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Abstract

Cytokines have been proposed as inducers of fl-cell damage in
human insulin-dependent diabetes mellitus via the generation
of nitric oxide (NO). This concept is mostly based on data
obtained in rodent pancreatic islets using heterologous cytokine
preparations. The present study examined whether exposure of
human pancreatic islets to different cytokines induces NOand
impairs fl-cell function. Islets from 30 human pancreata were
exposed for 6-144 h to the following human recombinant cyto-
kines, alone or in combination: IFN-y (1,000 U/ml), TNF-a
(1,000 U/ml), IL-6 (25 U/ml), and IL-1if (50 U/ml). After
48 h, none of the cytokines alone increased islet nitrite produc-
tion, but IFN-'y induced a 20% decrease in glucose-induced in-
sulin release. Combinations of cytokines, notably IL-1,8 plus
IFN-y plus TNF-a, induced increased expression of inducible
NOsynthase mRNAafter 6 h and resulted in a fivefold in-
crease in medium nitrite accumulation after 48 h. These cyto-
kines did not impair glucose metabolism or insulin release in
response to 16.7 mMglucose, but there was an 80%decrease in
islet insulin content. An exposure of 144 h to IL-1if plus IFN-'y
plus TNF-a increased NOproduction and decreased both glu-
cose-induced insulin release and insulin content. Inhibitors
of NO generation, aminoguanidine or NG-nitro-L-arginine,
blocked this cytokine-induced NOgeneration, but did not pre-
vent the suppressive effect of IL-1,8 plus IFN-'y plus TNF-a on
insulin release and content. In conclusion, isolated human islets
are more resistant to the suppressive effects of cytokines and
NOthan isolated rodent islets. Moreover, the present study
suggests that NOis not the major mediator of cytokine effects
on human islets. (J. Clin. Invest. 1994. 93:1968-1974.) Key
words: ,B-cells * nitric oxide * interleukin-1if * tumor necrosis
factor-a interferon-'y

Introduction

The clinical manifestation of insulin-dependent diabetes melli-
tus (IDDM)' is preceded by a long prodromal period ( 1 ). Dur-

Address correspondence to DEcio L. Eizirik, Department of Medical
Cell Biology, Uppsala University, Biomedicum, P.O. Box 571, S-75 1
23 Uppsala, Sweden.

Receivedfor publication 5 November 1993 and in revisedform 29
December 1993.

1. Abbreviations used in this paper: AG, aminoguanidine; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; IDDM, insulin-depen-

ing this period a negative balance between (3-cell damage ( 1, 2)
and 1-cell repair (3) will decrease the number and function of
p-cells, eventually culminating in overt hyperglycemia. Identi-
fication of mediators of f-cell destruction and of mechanisms
involved in f-cell repair may help develop strategies favoring
f-cell survival in the early stages of the disease (2, 3).

Cytokines, particularly IL- 1, have been proposed as poten-
tial mediators of f-cell damage in IDDM (4, 5). In vitro expo-
sure of rodent islets to human IL- 1, alone or in combination
with TNF-a and/or IFN-y, induces suppression and loss of
fl-cells, as judged by electron microscopy and DNAmeasure-
ments (4-6). It is noteworthy that IL- lfl is cytodestructive to
a- and f-cells in whole rat islet preparations but lacks this effect
in purified a- and fl-cell preparations, where it exerts only a
fl-cell-selective suppression of cell function (7). These deleteri-
ous effects of IL- 1 in rat islets are related to generation of the
radical nitric oxide (NO) (8-10). NOforms iron-nitrosyl com-
plexes with enzymes containing FeS, like the Krebs cycle en-
zyme aconitase, leading to inhibition of aconitase activity (9),
decrease in glucose and amino acid metabolism (6, 9), and
decrease in ATPgeneration (6). In mouse islets, IL- 1 also im-
pairs insulin release in parallel to NOgeneration (1 1-13 ), but
this is not associated with an impairment in mitochondrial
function or ATP generation (1 1-13).

Conflicting results have been reported from studies with
human islets ( 14-18), possibly as a result of a wide variability
in the studied preparations. The present work took advantage
of the availability of standardized human islet preparations of
well known cell composition and function (17, 19). Using
these well defined preparations, we demonstrated recently that
IL- I , alone does not inhibit function or induce NOgeneration
by human islets ( 17). In the present study, islets obtained from
30 different cadaveric organ donors were used to characterize
the effects of cytokines known to affect rodent islet function
(4-6), namely IL-lfl, TNF-a, IFN-y, and IL-6, alone or in
combinations, on the function and NOgeneration by human
islets.

