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ABSTRACT

A selective destruction of pancreatic B-cells as a consequence of inflammation in the islets of
Langerhans is a feature of type 1 diabetes. Pro-inflammatory cytokines secreted by T
lymphocytes and macrophages infiltrating the pancreatic islets participate in the development
of this autoimmune disease by acting directly on the B-cell. The aim of this thesis was to
investigate mechanisms of B-cell dysfunction and death induced by the mixture of pro-
inflammatory cytokines IL-1p, IFNy and TNFa, i.e., under conditions modelling those during
inflammation in type 1 diabetes. Furthermore, we aimed to study whether imidazoline
compounds RX871024 and efaroxan can affect pancreatic B-cell death under these conditions
and if so, to explore underlying molecular mechanisms.

Some imidazoline compounds can promote insulin secretion and have been discussed as
potential therapeutic drugs in type 2 diabetes. Among those compounds are insulinotropic
imidazolines RX871024 and efaroxan. It was previously shown that these imidazolines do not
induce apoptosis in mouse pancreatic 3-cells but even protect against IL-1p-induced primary
B-cell apoptosis. The protective effect of RX871024 on IL-1p-induced p-cell apoptosis has
been accompanied by inhibition of IL-1p-induced NO production. However, in a first study we
have shown that the imidazoline compounds cannot protect pancreatic -cells against death
induced by a combination of pro-inflammatory cytokines IL-1, IFNy and TNFa., despite
RX871024 decreases the cytokine-induced NO production both in islets and in -cells.
RX871024-induced decrease in p38 MAPK phosphorylation may explain the partial inhibitory
effect of RX871024 on cytokine-induced NO production. Thus pancreatic -cell death
triggered by a mixture of pro-inflammatory cytokines IL-1f3, IFNy and TNFa, conditions
resembling those that take place in type 1 diabetes, does not directly correlate with NO
production and rather relies on other players which cannot be counteracted with agents such as
imidazoline compounds.

Malignant insulinoma is an uncommon tumour, however, it has a poor prognosis.
Chemotherapy to this tumour is not very effective. Therefore, search for effective and specific
chemotherapeutical drugs for patients with malignant insulinomas is of utmost importance.
Unlike primary B-cells where RX871024 was without any effect, the imidazoline compound
selectively destructs insulinoma MING cells and potentiates cytokine-induced insulinoma cell
death. The cytotoxic effects of RX871024 does not include changes in NO production but
involve increase in basal and cytokine-induced JNK activation associated with stimulation of
initiator caspases-1, -8 and -9 and executor caspase-3. In contrast to primary mouse B-cells,
there was no effect of cytokines or imidazolines on p38 activation in MING cells.

It has been shown that expression of SOCS-1, an endogenous inhibitor of IFNy-induced
signalling, in pancreatic B-cells protects NOD mice against diabetes. In a third study we
investigated how signaling via JAK/STAT pathway controls cytokine-induced p-cell death.
SOCS-1 overexpression diminishes activation of both caspase-8 and -9 in primary mouse j3-
cells leading to inhibition of cytokine-induced B-cell death. This finding in association with the
observation that SOCS-1 does not affect glucose stimulated insulin release and islet cell death
in the absence of cytokines indicates the possibility to use an elevation of SOCS-1 expression
in the treatment of type 1 diabetes.

In conclusion, results of this thesis implicate that pancreatic 3-cell death induced by mixture of
pro-inflammatory cytokines IL-1, IFNy and TNFa cannot be counteracted with agents such as
imidazoline compounds, but can be suppressed by inhibition of IFNy-induced signalling. We
have also found that RX871024 exerts selective cytotoxic effect towards insulinoma cells.
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1 BACKGROUND

A selective destruction of insulin-producing pancreatic p-cells as a
consequence of inflammation in the islets of Langerhans is a feature of type 1
diabetes (1-3). Pro-inflammatory cytokines secreted by macrophages and T
lymphocytes infiltrating the pancreatic islets may participate in the
development of this autoimmune disease by acting directly on the p-cell (4-6).

The combination of pro-inflammatory cytokines IL-13, IFNy and TNFa induce
either necrotic (swelling of the cell and its organelles leading to loss of plasma
membrane integrity) or apoptotic (characterised by caspases activation, DNA
fragmentation, and membrane blebbing) B-cell death (7-15). Cytokines trigger
intracellular signalling pathways, but those that result in B-cell damage are not
fully understood. Signal-transduction induced by cytokines in B-cells involves
activation of MAPK, including ERK, p38 and JNK (16). MAPK activation
contributes to [B-cell destruction (17, 18), partly through participation in
induction of NO production. The expression of iNOS, triggered by cytokines
and concomitant increase in intracellular NO concentration, results in
diminished glucose-stimulated insulin secretion (9) and is coupled to p-cell
death (9, 13, 19) in cultured rodent islets. Abolishing NO production with
INOS inhibitors significantly decreases cytokine-induced pancreatic [-cell
death (9, 15, 20). Nevertheless, NO-independent pathways contributing to 3-
cell death triggered by cytokines exist (11, 21-23). Many cytokine-induced
signal transduction pathways converge at the level of caspase activation, and
the importance of caspase-3 activation for execution of apoptosis in cytokine-
treated islets and B-cell lines was shown by us and others (19, 24-26). An
effector caspase-3 is usually activated by initiator caspases (27), such as
caspase-8 and caspase-9. Caspase-8 is activated by TNFa in insulin-secreting
cell lines (28, 29), and caspase-9 by the combination of IL-1f, IFNy and TNFa
in human pancreatic islets (30).



1.1 IL-1B, TNFa AND IFNy-INDUCED SIGNALLING

IL-1B is a central mediator in inflammation and innate immune responses. This
multifunctional pro-inflammatory cytokine also plays a role in type 1 diabetes. It
is one of the substances responsible for the toxic effects of activated
macrophages on pancreatic -cells (31). In rodent islets, IL-1B alone is able to
promote B-cell destruction (32) and to inhibit insulin release (33, 34). IL-1B
signals through IL-1RI belonging to the TLR family (35). The signal
transduction pathways putatively activated by IL-1p in B-cells are schematically
shown in Fig. 1.

TNFa is a pleiotropic pro-inflammatory cytokine activating different signaling
pathways. Most cell types, including primary B-cells, are resistant to TNFa-
induced apoptosis (36). This cytokine binds to its cellular receptor TNFR1, a key
mediator of TNFa. signaling in the majority of cells including B-cells (37), which
signaling under normal conditions induces activation rather than cell death (38).
However, special circumstances can push the balance of TNFR1 signaling
towards induction of apoptotic or necrotic cell death. Accordingly, TNFa
induces apoptosis of primary B-cells only when added in combination with IFNy
(37). Overall, the process of TNFR1-induced cell death is tightly regulated and
dependent on environmental and intracellular conditions (39, 40). A schematic
overview of the signal transduction pathways putatively activated by TNFa in 3-
cells is presented in Fig. 1.

IFNy is a pleiotropic cytokine involved in antiproliferative and antiviral
responses, immune surveillance and tumour suppression (41). The signal
transduction pathways putatively activated by IFNy in B-cells are schematically
presented in Fig. 1. IFNy signals via a receptor consisting of two distinct
subunits, namely IFNGR1 and IFNGR2 associated with JAK1 and JAK2. Upon
binding of IFNy to its receptor, JAK1 and JAK2 become phosphorylated and
thus activated and phosphorylate IFN-receptor allowing STAT-1 to bind. The
tyrosine Y701 phosphorylation of STAT-1 by activated JAKSs is a crucial step in
IFN-mediated signalling resulting in formation of STAT-1-STAT-1 homodimers



which translocate to the nucleus and initiate or suppress the transcription of
IFNy-regulated genes (42, 43). IFNy indeed induces STAT-1 phosphorylation
and sustained activation in pancreatic B-cells (4, 44). During the first wave of
IFNy-induced transcription executed by STAT-1 primary response genes are
expressed (45). Many of the genes are transcription factors and among them is
IRF1, a major mediator of the IFNy signalling pathway, which participates in the
next transcription wave of many secondary IFNy-regulated genes (45).
Surprisingly, in spite of STAT-1 activation is related to apoptosis induced by
cytokines in pancreatic B-cells (46, 47), activation of IRF1 in primary purified
pancreatic p-cells is not important for IFNy-triggered elevation of NO
production, increase in MHC class | expression and cytokine-induced apoptosis.
However, IRF1 participates in cytokine-induced islet cell death probably by
activating non-endocrine cells (e.g. macrophages) (48, 49). Nevertheless, the
inhibition of IRF1 function is not meaningful for the protection against cytokine-
induced B-cell death. Indeed, deletion of IRF1 leads to abrogation of glucose
stimulated insulin secretion and elevation of iINOS and chemokine production,
the latter results in more aggressive immune infiltration of grafted islets (49).

1.2 INTEGRATION OF PRO-INFLAMMATORY CYTOKINE
SIGNALLING IN PANCREATIC B-CELLS

Under physiological conditions cells are not stimulated with one cytokine in
isolation. Relevant for type 1 diabetes is that IFNy signalling integrates with IL-
1B- and TNFa-induced signalling pathways in triggering B-cell apoptosis. In
vitro, IFNy itself does not induce p-cell death (50), however, it potentiates the
detrimental effects of IL-18 and TNFa on B-cell function and survival (7, 14,
50-53). The interplay of signal-transduction pathways putatively involved in the
execution of cytokine-induced p-cell death is schematically presented in Fig. 1.
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Figure 1. The different signal transduction pathways putatively involved in the execution of
cytokine-induced B-cell death. The figure is based on Refs. (4, 16, 35-40, 42-45, 47, 48, 54-103).

Both IL-1p and TNFa stimulate ERK1/2 activation in pancreatic -cells (16),
which then can participate in STAT1 S727 phosphorylation and therefore in full
activation of STAT1 (93). Further, IL-1p induces PKC& (72) and
Ca?*/calmodulin-dependent protein kinase 1 activation in pancreatic p-cells (62)
which can also phosphorylate STAT1 on S727 (93). Moreover, STAT-1 interacts
with IRAK and undergoes IRAK-dependent phosphorylation of S727 following
IL-1B treatment (98). Besides this, STAT-1 is a component of the TNFa
receptor complex, and TRADD/STAT-1 interaction is induced by IFNy (98-
100). Similar to STAT-1, p65 subunit of NF«xB requires phosphorylation and
acetylation to generate a fully active NFkB complex (104). Phosphorylation of
NF«B occurs after kB degradation (104). The phosphorylation of p65can be
executed among others by IKK and MSK1, the latter activated by ERK1/2 and
p38 (104, 105). Phosphorylation of NFxB determines strength and duration of



the NFxB transcriptional response, regulates DNA binding and facilitates
recruitment of transcriptional cofactors (104).

