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Abstract Cytokines produced by immune system cells in®ltrating pancreatic islets are candidate mediators of islet
beta-cell destruction in autoimmune insulin-dependent diabetes mellitus. After 72 h exposure of human pancreatic islets
to a cytotoxic cytokine combination of interleukin 1 beta (50 U/ml), tumor necrosis factor alpha (1,000 U/ml), and
interferon gamma (1,000 U/ml), an increase of cell death vs. control islets was demonstrated by TUNEL and cell death
detection ELISA method. Islet death was associated with apoptosis and mitochondrial swelling as evidenced by electron
microscopy. This effect was correlated with a marked decrease of Bcl-2 mRNA expression (without any major change of
Bax mRNA) and a marked increase of inducible nitric oxide synthase mRNA. Since peripheral benzodiazepine receptors
constitute the aspeci®c mitochondrial permeability transition pore, and that it has been suggested to be involved in
cytokine-induced cell death, we evaluated the effects of the cytotoxic cytokines on PBR density and mRNA expression.
We demonstrated that cytokine treatment of human islets induced an increase of maximum density of 3H1-(2-
chlorophenyl-N-methyl-1-methylpropyl)-3- isoquinolinecarboxamide binding sites, (5,110� 193 vs. 3,421� 336 fmol/
mg proteins, P< 0.05) with no signi®cant change in the af®nity constant value (9.45� 0.869 vs. 8.7� 1.159 nM).
Moreover, an increase of the expression of peripheral benzodiazepine receptor mRNA was observed, suggesting an
increased transcription from the coding gene. These results suggest a possible role of peripheral benzodiazepine
receptors in the organism response to tissue damage associated with in¯ammatory mediator production. J. Cell.
Biochem. 84: 636±644, 2002. ß 2001 Wiley-Liss, Inc.
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Type I (or insulin-dependent) diabetes
(IDDM) results from a selective autoimmune
destruction of pancreatic islet insulin-produ-
cing beta cells, which develops in genetically
predisposed subjects [Kukreja and Maclaren,
1999].

Studies on IDDM animal models have shown
that macrophages are the ®rst cells to in®ltrate
the islets of Langerhans, followed by lympho-
cytes [Yoon et al., 1998]. An increased expres-
sion of cytokines in the insulitis has been
reported, and different combinations of cyto-
kines have been shown to decrease the function
and viability of cells in vitro, partially through
the production of nitric oxide and/or reactive
oxygen species by the beta cells themselves or by
cells in their vicinity, such as macrophages and
endothelial cells [Mandrup-Poulsen, 1996].

It has been previously observed that exposure
of human pancreatic islets to a combination of
cytokines, interleukin 1-beta (IL-1beta) tumor
necrosis factor alpha (TNF-alpha) and inter-
feron gamma (IFN-gamma) severely impairs
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beta cell function affecting DNA integrity
and viability of human islet cells [Delaney
et al., 1997; Piro et al., 2001] and eventually
causing beta cell death by apoptosis or necrosis
[Saldeen, 2000]. It has now become clear that
mitochondria do exhibit major changes in their
structure and function during apoptosis [Green
and Kroemer, 1998; Kroemer et al., 1998;
Lemasters et al., 1998]. In most cases of
apoptosis, changes in mitochondrial permeabil-
ity transition (MPT) precedes the major
changes in cell morphology and biochemistry
including nuclear DNA fragmentation. This
change is indicative of enhanced permeability
of membrane that has been related to the
opening of a dynamic multiprotein pore formed
in the contact site between the inner and outer
mitochondrial membranes. Although the mole-
cular elements constituting this pore have not
been de®nitively established, they are pre-
sumed to derive from well-known membrane
proteins, including the peripheral benzodiaze-
pine receptor (PBR) complex which is consti-
tuted by the adenine nucleotide translocator
(ANC), the porin molecule, and the 18 kDa
isoquinoline binding protein [Gunter and Pfeif-
fer, 1990; Bernardi et al., 1994; Gunter et al.,
1994; Zoratti and Szabo, 1995].

PBR seems to be involved in a wide spectrum
of activities within the cells [Gavish et al., 1999],
and its density is dramatically increased in a
variety of pathological states also involving
the release of cytokines [Bourdiol et al., 1991;
Oh et al., 1992; Agnello et al., 2000; Rey
et al., 2000].