Methods

Cytokines and chemicals. Human recombinant IL- I, was kindly do-
nated by Dr. S. Gillis (Immunex Corp., Seattle, WA)and had a bioacti-
vity of 50 U/ng. Human recombinant TNF-a and IFN-'y were pro-
vided by Dr. G. R. Adolf(Ernst-Boehringer Institute, Vienna, Austria)
and had abioactivity of 50 and 10 U/ng, respectively. Humanrecombi-
nant IL-6 was a kind gift from Dr. T. Hirano (Dainippon, Osaka,
Japan) and had a bioactivity of 5 U/ng. The cytokines were tested for

dent diabetes mellitus; iNOS, inducible form of nitric oxide synthase;
KRBH, KRBsupplemented with Hepes and BSA; L-nitroarg, N0-ni-
tro-L-arginine; NO, nitric oxide.
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bioactivity using EL4 cells (IL-1,f) (20), B9 hybridoma cells (IL-6)
(21 ), L-M mouse connective tissue cells (TNF-a) (22), and potentia-
tion of TNF-a production by human blood monocytes (IFN-'y) (23).
Bioactivities of the cytokines were compared with corresponding inter-
national reference preparations (National Institute for Biological Stan-
dards and Controls, London, UK). The endotoxin contents of the cy-
tokine preparations did not exceed 1 pg/hg cytokine, as tested in a
chromogenic Limulus amebocyte lysate assay (Struers, Rodovre, Den-
mark).

The chemicals were obtained from the following sources: BSA
(fraction V) from Miles Laboratories (Slough, UK); culture medium
RPMI 1640, FCS, and L-glutamine from Northumbria Biologicals
(Cramlington, UK); naphthylenediamine dihydrochloride, sulfanil-
amide, aminoguanidine (AG), N0-nitro-L-arginine (L-nitroarg), and
Hepes from Sigma Chemical Co. (St. Louis, MO); [a-32PJdCTP, D-
[U- 14C] glucose, and Megaprime DNAlabeling system from Amer-
sham International (Aylesbury, UK); agarose from FMCCorp. Bio-
Products (Rockland, ME); and MagnaGraph nylon transfer mem-
brane from Micron Separation Inc. (Westboro, MA). All other
chemicals of analytical grade were obtained from E. Merck (Darm-
stadt, Germany) or from Sigma Chemical Co.

Islet isolation. Over a period of 18 mo, 30 pancreata were excised
from adult cadaveric organ donors, transported to the Central Unit of
the p3-Cell Transplant, Brussels, and the islets were isolated as described
recently ( 19 ). The mean age of the donors (±SEM) was 32±3 yr (range
of 9-61 yr). Aliquots of the islet-enriched fraction were examined rou-
tinely by electron microscopy (n = 30), which indicated 8.2±1.0%
dead cells and 2.4±1.1% exocrine cells in the preparations. The preva-
lence of insulin- and glucagon-positive cells, as evaluated by light micro-
scopical examination of immunocytochemically stained islets, was
51±3 and 8±1%, respectively. The islet insulin content was 1.34±0.11
ng insulin/ng DNA.

Islet culture. After isolation in Brussels, the islets were cultured in
medium HAMF10 containing 6.1 mMglucose supplemented with
0.5% BSA, 0.08 mg/ml penicillin, and 0.1 mg/ml streptomycin. The
culture period varied between 1 and 8 d (mean±SEM, 4.5±0.4 d), and
the islets were subsequently sent by air from Brussels to Uppsala. A
detailed description of this procedure and of functional tests on human
islets under different culture conditions has been presented previously
( 19). The human islets were then cultured free-floating in groups of
100-150 islets per dish in medium RPMI 1640 containing 5.6 mM
glucose and supplemented with 10% FCS, benzylpenicillin (100 U/
ml), and streptomycin (0.1 mg/ml), and the medium was changed
every 2 d. These culture conditions have been shown to preserve the
functional activity of human islets for over 2-3 wk in culture ( 17, 19,
and Eizirik, D. L., unpublished data). After 5-6 d in culture, the me-
dium was supplemented with different cytokines (IL-6, 25 U/ml; IFN-
-y, 1,000 U/ml; TNF-a, 1,000 U/ml; and IL- I,, 50 U/ml), alone or in
combinations, and the culture continued for 6 h, 30 h, 48 h, or 6 d. The
cytokine concentrations used in the present experiments were adopted
from data obtained in rat and mouse pancreatic islets (6, 9, 11, 24, and
Cetkovic-Cvrlje, M., and D. L. Eizirik, manuscript submitted for publi-
cation). Note that the 25 IU/ml IL-6 (new National Institute for Bio-
logical Standards and Controls Standard) used in the present experi-
ments is biologically equivalent to 2,500 U/ml IL-6 used in our pre-
vious study on effects of IL-6 on rat pancreatic islets (24). A detailed
study of the effects of IL-I# alone on human pancreatic islets was
reported recently (17), and we therefore did not repeat these experi-
ments in the present study. In the current series of experiments, we
evaluated both the effects of 48 h and 6 d of exposure to cytokines on
human islet function and survival. In the latter case, the combination
of cytokines used was IL-1I, plus TNF-a plus IFN-y. In the final three
to five experiments of this series, the islets were also exposed to inhibi-
tors of NOproduction, i.e., AGor L-nitroarg (8, 9, 25). When islets
were exposed to the cytokines for 6 d, fresh cytokines and/or AGor
L-nitroarg were added every 2 d, after change of medium.

