets
were incubated with IL 1 (5 U/ml) or vehicle for 1, 3, 5, 9, or 18 h. At
the end of the treatment period, total islet RNAwas prepared using
guanidine thiocyanate as described (21). Total preproinsulin mRNA
was measured by dot hybridization. Aliquots (5 Mg) of total islet RNA
were applied to nylon membranes using a vacuum manifold. Mem-
branes were baked and prehybridized (22) at 60'C for 4 h. Blots were
hybridized with a uniformly labeled RNAcomplementary to rat insu-
lin I mRNAas described (22).

Protein synthesis assay. Islets were incubated with IL 1 for 1 h as
described above. The islets were then washed with CMRL-1066 me-
dium, placed in sterile Petri dishes, and cultured for an additional 8 h
in CMRL-1066 medium containing cycloheximide (0.1-10 MM) and
L-[35S]methionine (33 MCi/ml). After the 8-h culture period, the islets
were distributed (20 islets/tube) into 1.5-ml polyallomer tubes. The
islets were washed three times with fresh CMRL-1066 medium to
remove unincorporated radiolabel. 500 M1 ice-cold TCA (10% wt/vol)
was then added to precipitate islet protein. The islets were sequentially
washed and pelleted three times with the ice-cold TCA solution. The
"S content of the pellet was then determined by liquid scintillation
spectrometry (model 1500; Packard Instruments, Downers Grove, IL).

Preparation of samples for two-dimensional electrophoresis. Iso-
lated islets were cultured for 8 h in 1 -ml Petri dishes containing me-
thionine-free MEMsupplemented with IL 1 (5 U/ml) or the control
vehicle. After 8 h, 35S-translabel (1 mCi) was added to each dish, and
the islets were cultured for an additional hour. The labelled islets were
then washed in ice-cold KRBB(3 mMglucose, no BSA) three times to
remove unincorporated radiolabel. Groups of 200 islets were placed
into 1.5-ml Eppendorf tubes, and 100 Ml boiling SDSsolution (23) was
added. Samples were placed in a boiling water bath for 5 min and then
cooled on ice. DNase/RNase solution (10 Ml) was added (23), and the
samples were kept on ice for an additional 5 min. Samples were then
snap-frozen in liquid N2 and lyophilized.

Two-dimensional electrophoresis of islet proteins. Lyophilized sam-
ples were solubilized in 9 Murea and separated by two-dimensional
polyacrylamide gel electrophoresis as described (24). Isoelectric focus-
ing was performed in the first dimension in a 50:50 mixture of am-
pholyte 3/10 Bio-Lyte (Bio-Rad Laboratories, Richmond, CA) and
Servalyt 3-10 (Serva Biochemicals, Westbury, NY). SDS-PAGEwas

performed in the second dimension with 10% gels. After electrophore-
sis, the gels were dried and exposed to x-ray film. Three independent
experiments performed in quadruplicate yielded 12 autoradiograms
for the control samples and 12 autoradiograms for the IL 1-treated
samples. Densitometric scanning of individual spots was performed
with a spectrophotometer (model DU-8; Beckman Instruments, Inc.,
Fullerton, CA) equipped with a gel scanning attachment. To correct
for slight differences in the amounts of total radioactivity loaded onto
each of the gels, all optical density measurements from each autoradio-
gram were normalized to the optical density of actin in the autoradio-
gram. This permitted quantitative comparisons of relative spot inten-
sities among autoradiograms.

