Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1280

Role of Inducible Nitric Oxide
Synthase and Melatonin in
Regulation of B-cell Sensitivity to
Cytokines

BY

ANNIKA K. ANDERSSON

Gu

ACTA UNIVERSITATIS UPSALIENSIS
UPPSALA 2003




Dissertation presented at Uppsala University to be publicly examined in B22, Biomedical
Centre (BMC), Uppsala, Saturday, September 27, 2003 at 10:15 for the degree of Doctor of
Philosophy (Faculty of Medicine). The examination will be conducted in English.

Abstract
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of B-cell Sensitivity to Cytokines. Acta Universitatis Upsaliensis. Comprehensive Summaries
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The mechanisms of B-cell destruction leading to type 1 diabetes are complex and not yet fully
understood, but infiltration of the islets of Langerhans by autoreactive immune cells is
believed to be important. Activated macrophages and T-cells may then secrete cytokines and
free radicals, which could selectively damage the B-cells. Among the cytokines, IL-1p, IFN-y
and TNF-a can induce expression of inducible nitric synthase (iNOS) and cyclooxygenase-2.
Subsequent nitric oxide (NO) and prostaglandin E, (PGE,) formation may impair islet
function.

In the present study, the ability of melatonin (an antioxidative and immunoregulatory
hormone) to protect against B-cell damage induced by streptozotocin (STZ; a diabetogenic
and free radical generating substance) or IL-1p exposure was examined. /n vitro, melatonin
counteracted STZ- but not IL-1B-induced islet suppression, indicating that the protective
effect of melatonin is related to interference with free radical generation and DNA damage,
rather than NO synthesis. /n vivo, non-immune mediated diabetes induced by a single dose of
STZ was prevented by melatonin.

Furthermore, the effects of proinflammatory cytokines were examined in islets obtained
from mice with a targeted deletion of the iNOS gene (iNOS -/- mice) and wild-type controls.
The in vitro data obtained show that exposure to IL-1p or (IL-1p + IFN-y) induce disturbances
in the insulin secretory pathway, which were independent of NO or PGE, production and cell
death. Initially after addition, in particular IL-1B seems to be stimulatory for the insulin
secretory machinery of iNOS —/- islets, whereas IL-1B acts inhibitory after a prolonged
period. Separate experiments suggest that the stimulatory effect of IL-1f involves an
increased gene expression of phospholipase D1a/b. In addition, the formation of new insulin
molecules appears to be affected, since IL-1f and (IL-1f + IFN-y) suppressed mRNA
expression of both insulin convertase enzymes and insulin itself.
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1. Introduction

1.1 Type 1 Diabetes Mellitus

Despite extensive research efforts, type 1 diabetes remains to be a complex
disorder, resulting in a life-long requirement of insulin therapy. The disease
appears to evolve during a long preclinical period, with the absence of
clinical symptoms (1,2). As the disease develops, B-cell mass is
progressively lost, often with a marked acceleration about six months before
clinical presentation. At time of diagnosis, most islets are deficient in B-cells
and severe insulin depletion results in hyperglycemia and other clinical
symptoms. The incidence of type 1 diabetes is increasing worldwide, and by
the year 2010 it will be around 30-50 per 100 000 a year in high incidence
populations (3). Genetic predisposition such as HLA alleles (4-6) together
with environmental factors may influence disease development. Viral
infections (e.g. enteroviruses) (7), dietary proteins and stress have been
suggested to initiate or trigger the process leading to B-cell destruction, but
the mechanisms of disease onset remains to be clarified (8).

During the pre-diabetic period and in newly diagnosed patients, various
circulating antibodies against islet cell antigens (including insulin) are found,
suggesting an ongoing process of B-cell damage (9,10). Islet cell antibodies
also occur in close relatives of type 1 diabetes patients, especially in high
risk siblings who share one or both HLA haplotypes with the diabetic
proband (11). Several lines of evidence support the view that type 1 diabetes
is an autoimmune disease, i.e. the insulin-producing B-cell is attacked and
killed by the patients own immune system. Different HLA genotypes may
influence susceptibility to type 1 diabetes, by affecting the degree of immune
responsiveness to a [B-cell antigen (5), or by modulating the normal
immunologic tolerance to self antigens (12). The function of the HLA is to
associate with antigenic peptides, and T-lymphocytes recognizing the HLA
peptide complex trigger activation and proliferation of T-lymphocytes.
While certain HLA genotypes increase the susceptibility for type 1 diabetes,
others have been shown to be protective (13,14).
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1.2 Insulitis and B-cell destruction

When pancreata of newly diagnosed type 1 diabetes patients are
histologically examined, islets heavily infiltrated with immune cells are
found (commonly referred to as insulitis). The distribution of insulitis
appears to be uneven, with some islets infiltrated, others that are not
infiltrated but deficient in B-cells, and also islets that appear to be normal
(15-17).

Studies from animal models of type 1 diabetes (NOD mice and BB rats),
suggest that the major populations of cells that infiltrate islets during early
stage of insulitis are macrophages and dendritic cells (reviewed in (18)). The
presentation of B-cell specific autoantigens by macrophages to CD4" helper
T-cells may be the initial step in the autoimmune process (Fig 1). Gradually,
cytotoxic CD8" T-cells are activated and play an important role in the B-cell
destruction. At onset of type 1 diabetes, T-cells are the most abundant islet-
infiltrating cell in humans (16,19,20), as well as in the insulitis of NOD mice
(21). Depletion of CD4", CD8", T-cells or macrophages in NOD mice results
in protection from disease (22-24), and T-cell clones can transfer the disease
to non-diabetic animals (25-27).

Proinflammatory cytokines and free radicals secreted by invading
macrophages and T-cells are believed to be important in the process of the
selective B-cell destruction (28-30) (Fig 1). Macrophage derived oxygen and
nitrogen free radicals may damage islet cell membranes and induce DNA
lesions (31,32). In comparison to other cell types, B-cells have a low activity
of specific free radical scavenging enzymes, making them particularly
sensitive to oxidative stress (33-38). Cytokines bind to specific receptors on
the B-cells, inducing signal transduction and gene transcription. Among the
cytokines, the actions of interleukin-1§ (IL-1f), interferon-y (IFN-y) and
tumor necrosis factor o (TNF-a) have been the most studied. Pathways
suggested to be activated by IL-3, IFN-y and TNF-a (as single mediators or
in combination) include induction of the enzyme inducible nitric oxide
synthase (iNOS) and subsequent nitric oxide (NO) formation (39-41),
activation of arachidonic acid metabolites (42), and expression of pro-
apoptotic genes (36,43,44).
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Figure 1. Proposed mechanisms of immune mediated B-cell destruction (modified
from (29,30,45)). After initial damage, B-cell specific proteins are processed by
APCs (macrophages and dendritic cells) and act as autoantigens. APCs present the
antigen with MHC class II molecules to CD4" T-helper cells that become activated.
CD4" T-cells then trigger macrophages and cytotoxic T-cells, that may secrete
damaging cytokines and harmful molecules such as NO and other free radicals.
Cytokines may induce inracellular production of NO and prostaglandin E,, which
could impair B-cell function. Antigen specific T-cells that bind to antigen-MHC
class I complexes directly on the B-cell may also induce damage and cell death via
interaction between FasL, and cytokine-induced Fas expression on the [-cells.
Cytotoxic T-cells could also secrete harmful enzymes such as perforin and
granzyme.