Islet insulin release. DNAand insulin contents and glucose oxida-
tion. After exposure to the different cytokines, samples from the me-

dium were taken for assessment of insulin (26) or nitrite concentra-
tions (see below). The islets were then recovered and used for determi-
nation of acute glucose-stimulated insulin release and insulin and
DNAcontents, as described previously ( 19). Briefly, triplicate groups
of 7-10 islets each were incubated in sealed glass vials containing 0.25
ml KRB (27) supplemented with 10 mMHepes and 2 mg/ml BSA
(KRBH). During the first hour of incubation at 370C (02:C02; 95:5),
the KRBHcontained 1.7 mMglucose. The buffer was then removed
carefully and replaced by KRBHcontaining 16.7 mMglucose, and the
islets were incubated for a further 60 min.

For measurements of islet glucose oxidation rates, triplicate groups
of 10-15 islets were transferred to glass vials containing D- [U- 4C ]-
glucose and nonradioactive glucose to a final concentration of 1.7 or
16.7 mMglucose, and islet glucose oxidation was measured as de-
scribed previously (28).

Nitrite determination. Aliquots of the culture medium (80 1A) were
deproteinized by the addition of 20 ,g 35% sulfosalicylic acid. Samples
were incubated for 15 min at 0C and then centrifuged for 15 min at
12,000 g. 10 ti of 0.5% naphthylenediamine dihydrochloride was
added to the supernatant, together with 5% sulfonilamide and 25%
concentrated H3PO4 (9). The reaction was carried out at 60'C for 1
min, and the absorbance was measured at 546 nmin a spectrophotome-
ter (DU-62; Beckman Instruments, Inc., Palo Alto, CA) against a stan-
dard curve.

Northern blot analysis. Total RNAwas extracted by the guanidine
isothiocyanate method (29). After extraction, the RNAsamples (10-
15 ug) were electrophoresed on a 1% agarose gel containing 2.2 M
formaldehyde. After acridine orange staining of the gel to document
similar sample loading, the RNAwas transferred onto a nylon mem-
brane. In the first series of experiments, Northern blots prepared with
RNAobtained from islets exposed for 6 h to cytokines were hybridized
sequentially to 32P-labeled cDNAprobes coding either for the inducible
form of nitric oxide synthase (iNOS) from human hepatocytes (30) or,
as internal control, for human glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (American Type Culture Collection, Rockville, MD).
GAPDHmRNAcontent is unaffected by islet exposure to IL- 1,B (31 ).
In a second series of experiments, islets were exposed for 30 h to cyto-
kines, and the Northern blots were sequentially hybridized to cDNA
probes coding for the rat insulin I gene (pRI-7; 32) and GAPDH.Hy-
bridization and autoradiography were performed as described previ-
ously (31). Densitometric analysis of the autoradiograms was per-
formed after nonsaturating exposure with a densitometer (Quick Scan
Jr.; Helena Laboratories, Beaumont, TX). In all experiments the val-
ues obtained by densitometric scanning of the blots hybridized with the
probe for rat insulin I were corrected by the values obtained with hy-
bridization with the GAPDHprobe.

Statistical analysis. Data are presented as means±SEM, and groups
of data were compared using Student's paired or unpaired t tests, as
appropriate. When multiple comparisons were performed, the data
were analyzed by ANOVAfollowed by group comparisons using the
Student's t test. The P values were corrected for multiple comparisons
using the Bonferroni method (33). In all experimental series, each islet
preparation (i.e., islets obtained from one donor) was considered as
one individual observation. Whenexperiments were performed in trip-
licate, a mean was calculated and considered as one separate observa-
tion.