Interleukin 1-induced Inhibition of Insulin Secretion 857



Results

Effect of continuous IL I exposure (18 h) on glucose-induced
insulin secretion from isolated islets. Islets were cultured with
IL 1 (0.1-10 U/ml) for 18 h, as described in Methods. At the
end of this period, glucose-induced insulin secretion was mea-
sured during a 30-min incubation in KRBBcontaining glu-
cose (3 or 16.5 mM) and 0.05% BSA. Fig. 1 A demonstrates
that continuous pretreatment of islets with IL 1 for 18 h inhib-
ited glucose-induced insulin secretion and that this effect de-
pended on the concentration of IL 1. The maximal degree of
inhibition (95%) was achieved at an IL 1 concentration of 5
U/ml. That concentration of IL 1 was therefore used in all
subsequent experiments. The effect of IL 1 was manifest only
on glucose-induced (16.5 mMglucose) insulin secretion. No
effect of IL 1 pretreatment on basal (3 mMglucose) insulin
secretion was observed (not shown). Fig. 1 B depicts the time
course of the effect of IL 1 pretreatment on glucose-induced
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Figure 1. Effect of IL 1 pretreatment on glucose-induced insulin se-
cretion by isolated islets. Isolated islets were pretreated (37°C) with
IL 1 (0.1-10 U/ml) or control for 1-18 h, as described in Methods.
At the end of the pretreatment period, glucose-induced insulin secre-
tion was measured during a 30-min challenge with 16.5 mMglucose
in KRBB. (Top) Concentration dependence of the effect of IL 1 pre-
treatment for 18 h. (Bottom) Time course of the IL 1 effect at an IL
1 concentration of 5 U/ml. Results are the mean±SEMof data from
three independent experiments.
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formed. The purified fl-cells were incubated with IL 1 (5 U/ml) or
the control vehicle for 18 hours, as described in Methods and glu-
cose-induced insulin secretion was then measured during a 3-h incu-
bation in KRBB(0.05% BSA, 3 or 16.5 mMglucose) supplemented
with 5 mMtheophylline.

insulin secretion. Continuous pretreatment of islets with IL 1
for up to 5 h did not influence glucose-induced insulin secre-
tion significantly when measured after the pretreatment pe-
riod. Continuous pretreatment of islets with IL 1 for longer
times (7-18 h) did, however, result in significant inhibition (P
< 0.05) of glucose-induced insulin secretion.

Effect of IL I on insulin secretion from FACS-purified
fl-cells. The islet is a heterogeneous cell population which con-
tains a variety of endocrine and nonendocrine cell types, each
of which represents a potential target for IL 1. Wesought to
determine whether the ability of IL 1 to inhibit insulin secre-
tion from islets was the result of a direct effect of the cytokine
on the fl-cell or whether it required an intermediary islet cell
which, when stimulated by IL 1, released products that inhib-
ited fl-cell secretion. A highly purified (> 90%) population of
fl-cells was obtained by FACSof dispersed islets cells ( 19, 20).
After pretreatment of such purified fl-cell populations with IL
I for 18 h, glucose-induced insulin secretion was measured as
in Methods. Fig. 2 demonstrates that insulin secretion from
the FACS-purified fl-cells at a basal glucose concentration (3
mM)was unaffected by 18-h IL 1 pretreatment but that insulin
secretion at a stimulatory glucose concentration (16.5 mM)
was significantly impaired. These results are identical to those
obtained in studies examining the effect of IL 1 on insulin
secretion from intact isolated islets (7), and they suggest that IL
1 exerts its effects on insulin secretion through a direct inter-
action with the fl-cell rather than through an action on an
intermediary cell.

Effect of IL I treatment on islet content of insulin and of
preproinsulin mRNA. To determine whether the inhibition of
insulin secretion induced by IL 1 (Fig. 1, A and B) was the
result of decreased insulin biosynthesis, isolated islets were
treated with IL 1 or vehicle for 1, 5, 9, or 18 h. At the end of
that period, islet content of insulin and of preproinsulin
mRNAlevels was measured, as described in Methods. Table I
demonstrates that preproinsulin mRNAlevels were unaffected
by treatment with IL 1 for 1, 5, or 9 h. After 18 h of IL 1
treatment, preproinsulin mRNAlevels were reduced some-
what (36%), but this effect developed long after the inhibition
of insulin secretion induced by IL 1. The latter effect was
manifest after only 7 h and was nearly fully developed after 9 h
of treatment (Fig. 1 A). In addition, islet insulin content was
completely unaffected throughout the entire 18-h treatment
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Table L Effect of IL-I Treatment on Insulin Content
and Preproinsulin mRNALevels in Isolated Islets