There is an interplay between STAT-1 or IRF1 and other transcription factors
induced by IL-18 and TNFa, such as NFxB and c-Jun, the latter is
phosphorylated and activated upon JNK activation. It is known that many genes
contain binding sites for more than one transcription factor in their promoters
and maximal transcription requires presence of all the signals (93, 106, 107). For
example, an important gene containing binding sites for both STAT-1 and NFxB
in its promoter is IRF1 (106). Co-stimulation with IL-1B indeed potentiates
IFNy-induced increase in IRF1 mRNA and protein content in the RINm5F B-cell
line, however, this effect is absent in rat and human islets (108). Similarly, the
cooperation between STAT-1, IRF1 and NFkB seems to be important for
induction of iINOS expression in the RINm5F (-cell line and macrophages.
Nevertheless, the cooperation is not observed in primary B-cells despite the
presence of IFNy-driven increase of IL-1B-induced NO production (106, 109).
Accordingly IFNy also applies other mechanisms to enhance NO production. In
particular, IFNy up-regulates argininosuccinate synthetase and GTP-
cyclohydroxylase | (45). The former produces L-arginine, a substrate for iNOS
while the latter supplies the tetrahydrobiopterin cofactor required for NO
production (45). Another example of a gene regulated by transcription factors
activated by different cytokines is tristetraprolin. The expression of this zinc
finger binding protein, accelerating decay of a number of mRNAs, including
INOS mRNA, depends upon both STAT-1 and p38 MAPK activation (110). It
should be noted, that while both IL-13 and TNFa induce NFxB activation in 3-
cells (111), blocking NFxB activation reduces NO production and [-cell
apoptosis induced by a combination of IL-1p and IFNy (112). However, the fact
that INOS expression is less does not lead to the protection of pancreatic 3-cells
against TNFo and IFNy -induced cell death (113).

The up-regulation of expression of receptors and associated molecules is another
level of crosstalk between IL-1B-, TNFa-, and IFNy-induced signalling



pathways. MyD88 can participate in IRF1-induced gene transcription (114, 115)
whereas IFNy induces up-regulation of MyD88 and IRAK1 expression (106).
Moreover, IFN up-regulates also TNFR1 expression (45). Expression of another
component of TNFa signalling machinery, TRAF2, is elevated by IL-1B in a
NFkB dependent manner in primary pancreatic -cells (66). IL-1p can also
affect IFNy signaling by elevating NO production, which in turn increases
expression of IFNGR1 and IFNGR2 (116).

Although IFNy alone does not induce JNK and caspase activation, it successfully
potentiates TNFa-induced JNK activation in the MING6N8 B-cell line (81). The
potentiation can be driven by IFNy-induced inhibition of MKP1, the enzyme
involved in dephosphorylation of JNK and other MAPKSs (117), thus leading to
sustained JNK activation and thereby promoting caspase-9 activation (39, 118).
Further, IFNy can facilitate IL-1p- and TNFo-induced pancreatic 3-cell death by
inducing IRF1-dependent increase in caspase-1 and caspase-8 expression (37,
101, 102) and by down-regulating the expression of genes involved in p-cell
defence, in particular against endoplasmic reticulum stress (48, 103).

In conclusion, integration at multiple levels within IFNy, IL-1B, and TNFa
signal-transduction pathways serves to synergistic destruction of pancreatic 3-
cells, however precise mechanisms of IFNy-driven potentiation of IL-13 and
TNFa effects on pancreatic 3-cell death are not known up to now.

1.3 SUPPRESSOR OF CYTOKINE SIGNALING-1

The JAK/STAT pathway is regulated by several families of proteins such as
protein tyrosine phosphatases, SOCS and protein inhibitors of activated STAT
(119, 120). Among them SOCS-1 is indispensable for the negative regulation of
IFNy-induced signaling (121-124). The SOCS-1 prevents activation of the
JAK/STAT pathway, associating with phosphorylated JAK and one of the
phosphotyrosine residues on the IFNy receptor. The consequence of this
interaction is inhibition of JAK and prevention of downstream STAT-1
activation (125, 126). Besides this, SOCS-1 has been shown to accelerate the



ubiquitination and degradation of phosphorylated JAK (127). Moreover, SOCS-
1 has a role in signal transduction pathways activated by other cytokines. In
particular SOCS-1 participates in TNFa-induced p38 and JNK activation and
inhibits TNFa-induced apoptosis suppressing JAK activation (128-131).
Accordingly, in B-cells SOCS-1 deficiency leads to hypersensitivity to TNFao.-
induced NO production and TNFa-induced cell death (50). SOCS-1 even
interferes with TLR signalling (132-134), a receptor family that the IL-1B
receptor belongs to, and participates in ubiquitination and proteolysis of NFkB
subunit p65 (135).

Expression of endogenous SOCS-1 in pancreatic islet cells, almost undetectable
under basal conditions (136), is enhanced by IFNy treatment and during an
autoimmune inflammatory process (137). However, even the expression level
triggered by the cytokine is insufficient to terminate IFNy-induced signal
transduction (44). In addition SOCS proteins are generally unstable (138).
Nevertheless, IFNy-induced signal transduction in the B-cells can be abrogated
by overexpression of SOCS-1 (44) and it was recently demonstrated that [3-cell
expression of SOCS-1 protects NOD mice from developing diabetes (4). The
effect is not associated with reduced insulitis or changes in IFNy-induced class |
MHC expression and rather relies on direct protection of (-cells from
inflammatory cytokines secreted by infiltrating immune cells correlating with
decreased expression of CXCL10 (4, 97, 139).

1.4 MITOGEN-ACTIVATED PROTEIN KINASES

MAPK signal transduction pathways activated by a wide variety of stimuli
transforms signals into phosphorylation events and thereby coordinate diverse
cellular responses such as cellular metabolism, differentiation, migration,
proliferation and survival (140, 141). The specificity of cellular reaction depends
upon the kinetics of MAPKSs activation, its subcellular localization, the scaffolds
they interact with and the availability of substrates (141). The MAPK family
consists of three major groups: ERK, JNK, and p38 MAPK (141).



141 ERK

In most cell types ERK is attributed to cell growth, proliferation and survival,
however, its activation is also contributed to apoptosis. The decision on cell fate
depends upon cell type and a combination of strength and duration of ERK
activation, persistent low level of activation or transient strong burst of activity
followed by a lower and sustained activation is required for proliferation, while
sustained strong activation corresponds to senescence, apoptosis and
differentiation (142, 143). Activated ERK1/2 phosphorylates more than 150
substrates including transcription factors, cytoskeletal proteins and many other
types of proteins (105, 144-146). ERK-induced signalling is schematically
represented in Fig. 2.
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Figure 2. ERK-dependent targets grouped according to participation in different cellular
processes. The consequent changes in activation or expression of other proteins or processes are
shown in a smaller font. Arrows indicate ERK-dependent activation or inhibition of the targets
(18, 142, 144-160).

Alternative consequences of ERK1/2 activation have also been shown in
pancreatic B-cells. For example, PKA-dependent activation of ERK1/2 promotes



B-cell survival and protects against IFNy and TNFo-induced apoptosis (161-
163). Moreover, ERK1/2 is important for insulin gene transcription in response
to elevated glucose and depolarization of B-cells (155). Transcription factors
Beta2, PDX-1, and MafA responsible for insulin gene expression need to be
phosphorylated and activated by ERK1/2 (155). However, ERK1/2 activation in
response to IL-1 and IFNy promotes apoptosis in primary rat p-cells (164). The
ERK1/2 participates in IL-1B-induced NO production (152), increases NFxB
activity presumably by phosphorylation of its p65 subunit (18) and is able to
activate transcription factor C/EBPB (153), which reduces insulin expression
(154, 155) and together with NF«kB initiates Fas expression (156). On the other
hand C/EBPB phosphorylated by ERK1/2 or p38 is able to bind and inhibit
caspases-1 and -8 (148). Furthermore, both induction and suppression of CHOP
transcription are ERK1/2-dependent in B-cells (157), thus ERK1/2 has a
potential to affect ER stress.

1.4.2 p38

The p38 MAPK is involved mainly in the inflammatory and stress responses,
cell differentiation, in particular in differentiation of pancreatic 3-cells, growth
inhibition, and apoptosis (165-170). In B-cells p38 participates in regulation of
insulin expression by mediating phosphorylation of transcription factors
C/EBPp, USF1, CDX3 and E47 (148, 166, 171-175). Targets affected directly or
indirectly by p38, which may be relevant for cytokine-induced [-cell
dysfunction and destruction, are presented in Fig. 3.

Due to the important role which p38 plays in such biological processes as
differentiation, cell cycle arrest and apoptosis induction, the kinase is discussed
as a tumour suppressor. However, in tumour cells, granulocytes and excitable
cells, including pancreatic B-cells, p38 contributes to DNA repair, cell cycle
checkpoint and survival (168, 204-206). The discrepancy could rely on
activation of different p38 isoforms (166) and prolongation of p38 activation,
short-term p38 activation promotes [-cell survival, while long-term p38
activation leads to caspase activation in insulin-secreting cells (206). In line with



this IL-1p induces p38-dependent phosphorylation of CREB in insulin-secreting
cells (192). Overexpression of the transcription factor in insulin-producing cells
protects against cytokine-induced apoptosis by up-regulating expression of Islet-
Brain 1 protein with subsequent inhibition of JNK and by promoting expression
of anti-apoptotic Bcl2 protein (193, 194). However, phosphorylation of CREB as
well as Bcl2 expression are decreased after long-term incubation of insulin-
producing cells with cytokines (193).

m Apoptosis  m Necrosis m Cellcycle arrest ~ ® Survival
= ATF21 » HMGB1 = Cyclin D14 = C/EBPRT
s CHOPT Caspase-1 |
m p531 HMGB1release T m CDC25 1 Caspase-8 4
APAF1 1+ ® Na'/H"exchanger m p531 m CREB?
Fas T Bel2 T
Bax T m p2iwafl 1 Islet-Brain 1 T
Bid T m pl16INK4a T = JNK L
Puma T
ESI)-(?(JJ, » Inflammation ™ Protein translation ™ Insulin expression
and secretion
Bel2 L m EIF4E 1
= CREB1T C/EBPB *
m 14-3-3 c-Fos 1 m EEF2kinase 4 u p
" SIrInZTJ. JunB t = ARE binding proteins ® YSF17
" HC . . coxa 1 TTP PDX1 1
. Pﬁ;nsiﬁ;'igpzza;; = HMGB1 ANRNP-AO m E471
: HMGB1 release 1 HUR m CDX317
KSRP m PKD11l

Figure 3. Proteins affected in a p38-dependent manner which are involved in cell survival,
inflammation and insulin secretion. The consequent changes in activation or expression of other
proteins or processes are shown in a smaller font with white squares. Arrows indicate p38-
dependent activation or inhibition of the targets (105, 143, 148, 150, 152, 165-169, 171-203).