Results

Islet recovery (i.e., percentage of islets remaining in culture)
after 48 h of exposure to the different combinations of cyto-
kines was 97- 1 00% in all experimental groups. The presence of
cytokines did not modify the islet DNAcontent but signifi-
cantly decreased islet insulin content in the following combina-
tions: IFN-,y plus TNF-a plus IL-6, IL- 1I plus TNF-a plus
IFN-'y, or IL-1,B plus TNF-a plus IFN-'y plus IL-6 (Table I).
None of the cytokines alone decreased islet insulin content.
IFN-,y, TNF-a, IL-6 (Table I), or IL- 1 alone ( 17) failed to
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Table I. Effects of a 48-h Exposure to Cytokines on Insulin and
DNAContent or Nitrite Production of HumanPancreatic Islets

Cytokines Insulin content DNAcontent Medium nitrite

ng/10 islets ng/JO islets pmol/islet X 48 h

None 433±132 420±46 7.1±2.5
IFN-'y 486±121 415±53 9.5±1.2
IL-6 311±71 362±59 12.6±0.6
TNF-a 274±52 416±56 16.5±2.2
IFN-y plus TNF-a 245±51 421±54 23.7±8.8
IFN-'y plus IL-6 252±60 423±57 18.4±5.1
TNF-a plus IL-6 237±35 464±68 21.9±7.8
IFN-,y plus TNF-a

plus IL-6 156±30* 473±65 12.2±3.9
IL- Id plus TNF-a

plus IFN-,y 91±19t 456±65 37.4±5.1t
IL-lI3 plus TNF-a

plus IFN-y plus IL-6 84±14t 479±98 24.4±1.9*

Groups of islets were isolated and exposed to IFN-y 1,000 U/ml, IL-6
25 U/ml, TNF-a 1,000 U/ml, and IL-1fl 50 U/ml, as described in
Methods. Values are means±SEMof 8-10 experiments (insulin con-
tent and DNAcontent) or 3-4 experiments (nitrite determination).
* P < 0.05, t P < 0.01, respectively, for a chance difference vs noncy-
tokine-treated control islets.

induce NOproduction, as judged by medium nitrite accumu-
lation. However, combinations of cytokines, i.e., IL-fI plus
TNF-a plus IFN-y or IL- 13 plus TNF-a plus IFN-,y plus IL-6,
induced a three- to fivefold increase in medium nitrite content.
Moreover, 6 h of exposure to a combination of IL-i ( plus
TNF-a plus IFN-y induced a clear expression of iNOS mRNA
(Fig. 1). The transcript was 4.5 kb in length, similar to that
induced in hepatocytes by a combination of cytokines (30).
Expression of iNOS mRNAwas studied after 6 h of exposure to
cytokines based on previous observations in human hepato-
cytes and hamster insulin-producing cells, showing that iNOS
mRNAexpression peaked after 6-8 h of exposure to cytokines
(30, 34) and returned to basal levels after 24-48 h (30). In-
deed, in two experiments where expression of iNOS mRNAin
human islets was evaluated after 30 h of exposure to cytokines,
there was a less marked expression of iNOS mRNAthan that
observed after 6 h (data not shown). Expression of GAPDH
mRNA,used as an internal control, was not modified (Figs. 1
and 2).

It has been shown previously that IL- 1-induced NOproduc-
tion by rat pancreatic islets induces an early severe impairment
in /3-cell glucose oxidation (6, 35). To test if this was also the
case for human pancreatic islets, rates of glucose oxidation in
the presence of 16.7 mMglucose were evaluated after 48 h of
exposure to different combinations of cytokines. Control islets
oxidized 188±21 pmol glucose/ 10 islets X 90 min (mean±SEM;
n = 3), while islets exposed to IL- 1(3 plus TNF-a plus IFN--y or
IL- 13 plus TNF-a plus IFN-,y plus IL-6 oxidized 226±43 and
217±17 pmol/10 islets x 90 min, respectively (n = 3). Thus,
induction of NOby combinations of cytokines was not accom-
panied by a decrease in the glucose oxidation rates. The same
combinations of cytokines and the combination IFN-y plus
IL-6 induced a marked increase in medium insulin accumula-
tion (Table II), without affecting insulin release in response to
16.7 mMglucose. However, at this stage the cytokines tended
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Figure 1. Northern blot
analysis of human islets
after 6 h of exposure to
IL- 13 plus IFN-,y plus
TNF-a. Sequential hy-
bridizations were per-
formed with cDNAs en-
coding for iNOS and
GAPDH. Lane 1, con-
trol; lane 2, cytokine-
treated. The figure is
representative of two
separate experiments.

to increase basal insulin release at 1.7 mMglucose, leading to a
diminished insulin increase ratio in response to glucose. An
increase in medium insulin accumulation and basal insulin
release, coupled to a low insulin increase ratio, may be because
of (3-cell damage and passive leakage of insulin. However, the
observations that islet morphology was well preserved (data
not shown), that there was no decrease in islet DNAcontent
(Table I) or insulin and GAPDHmRNAexpression (Fig. 2;
see below), and that glucose oxidation rates were not affected
(see above) all argue against this possibility. The combinations
of cytokines that induced higher medium insulin nitrite accu-
mulation (Table I) also induced higher increase in medium
insulin (Table II). In fact, there was a significant correlation (P
< 0.01 ) between mean values for medium insulin and medium
nitrite accumulation when pooling the data from the various
experimental groups.