Duration of
exposure to IL I Insulin content Preproinsulin mRNA

h % of control

1 1114±10 109±23
5 95±10 127±35
9 92±14 112±17

1 8 94±4 64±8

Isolated islets were incubated with IL 1 (5 U/ml) or control for 1, 5,
9, or 18 h. Total insulin content and preproinsulin mRNAwere then
quantitated as described in Methods. Data are expressed as a per-
centage of control and represent the mean±SEMof five to six obser-
vations from two independent experiments. All differences are statis-
tically nonsignificant.

period with IL 1. It therefore appears that the inhibition of
insulin induced by IL 1 treatment (9-18 h) does not involve a
reduction in islet insulin content or a defect in insulin biosyn-
thesis.

Effect of a brief pulse of IL I exposure on glucose-induced
insulin secretion measured at later time points. The data repre-
sented in Fig. 1 B demonstrate that the inhibitory effect of IL 1
on insulin secretion requires > 5 h to develop. Two different
mechanisms of IL 1 action could have accounted for this find-
ing. One possibility was that islets must be continuously chal-
lenged with IL 1 for > 5 h before they are "committed" to a
state of reduced insulin secretion. A second possibility was that
islets are "committed" to inhibition of insulin secretion soon
after they are exposed to IL 1 but that > 5 h are required for
the inhibitory effect to develop. The latter possibility was
tested by exposing islets to IL 1 for short time periods (1, 3, or
5 h) and then removing the IL 1 from the medium. After this
1-, 3-, or 5-h pulse with IL 1, the islets were maintained in
culture as described in Methods. Glucose-induced insulin se-
cretion was then measured after various intervals. Fig. 3 dem-
onstrates that exposure of islets to IL 1 for only 1 h followed by
incubation in IL 1-free medium resulted in a time-dependent
diminution of insulin secretion. The time course over which
the diminution of insulin secretion developed was nearly
identical to that observed with continuous IL 1 treatment (Fig.
1 B). The 1-h pulse with IL 1 did not significantly influence
insulin secretion at culture times < 4 h after the 1-h pulse with
IL 1. Thereafter, glucose-induced insulin secretion decreased
dramatically. The maximal degree of inhibition of insulin se-
cretion (60%) occurred 8 h after the 1-h pulse with IL 1, and
this effect persisted throughout the duration of the experiment
(18 h).

Effect of a pharmacologic inhibitor of DNAtranscription on
IL 1-induced inhibition of insulin secretion. The finding that a
brief pulse with IL 1 was sufficient to produce the cytokine's
inhibitory effect on insulin secretion offered a model for study-
ing IL 1 action. Because this model involves exposure of islets
to IL 1 for only 1 h, followed by measurement of glucose-in-
duced insulin secretion at later times, it is useful for identifying
the early biochemical responses to IL 1 that ultimately lead to
inhibition of insulin secretion more than five hours later. To
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Figure 3. Effect of a 5-, 3-, or 1-h
pulse with IL I on glucose-in-
duced insulin secretion measured
at later time points. Islets were
cultured with IL 1 (5 U/ml) for 5,
3, or 1 h(s). After the 5-, 3-, or 1-h
pulse with IL 1, the islets were
washed and suspended in fresh
CMRL-1066 medium containing
no IL 1. The islets were then cul-
tured for an additional 0-17 h,
and glucose-induced insulin secre-
tion was measured at regular in-
tervals, as described in Methods.
Results are the mean±SEMof
data from three independent ex-
periments.