The p38 regulates gene expression by multiple mechanisms, including
transcription, nuclear export, mRNA stability and translation (105, 166). In
particular p38 increases stability of some mRNAs encoding inflammatory
proteins, including iNOS, which otherwise are rapidly turned over (105, 143,
148, 166, 201). Accordingly, p38 activation in B-cells is necessary for IL-1p-
induced NO production (152). The MAPK also regulates expression of COX2
supplying eicosanoids at sites of inflammation, including in the islets of
Langerhans (105, 190, 195, 207). Moreover, p38 also regulate release of
HMGBL1 (168, 178, 185-187). HMGBL1 can be released in the course of necrosis
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from pancreatic p-cells in response to pro-inflammatory cytokines and
participates in the development of insulitis and diabetes (183, 184). By
phosphorylating CHOP and phospholipase A, p38 promotes ER stress, and p38-
dependent up-regulation of CHOP participates in ER stress in insulin-producing
cells (166, 203). Due to an important role in regulation of biosynthesis or release
of pro-inflammatory cytokines and other inflammatory mediators, such as
COX2, iINOS and HMGB1, p38 is a drug target for inflammation-associated
diseases such as diabetes (105, 166, 207, 208).

1.43 JNK

The JNK pathway is an important regulator of cell migration, proliferation,
survival, DNA repair, apoptosis and metabolism (143, 209). The consequence of
JNK activation depends upon the scaffold the kinase interacts with and duration
of activation: transient activation of JNK induces cell proliferation, whereas a
sustained JNK activation (more than 1 h) mediates cell death (210). The pro-
inflammatory cytokines IL-1p and TNFa indeed induce the prolonged activation
of INK in pancreatic islets (211). It was shown recently, that sustained activation
of JNK, resulting from ROS-induced inactivation of MAPK phosphatases,
contributes to B-cell death (212). In line with this, inhibition of JNK leads to
PKB/AKT activation and protects human pancreatic islets against cytokine-
induced death (213). Interestingly, activation of JNK was also implicated in
generation of ROS in response to TNFa (214). The activated JNK is mainly
retained in the cytoplasm in insulin-secreting cells (215).

JNK-induced signalling possibly involved in cytokine-induced (-cell
dysfunction and destruction, are presented in Fig. 4. The data on participation of
JNK in insulin secretion are intricate, at the one hand, JNK activation indirectly
decreasing FOXO1 phosphorylation inhibits PDX-1 activity and therefore
insulin expression (230-232), at the other hand, by inhibiting the glucocorticoid
receptor, JNK may abrogate its negative effects on insulin release (218, 233,
234). Importantly, inhibition of JNK does not prevent cytokine-induced
reduction of insulin release (235).
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Figure 4. INK-dependent targets participating in proliferation, survival, apoptosis and insulin
resistance. The consequent changes in activation or expression of other proteins or processes are
shown in a smaller font with white squares. Arrows indicate JNK-dependent activation or
inhibition of the targets (39, 118, 143, 144, 147, 169, 209, 216-229).

Regulation of cell death by JNK is rather complex. Upon phosphorylation JNK
activates components of the transcription factor AP1 which regulates
inflammation, cell proliferation, death, survival and differentiation (144, 147,
216-218). APl-mediated transcriptional activation was shown in cytokine-
induced apoptosis of human pancreatic islets and in a B-cell line (220). In
particular, JNK-dependent activation of APl is implicated in caspase-1
expression in human islets (221). Moreover, suppression of c-Jun, a component
of AP1, results in inhibition of both caspase-3 activation and apoptosis in
insulin-secreting cells (236). However, in insulinoma cells the pro-apoptotic
effect of JNK might be independent on its effects on gene expression as the
inhibition of JNK diminishes IL-1B-induced insulinoma cell apoptosis without
affecting the transcription of major pro- and anti-apoptotic genes (235).
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JNK activation can also promote cell death by phosphorylation and inhibition of
anti-apoptotic Bcl2 family proteins, phosphorylation and activation of pro-
apoptotic Bcl2 family protein Bax and BH3-only proteins Bim and Bmf as well
as by induction of Bid cleavage (118, 216-219, 222). In addition JNK-dependent
phosphorylation of the 14-3-3 protein releases Bad and allows mitochondrial
translocation of pro-apoptotic Bcl2 family protein Bax (214, 218, 223). All
together this leads to release of cytochrome ¢ and Smac/Diablo from
mitochondria with subsequent caspase-9 activation and cell apoptosis. JNK-
induced phosphorylation of histone H2AX is required for caspase-driven
apoptotic DNA fragmentation (217). JNK-dependent FOXOL1 activation in
insulin-secreting cells leads to induction of CHOP expression, ER stress and
apoptosis (225). In turn, ER stress is shown to activate the JNK signalling (237,
238). In this context further potentiation of Ca* release from ER in the presence
of Sarco(endo)plasmic reticulum Ca** ATPase inhibitor thapsigargin activates
JNK and stimulates IL-1f activation of JNK in insulin-producing cells (62, 239).
The ubiquitin ligase Itch, activated by JNK, promotes cFLIP degradation and
thereby facilitating caspase-8 activation (39). Further, activation of JNK can
elevate expression of Fas ligand in a c-Jun-dependent manner (222). Hence JNK
activation can stimulate both intrinsic, mitochondria-dependent apoptosis and
extrinsic, caspase-8-dependent apoptosis. Finally, the JNK/c-Jun pathway
inhibits activation of p38 and ERK1/2, in particular in insulin-secreting cells
(143, 240). Moreover, it was suggested that both activation of JNK and
inhibition of ERK are required for the induction of apoptosis (241). Accordingly,
inhibition of ERK augments IL-1B-induced death of insulin-producing cells (17).

The JNKSs are encoded by three distinct genes, JNK1, JNK2 and JNK3 (105). Of
them, JNK1 and 2 are ubiquitously expressed, while JNK3 is more restricted to
the brain, heart and testis (143, 209, 223). All three isoforms are expressed in
human islets, although JNK2 and JNK3 are the predominant. JNK3 seems to be
cytoptrotective, while JINK1 and JNK2 are pro-apoptotic in insulin-producing
cells (242). The difference relies on diverse effects on PKB/AKT, i.e. INK3
activates it, whereas JNK1 and JNK2 inhibit it (243). JNK1 can control genes
associated with suppression of apoptosis, for example A20 and PKB/AKT,
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whereas JNK2 can regulate genes associated with tumour suppression, cell
differentiation, apoptosis and growth arrest, for instance JunD and a cytotoxic
proteinase granzyme C (217, 244). Both JNK1 and JNK2 are implicated in
diabetes development, though by different pathways. JNK1 participates in
insulin resistance in type 2 diabetes by phosphorylating and inhibiting IRS1 and
PPARy (218). JNK2, is important in the development of type 1 diabetes as
deletion of the Jnk2 gene in NOD mice slows down the development of
spontaneous diabetes pushing the balance of CD4" T cell differentiation towards
a Th2 phenotype and increasing the resistance of B-cells to apoptosis in vivo
(245). However, the absence of JNK2 does not protect -cells against cytokine-
induced apoptosis in vitro, most likely due to JNK1 activation (246).
Nevertheless, total inhibition of JNK protects insulin-secreting cells against IL-
1B-induced apoptosis (231, 235). The protection correlates with reduction in c-
Jun phosphorylation (235). JNK1 is the major isoform responsible for c-Jun
phosphorylation and stabilization (217). Correspondingly, JNK1-deficient islet
cells are completely protected against cytokine-induced cell death (246).
However, transplantation of neither JNK1-deficient nor JNK2-deficient islets
into wild type animals with streptozotocin-induced diabetes protects them
against diabetes, while transplantation of wild type islets into JNK1-deficient
diabetic animals partially reverses diabetes and transplantation of wild type islets
into INK2-deficient diabetic animals does not (246). The functional and survival
benefit of JNK1-deficient islets over JNK2-deficient islets was paralleled by
decreased TNFa production by JNK1-deficient macrophages and elevated
TNFa production by JNK2-deficient macrophages when co-cultured with wild
type islets. This points out that JNK1 activation in macrophages that are in
contact with islets is needed for diabetes development (246). Overall, activation
of JNK regulates cell fate in a signal-specific and cell type-dependent manner
(216).

15 NO

NO is a product of the conversion of L-arginine to L-citrulline by NOS (247).
INOS is expressed in response to inflammatory stimuli including cytokines
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resulting in the continuous production of large amounts of NO (248, 249).
Biological action of NO is diverse including function as a neurotransmitter,
regulation of blood vessel dilatation as well as immune response. The
mechanisms of NO action are attributed to RNS derived from NO (250-252).
Different ROS and RNS have distinct chemical and biological properties and
taken together are important regulators of apoptosis (253).

At low physiological concentrations (0.1 — 100 nM), NO regulates mitochondrial
respiration and activates soluble guanylyl cyclase, thereby generally stimulates
cell proliferation and inhibits apoptosis (249, 253, 254). Higher concentrations of
NO block proliferation and in the absence of antioxidants induce apoptosis by
oxidative/nitrosative stress or necrosis via energy depletion (252, 255, 256).
Medium level of NO inhibits mitochondrial respiration with concomitant
reduction in oxygen consumption, increase in cellular oxygen level and in
superoxide (O;) production (253, 257). The latter dismutates to hydrogen
peroxide by MnSOD or reacts with NO to form peroxynitrite, depending on
MnSOD and NO concentrations (253). NO or RNS can also inhibit
decomposition of H,O; further increasing its level (257). The pathways result in
oxidative/nitrosative stress (252, 257). H,O, produced in response to moderate
NO level synergizes with NO to induce cell death and, as well as NO itself,
participates in glutathione depletion, JNK and p38 MAPK induction and
modulation of ERK1/2 activation (252, 253). In NOD islets glutathione depletion
coincides with cytokine-induced high H,O, production and reduction of cell
viability (258). MnSOD overexpression partly inhibits cytokine-induced insulin-
secreting cell death (259), suggesting importance of peroxynitrite for B-cell
destruction. High concentration of NO (> 500 nM) facilitates formation of
peroxynitrite and other NO derivatives (NO,, N,O3) formed in the presence of
high oxygen, elevated in response to inhibition of mitochondrial respiration (252,
257). Peroxynitrite is indeed produced due to increased generation of superoxide
in cytokine-treated pancreatic islets and participates in destruction of human -
cells (260). The low level of antioxidant activity in pancreatic -cells makes
them susceptible for ROS-induced damage (241). Scavenging of NO and
peroxynitrite production inhibits diabetes development in NOD mice (261).
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Peroxynitrite irreversibly inhibits mitochondrial respiration, catalase and
MnSOD leading to reduction in oxygen consumption, further increase in
superoxide production and potentially to energy depletion (252, 257, 262).
Beside this the RNS formed can cause DNA damage and lipid peroxidation
(257). Treatment of B-cells with pro-inflammatory cytokines indeed induces
disruption of mitochondrial membrane potential in a NO-dependent manner and
lipid peroxidation with formation of the mutagenic and toxic products
malondialdehyde and 4-hydroxynonenal (263-265). Stimulation of mitochondrial
metabolism, inhibited by cytokines, or suppression of lipid peroxidation protects
insulin-producing cells against cytokine-induced damage (265, 266).