It has been demonstrated that proin¯amma-
tory cytokines activate intracellular phosphor-
ylation cascades involved in the transcriptional
and translational modulation of gene expres-
sion, cell cycle arrest and cell death [Salituro
et al., 1999].

In rat insulin-producing cells, it has been
suggested that cytokines induce both necrosis
and apoptosis via a common Bcl-2 inimitable
pathway [Saldeen, 2000], which might involve
MPT. In fact, the principal role of the anti-
apoptotic protein Bcl-2 in preventing cell death
was recently shown to be the inhibition of the
MPT-pore opening induced by death receptor
activation, such as TNF receptors [Adams and
Cory, 1998; Ashkenazi and Dixit, 1998]. In
addition, it is now ascertained that the citodes-
tructive effects of cytokines on islet beta-cells
involve the production of oxygen free radicals

and ceramide [Sjoholm, 1998] that, during the
premitochondrial phase of apoptosis, play an
important role as endogenous effectors in the
induction of MPT [Susin et al., 1998].

In a previous work we characterized PBRs in
human pancreatic islets and demonstrated
their role in the insulin release [Giusti et al.,
1997]. In the present study, we evaluated
the cytokine-induced damage of human pan-
creatic islets (monitored by electron microscopy
and death marker expression levels) and, in
parallel, PBR density and mRNA expression
levels.

Based on the present results, we demon-
strated that cytotoxic cytokine mediated human
islet death and increased PBR site levels. The
cytokines-induced upregulation of PBR expres-
sion levels may represent an amplifying process
in mediating cytotoxic effects of cytokines at
mitochondrial level or may compensate for the
decrease in Bcl-2 levels to prevent the opening of
the MPT pore.

MATERIALS AND METHODS

Islet Isolation

Pancreatic islets were prepared by collage-
nase digestion and density gradient puri®cation
with a yield of approximately 70% [Marchetti
et al., 2000; Rosati et al., 2000]. To complete
this study, 10 human pancreases (from donors
aged 22±56 years) were used. At the end of
the isolation procedure, the islets were resus-
pended in M199 culture medium and cultured
at 378C in a CO2 incubator for 4±6 days. All the
protocols had been approved by our local Ethics
Committee.

Islet Survival and Bcl2, Bax and iNOS
mRNA Expression Studies

Human islets were incubated for 72 h with a
combination of 50 U/ml human recombinant IL-
1beta�1,000 U/ml IFN-gamma�1,000 U/ml
TNF-alpha, as previously described [Eizirik
et al., 1994; Delaney et al., 1997].

The amount of dead cells was evaluated by the
TUNEL technique (TUNEL DNA fragmenta-
tion kit, Roche, Germany), and the Cell Death
Detection ELISA method (Roche), according to
the procedure indicated by the manufacturer.

For RT-PCR studies, total RNA was extracted
from puri®ed human pancreatic islets with
Trizol (Gibco-BRL, Grand Island, NY). First-
strand cDNA synthesis was performed using
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2 mg of each RNA sample primed with random
examers with 200 U of Superscript II (Gibco-
BRL, Gaithersburg, MD); 200 ng aliquots of
cDNA were subsequently ampli®ed in 100 ml
reaction volume containing 20 pmol of upstream
and downstream speci®c primers, 2.5 U of Taq
DNA polymerase (Gibco-BRL), and 200 mM of
each deoxynucleoside triphosphate and 1.5 mM
MgCl2.

The speci®c primer for human iNOS ampli-
®ed a 461-bp product (sense: 50-TCC GAG GCA
AAC AGC ACA TTC A-30; antisense: 50-GGG
TTG GGG GTG TGG TGA TGT-30). The human
Bcl2 primer pair (50-ACA ACA TCG CCC TGT
GGA TGA C-30 and 50-ATA GCT GAT TCG ACG
TTT TGC C-30) and human Bax primer pair (50-
GGC CCA CCA GCT CTG AGC AGA-30 and 50-
GCC ACG TGG GCG TCC CAA AGT-30)
generated a 408-bp and a 477-bp product
respectively.