determine whether the inhibitory effect of IL 1 on insulin
secretion required DNAtranscription, we examined the influ-
ence of a pharmacologic inhibitor of mRNAsynthesis (actino-
mycin D) on IL 1-induced inhibition of insulin secretion in
this model (Fig. 4). Islets were exposed to IL 1 for 1 hour; the
IL 1 was then removed; and the islets were cultured for an
additional 8 h. Glucose-induced insulin secretion was then
measured. Actinomycin D (1 gM) was present either during
the 1-h pulse with IL 1 (0-1 h) or during the subsequent 8-h
culture period in the absence of IL 1 (1-9 h). Fig. 4 demon-
strates that actinomycin Dcompletely prevented IL 1-induced
inhibition of insulin secretion when the agent was present
during the 1-h pulse with IL 1. When actinomycin D was
added after the IL 1 pulse, however, it did not prevent the
inhibitory effect of IL 1. These data indicate that the develop-
ment of the inhibitory effect of IL 1 on insulin secretion re-
quires that new mRNAsynthesis occurs within the first hour
of exposure to IL 1.

Effect of pharmacologic inhibitors of mRNAtranslation on
IL 1-induced inhibition of insulin secretion. The finding that
actinomycin Dprevented development of IL 1-induced inhibi-

Time Period
0-1 hours

- 9 hours
Z_-

9 0.

z -_n

.

Z-

Figure 4. Effect of actinomycin Don IL 1-induced inhibition of in-
sulin secretion. Islets were pulsed with IL 1 (5 U/ml) for 1 h. After
this 1-h pulse with IL 1, the islets were washed and suspended in
fresh CMRL-1066 medium containing no IL 1. The islets were cul-
tured for an additional 8 h, and glucose-induced insulin secretion
was then measured, as described in Methods. Actinomycin D (1I M)
was present during the 1-h pulse with IL I (0-1 h), or was added
after the 1-h pulse with IL 1 (1-9 h). Results are expressed as the
mean±SEMof data from three independent experiments.
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tion of insulin secretion suggested that the inhibitory effect of
IL 1 might be mediated by the synthesis of new protein(s). This
possibility was tested by examining the influence of the mRNA
translational inhibitor cycloheximide on IL 1-induced inhibi-
tion of insulin secretion (Fig. 5). Islets were pulsed with IL 1
for 1 h. After the IL 1 had been removed from the medium,
cycloheximide (1 juM) was added. The islets were then cultured
for 8 h in the presence of cycloheximide. Glucose-induced
insulin secretion was measured at the end of this period. Fig. 5
demonstrates that addition of cycloheximide to islets after the
1-h pulse with IL 1 completely prevented development of IL
1-induced inhibition of insulin secretion. In separate experi-
ments, other pharmacologic inhibitors of protein synthesis
were examined under these conditions. Both puromycin (500
,gM) and anisomycin (50 ,uM) prevented development of IL
1-induced inhibition of insulin secretion when added to islets
after the 1-h pulse with IL 1 (not shown). Pharmacologic inhi-
bition of protein synthesis during the 1 hour pulse with IL 1
failed to prevent development of IL 1-induced inhibition of
insulin secretion if the inhibitors were removed during the
subsequent incubation period (not shown). The inhibitory ef-
fect of IL 1 on insulin secretion therefore appears to require:
(a) a transcriptional phase (blocked by actinomycin Dbut not
by cycloheximide) that occurs within the first hour of exposure
to IL 1 and (b) a translational phase (blocked by cycloheximide
but not by actinomycin D) that occurs after the first hour of
exposure to IL 1.

To determine the extent to which protein synthesis must be
inhibited to prevent the inhibitory effect of IL 1 on insulin
secretion, islets were exposed to IL 1 for 1 h, washed to remove
the IL 1, and then suspended in CMRL-1066 medium con-
taining L-[35S]methionine (33.3 ,gCi/ml) and various concen-
trations of cycloheximide (0.1-10 ,uM). The islets were then
cultured for 8 h, and total protein synthesis during this 8-h
culture period was measured as described in Methods. Glu-
cose-induced insulin secretion was also measured in parallel
experiments performed under identical conditions. Fig. 6
demonstrates that islet protein synthesis decreased and insulin
secretion increased in IL 1-treated islets as approximately con-
cordant functions of increasing cycloheximide concentrations.