Another deleterious consequence of NO is Ca?* accumulation in mitochondria as
a consequence of ER Ca*" release (257, 267). This together with RNS-induced
lipid degradation, inhibition of mitochondrial respiration and subsequent
decrease in membrane potential favour increase in mitochondrial membrane
permeability to small (up to 1.5 kDa) molecules as a result of opening of MPTP,
a large multimeric complex spanning the outer and inner mitochondrial
membranes (257, 267). This leads to cytochrome c release, caspase-9 activation
and apoptosis (256, 257). Cytochrome c release further inhibits oxidative
phosphorylation decreasing ATP production and increasing ROS formation (267,
268). The MPTP opening, possibly as a result of Ca?* accumulation in
mitochondria, cytochrome c release and caspase-9 activation are evident in
cytokine-treated human pancreatic islets and insulin-secreting cells (30, 269).
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Figure 5. The effects of high NO concentration leading to different types of cell death. The
consequent changes in activation or expression of other proteins or processes are shown in a
smaller font. Arrows indicate NO-dependent activation or inhibition of the targets (15, 23, 30, 62,
89, 92, 226, 239, 241, 249, 250, 252, 253, 256-258, 260, 262-265, 267-291).

High NO concentration can evoke different modes of cell death (Fig. 5). A small
decrease in ATP levels produced by NO interaction with mitochondria can be
opposed by NO-dependently up-regulated glycolysis (273). This results in
apoptosis, which is an energy consuming process (273). A large decrease in ATP
along with insufficient glycolysis, resulting from RNS-induced glutathione
depletion, inhibition of GPDH and depletion of adenine nucleotides and NAD",
leads to extensive cellular damage and necrosis (252, 257, 271, 273). Pro-
inflammatory cytokines induce a substantial drop in ATP content in insulinoma
cells and trigger necrosis in pancreatic B-cells in NO-dependent manner (23,
274). Treatment of islets with cytokines for up to 24 hours induces repairable
DNA damage (285), while prolonged incubation with cytokines triggers caspase
activation, PARP cleavage and unrepairable DNA damage in B-cells (15, 285).
Inhibition of caspase-3 elevates PARP-dependent necrosis in pancreatic islets
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(286). Despite the fact that inhibition of PARP suppresses cytokine-induced
insulinoma cell death, it does not protect rat islets against cytokine-induced
apoptosis in vitro and against diabetes development in vivo (292-295).

Cytokine-induced NO can produce the depletion of ER Ca?* and ER stress in
pancreatic p-cells (239, 296-299). The depletion of ER Ca®* may result from
suppression of Ca®* uptake from cytosol through SERCA inhibition by tyrosine
nitration and from stimulation of Ca®" release to cytosol through ryanodine
receptor S-nitrosylation and activation (250). In addition, pro-inflammatory
cytokines decrease SERCAZ2b expression in pancreatic p-cells (239). The
increased concentration of cytosolic Ca®* results in activation of calcium-
dependent protein kinases and other enzymes (268). For example, NO- and
ROS-induced elevated intracellular Ca** concentration contributes to JNK
activation in insulin-secreting cells (62, 276-278). High Ca** concentration in ER
is necessary for folding and disulfide bond formation of newly synthesized
proteins, therefore, depletion of Ca** from ER disturbs ER function (250, 300).
Furthermore, the function of ER depends on intracellular redox states and ER
has a major role in the process of disulfide bond formation (250). NO- and ROS-
dependent thiol oxidation decreases intracellular reducing capacity, while RNS-
induced inhibitory S-nitrosylation of protein disulfide isomerise hinders
disulphide bond formation in the proteins leading to accumulation of misfolded
proteins in the ER (268). Accordingly, oxidative stress observed in pancreatic 3-
cells in response to pro-inflammatory cytokines can induce and exacerbate ER
stress (250, 301).

In general the cytotoxic effects of NO excess differ depending on cell type and
cellular ability to scavenge or to detoxify NO, in particular, on intracellular redox
balance (255). The effects can include: 1) DNA damage, resulted from mutation
of genes, DNA strand breaks and inhibition of DNA repair enzymes; 2) p53
activation due to its modification with the consequence of inhibition of p53
proteasome degradation and also in response to the DNA damage; 3) PARP
activation as well as a consequence of DNA damage followed by NAD" and
ATP depletion and subsequently necrosis; 4) inhibition of mitochondrial
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functions; 5) increase in mitochondrial permeability; 6) activation of the ER
stress pathway via disturbance of Ca®* homeostasis; 7) MAPK stimulation
possibly due to guanylyl cyclase/PKG/MEKK1 cascade activation, ER stress
and/or elevated ROS production and concomitant inhibition of protein tyrosine
phosphatases; 8) alteration in protein function through nitrosylation of SH group,
amino acid nitration, binding with metals in heme and sulfide clusters; and 9)
lipid peroxydation (241, 249, 250, 253, 291).

1.6 CASPASES

Caspases are a family of cysteine proteases that are constitutively expressed as
inactive zymogens (procaspases) in resting cells and play an essential role in the
regulation of immunity and apoptosis (302, 303). Procaspases become activated
by proteolytic processing upon receiving of specific signals and cleave
subsequently target proteins at defined aspartate residues (302, 304). The family
is subdivided into two sub-families, namely inflammatory caspases and apoptotic
caspases (302). The inflammatory caspases participate in maturation of pro-
inflammatory cytokines and inflammatory responses, however, the activation of
these caspases can also induce apoptosis (302, 305). Active apoptotic caspases
cleave other procaspases and different cellular proteins in an amplification
cascade resulting in cell death (271). The apoptotic caspases are further
classified into initiator and effector caspases (302). Caspases-2, -8, -9 and -10 are
initiator caspases (302, 304). Different pathways lead to apoptosis-associated
caspase activation, and all of them culminate on recruitment of an initiator
caspase to an activation scaffold, resulting in dimerization of the initiator caspase
followed by proteolytic autoactivation of the enzyme (302, 305). Initiator
caspases then activate the downstream effector caspases-3, -6, and -7 that in turn
cleave hundreds of target proteins including inhibitor of CAD leading to CAD
activation and inter-nucleosomal DNA fragmentation (302, 304).

In the extrinsic pathway, binding of ligands like TNFo, TRAIL and Fas to
corresponding membrane receptors of TNF-receptor family can induce
recruitment of death adaptor FADD (302, 303). The TNF-receptor recruits
FADD in case of translocation of TRADD and RIP to the cytosol (Fig. 1) (39,
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76, 83). FADD further interacts with procaspase-8, procaspase-10 and/or cFLIP
(302). Recruitment of cFLIP to FADD blocks caspase-8 activation in this pro-
apoptotic complex (39). The complex transduces the apoptotic signals, activating
caspase-8 only in the case when NF«B is unable to promote up-regulation of the
anti-apoptotic cFLIP or in the case when an ubiquitin ligase ltch activated by
JNK promotes cFLIP degradation (39). Even inhibitor of apoptosis proteins can
associate with the TNFR1 signalling complex through binding to TRAF2 and
promote NFkB activation. In the same time caspase-8 activation is inhibited,
thus making TNFR-induced caspase-8 activation insufficient for apoptotic
induction in so called type Il cells such as hepatocytes and B-cells (36, 86, 306,
307). Nevertheless, in the presence of IFNy the pathway of caspase-8 activation
is active in B-cell lines in response to stimulation with TNFo and can be
inhibited by overexpression of cFLIP, leading to the reduction in caspase-8
activation and decrease in cell death without affecting 3-cell NO production (28,
29, 308). In case when cFLIP is degraded or not up-regulated, the resulting
assembly of procaspases-8 and -10 in close proximity to each other with
favourable mutual orientation leads to their autoproteolytic activation and release
to cytosol (302). Caspase-10 has similar functions to caspase-8, in particular it
can cleave procaspase-3 as well as Bid with consequent activation of the intrinsic
program (302, 309). However caspase-10 is absent in mouse (302, 309). Under
oxidative stress conditions cleavage and activation of caspase-8 can also be
fulfilled by the lysosomal proteins cathepsin L and D in the absence of
extracellular receptor ligation (310). The activated caspase-8 is able to cleave
procaspases-9, -10 and all effector ones, PARP, Bid, cFLIP and other proteins
(302). The apoptotic signal in type Il cells including p-cells, where amounts of
activated caspase-8 are insufficient to generate adequate quantities of active
caspase-3, the caspase-8-driven cleavage of Bid is nonetheless sufficient to
activate the intrinsic pathway. Truncated Bid (tBid) translocates to the
mitochondrial membrane where it promotes pro-apoptotic members of Bcl2
family to induce mitochondrial outer membrane permeabilization and release of
cytochrome ¢ with concomitant caspase-9 activation (36, 85-87, 304). Indeed,
the mitochondrial migration of Bax, a pro-apoptotic member of the Bcl2 family,
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in response to TNFa was shown in insulin-secreting cells (88). However, the
loss of Bid only partly protects islet cells from apoptosis induced by IFNy and
TNFa (36). The absence of caspase-8 can protect against streptozotocin-induced
diabetes, an in vivo model of type 1 diabetes (311). At the same time the long
term deletion of caspase-8 leads to reduced CREB and PDX-1 expression,
decreased CREB and PKB/AKT phosphorylation, and elevated caspase-3
activation and apoptosis, while cFLIP up-regulation elevates NFxB activity and
PDX-1 expression (311, 312).

In the intrinsic program, activation of caspase-9 is triggered by release of
cytochrome c into cytosol by damaged mitochondria (288, 303). APAF1, which
exists as a monomer in the cytoplasm of unstimulated cells, oligomerizes in the
presence of cytochrome ¢ and dATP or ATP to form an apoptosome. The
apoptosome contains seven APAF1 molecules as central scaffold proteins, each
bound to one cytochrome ¢ molecule and one caspase-9 dimer (305). The
caspase-9 then become activated and in turn arouses activation of effector
caspases-3 and -7 as well as PARP cleavage (302, 305). Caspase-9 is activated in
cytokine-treated pancreatic islets underlining the importance of the
mitochondrial pathway in -cell death induced by pro-inflammatory cytokines
(30, 313). However, the importance of the mitochondrial pathway and caspase-9
activation for cytokine-induced apoptosis in -cells may not be decisive. For
example, prevention of mitochondrial damage and cytochrome c release with
help of increase in expression of anti-apoptotic Bcl2 family proteins or with help
of inactivation of pro-apoptotic proteins Bax or Bak only confers partial
protection against cytokine-induced p-cell death (36, 87, 263, 313-317).
Moreover, despite inactivation of Bcl2 or Bcl-XL aggravates cytokine-induced
primary B-cell death (318, 319), an overexpression of these anti-apoptotic
proteins does not protect against autoimmune damage in vivo (320, 321). In line
with this, the importance of NO, a well-known inducer of mitochondrial damage
and cytochrome c release, for B-cell caspase activation and cell death is also
controversial (322, 323). For instance, cytokine-induced apoptosis proceeds in
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primary B-cells even in the absence of iINOS, and thus elevated NO production
(23).