1.3 Proinflammatory cytokines and their effects in f3-
cells

1.3.1 IL-1B

IL-1B is an important regulator in immune and inflammatory responses (46).
Mandrup-Poulsen and colleagues (47) first described IL-1 as a central
mediator of B-cell destruction (47,48), and later it was found that primary f3-
cells express the type 1 IL-1 receptor (IL-1R1) (49). The natural IL-1f
antagonist (IRAP), can be used in vitro to inhibit IL-1B-induced suppression
of islets function (50). The major signalling pathways described from IL-
1R1 in B-cells involve mitogen activated protein kinases (MAPKS), stress-
activated protein kinases (JNKs) and tyrosine kinase activation, inducing
various transcription factors including nuclear factor kappa B (NF-xB),
activator protein-1 (AP-1), activating transcription factor-2 (ATF-2), nuclear
factor-IL6 (NF-IL6) and interferon regulatory factor-1 (IRF-1) reviewed in
(29,46,51). Activation of NF-xB is critical for IL-1B-mediated iNOS
expression in B-cells (52,53), and NF-kB may also be involved in IL-1pB-
induced expression of cyclooxygenase-2 (COX-2) and subsequent
prostaglandin E, (PGE,) formation (54). Other factors suggested to be
induced by IL-1p include ceramide, released from membranes by
sphingomyelinase (55,56) and protein kinase C (PKC) activation via
phospholipase (PLD) induction and diacylglycerol (DAG) formation (57,58).

In rat islets, IL-1f inhibits insulin secretion, insulin biosynthesis and
oxidative metabolism (59). Moreover, IL-1B induces DNA damage and
reduces cell viability of rat islets (60,61). In mouse islets, insulin secretion is
impaired, and glucose oxidation can be affected, although usually not to the
same extent as in rat islets (62,63). Human islets appear to be fairly resistant
to exposure to IL-1f alone, whereas combinations of IL-1(3, IFN-y and TNF-
o are suppressive and cytotoxic to human islet cells (64,65). Expression of
iNOS and subsequent NO formation may mediate some of the inhibitory
effects of IL-1B on [-cells, since inhibition of iNOS confers partial
protection against IL-1-induced impairment (39,66-69).

Another suggested mediator of IL-1(3-induced inhibition of islet function
is PGE,, induced by COX-2 expression (42,70). COX-2 activity may be
regulated by the same signal transduction pathways as iNOS (54,71), and
NO may affect the level of PGE, formation (72,73). Selective inhibition of
COX-2 was reported to counteract IL-1p-induced p-cell impairment (74,75)
and streptozotocin-induced diabetes (76). IL-1B-induced ceramide formation
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may also affect B-cell function, by inhibition of insulin secretion (55) and
induction of stress response proteins (56). However, no increase in ceramide
content was found in a B-cell line exposed to cytokines (77).

Along with the activation of various deleterious proteins and enzymatic
products, IL-1 also induces expression of proteins involved in free radical
defence and cellular repair, including heat-shock proteins, manganese
superoxide dismutase (MnSOD), heme oxygenase-1 (HO-1) and serine
protease inhibitor-3 (SPI-3) (4,32,62,78,79). IL-13 may also induce
apoptosis in B-cells, by NO formation (discussed below) and/or up-
regulation of the cell-surface receptor Fas. Interaction between Fas and its
ligand (FasL), expressed on cytotoxic T lymphocytes, has been suggested to
mediate islet cell apoptosis during insulitis (43,44).

1.3.2 IFN~y

IFN-y is known as a promoter of inflammatory reactions (reviewed in (80)).
Signalling pathways of IFN-y are mediated via Janus kinases (JAKs) and
signal transducers and activators of transcription (STATs) (81). Activation
of STAT1a leads to formation of gamma interferon activation factor (GAF).
GAF binds to gamma activated sites (GAS) in primary response genes of
IFN-y, inducing the transcription of different transcription factors, such as
IRF-1 and IRF-2. IRF-1 is essential for IFN-y-mediated induction of iNOS in
macrophages (82), and is also believed to be involved in macrophage
derived COX-2 expression (83). In islet cells, IFN-y upregulates major
histocompatibility complex class I (MHC class I) expression and induces
IRF-1 expression (84,85). The reported effects of IFN-y exposure to B-cells
have been conflicting: in some studies IFN-y was suggested to be inhibitory,
while in others, no suppressive effects has been shown.

In rat and murine cell lines, IFN-y was either shown to inhibit insulin
production and cell replication (37,38,86,87), or not to affect B-cell function
(88). It appears to be important (compared to other cytokines) to consider
species specificity when studying the effect of IFN-y added to P-cell
cultures, since rat but not human IFN-y showed some inhibitory effects on
isolated rat islets (59,89). When murine IFN-y was added to mouse islets, an
impairment of insulin secretion was reported (90). On the other hand, an
IFN-y-induced reduction of the islet DNA content and glucose oxidation
rate, without any effect on insulin secretion, has also been observed (91). In
human islets, IFN-y induced minor toxic effects and suppressed insulin
secretion (64,92,93), although in one study, no inhibitory action was
reported (65). It is possible that the inconsistent results regarding the effect
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of IFN-y on B-cells reflects differences in islet preparations and in in vitro
culture methods, as especially in studies with human islets, the composition
and quality of islet preparations may vary (94,95).

When IFN-y is combined with IL-1B and TNF-a, IFN-y acts
synergistically to inhibit 3-cell function and reduce p-cell viability; reviewed
in (30). The synergistic effect of [FN-y in cytokine-mediated B-cell damage
may depend on enhancement of IL-1B-induced gene expression, as reported
for iNOS induction, and/or via activation of non-endocrine cells within or
close to the islets (e.g. macrophages and ductal cells) (85,96,97).

1.4 iNOS and NO formation

NO is a small molecule with a broad range of biological effects, including
involvement in neurotransmission, vascular homeostasis and defence against
microorganisms and transformed cells. There are three isoforms of NO
synthases (NOS), all catalysing NO biosynthesis via a reaction involving
conversion of L-arginine to L-citrulline (98). Two of them, endothelial NOS
(eNOS) and neuronal NOS (nNOS), are calcium-dependent and
constitutively expressed in many cell types (99,100). The third isoform,
inducible NOS (iNOS), is calcium-independent and expressed at high levels
after induction by cytokines and free radicals (101). NO derived from iNOS
is suggested to be important in the defence against invading microorganisms
and in the elimination of transformed cells (101,102).

During the process of insulitis, it is likely that infiltrating immune cells
secrete cytokines that may induce iNOS expression and NO formation in [3-
cells, as well as in endothelial cells and activated intra-islet macrophages
(103-106). In vitro, cytokine-induced expression of iNOS in islet cells is
species specific. In rodent islets, exposure to IL-1p alone or in combination
with IFN-y or TNF-a or both, induces iNOS expression and NO formation,
while in human islets a combination of (IL-1 + IFN-y) or (IL-1B + IFN-y +
TNF-a) is required (93). The differences in regulation of iNOS expression in
B-cells could be due to variation in the requirement of transcription factors
between species (107).

Once produced, NO may react with superoxide to form peroxynitrite
(108). NO itself or NO-derived peroxynitrite may inhibit the activity of
[FeS] containing enzymes involved in B-cell metabolism, such as the Krebs
cycle enzyme aconitase and proteins in the mitochondrial respiratory chain
(40,109,110). Other heme-containing enzymes like dioxygenases and
cyclooxygenases may be stimulated or inactivated by NO (111,112),



implicating a role for NO in prostaglandin synthesis. High levels of NO or
peroxynitrite may lead to DNA strand breaks and B-cell death (113-116).
Moreover, NO has been suggested to be involved in cytokine-mediated -
cell apoptosis (117-120). However, recent studies of B-cells from mice with
a targeted deletion of iNOS (iNOS -/- mice), suggest that NO does not take
an essential part in the process of cytokine-induced programmed cell death
(121,122).

The importance of NO in cytokine-induced impairment of B-cell function
and diabetes-induction have been illustrated by the use of different NOS
inhibitors, some of which have been shown to be protective in vivo (123-
125), while others only in vitro (67-69,126,127). iNOS -/- mice were
partially protected against diabetes induced by multiple low-dose
streptozotocin treatment (128), and islets from iNOS -/- mice were shown to
be relatively resistant to cytokine-induced impairment of B-cell function
(121,122,128). When transgenic mice expressing iNOS cDNA under control
of the insulin promoter were generated, the mice developed diabetes without
insulitis (129).