Figure 5. Effect of cycloheximide on IL 1-induced inhibition of insu-
lin secretion. Islets were pulsed with IL 1 (5 U/ml) for I h. After the
1-h pulse with IL 1, the islets were washed and resuspended in fresh
CMRL-1066 medium containing no IL 1. The islets were cultured
for an additional 8 h, and glucose-induced insulin secretion was then
measured, as described in Methods. Cycloheximide (I uM) was
added to cultures after the 1-h pulse with IL I ( 1-9 h). Results are
expressed as the mean±SEMof data from eight independent experi-
ments.
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Figure 6. Effect of cycloheximide on islet protein synthesis and IL 1-
induced inhibition of insulin secrition. Islets were pulsed with IL I
for 1 h. After the 1-h pulse with IL 1, the islets were washed and re-
suspended in fresh CMRL-1066 medium containing cycloheximide
(0.1-10I-OM), L-[35S]methionine (33.3 GCi/ml), and no IL 1. The
islets were cultured for an additional 8 h. Protein synthesis and glu-
cose-induced insulin secretion were then measured, as described in
Methods. Results are expressed as the mean±SEMof data from three
independent experiments.

Comparison of the concentration of cycloheximide required to
prevent development of IL 1-induced inhibition of insulin se-
cretion (EC50 = 0.3 AM) to that required to inhibit protein
synthesis (IC50 = 0.1 M) suggests that protein synthesis must
be inhibited by - 80% to prevent development of IL 1-in-
duced inhibition of insulin secretion (Fig. 6).

Two-dimensional gel electrophoresis of proteins from IL
1-treated islets. The pharmacologic experiments described
above suggested that the inhibition of insulin secretion by IL 1
requires gene transcription and the translation of the resultant
mRNAinto protein products. The technique of two-dimen-
sional (2-D) gel electrophoresis was therefore employed to
identify directly islet proteins whose expression is modulated
by IL 1. Figs. 7 and 8 demonstrate that IL 1 influenced the
expression of three proteins in islets. IL 1 augmented by
> 2.5-fold (P < 0.02) the expression of a protein with a molec-
ular mass of - 65 kD and a pl of - 6.5 (Fig. 8 A). This protein
appeared to consist of two isomeric forms that differed slightly
in mobility on SDS-PAGE. The relative abundancies of two
other proteins, each with a pl of - 5.0 and approximate mo-
lecular masses of 50 and 45 kD, were decreased in the IL
1-treated islets by 59 (P < 0.002) and 31% (0.1 > P > 0.05),
respectively (Fig. 8 B). Table II summarizes the approximate
molecular weight and isoelectric point, the relative abundance
compared with control, and the statistical significance of the
difference between control and IL 1-treated samples for each
protein whose expression was modulated by IL 1. The number
(1, 2, or 3) assigned to each protein listed in Table II specifies
the location of the protein in the autoradiograms shown in
Figs. 7 and 8.

Discussion

These results confirm the finding by our group (7, 16) and
others (4-6, 8-1 1) that IL 1 is a potent inhibitor of glucose-in-
duced insulin secretion from isolated islets and that this effect
develops in a time and IL 1 concentration-dependent manner
(Fig. 1, A and B). It is also demonstrated for the first time here
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from islets exposed to IL 1. These autoradiograms are representative of three independent experiments performed in quadruplicate. Numbered
arrows designate proteins whose expression was found to be modulated by IL I in a statistically significant manner and allow cross-referencing
to Fig. 8 and to the statistical analysis displayed in Table II.