Caspase-1, or IL-1B-converting enzyme, is activated by a multiprotein complex
named inflammasome (324). A sensor for cytosolic double-stranded DNA,
AIM2, or members of NLR family structurally related to APAFL1 are able to
initiate inflammasome formation (324). NLR is a large family (23 members in
humans and 34 members in mice) of cytosolic sensors for microbial molecules
or endogenous products released from damaged or dying cells, such as nucleic
acids, ATP, which is abundant locally in stressed tissue, and uric acid crystals
(325). These endogenous danger-associated molecules released upon cell death
are important in the aetiology of autoimmune diseases (325). In contrast to
microbial products, many of the endogenous danger-associated molecules do not
stimulate the corresponding receptor, NLRP3, directly, but rather activate it
through elevation of ROS production and induction of lysosomal rupture (324-
326). ROS-induced ERK1/2 activation as well as the release of lysosomal
protease cathepsin B were suggested to be important for NLRP3 inflammasome
activation (324). In fact, ROS production is elevated in cytokine-treated
pancreatic [3-cells and can entail the disruption of lysosomes (260, 279, 280). In
insulin secreting cell lines, IL-1B-induced caspase-1 activation is preceded by
induction of JNK1 and though this finding can reflect the fact that not only IRF1
but also JNK1 can up-regulate the expression of this caspase, this seems not to
be the case, as the inhibition of JNK in these cells does not affect the expression
of caspase-1 (221, 235, 236). The cytokine-induced IRF1-dependent up-
regulation of caspase-1 expression does not depend upon NO production and
therefore has been proposed to be involved in NO-independent 3-cell apoptosis
(102). However, NO can evoke activation of caspase-1 (255). On the other hand,
NLRP3 expression is up-regulated by NFxB, a well-known inducer of NO
production in B-cells (325). Consequently, cytokine-induced B-cell death driven
by caspase-1 cannot be considered pure NO-independent. Upon stimulation,
NLR or AIM2 oligomerizes and can subsequently recruit procaspase-1 (324).
The formation of at least some inflammasomes can be regulated by Bcl2 family
proteins (324, 327). The inflammasome then induces autocatalytic activation of
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caspase-1 (324). Some NLR family proteins can also activate NFxB with the
help of other adaptor molecules (324, 328). The mature caspase-1 cleaves and
activates the pro-inflammatory cytokines IL-1f3 and IL-18 and inactivates 1L-33
(324). Caspase-1 is also able to induce inflammatory cell death called pyroptosis
with the features of both apoptosis and necrosis (324). Pyroptosis involves
caspase-1-dependent DNA fragmentation and pore formation in the plasma
membrane resulting in osmotic cellular lysis and release of pro-inflammatory
cellular content (324, 325). The activated caspase-1 inhibits glycolysis by
proteolysis of the key enzymes and cleaves procaspases-1, -3, -4 and -7, PARP
and lamins (the proteins of nuclear lamina) (302, 324). Activation of caspase-1
has been shown to promote death of insulin-producing cells (236).

Activated effector caspases cleave other caspases, resulting in a positive
feedback amplification loop (329). In particular, caspase-3 processes and
activates caspases-2, -6 and -9, whereas caspase-6 in its turn activates caspases-8
and -10 (329). Furthermore, effector caspases cleave components of
cytoskeleton, focal adhesion sites as well as cell-cell adherent junction, nuclear,
ribosomal and Golgi proteins, proteins participating in DNA metabolism and
repair, transcription factors, translation initiation factors, cell cycle and cell
proliferative proteins, protein kinases and others (302, 304). The proteolysis
results in rounding up of the apoptotic cell, its detachment from neighbouring
cells, loss of contacts with the extracellular matrix, membrane blebbing,
condensation and fragmentation of the nucleus, pronounced fragmentation of the
Golgi, ER and mitochondrial networks, and the formation of membrane-bound
apoptotic bodies (304).

On the whole the cytokine-induced B-cell death is executed by a lot of
cooperating and possibly substituting pathways which are not fully understood.
In particular, the exact mechanisms of NO-induced [3-cell death are not known as
well as the relative importance of cytokine-induced NO production in p-cell
death, compared to the other pathways leading to p-cell destruction. For
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example, inhibition of effector caspases in insulin-producing cell line results in
abolishing of cytokine-induced cell death despite significant elevation of NO
production (330). Signal transduction pathways initiated by MAPK in the course
of cytokine-induced p-cell apoptosis are also incompletely understood. The
comparative role of individual initiator caspases is almost not studied at all.
Moreover, the relative impact of apoptosis and necrosis in cytokine-induced 3-
cell death needs further clarification, as well as the possibility of using the
caspase inhibition approach for diabetes prevention and treatment. Despite
caspase-3 activation and apoptosis induction was shown to be important for
cytokine-induced B-cell destruction (19, 24-26), others argue that 1L-1p-induced
rat B-cell death is rather the result of necrosis than apoptosis (183). Furthermore,
blockage of caspases can often lead to nonapoptotic cell death resulting from the
relief of caspase-mediated inhibition of necrosis and autophagy (307, 331). The
increase in necrosis in response to caspase inactivation was shown in particular
in pancreatic B-cells (332) and can be especially important in the presence of
high NO concentration. A lot of work has been performed with insulin-secreting
cell lines to understand the mechanisms of cytokine-induced B-cell death.
However, there are enough examples showing that the cytokine-induced
signalling may be quite different in cell lines compared to primary j-cells. For
instance, IFNy-induced IRF1 expression is further elevated by IL-1B in the
RINmM5F B-cell line, however, not in rat and human islets (108). Similarly,
transcription factors STAT-1, IRF1 and NF«xB seem to cooperate in the
augmentation of iINOS expression in RINmM5F cells. Nevertheless, the
cooperation is not observed in primary B-cells despite the presence of IFNy-
driven elevation of IL-1B-induced NO production (106, 109).

1.7 IMIDAZOLINE COMPOUNDS RX871024 AND EFAROXAN AND
CYTOKINE-INDUCED PANCREATIC B-CELL DEATH

Imidazoline compounds represent a large group of chemical substances
possessing an imidazoline moiety within their structure (Fig. 6). Some
imidazoline compounds are known to promote insulin secretion and, therefore,
have been discussed as potential therapeutic drugs in type 2 diabetes (333).
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Among those compounds are classical insulinotropic imidazolines RX871024
and efaroxan (Fig. 6).

CIOX

RX871024 Efaroxan

Figure 6. Chemical structures of imidazoline compounds RX871024 and efaroxan. The
imidazoline group is in the blue circle.

Although the mechanisms of insulinotropic activity of RX871024 and efaroxan
have been intensively studied, they are still not fully clarified. It has been
discovered previously, in our group, that RX871024 stimulates insulin release in
pancreatic -cells by both blocking Kate-channels and by directly affecting the
B-cell exocytotic machinery, the latter effect involving PKA and PKC (333-338).
Similar type of insulinotropic activity has also been shown for efaroxan (339). In
addition, we have demonstrated that RX871024 induces Ca®* mobilization from
the endoplasmic reticulum Ca®* stores (340). In contrast efaroxan does not show
such type of activity (341).

Concerning the effects of RX871024 and efaroxan on cytokine-induced
pancreatic -cell death, it has been demonstrated in our group, that both
imidazolines do not induce apoptosis in mouse pancreatic 3-cells but on the
contrary even protect against IL-1p3-induced primary B-cell apoptosis (19). The
protective effect of RX871024 on IL-1B-induced B-cell apoptosis has been
accompanied by inhibition of IL-1B-induced expression of INOS and NO
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production. An inhibitory effect of RX871024 on endogenous NO production
has been reproduced in rat pancreatic islet B-cells by others (342). In addition,
the protective effect of efaroxan on IL-1p-induced [-cell apoptosis has also been
confirmed in rat pancreatic islet 3-cells (343).
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2 AIMS

The overall objective of this thesis was to investigate mechanisms of -cell
dysfunction and death induced by the mixture of pro-inflammatory cytokines IL-
1B, IFNy and TNFa, i.e., under conditions modelling those during inflammation
in type 1 diabetes. Furthermore, we aimed to study whether insulinotropic
imidazoline compounds RX871024 and efaroxan can affect pancreatic p-cell
death under these conditions and if so, to explore underlying molecular
mechanisms.

The specific aims were:

e To investigate whether the imidazoline compounds can affect primary
pancreatic 3-cell death in the presence of IL-1f3, IFNy and TNFa and
explore the role of NO and MAPK under these conditions.

e To study the effects of the imidazoline compounds on death of the
insulinoma cells, in the presence or absence of IL-1B, IFNy and TNFa
and to evaluate the role of NO, MAPK and caspase activation in the
imidazoline effects.

e To investigate the effects of SOCS-1 overexpression on insulin release,
cytokine-induced NO production, caspase activation and islet cell death
in the presence of IL-13, IFNy and TNFo.
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3 MATERIALS AND METHODS

3.1 MATERIALS

Materials used in the experiments reported in this work are described in detail in
papers (I-111).

3.2 MOUSE MODELS

Obese (ob/ob) mice were obtained from a local colony (Karolinska Institutet).

C57BL/6 (here denoted B6) and SOCS-1-Tg mice on the B6 background (97,
344), originally obtained from The Scripps Research Institute (La Jolla, CA),
were bred and maintained in a specific pathogen free environment at Karolinska
Institutet. Heterozygote SOCS-1-Tg B6 mice were bred with non-transgenic B6
mice and the littermates were genotyped by PCR analysis of tail DNA (344).

3.3 ISOLATION OF PANCREATIC ISLETS AND ISLET CELLS

Islets of Langerhans from two to six months old B6 mice or SOCS-1-Tg B6
mice and ten to twelve months old ob/ob mice were isolated by collagenase
digestion and hand-picked as previously described (345). The islets were
cultured in RPMI-1640 medium supplemented with 11 mM glucose, 10%
(vol/vol) fetal calf serum, 100 U/ml penicillin, and 100 pug/ml streptomycin
(standard medium) with or without a mixture of IL-1 and TNFa (IL-1B, 25
U/ml; TNFa, 100 U/ml) or mixture of IL-1f, TNFa and IFNy (IL-13, 25 U/ml;
IFNy, 100 U/ml; TNFa., 100 U/ml), at 37°C for 40 h.