2 Specific aims of the thesis

e To examine whether melatonin could protect rodent pancreatic islets
against STZ-induced damage, both in vitro and in vivo

e To investigate if melatonin could protect isolated rat islets against IL-1f3-
induced impairment in vitro

e To evaluate the function of iNOS -/- islets after a prolonged (48 h)
exposure to IL-1 and (IL-1p + IFN-y)

e To test whether IL-1P induces COX-2 activity and PGE, formation in
iNOS -/- islets to a similar extent as in wt islets

e To study if IFN-y affects IL-1B-induced COX-2 and PGE, formation in
iNOS -/- islets

e To investigate the effect of IL-1P3 and (IL-1p + IFN-y) exposure to iNOS -
/- and wt mouse islets on early kinetics of glucose-stimulated insulin
secretion

e To evaluate the gene expression of insulin, proinsulin-converting
enzymes and the possible involvement of PKC activation after cytokine
exposure to iNOS -/- and wt islets.



3 Methods

3.1 Streptozotocin and induction of B-cell damage and
diabetes

Streptozotocin (STZ) is a naturally occurring antibiotic, originally isolated
from Streptomyces achromogenes (130). Besides being a potent agent
against microorganisms, it was found to suppress tumours (131). During
investigations of the cytostatic effect, it was discovered that STZ could cause
hyperglycaemia in rats and dogs (132), and later on also in various other
animals, including mice (133).

STZ consists of a glucose molecule and an N-nitrosomethylurea side
chain linked to position C2 of the glucose residue (Fig 2). Since STZ is
structurally similar to glucose, it is believed to be taken up by B-cells and
hepatocytes through the GLUT2 glucose transporter (134). STZ decomposes
shortly (in 5-15 min) after entering the cell, producing free radicals and
reactive methyl cations that may induce DNA alkylations and cross-link the
DNA strands (135,136). DNA alkylations and other DNA lesions activate
nuclear excision repair enzymes, which create DNA strand breaks (137).
Single-strand breaks and endonucleolytic activity during excision repair
stimulates the synthesis of poly(ADP-ribose) polymers by the enzyme
poly(ADP-ribose) polymerase (PARP) (138). Activity of PARP is thought to
be important in the process of excision repair, by mediating unfolding of the
DNA and affecting the access for DNA repair enzymes (139,140).
Nicotinamide adenine dinucleotide (NAD) is used as a substrate during the
PARP-mediated synthesis of poly(ADP-ribose) polymers, reducing the
cellular NAD content of STZ-treated islets (141) and liver cells (142). NAD
is an important co-factor for oxidative phosphorylation, and its depletion
reduces the cellular ATP production, leading to impairment of glucose
oxidation and protein synthesis (143). The diabetogenic effect of STZ is
reduced by different free radical scavengers (144-147), inhibition of PARP
by nicotinamide (148), or a disruption of the gene coding for the PARP
enzyme (149-151).
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Figure 2. Structure of STZ

When STZ is given to mice as a single high injection (140-160 mg/kg
body weight) it produces an acute -cell degeneration and hyperglycaemia in
2-3 days (152), without any signs of islet inflammation. However, in 1976,
Like and Rossini (153) discovered that multiple low dose injections (40
mg/kg body weight) of STZ to certain mice strains produced pancreatic
insulitis and hyperglycaemia approximately 7 days after the first injection. It
is believed that multiple low dose injections of STZ induce substantial islet
damage, and that infiltrating lymphocytes and macrophages are responsible
for the progressive B-cell destruction seen in the multiple low-dose STZ
model (154,155).

3.2 The use of melatonin as a possible intervention

against -cell destruction
In 1958, Lerner and colleagues isolated melatonin, and identified it as the
active substance from the pineal gland (156). Melatonin (Fig 3) is

synthesised from the amino acid tryptophan with serotonin as an
intermediate. One of the enzymes taking part in the melatonin synthesis,
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serotonin N-acetyltransferase (NAT), displays a rhythmic pattern of activity,
and variation in NAT activity has been suggested to mediate peaks of
melatonin secretion (157). In humans and other mammals including rodents,
melatonin secretion peaks at night, independently of species differences in
night or day activity. Melatonin is an important messenger of photoperiodic
information to the organism, and provides information concerning time of
the day and time of the year to organs in the body; reviewed in (158).
Besides involvement in timing of circadian rhythms and regulation of
reproduction, proposed therapeutic effects of melatonin include sleep
induction (159), alleviation of jet lag (160,161) and reduction of tumour
growth (162).

H,CO
CH,CH,NHCOCH,

Melatonin
NH

Figure 3. Structure of melatonin

Recently, it was found that in addition to melatonin’s receptor-mediated
effects (see above), it is also a scavenger of free radicals (163-165).
Receptor-mediated effects of melatonin action may be G-protein coupled
and result in inhibition of cAMP levels (166), while scavenging of free
radicals does not seem to require receptor binding. Due to the combined
lipophilic and hydrophilic properties of melatonin, it may easily pass through
biological membranes and rapidly enter different cellular compartments,
including the nucleus (167). The antioxidant effect of melatonin in
experimental conditions has mostly been observed at non-physiological
concentrations (uUM-mM), compared to the level of endogenous melatonin
found in serum (around 0.3 nM) (168).

In addition to a direct scavenging effect, melatonin may upregulate
various antioxidative enzymes such as glutathione peroxidase and
superoxide dismutases (169-171). Melatonin has been found to be protective
in different animal models of inflammation and oxidative stress, such as
kainate-induced brain damage (172), LPS-induced multiple organ
dysfunction (173) and zymosan- and carrageenan-induced inflammation
(174-177). Furthermore, melatonin was shown to counteract hyperglycaemia
in STZ-treated rats (178), and in STZ or alloxan-injected mice (179,180).
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Besides the protective effect against chemically induced diabetes, melatonin
was shown to protect against development of spontaneous autoimmune
diabetes in NOD mice (181). The protective effect seen in models of
inflammation and free radical-induced tissue destruction has mostly been
explained by the antioxidant properties of melatonin, although a role in
regulation of immune responses also has been suggested (182).

In the present investigation, melatonin treatment was tested as a possible
intervention against STZ and IL-1pB-induced B-cell impairment (I).

3.3 STZ treatment in vivo (II)

To study the effect of melatonin against STZ induced hyperglycaemia,
inbred male C57BL/Ks mice were used (bred in a local colony at The
Animal Department, Biomedical Centre, Uppsala, Sweden). The mice were
divided into four different groups of treatment: (vehicle + citrate buffer,
melatonin + citrate buffer, vehicle + STZ, melatonin + STZ). The animals
first received either an intraperitoneal injection of wvehicle (30%
ethanol/PBS, 0.2 ml) or of melatonin (100 mg/kg body-weight, 0.2 ml), and
30 min later the mice were given a second intravenous injection in a tail vein
of either citrate buffer or STZ (140 mg/kg body weight, 0.2 ml). Blood
glucose concentrations were determined before treatments was started (day
0), and once a day until animals were killed by cervical dislocation on day 7.
Animals were considered hyperglycaemic when their blood glucose value
was > 11.1 mM.

3.4 The iINOS -/- mouse

Mice deficient in iNOS were generated by MacMicking and colleagues to
test the hypothesis that iNOS defends the host against infectious agents and
tumour cells at the risk of contributing to tissue damage and shock (183). A
gene replacement vector (pINOS-RV1) was designed to delete the proximal
585 bases of the iNOS promoter, plus exons 1-4, including an ATG
translational start site in exon 2. The lack of iNOS expression from
homozygotes was evaluated by northern and western blots. The absence of
iNOS expression in islets from iNOS -/- mice was confirmed in paper Il ,
where we did not find any iNOS mRNA expression. Furthermore, we
observed no elevation in NO formation after cytokine exposure to islets from
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iNOS -/- mice. Under specific pathogen free conditions, iNOS -/- mice
survive weaning, gain weight and mature at the same rate as wt mice They
also produce litters at normal frequency and size (183).