that IL 1 inhibits insulin secretion from a highly purified p3-cell
population obtained by FACS. This is the only demonstration
of which we are aware that IL 1 influences insulin secretion by
a p3-cell population purified from normal islets. This result
strongly suggests that IL 1 exerts its effect on insulin secretion
by a direct interaction with the p3-cell rather than by an action
on an intermediary cell. This conclusion is also supported by
Hammonds's recent demonstration that an insulin-secreting

A

$-cell line derived from hamster insulinomas (HIT-T1 5) pos-
sesses specific receptors for IL 1 and that IL 1 inhibits glucose-
induced insulin secretion from these tumor cells (25).

To determine whether the inhibition of insulin secretion
induced by IL 1 in our 18-h experimental design could be
attributed to a defect in insulin biosynthesis, we examined islet
preproinsulin mRNAlevels. A comparison of the time depen-
dence of the IL 1 effects on insulin secretion (Fig. 1 A) and
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Figure 8. Two-dimensional gel electrophoresis of proteins from IL 1-treated islets. These photographs represent magnifications of the areas of

the autoradiograms where IL I was observed to influence the expression of proteins (see Fig. 7). Numbered arrows allow cross-referencing of

the designated proteins to the statistical analysis displayed in Table II.
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Table II. Modulation of Protein Synthesis by IL I

Protein Molecular mass pI Optical density Statistical significance

kD % of control

1 65 6.5 253±62 0.02 > p
2 50 5.0 41.4±5.7 0.002 > p
3 45 5.0 68.8±8.9 0.1 > p > 0.05

Isolated islets were labeled with [35S]methionine in the presence of IL
1 (5 U/ml) or vehicle as described in Methods. The table summarizes
the approximate molecular mass and isoelectric point, the relative
abundance compared with control, and the statistical significance of
the difference between control and IL 1-treated samples for each of
the three proteins whose expression was modulated by IL 1 and that
are represented in Figs. 7 and 8. The number (1, 2, or 3) assigned to
each protein listed in Table II specifies the location of the protein in
the autoradiograms shown in Figs. 7 and 8. Data are expressed as the
mean±SEM(n = 4-12). p values were determined by two-tailed t test.

preproinsulin mRNAlevels (Table I) indicates that the inhibi-
tion of insulin secretion by IL 1 clearly occurs before any
alterations in preproinsulin mRNAlevels. This finding, cou-
pled with the observation that total islet insulin content did
not change during 18-h treatment with IL 1 (Table I), demon-
strates that inhibition of insulin secretion by IL 1 is unlikely to
involve reduction in the insulin available for secretion in the
(3-cell. The modest reduction of preproinsulin mRNAlevels
which occurs late in the time course (18 h) of exposure of islets
to IL 1 has also been reported by Spinas et al. (26). Thus,
whereas reduced insulin biosynthesis may play a role in the
effects of IL 1 on insulin secretion and islet function following
exposure times exceeding 18 h, our results demonstrate that
shorter exposures (1-18 h) of islets to IL 1 inhibit insulin
secretion under conditions where islet insulin content is unaf-
fected and by a mechanism which is independent of effects on
insulin biosynthesis.

Perhaps the most striking finding of this study is that only
brief periods (1 h) of exposure of islets to IL 1 are required to
induce commitment to a state of reduced glucose-induced in-
sulin secretion that develops several hours later. Previous stud-
ies on the mechanism of action of IL 1 on islets have been
confounded by the fact that the inhibitory effect of IL 1 re-
quires several hours or days to develop, depending on the
experimental design. That the inhibitory effects of IL 1 on
islets develop rather slowly has made it difficult to link early
biochemical events to the inhibition of insulin secretion which
occurs hours later. Our finding that a 1-h exposure of islets to
IL 1 is sufficient to inhibit insulin secretion 17 h after the IL 1
has been removed from the culture has two important impli-
cations. First, it demonstrates that biochemical events which
mediate the inhibitory effect of IL 1 occur within the first hour
of exposure; once these events occur, the islets are "commit-
ted" to develop a state of reduced insulin secretion several
hours later. The observation that transitory exposure of the
(-cell to IL 1 produces dramatic, sustained inhibition of insu-
lin secretion strengthens the hypothesis that fluctuating con-
centrations of IL 1 in the endocrine pancreas may play an
important role in the physiologic modulation of insulin secre-
tion in vivo (7, 13). Second, this experimental model is well