Electron Microscopy

Control and cytokine treated human pancrea-
tic islets were pelletted by centrifugation at
1,300g and ®xed with 2.5% glutaraldehyde in
0.1 M cacodylate buffer, pH 7.4 for 1 h at 48C.
After rinsing in cacodylate buffer, islet pellets
were post®xed in 1% cacodylate buffered
osmium tetroxide for 2 h at room temperature,
then dehydrated in a graded series of ethanol,
brie¯y transferred to propylene oxide and
embedded in Epon±Araldite. Ultrathin sections
(60±80 nm thick) were cut with a diamond
knife, placed on formvar-carbon coated copper
grids (200 mesh), stained with uranyl acetate
and leadcitrate, and observed with aJeol100 SX
transmission electron microscope.

Islet Membrane Preparations

Membranes were prepared from human islets
as described in a previous work [Giusti et al.,
1997]. Brie¯y, after washing twice with phos-
phate-buffered saline, pH 7.4, the islets were
resuspended in 10 ml of 5 mM Tris-buffer
(pH 8.0), supplemented with protease inhibitors
(1 mmol/l phenylmethanesulfonyl-¯uoride, soy-
bean trypsin inhibitor (20 mg/ml), benzamidine
(160 mg/ml), bacitracin (200 mg/ml), and then
homogenized with an Ultra-Turrax homogeni-
zer. The homogenate was then centrifuged at
48,000g for 15 min at 48C and the supernatant
was discarded. This washing step was repeated
twice. The pellets from the second centrifuga-
tion were resuspended in 50 mM, pH 7.4, re-

homogenized and centrifuged again at 48,000g
for 15 min at 48C. The resulting crude mem-
brane fraction (50 mg of protein/ml) was used for
binding assays. Membrane protein concentra-
tion was determined according to the Lowry
method modi®ed by Peterson using bovine
serum albumin as standard [Peterson, 1977].

Binding Studies

Human islet crude membrane preparations
from control islets and islets exposed to the
cytokine combination were incubated in the
presence of increasing 3H PK11195 (DuPont
de Nemours, Germany) concentrations. The
binding assays were performed in 50 mM
TRIS-HCl buffer, pH 7.4 in a ®nal volume of
0.5 ml. Binding was terminated by rapid
®ltration through Whatman GF/C ®berglass
®lters followed by three washes with 5 ml ice-
cold buffer. Radioactivity was counted on a
Packard 1600 TR scintillation counter. Incuba-
tion was stopped by the addition of ice-cold
buffer, and membrane-bound radioligand was
collected onto Whatman GF/C ®berglass ®lters
by vacuum ®ltration. The radioactivity trapped
on the ®lters was counted using an LS 1800
scintillation counter. Displacement studies
were performed with each single cytokine, used
at concentrations ranging, respectively, from 10
to 500 U/ml for IL-1 beta, and 100±10,000 U/ml
for TNF-alpha and IFN-gamma.

PBR mRNA Expression

The expression levels of PBR in human islets,
following cytokine treatment, were evaluated
by PCR-studies on total extracted RNA as
described above. The speci®c primers for human
18 kDa PBRs sequence (sense: 50-ACAGA-
GAAGGCTGTGGTTCC-30; antisense: 50-CTC-
ACTCTGGCAGCCGCCGTCC-30) gave a 289-bp
product [Riond et al., 1991]. Expression of beta-
actin as RNA control was analyzed employing
the following primers, generating a 354-bp
product: 50-ACC AAC TGG GAG GAG ATG
GAG-30 and 50-CGT GAG GAT CTT CAT GAG
GTA AGT C-30.

Analysis of Results

The results obtained by the TUNEL and the
ELISA methods were expressed as mean�SD,
and the data were compared by the Student's
t-test. The statistical analysis and curve-®tting
of the binding results were carried using
GraphPad Instat.
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RESULTS

By the TUNEL technique, it was demon-
strated that the amount of dead cells was
signi®cantly (P< 0.05) higher in the islets cul-
tured for 72 h with the cytokine combination
(37.4� 2.8%) than in control islets (13.8�
1.7%). This was con®rmed by the ELISA data
that showed an increased (P< 0.05) amount of
oligonucleosomes in cytokine treated cells (OD:
2.6� 0.4) compared to control ones (OD: 0.8�
0.2). The semiquantitative RT-PCR experi-
ments demonstrated a marked decrease of Bcl-
2 mRNA expression and a marked increase of
iNOS mRNA expression in cytokine exposed
islets with respect to control islets (without any
major change of Bax mRNA) (Fig. 1).