MacMicking et al found that most examined tissues appeared to be
histologically normal, and also lymphocyte expression of immunoglobulin,
CD3, CD4, CD8 and MHC class II antigens was not affected. In addition,
iNOS -/- mice showed normal inflammatory responses regarding
accumulation of leukocytes upon chemically induced peritonitis, formation
of granulomas after Listeria infection, migration of neutrophils in LPS
treated lung and production of inflammatory cytokines in endotoxin-treated
mice (183). The absence of iINOS expression seems mostly to affect
responses to certain bacterial infections, susceptibility to septic shock and
defence against growth of tumours (183-185).

In the present study, isolated islets from iNOS -/- mice were used to examine
NO-dependent versus NO-independent effects of proinflammatory cytokines
on fB-cell function (II-IV).

3.5 Islet isolation

Male Sprague-Dawley (SD) rats bred in a local colony (Animal Department,
Biomedical Centre, Uppsala, Sweden) were used as donors of rat islets (I).
Male mice deficient in iNOS (iNOS -/- mice, background
C57BL/6x129SvEv, H-2°) and male wild-type controls  (wt,
C57BL/6x129SvEv, H-2") were used as donors of mouse islets (II-IV). The
iNOS -/- mice were generated from embryonic stem cells with a targeted
disruption of the iNOS gene (183), and breeding pairs of iNOS -/- mice were
kindly provided by J.S. Mudgett (Merck Research laboratories, Rahway, NJ,
USA) and J.D. MacMicking and C. Nathan (Cornell University Medical
College, New York, NY, USA). Homozygous iNOS mutants were
maintained by interbreeding the F2 generation. The mice have subsequently
been bred in the Animal Department, Biomedical Centre, Uppsala, Sweden.
Wild-type controls were bought from Taconic, Germantown, NY, USA.
Animals were killed by cervical dislocation, and islets were isolated by a
collagenase digestion procedure, and subsequent hand-picking (59). Groups
of 150 islets were precultured free-floating in 5 ml RPMI 1640 medium
containing 11.1 mM glucose and supplemented with 10% (vol/vol) foetal
calf serum (FCS), benzylpenicillin (100 U/ml) and streptomycin (0.1 mg/ml)
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in an atmosphere of humidified air and 5% CO,. Islets were cultured 6-8
days before experiments, and medium was changed every second day.

3.6 STZ, melatonin and cytokine exposure in vitro

In paper I, STZ (0.5 mM) was dissolved in Krebs-Ringer bicarbonate buffer
(KRBH buffer) supplemented with 5.6 mM glucose and 2 mg/ml bovine
serum album, and melatonin (100 uM — 1mM) was dissolved in ethanol
(final concentration 1%)

For in vitro experiments with cytokines (I-IV), human IL-1f (25 U/ml)
and murine IFN-y (1000 U/ml) were used. Murine IFN-y was used because
species specificity appears to be important for the biological activity of IFN-
v (while less important for the activity of IL-1B) (59,89).

3.7 Assessment of islet function and viability

3.7.1 Evaluation of mitochondrial function by glucose oxidation

To examine mitochondrial function, islets were incubated with radioactively
labelled glucose. Liberated CO, was trapped, and radioactivity was
measured (186). This method only determines the fraction of glucose
metabolised in the mitochondria, and not the islet glucose utilisation.
Duplicate (iNOS -/- islets) or triplicate (SD islets) groups of islets were
transferred to sealed glass vials containing KRBH, supplemented with D-[U-
Clglucose and nonradioactive glucose to a final specific activity of 0.5
mCi/mM and glucose concentration of 1.7 or 16.7 mM. After a 90 min
incubation at 37° C, islet metabolism was arrested by addition of antimycin
A. During a further 120 min incubation, CO, produced was trapped in
hyamine hydroxide after liberation from the KRBH by addition of NaH,PO,
(pH 6.0). Radioactivity was measured by liquid scintillation.

3.7.2 Islet insulin release and insulin content

Duplicate or triplicate groups of islets were transferred to flat bottom multi-
well plates containing KRBH supplemented with 2 mg/ml bovine serum
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albumin and 1.7 or 16.7 mM glucose (I-1I), or RPMI 1640 supplemented
with 16.7 mM glucose (IV). Islets were then incubated for various time-
periods at 37°C in an atmosphere of 95% air and 5% CO,. After incubation,
islets were pooled and ultrasonically disrupted in 0.1 ml redistilled water (I-
II). A fraction of the aqueous homogenate was mixed with acidic ethanol
(0.18 M HCI in 96% (vol/vol) ethanol) and the insulin was extracted
overnight at 4°C. The insulin released to the media and in the extracts was
measured by RIA (I-II) or ELISA (IV). The measured level of insulin
obtained using the two different techniques was comparable.

For the RIA, samples were diluted in phosphate buffer, and mixed with anti-
insulin serum (guinea pig). Samples were allowed to react for 20 h, and '*’I-
insulin was added. After incubation at 4°C, free and antibody-bound insulin
was separated by addition of ethanol, and free '*I-insulin radioactivity was
counted (187).

In paper IV, an insulin ELISA was used. This specific rat insulin ELISA
is based on a direct sandwich technique, in which two monoclonal antibodies
are directed against separate antigenic determinants of the insulin molecule.
During incubation, insulin in the sample reacted with peroxidase-conjugated
anti-insulin antibodies and anti-insulin antibodies bound to microtiration
wells. Bound conjugate was detected by reaction with 3,3°,5,5'-
tetramethylbenzidine. The reaction was stopped by addition of acid, giving a
colometric endpoint that was read spectrophotometrically. The rat insulin
ELISA has an 81% cross reactivity for mouse insulin, and 71% cross
reactivity for human proinsulin.

3.7.3 Total protein and (pro)insulin biosynthesis

To determine total protein and (pro)insulin biosynthesis, islets were
incubated at 1.7 mM and 16.7 mM glucose for either 90 min or 2 h at 37°C,
with the addition of radioactively labeled L-leucine (50 uCi/ml L-[4,5-
3H]leucine). The amount of incorporated radioactive L-leucine into insulin
was estimated by precipitating insulin molecules with anti—insulin
antibodies, and then radioactivity was counted and compared with the
radioactivity of whole protein extracts (188). In the immunoprecipitation
procedure, polyclonal anti-insulin serum was used (guinea pig), which is
likely to bind both proinsulin and insulin molecules.
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3.7.4 Measurement of nitrite formation

Nitrite is a stable product of NO and molecular oxygen, used as an indicator
of NO formation in biological fluids (189). Nitrites react with primary
aromatic amines in acidic solutions, with the formation of diazonium salts,
which will couple with certain compounds to form intensely colored azo
dyes (originally discovered by Griess in 1879 (190)) Aliquots of incubation
media were added to a mixture of 0.5 % naphtylenediamine dihydrochloride,
5% sulphanilamide and 25% concentrated H;PO,4 and incubated at 20°C for 5
min. The absorbance was measured spectrophotometrically at 546 nm
against a standard curve of sodium nitrite.

3.7.5 Quantification of PGE, formation

PGE, content in culture medium was determined with a PGE, competitive
enzyme immunoassay system from Amersham Pharmacia Biotech. The
assay is based on competition between unlabelled PGE, and a fixed quantity
of peroxidase-labelled PGE, for a limited number of binding sites on a PGE,
specific antibody. The reaction was stopped by addition of acid, giving a
colometric endpoint that was read spectrophotometrically.