suited to the use of pharmacological probes to study signal
transduction events which mediate the inhibitory effect of IL 1
on insulin secretion. Because this model requires that islets be
exposed to IL 1 for only 1 h, potential pharmacological inhibi-
tors of IL 1 action can be tested during the 1-h pulse and then
washed away with the IL 1. Glucose-induced insulin secretion
can then be measured 7-18 h later, in the absence of both IL 1
and the pharmacologic inhibitor. In this manner, early bio-
chemical effects can be linked to the inhibition of insulin se-
cretion occurring at later times. This feature of the model has
been exploited to examine the effects of pharmacologic inhibi-
tors of gene transcription and mRNAtranslation on the sup-
pression of insulin secretion by IL 1. In this way, we were able
to divide the inhibitory effect of IL 1 on insulin secretion into:
(a) a gene transcriptional phase (inhibited by actinomycin D
but not by cycloheximide) occurring within the first hour of
exposure to IL 1 and (b) an mRNAtranslational phase (inhib-
ited by cycloheximide but not by actinomycin D) occurring
after the first hour of exposure to IL 1. These findings suggest
that IL 1 exerts its inhibitory influence on insulin secretion by
inducing the synthesis of mRNAwhich is translated into pro-
tein(s). Moreover, the two-dimensional gel analysis of [35S]-
methionine-labeled proteins (Figs. 7 and 8) provides direct
evidence that IL 1 is capable of modulating the expression of
specific gene products in isolated islets.

Our findings indicate that relatively short (9 h) exposure of
isolated islets to IL 1 can modulate the expression of specific
proteins and that this effect results in reduced insulin secre-
tion. While this manuscript was in preparation, Helqvist re-
ported that very long (24 h) exposure of islets to IL 1 induces
the synthesis of proteins of 32, 70, and 80 kD (27). These
proteins were not identified, but it was suggested that they
represent heat shock proteins, SOD, or other proteins involved
in the functional response of the islet to oxidative stress and
toxic free radical formation (27). It therefore appears that IL 1
exerts time-dependent effects on protein synthesis in islets.
Short ( 1-9 h) exposure of islets to IL 1 enhances the expression
of protein(s) which mediate the inhibition of insulin secretion
induced by IL 1, whereas long (24 h) exposure of islets to IL 1
enhances the expression of proteins which may be involved in
the functional response of the (3-cell to the deleterious effects of
the cytokine. Identification of the proteins induced by IL 1
after both short and long exposures may lead to a better un-
derstanding of the mechanisms that underlie the functional
effects of IL 1 on the ,8-cell.

In summary, we have provided evidence that IL 1 inhibits
insulin secretion by exerting a direct effect on the (3-cell, and
we have demonstrated that the inhibition of insulin secretion
by IL 1 occurs in the absence of significant alterations in islet
insulin content and before changes in preproinsulin mRNA
levels. Wehave developed an experimental model that allows
us to relate early biochemical changes induced by IL 1 to the
inhibitory effect of the cytokine on insulin secretion observed
at later times. Wehave exploited this model by using it to
divide the inhibitory effect of IL 1 on insulin secretion into a
transcriptional phase, occurring within the first hour of expo-
sure to IL 1, and a translational phase, occurring after the first
hour of exposure to IL 1. Finally, we have used the technique
of two-dimensional gel electrophoresis to demonstrate directly
that IL 1 modulates the expression of specific gene products in
islets.
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