At the electron microscope level, beta cells
from untreated pancreatic islets showed
the typical ultrastructure characterized by a
nucleus with ®nely granular and uniformly
dispersed chromatin, a cytoplasm containing
randomly distributed organelles, the character-
istic granules, and a well-preserved plasma
membrane (Fig. 2±4(2)). In cytokine exposed
pancreatic islets signs of apoptosis were ob-
served in beta cells after 48 h treatment. The
morphological changes observed in these cells
included progressive margination and con-
densation of chromatin (Fig. 2±4(3)), nucleus
fragmentation, cytoplasmic shrinkage (Figs. 2±

4(4) and 5±6(5)) and the eventual formation of
membrane-bound cell fragments (apoptotic
bodies) of different size in which the nuclear
material and cell organelles were randomly
distributed (Figs. 5±6(6)). In early stages of
apoptosis, mitochondria appeared to maintain
their integrity (Figs. 2±4(3&4)) while in later
stages, after DNA fragmentation, they showed
some alterations (Fig. 5±6(5)).

The experiments with islet membrane pre-
parations con®rmed that binding of labeled
PK11195 was saturable and with high af®nity;
non-speci®c binding was less than 10%. Equili-
brium binding parameters, dissociation con-
stant (Kd) values and maximum numbers of
binding sites (Bmax), were obtained from linear
Scatchard analysis of 3H PK11195 saturation
curves, as shown in Figure 7. As described in
Table I, in untreated control islets, Scatchard
analysis of 3H PK11195 binding data suggested
the presence of a homogeneous population of
high-af®nity binding sites with a Kd of 8.7�
1.16 nM. The incubation of the islets with a
combination of 50 U/ml IL-1beta, 1,000 U/ml
TNF-alpha and 1,000 U/ml IFN-gamma for 72 h
induced a signi®cant increase of Bmax value
of PBR binding sites from 3,421� 336 to 5,110�
193 fmol/mg of proteins. This 1.5-fold increase
in binding was not accompanied by a signi®cant
change in the Kd value (9.45� 0.86 vs. 8.7�
1.15 nM in control islets). These data suggested
that the increase in 3H PK11195 binding,
induced by cytokine treatment of pancreatic
islets, was due to an upregulation in the number
of the total binding sites and not a change in
receptor af®nity. The PBR binding to control
islet membranes was not affected by either
alone or combinated cytokines as demonstrated
by competition binding assays (data not shown).

To evaluate whether the change in PBR
density was determined either by an increase
of mitochondrial membrane receptor availabil-
ity or by an increased transcription of PBR
coding gene, RT-PCR studies were performed as
described in Materials and Methods. As shown
in Figure 8, an increased expression of PBR
mRNA was observed in the islets cultured for 72
h in the presence of IL-1beta, TNF-alpha, and
IFN-gamma with respect to control islets.

DISCUSSION

The present study showed that a combination
of IL-1beta, TNF-alpha, and IFN-gamma

Fig. 1. Expression of Bcl-2, Bax, and iNOS mRNA in human
pancreatic islets exposed to control medium (A) or a combina-
tion of IL-1beta, TNF-alpha, and IFN-gamma (B). Experiment
was carried out three times with similar results.
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induces cell death in human islet cells, and that
this effect was accompanied by an increased
expression of iNOS mRNA. In turn, iNOS
generates the free radical nitric oxide from
L-arginine, and this molecule may exert a toxic
effect on islet cells by inhibiting iron-dependent
enzymes, thereby impairing cellular mithocon-
drial function and DNA synthesis [Adeghate
and Parvez, 2000]. Ultrastructural analysis
showed dying beta cells with typical morpholo-
gical features of apoptosis after 48 h of cytokine
treatment. Moreover, the presence of wide-
spread typical apoptotic bodies and mitochon-
dria swelling were remarkable ®ndings after
72 h of cytokine treatment demonstrating a
direct dangerous effect of cytokines on mito-
chondria integrity.