While TNF-a and IL-6 did not affect islet insulin release
(Table II), IFN-y induced a significant decrease in both basal
and glucose-stimulated insulin release. An inhibitory effect on
glucose-stimulated insulin release was also observed when
IFN-,y was combined with TNF-a. Note that IFN--y failed to
induce a significant increase in islet NOproduction (Table I).
Wehave observed previously that 48 h of exposure of human
islets to IL- 1(3 leads to stimulation of insulin release both at 1.7
and 16.7 mMglucose ( 17). This may explain why the inhibi-

1 2
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Figure 2. Northern blot
analysis of human islets
after 30 h of exposure to
IL- 1# plus IFN-'y plus
TNF-a. Sequential hy-
bridizations were per-
formed with cDNAs en-
coding for insulin
(INS) and GAPDH.
Lane 1, control; lane 2,
cytokine-treated. The
figure is representative
of four separate experi-
ments (see densitomet-
ric quantification in the
text).
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Table II. Effects of a 48-h Exposure to Cytokines on Medium
Insulin Accumulation and Glucose-stimulated Insulin Release
of HumanPancreatic Islets

Insulin release
Increase

Medium 1.7 mM 16.7 mM ratio
Cytokines insulin glucose glucose (16.7:1.7)

ng/25 islets ng/JO islets
x48h x l h

None 307±85 2.5±0.3 12.6±2.6 7.0±1.0
IFN-y 352±101 1.5±0.2* 10.7±2.6* 7.2±1.4
IL-6 408±138 2.4±0.5 18.5±8.6 7.2±1.5
TNF-a 472±197 2.1±0.5 14.3±6.0 8.0±3.2
IFN-,y plus TNF-a 730±248 4.3±1.5 10.0±3.1* 3.6±0.6P
IFN-y + IL-6 1000±370* 4.9±1.6 20.4±8.4 5.5±1.0
TNF-a plus IL-6 613±206 6.1±3.0 11.0±3.8 3.3±0.9*
IFN-y plus TNF-a

plus IL-6 719±225 7.8±4.9 10.2±3.3 2.5±0.4§
IL-103 plus TNF-a

plus IFN-,y 1638±352t 11.2±5.2 14.3±5.8 2.0±0.7t
IL-1(I plus TNF-a

plus IFN--y
plus IL-6 1665±440t 9.0±4.1 13.5±5.1 2.4±0.5§

Groups of islets were isolated and exposed to IFN--y 1,000 U/ml, IL-6
25 U/ml, TNF-a 1,000 U/ml, and IL-1:3 50 U/ml as described in
Methods. For insulin release experiments, islets were incubated in
triplicate groups of 7-10 in KRBHbuffer containing 1.7 mMglucose
at 37°C. After 60 min, the medium was removed, and the islets were
incubated for another 60 min in medium containing 16.7 mMglu-
cose. The increase ratio was calculated by dividing the insulin release
observed at 16.7 mMglucose by that observed at 1.7 mMglucose.
Values are means±SEMof 8-10 experiments. * P < 0.05, * P <
0.01, § P < 0.001, respectively, for a chance difference vs noncyto-
kine-treated control islets.

tory effects of IFN-'y were not observed in combinations of
cytokines including IL- 13 (Table II) .

Mouse islets exposed for 48 h to IL-1(3 present a marked
decrease in islet insulin content ( 11 ), which is probably second-
ary to an early ( 12-24 h) decrease in insulin mRNA( 12). To
assess if this held true for the observed decrease in islet insulin

content in human pancreatic islets (Table I), we determined
the insulin mRNAcontents of these islets after 30 h of culture
in the absence or presence of IL-1(3 plus TNF-a plus IFN--y
(experimental conditions as in Table I). This treatment in-
duced a fivefold increase in medium nitrite accumulation
(data not shown). As shown in Fig. 2, hybridization of North-
ern blots with the insulin probe yielded the expected 0.5-kb
band. There was no decrease of insulin mRNAin the human
islets exposed to combinations of cytokines, as confirmed by
densitometric analysis. Thus, the values for insulin mRNA,
expressed as arbitrary units of optical density after correction
for GAPDHmRNAcontent, were: controls 1.79±0.33, and
cytokine-exposed 1.53±0.33 (mean±SEM; n = 4). Exposure
of human islets to cytokines did not modify expression of
GAPDHmRNA(Fig. 2).