3.7.6 Determination of islet NAD content

For determination of NAD content, high pressure liquid chromatography
(HPLC) was used. In HPLC, a liquid mixture of components is separated by
high pressure force through a column, which retains the component of
interest. NAD from groups of islets was extracted with 0.5 M HCIO,. After
neutralisation with N,N-dioctylmethylamine, samples were separated on a
250 x 4.6 mm partisil 10 SAX column and eluted in a 20 mM NH4H,PO,, 20
mM sodium acetate buffer; pH 4.15. Peaks were identified by UV-
absorption (191).

3.7.7 Assessment of cell viability by flow cytometry

Propidium iodide (PI) is a polar dye, which stains both apoptotic and
necrotic cells, the latter with high intensity (192). To examine cell viability,
islets were incubated with 20 ug/ml PI for 15 min, and were then dissociated
with trypsin. Changes in light scattering and fluorescence emission were
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determined by flow cytometry with a Becton Dickinson FACSCalibur
equipped with CellQuest software. Five to ten thousand cells per sample
were analysed by exciting the cells at 488 nm and examining fluorescence at
650 nm. As a cell shrinks or loses volume, forward-scattered light decreases.
Untreated cells were gated on a forward scatter versus PI fluorescence dot
plot, and the same gates were then applied to cytokine treated cells for
calculation of the fractions of apoptotic and/or necrotic cells.

3.8 Analysis of transcription factor activation, mRNA
and protein expression

3.8.1 Extraction of nuclear proteins and electromobility shift
assay (EMSA)

EMSA is a method that allows detection of binding between proteins and
RNA or DNA oligonucleotides. To analyse the presence of the active form
of the transcription factor NF-xB, extraction of islet nuclear proteins was
performed with a method modified from Dignam (193). For the EMSA, a
double stranded 26 mer oligonucleotide containing the kappa B binding site
(5"-AGCTTCAGAGGGGACTTTCCGAGAGG-3") was labeled with [32-P]
dCTP. Nuclear protein extracts were denatured with formamide and then
incubated with the radiolabelled nucleotide. A 100-fold excess of non-
labeled oligonucleotide was used as negative control. The samples were then
separated on a non-denaturing polyacrylamide gel, gel dried and exposed to
X-ray film.

3.8.2 RNA isolation and cDNA synthesis

Total RNA from islets exposed to different conditions was isolated with an
RNeasy Mini kit, where RNA molecules longer than 200 nucleotides are
bound to a silica-gel-based membrane. Any contaminating DNA was
digested with RNase-free DNAse, and RNA was eluted in water. To obtain a
higher concentration of RNA than provided after using the RNeasy Mini kit,
RNA was concentrated by sodium acetate/ethanol precipitation. Synthesis of
cDNA was performed with a Reverse Transcription System using 9/10 of
total RNA per 20 ul cDNA synthesis reaction.
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3.8.3 Real Time PCR and calculation of relative mRNA
expression values

A LightCycler Instrument combined with sequence-independent detection
with SYBR Green I was used to amplify and analyse generated cDNA. For
each PCR reaction, cDNA was mixed with nucleotides, polymerase and
primers (one forward and one reverse) specific for the genes of interest
(Table 1). During the amplification process, DNA is denatured at high
temperature, and then the temperature is lowered to allow annealing of
primers. After annealing, temperature is raised to 72 °C, the optimal
temperature for the polymerase, which produces the PCR products. SYBR
Green | is a dye that binds specifically to double-stranded DNA. During
PCR, SYBR Green I binds to DNA products as they are synthesised. Thus,
the increase in fluorescence, when measured at the end of each elongation
cycle, indicates the amount of PCR product formed during that cycle. Cycle
threshold (Ct) values were obtained for individual samples with the second
derivative maximum method, which uses a software algorithm that identifies
the first turning point of the fluorescence curve, i.e. the estimated
amplification cycle number when the fluorescence exceeds a specified
threshold value (194,195). To control the efficacy of the PCR, cDNA from
cytokine treated islets was diluted (4x, 16x, 64x and 256x) and amplified. Ct
values were plotted against the dilution of c¢cDNA, and a two-fold
amplification was obtained for each primer pair for each dilution. Negative
controls without template or with cDNA samples run without reverse
transcriptase were added to the PCR to screen for contamination or genomic
amplification.

To obtain relative mRNA expression values, one PCR reaction was
performed with G6PDH primers and one with specific primers of genes of
interest (Table 1), for each experimental group. The Ct values were used to
calculate the amount of PCR product in comparison to G6PDH as a “house-
keeping gene”, by subtracting Ct values for specific primers from the Ct
value for GGPDH (ACt). Relative mRNA expression was calculated as 2",
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Table 1. Primers used

Gene Accession  primer sequence (5°-3)
number F=forward
GenBank  R=reverse

G6PDH  Z11911 F ATTGACCACTACCTGGGCAA

R GAGATACACTTCAACACTTTGACCT
iNOS M8&7039 F CAGCTGGGCTGTACAAACCTT

R CATTGGAAGTGAAGCGTTTCG
COX-2 NMO011198 F GAGTCATTCACCAGACAGATTGC

R AGTATTGAGGAGAACAGATGGGAT

PC1 NMO013628 F TGAATGTTGTGGAGAAGCGG

R GCACTTGGAGACTTCTTTGGTG
PC2 NMO008792 F CTGAGGCTGGTGTGGCTAC

R AGCTGGCGTGTTTGCATTA

PLDla* U87868 F GGGGCTCACTAGGCACAG

R ATTTTGGCTTCATAATCTTCGTG
PLDIb* AH007049 F CGACAGCACCTCCAACACT

R The same as reverse primer for PLD1a
Insulin®  X04725 F CCATCAGCAAGCAGGTTAT

R GGGTGTGTAGAAGAAGCCA

* The reverse primer for PLD1a and PLD1b was designed to be the same, since PLD1a and
PLDI1b are two isoforms of an enzyme formed by different splice-variants of the same
mRNA. * Primers for insulin were designed to amplify both mouse preproinsulin 1 and
preproinsulin 2 mRNA similtaneously.

3.8.4 Western blot

To examine COX-2 protein expression, SDS-polyacrylamide gel
electrophoresis was used to separate proteins from lysed islets by size. The
separated proteins were then transferred onto Hybond-P polyvinylidene
difluoride membranes, and incubated with a specific primary antibody for
COX-2. After this, a secondary antibody conjugated to horseradish
peroxidase (HRP) was added and blots were developed using ECL+ Western
Blotting Detection System, where peroxidase in conjunction with a
chemiluminiscent substrate generates a signal that can be captured on film.
To correlate the amount of loaded protein from each experimental group,
bound COX-2 antibodies were washed (“stripped”) with SDS/B-
mercaptoethanol and the membranes were incubated with actin antibodies
and blotted as described above.

19



3.9 Statistical analysis

Values are expressed as means + SEM. When experiments were performed
in duplicates or triplicates, a mean was calculated for each experimental
group, and this was considered as one separate observation. Single
comparisons were performed by unpaired or paired t-test. Multiple
comparisons were analysed by repeated measures ANOVA followed by
Bonferroni t-test. To test for relative differences rather than absolute
differences, the logarithm of relative mRNA expression values was
calculated (III-1V) before statistical analysis. For in vivo experiments (II),
blood glucose values and changes in weight were pooled from two sets of
experiments performed at two different occations. Each time five to six mice
were used in each experimental group. To compare the proportion of
hyperglycaemic mice between each treatment group, Fisher’s exact test was
used.
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4. Results and discussion

4.1 Melatonin and protection against B-cell impairment
@)

We found that melatonin (at 1 mM) counteracted STZ-induced (0.5 mM)
inhibition of glucose oxidation and insulin release in cultured rat islets after
18 h of recovery. However, acutely after STZ-induced injury there were no
significant differences between the STZ and STZ + melatonin treated groups
regarding inhibition of glucose oxidation. Moreover, the NAD content was
about 50 % higher in STZ + melatonin treated islets compared to STZ alone
after 18 h of recovery, while the NAD content of both treatment groups were
equally suppressed acutely after STZ exposure. Furthermore, diabetes
induced by single, high dose injection of STZ (140 mg/kg body weight, i.v.)
in C57BL/Ks mice was effectively prevented by administration of melatonin
(100 mg/kg body weight, i.p.) 30 min before STZ injection.