The ob/ob islets containing 95 % B-cells were dispersed into small -cell clusters
in Ca®*- and Mg?*-deficient medium as previously described (346). The B-cell
clusters were plated on glass coverslips and cultured for 40 h at 37°C in 2 ml
standard medium with or without the mixture of cytokines IL-1, 25 U/ml; IFNy,
100 U/ml and TNFa, 100 U/ml, hereafter denoted cytokine combination 1, or
the cytokine combination 2 (380 U/ml IL-1f, 100 U/ml IFNy and 100 U/ml
TNFa), which differs from the cytokine combination 1 by higher concentration
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of IL-1p, or with a mixture of one of these cytokine combinations with 50 uM of
imidazoline compound.

In cell-survival experiments, for determination of NO production and for
measurements of caspase activity, islets were disrupted into a suspension of
single cells with dispase followed by centrifugation in BSA as previously
described (347, 348). Cell preparations were plated in microtiter plates and
cultured in standard medium with or without one of the cytokine combinations in
the presence or absence of an imidazoline compound at 37°C for 40 h.

3.4 CELL CULTURE

The B-cell line MING (passages 32 — 42) was cultured in DMEM containing 25
mM glucose supplemented with 10% (vol/vol) fetal calf serum (FCS), 50 uM B-
mercaptoethanol, 50 U/ml penicillin, and 50 ug/ml streptomycin. MING cells
were exposed to 50 uM of imidazolines with or without the cytokine
combination 1 at 37°C for 20 h.

3.5 FUNCTIONAL ASSAYS

3.5.1 Measurements of insulin release

To investigate whether RX871024 and efaroxan are able to stimulate insulin
release under culture conditions, ob/ob islets were incubated in standard medium
supplemented with 3.3 or 11 mM glucose with or without cytokine combination
1 in the presence or absence of an imidazoline compound at 37°C for 1 h.

To study the effect of SOCS-1 overexpression on cytokine-induced inhibition of
glucose-stimulated insulin secretion B6 islets and SOCS-1-Tg islets were
cultured with or without cytokine combination 1 at 37°C for 40 h. After that the
islets were pre-incubated in KRB containing 115 mM NaCl, 4.7 mM KCI, 2.6
mM CaCl,, 1.2 mM KH,PO4, 1.2 mM MgSO4 20 mM NaHCO;, 16 mM
HEPES, 2 mg/ml BSA, pH 7.4 with 3.3 mM glucose at 37°C for 1 h. Groups of 3
islets were then incubated in 0.3 ml KRB supplemented with 3.3 mM or 16.7
mM glucose at 37°C for 1 h.
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Following incubation, medium was removed and stored at -20°C until insulin
content was analyzed by radioimmunoassay using rat insulin as a standard (Novo
Nordisk, Denmark).

3.5.2 Nitrite determination

B-Cell nitrite production was determined with Griess reaction. Culture medium
was withdrawn and centrifuged for two minutes at 1,500 g and 100 pl samples of
supernatant were transferred to a 96-well plate and mixed with 50 ul of Griess
reagent, Alexis Corporation (Carlsbad, CA, USA). The reaction was carried out
for 15 minutes at room temperature. Nitrite production was determined by 540
nm absorbance with reference at 620 nm in a 96-well plate reader. For
calibration of data, a standard curve for NaNO, in culture medium was
established in each assay. The results were expressed as uM of NO,™ per ug of
total protein.

3.5.3 Invitro kinase assay

MING cells or isolated ob/ob islets were exposed to cytokine combination 1 in
the presence or absence of imidazoline compounds for 1h and cell extracts were
subjected to in vitro kinase assay using the substrates GST-EIk-1, GST-c-jun and
Hsp25. It has been previously shown that GST-EIk-1 is a substrate for ERK, that
GST-c-jun is a substrate for JNK, and that Hsp25 is a substrate for the p38-
activated kinase MK2 in B-cells (62, 152). Phosphotransferase activities toward
GST-c-jun, GST-EIk-1 and Hsp25 were measured by a whole cell lysate in vitro
kinase assay essentially as described (152), except that 2 ug of GST-c-jun [1-79]
was used instead of ATF2. Phosphorylated substrates were visualized by
autoradiography and quantitated by Phosphorimager analysis (Molecular
Dynamics, Sunnyvale, CA, USA).

3.5.4 Immunoblotting

Isolated ob/ob islets were exposed to cytokine combination 1 in the presence or
absence of imidazoline compounds for 1h and islet extracts were subjected to
immunoblotting. Equal amounts of protein in whole cell lysates were mixed with
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4x SDS sample buffer (Invitrogen), boiled for 10 min, and subjected to 10%
SDS-PAGE. Proteins were electrotransferred to nitrocellulose filter membranes.
Blocking of nonspecific protein binding was done by incubating the filter
membrane in blocking buffer (1x TBS, pH 7.6, 0.1% Tween 20, and 5% non-fat
dried milk) for 1 h. Following washing in TBST (1x TBS, pH 7.6 and 0.1%
Tween 20), filter membranes were incubated with the respective antibodies
diluted in either TBST containing 5% BSA or in blocking buffer. Filter
membranes were then incubated with horseradish peroxidase-conjugated
secondary antibodies. Immune complexes were detected by chemiluminescence
using LumiGLO (Cell Signaling), and light emission was captured digitally
using FUJI LAS3000. For immunodetection of the three MAPKS, two
nitrocellulose filter membranes were prepared identically in parallel. One
membrane was probed with anti-Thr183/Tyr185-phosphorylated JNK1/2 and
anti-Thr180/Tyr182-phosphorylated p38 antibodies, and the other membrane
was probed with anti-Thr202/Tyr204-phosphorylated ERK1/2 and anti-actin
antibodies.

3.6 ASSESSMENT OF CELL DEATH

3.6.1 Measurement of B-cell viability

Detection of B-cell viability was performed using CellTiter 96® AQueous One
Solution Cell Proliferation Assay, Promega (USA), according to the
manufacturer’s instructions. The method is based on spectrophotometric
detection of a colored formazan product converted from an MTS tetrazolium
compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt] by NADPH or NADH in metabolically
active cells. Subsequent to incubation with the test substances cells were washed
three times with fresh culture medium and then incubated in fresh medium for 2
hours. Assays were performed by adding 20 ul of the CellTiter 96® AQueous
One Solution Reagent to culture wells (100 ul culture medium/well), incubating
for 1-4 h, and then recording absorbance at 490 nm with a 96-well plate reader.
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3.6.2 Assessment of islet cell apoptosis

The TUNEL technique was used to detect DNA strand breaks in situ as
previously described (346). After 40 h incubation with cytokines, in the presence
or absence of imidazolines, B6 islets and SOCS-1-Tqg islets or ob/ob -cells were
washed with PBS and fixed in 80 % methanol at 4°C. After rinsing with PBS,
cells or islets were covered with 0.1 ml of reaction mixture for the TUNEL
enzymatic reaction and were incubated at 37°C for 1 h. The reaction was stopped
by adding a buffer containing 300 mM NaCl and 30 mM sodium citrate. B6
islets and SOCS-1-Tg islets or ob/ob pB-cells were double-stained with FITC and
Pl, and fixed on glass slides with 80% glycerol in PBS. Fluorescence was
monitored with Leica TCS-NT laser scanning confocal microscope (Leica
Microsystems GmbH, Germany) or Carl Zeiss Laser Scanning System LSM 5
PASCAL (Carl Zeiss GmbH, Germany), with excitation from the 488-nm line of
an argon/krypton laser. Fluorescence emission was detected with a band-pass
filter (Chroma Technology, Rockingham, VT, USA) centered at 530 nm for
FITC and above 590 nm for PI. Several confocal images were used for counting
the number of apoptotic cells in each islet or slide (observation). Percentage of
ob/ob B-cell apoptosis under control conditions in each experiment (7-14%) was
taken as 100%.

3.6.3 Assessment of MING cell death

Assessment of MING cell death was performed using CytoTox 96° Non-
Radioactive Cytotoxicity Assay, Promega (Madison, WI, USA), according to the
manufacturer’s specifications. The method is based on quantitative
measurements of LDH upon cell lysis. Absorbance was recorded at 490 nm with
a 96 well plate reader. Cell death was assessed as percentage of LDH released
into the culture medium in relation to the total LDH content.

3.6.4 Caspase activity measurements

Measurements of caspase activity was performed using fluorometric Caspase-3
and Caspase-8 Activity Assays, Oncogene (Darmstadt, Germany), and Caspase-
1 and Caspase-9 Fluorometric Assays, R&D Systems (Minneapolis, MN, USA),

32



according to the supplier’s instructions. The assays are based on the cleavage of
a caspase-specific substrate labelled with a fluorescent molecule, AFC. Reaction
was monitored by a blue to green shift in fluorescence upon cleavage of the AFC
fluorophore. In brief, 50 ul of cell lysate was mixed with 50 ul of reaction buffer
and caspase fluorogenic substrate. After incubation at 37°C for 2 h, readings
were performed using a fluorescence plate reader, with excitation and emission
wavelengths of 400 nm and 505 nm, respectively, and a longpass filter of 430
nm. Results are expressed as a percentage of control.

3.7 PRESENTATION OF RESULTS

Data analysis was performed using Sigma Plot 2001 for Windows (Jandel Corp.,
USA) or Statistica for Windows (v. 5.0, StatSoft, Inc., USA). The statistical
significance between means was estimated by Student’s t-test or with analysis of
variance test (ANOVA).
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4 RESULTS AND DISCUSSION

4.1 THE EFFECTS OF IMIDAZOLINE COMPOUNDS ON PRIMARY
PANCREATIC B-CELLS EXPOSED TO IL-1B, IFNy AND TNFa
(PAPERI)

4.1.1 Insulinotropic imidazoline compounds do not affect
pancreatic B-cell death induced by a combination of pro-
inflammatory cytokines

Previous studies from our group have demonstrated that imidazoline compounds
RX871024 and efaroxan protect against IL-1p3-induced apoptosis of pancreatic
B-cells (19). Therefore, we investigated whether these imidazoline compounds
can protect against pancreatic B-cell death, under conditions modelling those
during inflammation in type 1 diabetes; i.e., in the presence of a combination of
pro-inflammatory cytokines containing IL-1f3, IFNy and TNFa. To this end, B-
cells isolated by the same procedure and from the same type of mice (ten to
twelve months old ob/ob mice) as in the previous study (19) were incubated in
standard medium for 40 h with or without the cytokine combination 1 in the
presence or absence of RX871024 or efaroxan. We found that there were no
significant effects of any of the imidazoline compounds on the reduced viability
or apoptosis induced by the cytokine mixture.