After exposure of islets to a cytokine combination (IL-1(
plus TNF-a plus IFN-'y) for 6 d, islet recovery was > 95% in all
experimental groups, and this was not affected by the presence
of cytokines or inhibitors of NOgeneration (data not shown).
Similarly, islet DNAcontent was not modified significantly by
any of the treatments (Table III). However, there was a
marked decrease in islet insulin content in the cytokine-treated
group, and this decrease was not prevented by L-nitroarg. It
should be noted that AGitself caused a lowering of the insulin
content, as compared with the control group (Table III, None;
P < 0.01 ), and as a result there was no difference in islet insulin
content between the AGand the AGplus cytokine group. The
cytokine combination induced an almost fourfold increase in
medium nitrite accumulation over the 6 d of exposure (Table
III). The stimulatory effects of cytokines on nitrite accumula-
tion were sustained at similar levels between days 1 and 2, 3
and 4, and 5 and 6 of culture (data not shown), enabling us to
pool these data in Table III. Both AGand L-nitroarg effectively
prevented cytokine-induced nitrite accumulation (P < 0.01 vs
islets exposed to IL- 1(3 alone). After the 6-d period there was a
similar 20-40% decrease in glucose oxidation rates in islets
exposed to cytokines in the presence or absence of AGor L-ni-
troarg, as compared with their respective control groups (Table
III). However, this difference reached statistical significance
only in the AG-cytokine group.

As observed previously (Table II), there was a fivefold in-
crease in medium insulin accumulation during the first 2 d of
cytokine exposure (Table IV). After 3-4 d there was still a

Table III. Effects of 6 d of Exposure to Cytokines (IL-i]( plus TNF-a plus IFN-,y) and/or Inhibitors of NOGeneration on Insulin and
DNAContent, Nitrite Production, and Glucose Oxidation of Human Islets

Treatment Insulin content DNAcontent Medium nitrite Glucose oxidation

ng/10 islets ng/Jo islets pmol/islet x 6 d pmol/10 islets x 1.5 h

None 577±101 (8) 404±58 (9) 20.1±6.7 (6) 131±18 (6)
Cytokines 98±14 (8)* 336±67 (9) 76.3±13.5 (6)* 102±16 (6)
AG 192±51 (4) 403±83 (5) 7.9±2.7 (5) 134±18 (4)
AGplus cytokines 132±37 (4) 451±82 (5) 11.6±1.7 (5) 97±19 (4)t
L-nitroarg 699±197 (3) 527±87 (3) 13.5±1.7 (3) 105±3 (2)
L-nitroarg plus cytokines 143±44 (3)* 440± 101 (3) 18.6±8.7 (3) 61±1 (2)

Groups of islets were isolated and exposed to cytokines (IL-1,B 50 U/ml plus TNF-a 1,000 U/ml plus IFN--y 1,000 U/ml) and/or inhibitors of NO
generation (AG 5 mMor L-nitroarg 5 mM) for 6 d as described in Methods. Rates of glucose oxidation were measured in triplicate groups of
10-15 islets incubated for 90 min in KRBHbuffer (without albumin) supplemented with D-[U-'4C]glucose and 16.7 mMnonradioactive glucose.
The results are means±SEMof the number of experiments indicated in the parentheses. * P < 0.05; * P < 0.01 when compared with the
respective controls.
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Table IV. Effects of 6 d of Exposure to Cytokines (IL-If plus
TNF-a plus IFN--y) and/or Inhibitors of NOGeneration on
Medium Insulin Accumulation of HumanPancreatic Islets

Insulin accumulation in the medium

Treatment Days I and 2 Days 3 and 4 Days 5 and 6

ng/2S islets x 48 h

None 228±29 (9) 230±63 205±37
Cytokines 1227±321 (9)* 399±76* 283±59
AG 353±50 (5) 329±62 303±79
AGplus cytokines 560±78 (5) 268±48 316±46
L-nitroarg 242±46 (3) 279±9 288±28
L-nitroarg plus cytokines 1808±580 (3)* 645±43* 451±30*

Groups of islets were isolated and exposed to cytokines (IL- I( 50 U/
ml plus TNF-a 1,000 U/ml plus IFN-'y 1,000 U/ml) and/or inhibitors
of NOgeneration (AG 5 mMor L-nitroarg 5 mM) for 6 d, as de-
scribed in Methods. Medium was collected for insulin determinations
at 48-h intervals. The results are means±SEMof the number of
experiments indicated in the parentheses. * P < 0.05; t P < 0.01
when compared with the respective controls.

1.5-fold increase in medium insulin in the cytokine-treated
group, which disappeared, however, on the last 2 d of observa-
tion. The increase in medium insulin induced by cytokines was
prevented by AGover the whole period of observation but it
was not prevented by L-nitroarg. Note that both drugs induced
similar inhibition of NOproduction (Table III).