When STZ is taken up by the B-cell, it rapidly decomposes forming free
radicals and reactive methyl cations that may induce DNA alkylations and
cross-link the DNA strands (135,136). Protection by addition of the hydroxyl
radical scavenger dimethyl urea (146), superoxide dismutase (144,196,197)
and vitamin E (198) support a role of free radicals in STZ-mediated p-cell
suppression, although some investigators found DNA alkylation to be the
major pathway of STZ action (136,145). Melatonin has been suggested to
directly scavenge highly reactive molecules such as hydroxyl radicals (OH)
(163,199), singlet oxygen ('O,) (200), peroxynitrite (ONOO") (201,202) and
NO (203). It is possible that the protection seen by melatonin against STZ-
induced suppression of B-cell function may be a result of a neutralisation of
STZ-derived radicals, resulting in reduced PARP activation and NAD
depletion. A similar mechanism of protection has been suggested in previous
studies of melatonin in relation to free radical-induced DNA damage
(175,201). Moreover, it was shown that melatonin protected against alloxan-
induced B-cell impairment in an in vitro islet perifusion model (204).
Alloxan is a diabetogenic substance, which (in similarity to STZ) probably
enter the cells via glucose transporters, and generates hydroxyl radicals and
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other reactive substances inside the cell (205). The postulated mechanism of
a direct neutralisation of free radicals by melatonin suggests that melatonin
acts as an electron donor, and thereby becomes a low-reactive radical itself,
the melatonyl cation radical (206). The latter molecule is believed to
scavenge O, to generate a kynuramine, which in vivo, can be secreted in the
urine.

In addition to direct scavenging of free radicals, melatonin has been
shown to upregulate the activity of the antioxidative enzyme glutathione
peroxidase (169-171), and increase the expression of glutathione peroxidase
and manganese (Mn-SOD) and copper-zinc (Cu.Zn-SOD) superoxide
dismutases (171,207). Upregulation of antioxidant enzymes may increase 3-
cell capacity to repair after injury, since B-cell damage was partially reduced
by increased SOD activity in STZ-treated animals (144,147). We observed
no increase in Mn-SOD mRNA after 6 h exposure of | mM melatonin to the
rat pancreatic PB-cell line RINmSF (AK Andersson, DL Eizirik and S
Sandler, unpublished results). However, this result does not exclude an effect
of melatonin on Mn-SOD activity in primary B-cells or pancreatic islets in
Vivo.

Recently it was shown that melatonin may affect rat liver and brain
mitochondrial function by enhancement of the activity of the respiratory
complexes I and IV (208,209). If islet mitochondria are affected in a similar
way by melatonin treatment, this may facilitate 3-cell ATP production and
increase the ATP available for energy-dependent processes of cellular repair.

Moreover, when isolated rat islets were exposed to melatonin in an in
vitro perifusion system, this caused a reversible inhibition of glucose-
stimulated insulin release (210). A reversible melatonin-mediated reduction
in insulin production during STZ-treatment in the present study could
contribute to an increase in the ATP available for cellular repair
mechanisms, by a reduction of energy demand due to the lowered insulin
secretion. It has been proposed that an excessive supply of nutrients could
increase the capability of B-cell repair after injury, since isolated rat and
mouse islets were protected from STZ-induced cell death and IL-1B-induced
impairment by culture in high glucose concentration (211-214).

It is likely that the mechanism of protection of melatonin operating in
vitro against STZ-induced B-cell damage also function in vivo, as indicated
by the well preserved metabolic control of STZ + melatonin exposed mice in
the present study. Nevertheless, the reduction in pancreatic insulin content
and weight of (melatonin + STZ) treated animals compared to controls
indicate that there was a loss of B-cells in these mice, despite normal blood
glucose levels. In line with our findings, a number of studies dealing with
melatonin administration during STZ treatment of mice and rats showed
decreased hyperglycemia and diabetes related complications such as lipid
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peroxidation (178,179,215-217). These results, together with our
observations in the present study, further support the hypothesis that
melatonin may cause a reduction of STZ-induced oxidative stress and B-cell
damage in vivo.

When we exposed cultured rat islets to melatonin and IL-13, we observed
no protection against NO formation or suppression of glucose oxidation,
indicating that melatonin did not prevent IL-1B-induced NFxB activation or
iNOS induction. In previous studies, melatonin inhibited LPS induced iNOS
expression in macrophages and hepatocytes (173,218), and it was suggested
that melatonin suppressed the activation of NFkB. Differences in activation
of proteins in the NFxB family by LPS and IL-1p, affecting NFxB binding
sites differently in the iNOS promoter, may explain the discrepancies of the
effect of melatonin on iNOS expression.

The finding that melatonin protected against development of autoimmune
diabetes in the NOD mouse (181) led to the speculation that melatonin could
affect the influence of cytokines and/or affect T helper cells during the
process of islet inflammation. Our observations that melatonin did not
counteract IL-1p-induced damage in isolated rat islets in vitro suggest minor
beneficial effects of melatonin against this particular cytokine. Moreover, we
found no protective effect of melatonin against development of
hyperglycaemia after multiple low-dose injections of STZ to C57BL/Ks
mice (melatonin 4 mg/kg given 30 min prior to 40 mg/kg STZ, for 5
consecutive days, mean blood glucose (mM) at 14 days after first injection:
control 7.9 + 0.9; STZ 15.1 = 1.0; melatonin + STZ 18.7 £ 0.8; AK
Andersson and S Sandler, unpublished results).

In contrast to the beneficial effects of melatonin in the NOD mouse,
melatonin caused a significant worsening of the disease in a mouse model of
collagen-induced arthritis (219). Furthermore, melatonin has been reported
to enhance immunologic responses in various conditions (220,221). The fact
that melatonin may potentiate various immune responses indicate that
receptor-related effects of melatonin have to be carefully elucidated, before
therapeutic attempts with melatonin against immune-mediated p-cell
destruction are undertaken.
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4.2 Inducible nitric oxide synthase and regulation of 3-
cell sensitivity to cytokines (II-IV)

4.2.1 Prolonged (48 h) exposure to IL-1p impairs glucose-
stimulated insulin secretion from iNOS -/- islets (II)

To investigate the effect of treatment with combined cytokines on iNOS -/-
islet function, we exposed wt and iNOS -/- islets to IL-13 alone or IL-1 in
combination with IFN-y for 48 h. IL-1 induced NO formation from wt
islets, which was further potentiated by IFN-y. Neither IL-1p nor (IL-1p +
IFN-y) induced NO formation from iNOS -/- islets, confirming that these
islets indeed were iNOS deficient.

In agreement with previous observations (62,63,91), we found that IL-1f3
and (IL-1B + IFN-y) suppressed glucose-stimulated insulin release from wt
islets, and that (IL-1f + IFN-y) reduced (pro)insulin biosynthesis and
glucose oxidation after 48 h (63,91). When iNOS -/- islets were exposed to
IL-1B, glucose-stimulated insulin release was impaired, and in parallel, there
was an increased insulin accumulation to the media a reduced insulin content
of the islets. Exposure to (IL-1p + IFN-y) did not affect glucose oxidation
rates, glucose-stimulated insulin release or insulin accumulation, but lowered
the insulin content of iNOS -/- islets. When we measured cell death by flow
cytometry analysis of dispersed iNOS -/- islets, there was no increase in cell
death in the IL-1B or (IL-1p + IFN-y) treated groups compared to the
control. Thus, the IL-1B-induced impairment of insulin secretion and
reduction in insulin content of iNOS -/- islets seem to be independent of cell
death. Altogether, when iNOS -/- islets are subjected to a prolonged (48 h)
exposure to IL-1P, this induces exhaustion of the insulin secretory
machinery, which results in a reduced response in insulin secretion to a
glucose challenge. The ability of IFN-y to counteract the IL-B-induced
changes in insulin secretion may be due to effects of PLD1 or SOCS-3 (see
section 4.2.3).