Most likely the absence of effects of RX871024 or efaroxan on B-cell survival
could be explained by the fact that cytokine mixture affect signal-transduction
pathways proximal to the interaction site for the imidazolines and by this way
hinder imidazolines to exert cytoprotective action. In order to give imidazolines
possibility to trigger signal-transduction before cytokines start to produce
cytotoxic effects, B-cells were pre-incubated in standard medium with the
imidazolines for 30 min before exposure to the cytokine combination 1. Before
performing these experiments, the ability of RX871024 and efaroxan to
stimulate insulin release in the very same medium that was used for investigation
of B-cell death, i.e. complete culture medium RPMI 1640 containing not only 11
mM glucose but amino acids and 10% FCS, was studied. Despite the absence of
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effects on B-cell viability, both tested imidazolines potently stimulated insulin
secretion meaning that the imidazolines successfully triggered at least signal-
transduction towards elevation of glucose-stimulated insulin release. RX871024
also stimulated insulin release from ob/ob mouse islets during 1 hour incubation
in the presence of cytokine combination 1. Thus RX871024-induced signal-
transduction leading to increased insulin release is not blocked by the cytokines.
However, both RX871024 and efaroxan neither affected cytokine-induced B-cell
apoptosis nor B-cell viability under these conditions. The study described above
was carried out on freshly isolated islets. Under conditions when islets were
cultured for 24 h before the experiments, to recover after the isolation procedure,
and then pre-incubated with the imidazolines, there was still no significant effect
of RX871024 or efaroxan on B-cell apoptosis induced by cytokine combination
1. In the previous investigation (19), the inhibition of IL-1B-induced pancreatic
[-cell apoptosis by these imidazoline compounds was observed at a cytokine
concentration of 380 U/ml. Taking this into account, in another set of
experiments B-cell death was induced with the cytokine combination 2
containing 380 U/ml IL-18, 100 U/ml IFNy and 100 U/ml TNFa. However,
independent of the duration of B-cell death induction, or the presence of pre-
incubation with RX871024 or efaroxan before the addition of the cytokine
combination, there was no protective effect of the imidazolines on cytokine-
induced B-cell death.

Taken together, these results indicate that imidazoline compounds cannot protect
pancreatic -cells against death induced by a combination of pro-inflammatory
cytokines IL-1pB, IFNy and TNFa, conditions modelling those that take place in
type 1 diabetes.

4.1.2 RX871024 but not efaroxan reduces NO formation and p38
activation in the pancreatic B-cells induced by cytokines

In the previous study (19) RX871024 protected from IL-1B-induced p-cell
apoptosis through inhibition of NO synthesis triggered by the cytokine. To
investigate whether imidazolines affect NO formation induced by a mixture of
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IL-1B, IFNy and TNFa., ob/aob islets were incubated in standard medium for 40 h
in the presence or absence of cytokine combination 1, with or without addition of
imidazoline compounds RX871024 or efaroxan. In agreement with previous
findings RX871024, but not efaroxan, caused a 45% reduction in NO formation
in the presence of the pro-inflammatory cytokines.

We next evaluated the effect of imidazolines on NO production under the same
conditions as apoptotic measurements were done. To this end ob/ob mouse -
cells were incubated in standard medium for 40 h in the presence or absence of
cytokine combination 1 or 2 with or without addition of RX871024 or efaroxan.
We found that either cytokine combination induced production of the same
amount of NO in ob/ob mouse B-cells. In line with our findings that RX871024
inhibits NO production triggered by both 380 U/ml IL-18 and cytokine
combination 1 in islets, the imidazoline decreased also NO formation stimulated
by cytokine combination 2, while efaroxan had no effect. Hence, RX871024
inhibited NO production in ob/ob mouse islets and dispersed ob/ob mouse [-
cells also in the presence of all three pro-inflammatory cytokines. However, this
RX871024-dependent decrease in NO production was not correlated with any
effect of the imidazoline compound on B-cell death induced by cytokines. Our
results lead to the conclusion that mechanism of cytokine-induced pancreatic [3-
cell death does not directly depend on NO formation. A cytokine mixture
containing IL-1B, IFNy and TNFa evokes ob/ob mouse -cell death which may
be less dependent on NO, as compared to the conditions when IL-1p is used
alone. A possible explanation is activation of an extrinsic apoptotic pathway by a
combination of TNFa and IFNy leading to caspase 8 activation. The apoptotic
signal is then amplified through the mitochondrial apoptotic pathway and
thereby caspase 9 activation. Another probable mechanism is an IFNy driven
potentiation of TNFa-induced JNK activation in B-cells (81), which can then
facilitate mitochondrial membrane permeabilization and caspase 9 activation.
Cytokine-induced apoptosis of human pancreatic -cells was also shown to be
NO-independent (22). In this way ob/ob mouse p-cell death induced by a
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combination of IL-1B, IFNy and TNFa resembles human pancreatic B-cells
death.

Taking into consideration that MAPKs are important mediators of cytokine
effects on INOS expression and induction of apoptosis in B-cells (17, 152, 192,
349, 350), we examined if RX871024 affects cytokine-induced signal
transduction at the level of MAPKSs. Cytokine combination 1 induced a marked
activation of JNK1/2 and p38 MAPK, however, not ERK1/2 in ob/ob mouse
islets, as assessed by both in vitro kinase assay using MAPK substrates and
immunoblotting of phosphorylated activated MAPK. RX871024 neither alone
nor in combination with cytokines influenced ERK1/2 as well as JNK1/2
activation. This is in agreement with the absence of a protective effect of the
imidazoline on [-cell death induced by the pro-inflammatory cytokines.
However, despite RX871024 did not affect basal or cytokine-induced in vitro
kinase activity towards Hsp25 it diminished cytokine-induced phosphorylation
of p38. Thus MK2-mediated phosphorylation of Hsp25 may not exclusively
depend on p38 in ob/ob mouse islets. RX871024-induced decrease in p38
MAPK phosphorylation in the presence of cytokines may explain the partial
inhibitory effect of RX871024 on cytokine-induced NO production, as p38 may
participate in INOS expression (152).

Thus, our observations indicate that pancreatic B-cell death triggered by a
mixture of pro-inflammatory cytokines IL-1f3, IFNy and TNFa, conditions
resembling those that take place in type 1 diabetes, does not directly correlate
with NO production and rather relies on other players like JNK which cannot be
counteracted with agents such as imidazoline compounds.

4.2 RX871024-INDUCES DEATH OF HIGHLY PROLIFERATING
INSULIN-SECRETING CELLS BY ELEVATION IN JNK ACTIVITY
(PAPER II)

Malignant insulinoma is an uncommon tumour. However, it has a poor prognosis

and involves hyperinsulinemia and consequently hypoglycemia leading to

neuroglycopenia and catecholamine response (351). Chemotherapy to this
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tumour is not very effective (352, 353). Therefore, search for effective and
specific chemotherapeutical drugs for patients with malignant insulinomas is of
utmost importance. Activation of JNK and caspase 3 was reported to cause
antitumorigenic effect on insulinoma cells (354).

We have previously shown that the imidazoline compound RX871024 does not
evoke apoptosis in primary pancreatic B-cells (Paper 1) and even protects
primary B-cells against IL-1B-induced apoptosis (19). Although, the protective
effect of RX871024 on primary [-cell apoptosis disappeared when a
combination of pro-inflammatory cytokines (i.e. IL-18, TNFa and INFy) was
used, this imidazoline did not increase cytotoxicity under these conditions (Paper
). Therefore, the main question addressed in this study was whether imidazoline
compounds RX871024 and efaroxan shown to be nontoxic towards primary 3-
cells, can specifically influence insulinoma cell death alone or in the presence of
a combination of the pro-inflammatory cytokines IL-1f3, IFNy and TNFa, which
are known inducers of JNK and caspase 3 activation in insulin-secreting cells,
leading to B-cell death (1, 3). To address these issues, we have investigated the
effects of RX871024 on cell death using the mouse pancreatic 3-cell insulinoma
MING. As was expected, pro-inflammatory cytokines induced MING cell death.
Unlike the effect of RX871024 on primary B-cells (19, 355), this imidazoline
induced cell death in the absence of cytokines and substantially increased
cytokine-induced MING cell death. In contrast, efaroxan did not affect MING cell
death in either the absence or the presence of cytokines. These data indicate that
RX871024 potentially can induce death of the insulinoma cells.

Taking into consideration that RX871024 protects against IL-1p-induced
apoptosis in mouse f-cells by inhibiting NO production induced by the cytokine
(19), we investigated the mechanisms of RX871024 cytotoxicity to the
insulinoma cell line first by examining how the imidazoline affects MING cell
NO formation. However, in contrast to our data using primary -cells (Paper 1),
neither RX871024 nor efaroxan affected NO production in the insulinoma cells
regardless of the presence of cytokines. Therefore the cytotoxic effect of
RX871024 on MING cells cannot be explained by changes in NO production.
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Inhibition of cytokine-induced NO production triggered by RX871024 in
primary B-cells was correlated with decrease in cytokine-induced p38 MAPK
phosphorylation. p38 participates in regulation of iINOS expression and NO
formation (152). We therefore investigated if RX871024 or efaroxan affects
cytokine-induced signal transduction at the level of MAPKSs in highly
proliferating insulin-secreting cells. In contrast to primary mouse -cells (Paper
1), there was no effect of cytokines or imidazolines on p38 activation in MING
cells. The lack of cytokine-induced p38 activation has been observed with
another mouse insulinoma cell line, namely BTC3 cells. Hence, it is likely that
p38 is less sensitive to activation by cytokines in highly proliferating insulin-
producing cells than in primary B-cells. Moreover, insensitivity of p38 to
imidazolines can explain inefficiency of the substances on cytokine-induced NO
production in the insulinoma cells. In line with our finding in primary p-cells
(Paper 1) cytokines significantly increased JNK activity in MING cells. However,
unlike our previous results in primary -cells (Paper I), RX871024 alone caused
a modest, but significant increase in JNK activation in the insulinoma cells,
whereas efaroxan inhibited basal JNK activity. In combination with cytokines,
RX871024 but not efaroxan, exerted potentiating effect on cytokine-stimulated
JNK enzymatic activity. The stimulating effect of RX871024 on JNK activity
was in good correlation with the effect of the imidazoline on MING6 cell death.
These data lead to the conclusion that RX871024 is specifically toxic for the
insulinoma cells by inducing JNK activation, as the substance was without effect
on either basal or cytokine-induced JNK activation in primary B-cells, as well as
it did not induce primary B-cell apoptosis (Paper 1). Surprisingly, cytokines
significantly suppressed the enzymatic activity of ERK (Paper Il, Fig. 2A) in
MING cells. The suppression could be explained by the presence of IFNy in the
cytokine mixture.