A reduction of Bcl-2 mRNA expression in
cytokine exposed islets was also observed. Bcl-2
is a member of the growing family of apoptosis-
regulator gene products which may either
promote cell survival (Bcl-2, Bcl-XL, Bcl-w,
and so on) or encourage cell demise (Bax, Bak,
Bad, and so on). The relative amount of death
agonists and antagonists from the Bcl-2 family
is a regulatory rheostat which functions by
selective protein±protein interaction. Bcl-2 and
its homologous proteins inserted in intracellu-
lar membranes, including those of mithocon-
dria, regulate mitochondrial changes preceding
the activation of apoptogenic proteases and
nucleases. In particular, Bcl-2 prevents all
hallmarks of the early stages of apoptosis, such
as the disruption of the inner mitochondrial
transmembrane potential and the release of
apoptogenic protease activators from mitochon-
dria [Susin et al., 1996; Basu and Haldar, 1998].
As a matter of fact, Bcl-2 overexpression induces
apoptosis-resistance in islet cell lines and can
prevent the destructive effect of combined

Figs. 2±4. 2: TEM micrograph of untreated beta cells showing
a nucleus (N) with ®nely dispersed chromatin and a cytoplasm
with randomly distributed organelles and granules (G). Bar,
5 mm. 3: TEM micrograph of a cytokine treated beta cell (48 h
cytokine incubation) at an initial step of apoptosis. Compact
chromatin is arranged at the nuclear periphery and exhibits a
granular appearance. Numerous dispersed and well-preserved
mitochondria (M) and few granules are present in the cytoplasm.
Bar, 5 mm. 4: TEM micrograph of a cytokine treated beta cells
(48 h cytokine incubation) in an advanced stage of apoptosis.
Note the nuclear fragmentation and the condensation of the
cytoplasm. Mitochondria are uniformly dispersed and still
maintain their integrity. Bar, 5 mm.
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proin¯ammatory and Th1 cytokines in human
islets [Rabinovitch et al., 1999].

Interestingly, Bcl-2 and Bax are particularly
abundant exactly where the mitochondrial
permeability transition pore is localized [Cai

et al., 1998; Marzo et al., 1998; Ortiz et al.,
2000]. MPT pore is a multiprotein complex
which participates in the regulation of several
mitochondrial key functions, including matrix
Ca2� concentration, pH, transmembrane
proton gradient, and others [Gunter and Pfeif-
fer, 1990; Bernardi et al., 1994; Gunter et al.,
1994; Zoratti and Szabo, 1995]. Among the
proteins involved in the composition and func-
tion of MPT, we have focused on the PBRs and
we have shown that, in our experimental
conditions, the increased islet cell death and
the decreased Bcl-2 expression were associated
with an increase in the PBR binding density and
mRNA expression levels. It has been previously

TABLE I. Effect of Human Islet Cytokine
Treatment on 3H PK 11195 Binding

Parameters

Kd�SEM
(nM)

Bmax�SEM
(fmol/mg
proteins)

Control islets 8.7� 1.159 3421� 336
Cytokine-treated islets 9.45�0.869 5110� 193*

Human islets were incubated for 72 h with a control medium or
a combination of 50 U/ml IL-1beta, 1,000 U/ml IFN-gamma,
and 1,000 U/ml TNF-alpha. 3H PK 11195 Kd and Bmax values
were obtained by Scatchard analysis as described in Materials
and Methods. The values represent the mean�SEM of three
separate experiments performed on three islet preparations
immediately used from three donors. The separate experiments
were performed twice with similar results.
*P< 0.05 by unpaired Student's t-test.

Figs. 5±6. 5: TEM micrograph of a cytokine treated beta cell
(72 h cytokine incubation) in an advanced stage of apoptosis.
The nucleus contains two prominent masses of condensed
chromatin. In the degraded cytoplasm, large vacuoles and
swollen mitochondria (arrow) showing cristolysis are evident.
Bar, 2 mm. 6: TEM micrograph of an apoptotic body representing
the ®nal stage of apoptotic process (72 h cytokine incubation).
Note two micronuclei (*) and remnants of the degraded
cytoplasm. Bar, 2 mm.