Glucose-induced insulin release was affected markedly by
the 6-d exposure to cytokines (Table V). Thus, there was a

55%decrease in insulin release at the higher glucose concen-
tration, as compared with control islets. Moreover, while con-
trol islets presented a ninefold insulin increase ratio in response
to glucose, cytokine-treated islets barely responded to glucose.
AG failed to prevent cytokine-induced decrease in insulin re-
lease. Thus, the AGplus cytokine group also presented a 55%
decrease in insulin release at 16.7 mMglucose. Furthermore,
even when considering that the increase ratio in the AGgroup
was less than that observed in the control group (Table V,
None; P < 0.08), the inhibitory effect of cytokines was still
present. Essentially the same pattern was observed with L-ni-
troarg. Thus, the drug failed to prevent both cytokine-induced
decrease in insulin release at 16.7 mMglucose and cytokine-in-
duced decrease in the increase ratio. The observations with
N-arg are of special relevance, since the absolute insulin release
and increase ratio of the L-nitroarg group were similar to the
corresponding values in the control (Table V, None) group.

Discussion

None of the tested cytokines by themselves induced NOpro-
duction in human pancreatic islet, as was also the case in the
recent study by Corbett et al. ( 18). In the case of TNF-a and
IL-6, this was paralleled by a lack of effect on human islet
function (present data) and, in the case of IL-1,B, by stimula-
tion of insulin release ( 17). IFN-'y decreased islet insulin re-
lease mildly but significantly, independent of an increase in
NO generation. When different combinations of cytokines
were tested, IL- I, plus IFN-'y plus TNF-a was the most effec-
tive combination in inducing increased NOproduction. This

Table V. Effects of 6 d of Exposure to Cytokines (IL-i]( plus
TNF-a plus IFN--y) and/or Inhibitors of NOGeneration on
Glucose-induced Insulin Release

Insulin release

1.7 mM 16.7 mM Percentage Increase ratio
Treatment glucose glucose of control 16.7:1.7

ng/10 islets x lh

None 3.2±0.9 (9) 18.1±2.4 9.2±2.4
Cytokines 4.9±0.7 (9) 7.6±1.0* 43+5* 1.6±0.2*
AG 4.2±1.1 (5) 10.5±2.1 2.8±0.5
AGplus cytokines 2.4±0.4 (5) 4.1±0.51 45±10§ 1.8±0.2*
L-nitroarg 4.4±2.1 (3) 16.8±2.0 6.2±2.5
L-nitroarg plus

cytokines 10.5±2.8 (3) 9.4±0.6§ 57±4§ 1.0+0.2

Groups of islets were isolated and exposed to cytokines (IL- 1I 50 U/
ml plus TNF-a 1,000 U/ml plus IFN-y 1,000 U/ml) and/or inhibitors
of NOgeneration (AG 5 mMor L-nitroarg 5 mM) as described in
Methods. For insulin release experiments, islets were incubated in
triplicate groups of 7-10 and sequentially exposed to 1.7 or 16.7 mM
glucose, as described in Table II. Percentage of control was calculated
by comparing insulin release at 16.7 mMglucose between islets
exposed to cytokines vs respective controls, i.e., islets exposed to the
same inhibitor of NOgeneration in the absence of cytokines. The
increase ratio was calculated by dividing the insulin release observed
at 16.7 mMglucose by that observed at 1.7 mMglucose. The results
are means±SEMor the number of experiments indicated in the pa-
rentheses. t P < 0.05; § P< 0.01; * P< 0.001 when compared with
respective controls.

was accompanied by expression of iNOS mRNA,and to our
knowledge this is the first demonstration of this transcript in
human pancreatic islets. The cytokine-induced increase in me-
dium nitrite accumulation over a 48-h period (present data)
was similar to that observed previously with rat islets exposed
to IL- I ( (9, 17) or mouse islets exposed to IL- 1( plus IFN-'y
plus TNF-a for 48 h (Cetkovic-Cvrlje, M., and D. L. Eizirik,
manuscript submitted for publication). In rodent islets this is
associated with a marked (3-cell dysfunction, as indicated by
decreased insulin accumulation in the medium, impaired insu-
lin response to glucose, and decreased rates of glucose oxida-
tion (6). In human islets exposed for 48 h to homologous cyto-
kines (present data), there was an increased insulin accumula-
tion into the culture medium, well preserved levels of insulin
release at 16.7 mMglucose, and normal glucose oxidation
rates. These findings suggest that human islets are more resis-
tant than rodent islets to deleterious effects of NO. Interest-
ingly, human islets are also more resistant than both rat and
mouse pancreatic islets to both the toxic effects of streptozoto-
cin, a 13-cell toxin which like NO(9) seems to induce impair-
ment in mitochondrial function (36), and to the deleterious
effects of sodium nitroprusside, a chemical generator of NO
(Eizirik, D. L., B. Margulis, N. Welsh, and C. Hellerstrom,
manuscript in preparation). On the other hand, human islets
are more susceptible than rodent islets to the deleterious effects
of high glucose ( 19). Thus, it seems that human islets exhibit a
pattern of susceptibility and/or resistance to noxious agents
that is different from that observed in rodent islets. It remains
to be clarified if this is a consequence of triggering more effi-
cient and/or different repair mechanisms (3).
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The comparison on the species sensitivity to cytokines is
hampered by the lack of a systematic dose-response and time
course analysis on the effects of cytokines on human islets.
Since the scarcity of human islets precludes performing such a
study in a comprehensive way, i.e., using several different hu-
man islet preparations, we choose to expose human islets to
high concentrations of cytokines, equal or two- to threefold
higher than concentrations shown previously to affect rodent
islets (5, 6). Thus, the present data do not exclude that higher
concentration of cytokines or longer exposure periods may
lead eventually to more severe impairment in human islet
function and fl-cell death. However, it must be pointed out that
higher concentrations of cytokines than the ones used presently
would approach pharmacological levels.