The effect of IL-1p in iNOS -/- islets is similar to what has been observed
in other experimental conditions, where IL-1f3 exposure did not result in NO
formation. Exposure of IL-1f alone to human islets does not induce iNOS
expression. Instead, a combination of (IL-1f + IFN-y) or (IL-1 + IFN-y
+TNF-a) is required (93). When human islets were exposed to IL-1f for 48
h, this resulted in an increase in insulin accumulation and glucose-stimulated
insulin release, and a reduction of the insulin content, without any NO
formation (222). A comparable effect of IL-13 was observed in rat and
human islets cultured in absence of L-arginine (the only physiological
substrate of NO synthesis by iNOS). In one of these studies, the insulin
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accumulation from rat islets was higher in the IL-13 exposed group after 6 h
compared to control islets, but after 6-24 h of IL-1p exposure, the cytokine
exposed islets showed a significantly lower insulin accumulation during the
6-24 h time period (223). A similar result was obtained in another study with
rat islets, where glucose-induced insulin release was impaired by IL-1[ after
24 h exposure in arginine free medium, without any reduction in (pro)insulin
biosynthesis or glucose oxidation rates (224). Human islets exposed to (IL-
1B + IFN-y + TNF-a) in arginine-depleted medium showed a reduction in
insulin content, but no increase in insulin accumulation after 24 h of
cytokine exposure (224).

The mechanism of NO-independent, IL-1B-derived changes in insulin
secretion remains to be clarified. Suggested pathways include impairment of
insulin secretion by oxygen radicals generated by iNOS (225), effects of IL-
1B-induced ceramide (55,56) or PGE; (42), an early activation of PKC and a
subsequent increase in insulin release (57), and changes in the activity of
(pro)insulin convertases (226). Free radicals derived from iNOS activity are
not likely to be involved in the present study, since the complete lack of
iNOS expression has been confirmed in iNOS -/- islets (128), paper I11.

It should be noted that the effect of IL-1p and (IL-1p + IFN-y) on iNOS -
/- islets does not necessarily need to be a B-cell specific phenomenon. In
addition to [B-cells, islets contain other endocrine and non-endocrine cells
that may secrete factors that could affect B-cell function. Among the non-f3-
cells, macrophages, endothelial and ductual cells are all likely to be affected
by cytokines (97,227,228).

4.2.2 Islets deficient in iNOS show a reduced ability to increase
their PGE, formation upon cytokine treatment (III).

In paper III, the possible involvement of PGE, formation in the IL-1p-
induced impairment of insulin secretion from iNOS -/- islets was
investigated. IL-1p and (IL-1B + IFN-y) exposed iNOS -/- islets responded
with an increase in PGE, formation compared to non-cytokine exposed
iNOS -/- islets, but the amount of PGE, formed was only about 20 % of that
from cytokine exposed wt islets. Examination of the expression of the
enzyme responsible for cytokine-induced PGE, formation in islets (COX-2),
revealed that both COX-2 mRNA and protein was induced to similar levels
in wt and iNOS -/- islets after 6 h of IL-1pB or (IL-1B + IFN-y) exposure. In
addition, the activation of the transcription factor NF-kB, suggested to be
important in iNOS and COX-2 transcriptional activation, was induced to the
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same extent in islets of both genotypes. Furthermore, when iNOS -/- islets
was incubated with IL-1p in the presence of the NO donor DETA NONOate,
this increased the PGE, formation about 50%, compared to islets exposed to
IL-1B alone. Taken together, the findings in paper III indicate that an
absence of NO formation after cytokine exposure impairs the efficacy of the
COX-2 enzyme activity. The decreased ability of PGE, formation from
cytokine-treated iNOS -/- islets suggests that PGE, formation is probably not
part of the IL-1B-induced suppression of insulin secretion observed in paper
I. Also in other studies with islets, where iNOS was chemically inhibited, a
reduction in PGE, formation after cytokine exposure was observed (71,72).

The presence of NO during COX-2 activity seems to directly stimulate
the COX enzyme by scavengeing oxygen radicals formed (229).
Peroxynitrite formed after interaction of NO with oxygen radicals may also
activate COX enzymes (230). Another mechanism suggested to operate in an
NO-dependent enhancement of prostaglandin H synthesis is S-nitrosation of
cysteine residues in the catalytic domain, which enhances prostaglandin
synthesis (231).

Interestingly, some studies suggest that inhibition of PGE, formation in
turn could decrease iNOS-induced NO formation. For example, inhibition of
COX activity by indomethacin resulted in a reduction in nitrite accumulation
from rat Kupffer cells (232), as well as from rat alveolar macrophages (233).
In a model of inflammation induced by zymosan injection into the mouse air
pouch, treatment of animals with the selective COX-2 inhibitor NS-398
lowered iNOS activity and nitrite present in air pouch exudats (234). The
relation between COX inhibition and NO formation in islets cells remains to
be clarified. The use of specific COX-2 inhibitors such as NS-398 has been
shown to act protectively against cytokine-induced suppression in vitro (74),
and against STZ-induced diabetes in vivo (76). PGE, formation may be
involved in recruitment of immune cells during an ongoing inflammation
(so-called homing), and it is possible that an inhibition of PGE, formation in
vivo could decrease an inflammatory infiltrate during the process of insulitis.
When iNOS -/- mice were subjected to diabetes-induction by MLDSTZ,
hyperglycaemia was partially counteracted and there was less inflammation
around iNOS -/- islets compared to islets from MLDSTZ treated control
mice (128). It is possible that the reduced ability to produce PGE, upon
cytokine stimulation in vitro also operates in vivo, and may participate in the
observed protection of iNOS -/- mice against diabetes development.
Conversely, PGE, has been suggested to act as an inhibitor for CD4" and
CD8" T-cell effector functions which thereby counteracts autoimmunity
(235).

Recently it was suggested that COX-2 is involved in cytokine-mediated
generation of free radicals from B-cells in vivo (236), indicating that other
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COX-2 activities than PGE, formation may harm the B-cells. It is currently
not known if the presence or absence of NO can influence the COX-2
mediated generation of free radicals in a similar way as seem to be the case
with PGE, formation. The possible effects of COX-2 activity and PGE,
production during diabetes development remain unclear, implicating a
complex role for this pathway during inflammation.

4.2.3 Altered kinetics of early cytokine-stimulated insulin
secretion from iNOS -/- islets — role of PLD1, proinsulin
convertase and insulin mRNA expression (IV)

In paper I, we concluded that when iNOS -/- islets are subjected to a
prolonged (48 h) exposure to IL-1p, this induces exhaustion of the insulin
secretory machinery, which results in a reduced response in insulin secretion
to a glucose challenge. To examine if the effects observed after a long term
exposure to IL-1 could be a result of early events after IL-1P treatment, the
insulin secretion from iNOS -/- islets after 2-20 h of cytokine exposure was
evaluated in paper IV. In this study, we found that exposure of iNOS -/-
islets to IL-1B at high glucose induces a delayed and prolonged early
stimulatory phase (4-6 h) of insulin secretion compared to wt islets.
Furthermore, the stimulatory effect of IL- exposure was counteracted by the
addition of IFN-y.