Fig. 7. Representative Scatchard plot of saturation binding
data for 3H PK 11195 to membranes from control untreated
human islets (*) and from cytokine treated islets (*) of a single
experiment performed twice with similar results. Membranes
were incubated with increasing concentrations of 3H PK 11195
ranging from 1 to 30 nM. Nonspeci®c binding was measured in
the presence of 1 mM PK 11195. For Kd and Bmax values, see
Table I.
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shown that murine thymocytes incubated with
peripheral type benzodiazepines underwent
apoptosis, and that this phenomenon (not
observed after incubation with central type
benzodiazepines) was correlated with perturba-
tions of the mitochondrial transmembrane
potential [Hirsch et al., 1998]. In addition, the
PBR agonist PK-11195 was found to facilitate
the induction of apoptosis by several conditions
on different cell lines, and to reverse the
protection induced by Bcl-2 [Alenfall et al.,
1998; Tanimoto et al., 1999]. Moreover, it has
been demonstrated that peripheral benzodiaze-
pine receptor agonists that induce MPT,
potentiate TNF-induced cell death that is
correlated with MPT occurrence [Pastorino
et al., 1996]. These ®ndings could suggest a
synergic pathway of cytokines and PBR ago-
nists in the regulation of MTP pore opening,
that is a self-ampli®er process involved in the
``decision to die'' of the cell. However, in
lymphoblastoid cells [Bono et al., 1999] and in
Leydig cells [Rey et al., 2000], an anti-apoptotic
effect of PBR and PBR agonists has been
demonstrated. In particular, Rey et al. [2000]
hypothesized that the TNF-alpha-induced up-
regulation of PBR expression may prevent the
opening of the MPT pore and was responsible for
the cell resistance to TNF-alpha cytotoxicity.

We obtained evidences that, in isolated
human pancreatic islets, the exposure to a
combination of cytotoxic cytokines causes an
increase of PBR density and mRNA expression,
the latter suggesting an increased transcription
from the coding gene. In vitro and in vivo studies
suggest that certain proin¯ammatory cyto-
kines, such as IL-1beta and TNF-alpha, may
be involved in the upregulation of PBR within
the injured central nervous system [Bourdiol
et al., 1991; Oh et al., 1992]. Although it is not
known how these cytokines upregulate PBR in
pathological diseases, it is possible that a
receptor-mediated transduction pathway regu-

lating the intracellular gene trascription may be
activated. Cytokines bind to speci®c receptors of
beta-cells and elicit a number of proreceptor
events by activating phospholipase, proteases,
nitric oxide synthase, and by increasing oxygen-
free radical production and intracellular cer-
amide levels. Potential targets of ceramide in
the control of cell fate are different MAP kinase
pathways involved in the control of cell survival/
death, cytoskeletal reorganization and nuclear
gene expression [Blazquez et al., 2000]. In this
view, the increase of mRNA PBR expression
observed following cytokine islet treatment
might be the result of a nuclear gene transcrip-
tion regulation elicited by cytokines through the
MAP kinase cascade. As previously described in
rat cortex and striatum [Bourdiol et al., 1991],
cytotoxic cytokines increase the availability of
PBRs in human pancreatic islet cells, and this
effect might favor the cytokine-induced islet cell
death. The cytokine-mediated increase of PBR
density might enhance the susceptibility of cells
to the induction of apoptosis by a synergic
mechanism as previously described [Hirsch
et al., 1998]. In fact, proapoptotic signal trans-
duction pathways, activated also by cytokines,
provoke MPT, activating a self-amplifying
process that culminates in the apoptogenic
factor release from mitochondria [Susin et al.,
1998]. PBR, increased by cytokine production,
may participate as ampli®er of the apoptosis
mitochondrial phase contributing to the deci-
sion of the cell to die. This raises the possibility
that in certain clinical conditions, such as Type I
diabetes, modulation of PBRs activity might
affect cell survival and might suggest PBR as a
marker of the disease. On the contrary, it is also
possible that a PBR expression increase,
induced by cytokines, represents a defense
mechanism of the cell to counteract the reduc-
tion of anti-apoptotic protein Bcl-2. Studies are
in progress to shed light on the role of PBR in the
control of human islet death induced by proin-
¯ammatory cytokines.
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