The most prominent alteration induced in human islets by
the 48-h exposure to combinations of cytokines was a marked
decrease in islet insulin content. Two possible explanations for
this observation are increased insulin release, not compensated
for by a sufficient increase in insulin biosynthesis, and/or a
primary decrease in insulin mRNA, leading to a decrease in
insulin biosynthesis. Previous studies suggest that the latter
mechanism is probably the cause of the decreased insulin con-
tent observed in mouse pancreatic islets exposed to IL- 11 (1 1,
12). Indeed, a decreased insulin mRNAis already observed
after 12 h of culture in the presence of the cytokine, preceding
the decrease in insulin content, which is observed only after
24-48 h (12). However, this mechanism does not seem to
operate in human islets. Thus, the present data show that even
30 h of exposure to combinations of cytokines did not decrease
insulin mRNAcontent. Although it cannot be excluded that
longer periods of exposure of human islets to cytokines may
deplete insulin mRNA, the present observations make it un-
likely that this is an early and primary event. Considering that
both IL- 113 plus TNF-a plus IFN--y and IL- 113 plus TNF-a plus
IFN-y plus IL-6, the two combinations of cytokines that in-
duced the most marked decrease in islet insulin content, also
induced the highest accumulation of insulin in the medium, it
seems likely that the hormone depletion in the fl-cells is, at least
in part, secondary to increased insulin release.

Whenthe exposure time to cytokines was prolonged to 6 d,
the insulin accumulation in the medium returned to basal lev-
els after 5-6 d. There was again a severe hormone depletion in
the cells and a 60%decrease in glucose-induced insulin release,
suggesting impaired islet function. In rat islets (6, 35) the sup-
pressive effects of cytokines on insulin release are related to a
marked impairment in glucose oxidation. This was not the case
in mouse islets (1 1, 13) and seems neither to occur in human
islets. The absence of a marked reduction in islet DNAcontent
further argues against a clear cytokine-induced toxicity to hu-
man islets, at least during a 6-d exposure. The present data are
more compatible with a cytokine-induced functional suppres-
sion rather than cytokine-induced 1-cell death.

The mechanism(s) of this suppression is still unknown.
The parallel between 1-cell dysfunction and increased nitrite
accumulation into the medium favors a role for NOin human
1-cell dysfunction. However, inhibition of NOgeneration by
AGor L-nitroarg did not protect against the inhibitory effects
of cytokines (present data), while this was clearly the case in
rodent islets (8, 9, 37). The present study thus argues against
the view that NOis the main mediator of the inhibitory effects
of cytokines on human pancreatic islets ( 18 ). Two alternative
possibilities should be considered. First, cytokines may lead to

islet functional "exhaustion," by markedly increasing human
islet insulin release, as observed in human islets cultured for 6 d
in the presence of high glucose concentrations ( 19). Second,
combinations of cytokines may induce the synthesis of other
toxic radicals, like hydrogen peroxide, superoxide, and the hy-
droxyl radical, as suggested for rat islets exposed to similar
cytokines (5, 38, 39). NOhas been proposed to be an impor-
tant mediator of 1-cell damage in human IDDM(40, 41 ). This
hypothesis was based mostly on data obtained using rat pancre-
atic islets, a species in which 13-cells are particularly susceptible
to NO toxicity. The present findings, obtained with a large
number of well defined human islet preparations, suggest that
further investigations must be carried out before in vitro stud-
ies performed on rodent islets can be extrapolated to human
IDDM. Another possibility in the context of IDDMis that the
main source of NOgeneration in the vicinity of the 13-cells is
nonendocrine cells, such as invading macrophages (41 ), which
can produce cytokines as well as large amounts of NO. It is
conceivable that macrophage-generated NO, together with cy-
tokine-induced NOand/or other radical(s), could then con-
tribute to 13-cell destruction.
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