Previous studies with mouse and rat islets have suggested that PLDI1
induction, DAG formation and PKC activation may have a role in the early
stimulatory phase of insulin secretion after cytokine exposure (57,58). In
order to investigate if the PLD/DAG/PKC pathway was involved in the
observed effects on insulin secretion from iNOS -/- islets after cytokine
exposure, we examined PLD1 mRNA expression. There was, indeed, a more
pronounced induction of PLD1 expression from iNOS -/- islets compared to
the corresponding cytokine treated wt islets, especially regarding PLDla
expression. It is possible that the increase in PLD1 expression observed from
iNOS -/- islets may reflect an increase in PKC activity, which in turn could
mediate an increase in insulin secretion from these islets. The fact that the
IL-1B-induced PLD1b expression from iNOS -/- islets was counteracted by
the addition of IFN-y may partially explain the observed effects of IFN-y,
suppressing the IL-1B-induced increase in insulin secretion. However, other
mechanisms could operate as well.

Recently, a new family of intracellular proteins controlling the magnitude
and/or duration of cytokine signaling (suppressors of cytokine signaling,
SOCS) was described (reviewed in (237)). The expression of SOCS proteins
represent an intracellular negative feedback loop in cytokine signaling, as
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they inhibit the cytokine signalling from cytokines that induce their own
expression. IFN-y signaling has been shown to be inhibited by SOCS-1 and
SOCS-3, via interference with JAK signaling and subsequent STAT
dimerisation, necessary for transcriptional activation of target genes. In a
study by Karlsen and coworkers (238), SOCS-3 overexpression was shown
to counteract cytokine-induced apoptosis, and to reduce IL-1p-induced iNOS
promoter activity and nitrite formation. The time course of SOCS-3
induction in normal rat islets appears to be different after IL-1p or IFN-y
exposure, with IFN-y inducing a small increase in SOCS-3 mRNA after 1 h
of exposure and IL-B inducing SOCS-3 expression only after a longer time
period (24 h) (238). If IFN-y treatment of iNOS-/- islets induces an early
increase in SOCS-3 expression, SOCS-3 might contribute to the inhibitory
action of IFN-y against IL-§ induced signals in these islets.

When rat and human islets were exposed to IL-1f or IL-IB in
combination with IFN-y, cytokine treatment was shown to reduce the
expression of proinsulin convertases, with an increase in proinsulin over
insulin secretion as a result (226,239). In rat islets, the inhibition of PC
expression was shown to be NO-dependent, which was not the case in
human islets. In iNOS -/- islets, we found that suppression of PC1 mRNA
expression was partly NO-dependent, while IL-1B-induced impairment of
PC2 expression was not. A reduced expression of PC enzymes may increase
the proinsulin over insulin secretion from iNOS -/- islets. However, it was
not possible to discriminate between insulin and proinsulin in the present
investigation, due to limitations of the ELISA used for insulin determination
(see methods). Elevated proinsulin levels has been associated with the
prediabetic stage of type 1 diabetes in humans (240), and proinsulin is also
elevated in first-degree relatives of type 1 diabetic patients positive for islet
cell antibodies (241). The present in vitro data, together with results from
other studies, indicate that cytokines participating in a process of insulitis
may affect proinsulin conversion. It remains to be clarified if there is a
relation between the in vitro findings of a disturbed insulin processing and
the elevated proinsulin levels found in serum. Nevertheless, it is an
interesting possibility that changes in serum proinsulin levels might serve as
an early, peripheral marker of B-cells facing active immune cells.

Cytokine-induced suppression of insulin mRNA expression appears to be
NO-independent, as cytokine treatment of wt and iNOS -/- islets suppressed
insulin mRNA expression to a similar extent after 24 h. Moreover, the
reduction in insulin mRNA levels did not seem to affect iNOS -/- islets
ability to release insulin at this time-point. On the other hand, long term
inhibition of insulin mRNA expression could affect the capacity to produce
insulin, as indicated by the (pro)insulin synthesis data from iNOS -/- islets in
paper 1. In a study of NF-kB-dependent gene expression from cytokine
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exposed rat islets, the mRNA expression of IP-10, IL-15, MCP-1, c-myc,
MnSOD and iNOS was shown to be NF-kB-dependent, but not blocked by
iNOS inhibition (242). Of these genes, the transcription factor c-myc has
been suggested to be involved in suppression of insulin transcription and
inhibition of insulin secretion (243,244), making c-myc an interesting target
for further studies of mechanisms of cytokine-induced, NO-independent
impairment of B-cell function.
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4.2.4 Concluding remarks about NO-dependent versus NO-
independent effects of IL-1p and IFN-y exposure to mouse
pancreatic islets

Partly NO-dependent
Cytokines IL-1B-induced
suppression of PC mRNA
expression
]L-1p + IFN-y-induced
cell death
NO-independent NO-dependent
Inhibition of glucose stimulated ]L.-1B + IFN-y-induced reduction
insulin secretion after long term IL.- of glucose oxidation

1B exposure

]L-1B and IL-1B + IFN-y-induced

eIncrease in nsulin output PGE, formation

(increased insulin accumulation and

reduced insulin content) after long *Reduced induction of PLD1a/b
term IL-1PB exposure mRNA expression after IL-1B and

IL-1B + IFN-y exposure

*]L-1B-induced early increase in

glucose stimulated insulin secretion

*IL.-1B-induced activation of NF-xB
and expression of COX-2

IL-1PB and IL-1P + IFN-y-induced
reduction 1n mnsulin mRNA
expression

Figure 4.0utline of NO-dependent versus NO-independent effects of cytokine
exposure to mouse p-cells.
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The findings in papers 11, III and IV, together with results from other studies,
clearly show that cytokines damage islets by non-NO dependent
mechanisms. The main function of the B-cell, glucose stimulated insulin
secretion, appears to be disturbed at several different steps by cytokines, in
the absence of NO formation. Initially, in particular IL-1B exposure seems to
be stimulatory for the insulin secretion machinery, while after a longer time-
period of exposure, IL-1f act inhibitory. Also the formation of new insulin
molecules appears to be affected, since IL-1p and IL-B + IFN-y suppress
mRNA expression of both insulin convertase enzymes and insulin itself.
Several of the observed effects of cytokine exposure to iNOS -/- islets
resembles the effects obtained after cytokine treatment of human islets,
making the iINOS -/- mouse islets an interesting model system to use to
further characterise the mechanisms of cytokine-induced islet damage in
type 1 diabetes.
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5. Conclusions

e Melatonin may prevent against STZ-induced B-cell damage in vitro. In
vivo, melatonin counteracts hyperglycaemia, induced in mice by a single
high dose injection of STZ. The protective actions of melatonin in the
present study may be related to interference with DNA damage and PARP
activation, rather than through effects on NO generation pathways, since
IL-1B-induced impairment of isolated islets could not be counteracted by
melatonin treatment.

e Prolonged exposure of IL-1p or (IL-1f3 + IFN-y) to iNOS -/- islets induces
changes in the insulin secretory machinery, with an IL-1B-induced
exhaustion which results in a reduced response in insulin secretion to a

glucose challenge. This is independent of NO formation pathways and
cell death.

e Exposure of iNOS -/- islets to IL-1p at a high glucose concentration
induces a delayed and prolonged stimulatory phase of insulin secretion
compared to wt islets. PKC activation, via increased phospholipase D
expression and effects on proinsulin to insulin conversion, but probably
not changes in insulin mRNA expression, may be involved in early NO-
independent regulation of cytokine-stimulated insulin secretion from [3-
cells.

e The prolonged stimulatory phase of insulin secretion from iNOS -/- islets
early after IL-1B exposure could contribute to the inhibitory effect on
glucose-stimulated insulin secretion from these islets after long term
exposure to IL-1p.

e iNOS -/- islets have a reduced ability to respond with PGE, formation
after cytokine exposure. This is due to posttranslational inhibition of the
COX-2 enzyme activity in the absence of NO formation, rather than on
expression of COX-2.
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