As was discussed above caspases play an important role in cell death. To
understand their role in the imidazoline effects on the insulinoma cell death,
caspase activation in MIN6 cells was evaluated. In accordance with the
stimulatory effect on MING6 cell death, RX871024 alone as well as cytokines
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induced caspase-3 activation. RX871024 also further increased cytokine-induced
caspase-3 activation, being added in combination with pro-inflammatory
cytokines to MING cells. On the contrary, efaroxan did not affect either basal or
cytokine-induced caspase-3 activation in MING6 cells. As RX871024-triggered
caspase-3 activation was even stronger than that stimulated by cytokines (known
inducer of apoptosis in insulin-producing cells), we suggest that the imidazoline
induces apoptosis. Nevertheless, the presence of primary or secondary necrosis
cannot be excluded because the elevation of LDH activity into culture medium
was also observed.

It is well known that effector caspase-3 is activated by initiator caspases (1, 27).
The combination of TNFa and IFNy activates caspase-8 in -cell lines (28, 29).
Activation of JNK by pro-inflammatory cytokines may trigger the intrinsic
apoptotic pathway, leading to release of cytochrome ¢ from mitochondria (356)
and thereby to caspase 9 activation. Elevation of NO production and JNK
activation can potentially lead to caspase-1 activation (236, 255). Therefore, we
next investigated activation of initiator caspases-1, -8 and -9 in the insulinoma
cell death. Pro-inflammatory cytokines activated caspases-1, -8 and especially -
9, which was associated with JNK activation. The data indicate that activation of
the intrinsic (mitochondrial) pathway induced by JNK and culminating in strong
caspase-9 activation is an important player in MIN6 cell destruction.
Nevertheless, activation of caspase-1, which may as well rely on JNK activation
(236), can also be significant for progression of inflammation and [-cell
destruction, as the caspase participates in IL-1B production and induction of
pyroptosis, a form of cell death with the features of both necrosis and apoptosis
(324, 325). Accordingly, the pattern of elevation of LDH activity into culture
medium well correlates with the one of caspase-1 activation. Despite clear
absence of elevation in NO production, RX871024 alone triggered caspase-1
activation and to a larger extent activation of caspases-8 and -9 in MING cells.
The imidazoline also further elevated cytokine-induced activation of caspase-1, -
8 and -9 in the insulinoma cells. The activation of initiator caspases by
RX871024 is in good agreement with the induction of effector caspase-3 under
the same conditions and with JNK activation triggered by the imidazoline.

40



Therefore we anticipated that JNK can be pointed out as a trigger of caspase
activation in the insulinoma cells. Efaroxan did not influence activation of
initiator caspases in MING cells regardless the absence or presence of cytokines.
The results suggest that RX871024 induces death of the insulinoma cells through
activation of initiator caspases-1, -8 and -9 followed by effector caspase-3.

Interestingly, in contrast to primary B-cells where RX871024 was without any
effect, the imidazoline compound selectively destructs highly proliferating
insulin-secreting cells and potentiates cytokine-induced cell death in insulinoma,
which may have important clinical implications.

4.3 SOCS-1 INHIBITS CASPASE ACTIVATION AND PROTECTS
FROM CYTOKINE-INDUCED NO-INDEPENDENT B-CELL
DEATH (PAPER III)

It has been shown that expression of SOCS-1, an endogenous inhibitor of IFNy-

induced signalling, in pancreatic 3-cells protects NOD mice against diabetes (4).

Moreover, the absence of SOCS-1 hypersensitizes B-cells to TNFa-induced NO

production and death (50). Nevertheless the issue how signaling via the

JAK/STAT pathway controls B-cell dysfunction and death induced by IL-1f or

TNFa is not fully understood. To address this question we have studied whether

islet cell dysfunction and death induced by a mixture of pro-inflammatory

cytokines (IL-1B, IFNy and TNFa) is affected by p-cell expression of SOCS-1.

One of the deleterious effects of pro-inflammatory cytokines on islet cell

function is the decrease in glucose-induced insulin secretion, which is dependent

upon the IFNy-driven signal-transduction pathway (357, 358). Taken this into
consideration, we first examined whether B-cell expression of SOCS-1 affects
cytokine-induced reduction of glucose-stimulated insulin release. SOCS-1
overexpression in -cells did not influence glucose-induced insulin release in the
absence of cytokines. In line with previous findings (9), B6 islets incubated with
cytokine combination 1 showed inhibited glucose-induced insulin secretion.

Similarly, cytokine combination 1 impaired glucose response in islets from

SOCS-1-Tg B6 mice, suggesting that overexpression of SOCS-1 in B-cells does

not prevent impairment of glucose-stimulated insulin release induced by pro-
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inflammatory cytokines. In murine islets reduction of insulin secretion in the
presence of cytokines was attributed to an increased NO production (7, 9, 358).
Therefore the effect of SOCS-1 overexpression on cytokine-induced NO
formation was studied. The obtained results show that cytokine combination 1
drastically elevated NO formation in B6 mouse islet cells, while SOCS-1 did not
protect from cytokine-induced increase in NO production.

It has been established that IFNy substantially elevates IL-1B-induced NO
formation in pancreatic islets (7). The fact that there is no difference in NO
production in B6 and SOCS-1-Tg B6 mouse islet cells treated with cytokine
combination 1 raised the question whether IFNy-triggered signalling pathway(s)
leading to increase in NO formation are active in B6 and SOCS-1-Tg B6 mouse
islet cells under our experimental conditions. So, we investigated whether NO
formation can be elevated by the mixture of IL-13 and TNFa and whether IFNy
have any effect on NO production induced by the mixture of IL-1p and TNFa in
B6 mice and SOCS-1-Tg B6 mouse islet cells. We found that in the absence of
IFNy the mixture of IL-1p and TNFa, at concentrations used, did not elevate NO
production in either B6 mouse islet cells or in SOCS-1-Tg B6 mouse islet cells.
On the other hand, an addition of IFNy to the mixture of IL-18 and TNFa
brought about a strong elevation in NO production in B6 as well as in SOCS-1-
Tg B6 mouse islet cells. These data suggest that, IFNy stimulates signal-
transduction pathway(s) leading to a rise in NO formation both in B6 and in
SOCS-1-Tg B6 mouse islet cells.

Our results showing that overexpression of SOCS-1 does not influence NO
production indicates that the pathways which SOCS-1 interfere with are not
important for cytokine-induced NO formation. This observation was unexpected,
as IFNy stimulated IL-1B-induced islet cell NO production ((7) and Paper IlI,
Fig. 3). We therefore suggest that SOCS-1 does not affect the signal-transduction
triggered by IL-1B and the pathway(s) activated by IFNy which increase IL-1[3-
driven NO formation. Similarly, the signalling pathways that are activated by the
mixture of IL-1B, TNFa and IFNy leading to the reduction in glucose-stimulated
insulin release, may not be affected by SOCS-1. The results of our investigation

42



demonstrate that deterioration of glucose-induced insulin release by cytokine
combination 1 is paralleled by an elevation in NO formation. Taking this as well
as previously published data on dependence of glucose-stimulated insulin release
upon NO in murine islets (7, 9, 358) into consideration, we surmise that the
reduction in glucose-stimulated insulin release stimulated by cytokines is a
consequence of elevated NO formation induced by IFNy-activated signal-
transduction pathway(s) other than the JAK/STAT pathway.

SOCS-1 may have a protective effect against B-cell death, as NOD mice
harbouring B-cells expressing SOCS-1 have significantly decreased incidence of
diabetes (4). Cytokines, as discussed above, are potent inducers of -cell death.
Therefore we investigated whether SOCS-1 expression protects islet cells against
death induced by cytokine combination 1. The data obtained demonstrate that
overexpression of SOCS-1 does not influence the level of islet cell death in the
absence of cytokines. As expected, cytokine combination 1 distinctly elevated
apoptotic cell death in B6 islets. However, in SOCS-1-Tg B6 islets the level of
cytokine-induced apoptosis was substantially diminished. These findings
indicate that PB-cells expressing SOCS-1 are markedly protected against
cytokine-induced cell death, which is not attributed to changes in NO formation.
In fact, NO formation is increased both in the SOCS-1-Tg B6 and in B6 mouse
islet cells treated with cytokine combination 1 to the same extent. Cell death
under these conditions is however less in the SOCS-1-Tg B6 islets compared to
the B6 islets.

In SOCS-1-Tg B6 mouse islet cells NO production induced by the cytokine
combination containing IFNy is substantially increased compared to that induced
by the mixture of IL-18 and TNFa. Taking this into consideration, we next
investigated whether the presence of IFNy in the cytokine combination
influences also the amount of cell death in SOCS-1-Tg B6 islets. In accordance
with the absence of NO formation, the mixture of two cytokines (IL-13 and
TNFa) did not elevate cell death in SOCS-1-Tg B6 islets. While the addition of
IFNy to the mixture increased SOCS-1-Tg B6 islet cell death to the level which
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is approximately half of that in B6 islets under the identical conditions, despite
the same amount of NO production as in B6 islets.

As was pointed out above, activation of caspase-3 may be a decisive event in the
induction of apoptosis in B-cells. Previous studies by us and others demonstrate
that caspase-3 activation is induced by cytokines in pancreatic B-cells (25, 359),
and that activation of this effector caspase is indispensable for the induction of 3-
cell apoptosis (25, 29). SOCS-1 deficiency elevates caspase activation triggered
by TNFa in pancreatic 3-cells (50). To further promote our understanding of the
mechanisms involved in the pro-survival effect of SOCS-1, we then examined
caspase-3 activation induced by cytokine combination 1 in islet cells from B6
and SOCS-1-Tg B6 mice. In line with the observed increase in B6 mouse islet
cell apoptosis, cytokines elevated caspase-3 activation in these cells. On the
contrary, in SOCS-1 overexpressing islet cells caspase-3 was not activated
significantly by cytokine combination 1. The data obtained imply that the
protective effect of SOCS-1 overexpression in B-cells at least partly depends on
the inhibition of cytokine-induced caspase-3 activation.

The effector caspase-3 is activated by initiator caspases (27), including caspase-8
and caspase-9, which activation was previously demonstrated to be cytokine-
induced in B-cell lines or primary B-cells (29, 30) (Paper II). To evaluate which
of the initiator caspases can be inhibited by SOCS-1, we investigated the effects
of SOCS-1 overexpression on caspase-8 and caspase-9 activation in response to
treatment with cytokine combination 1. However, we failed to find any caspase-
8 activation in primary B6 islet cells incubated with cytokines. The absence of
caspase-8 activation by pro-inflammatory cytokines in primary B-cell is in
contrast to our finding in insulinoma cells (Paper 1I). The fact that caspase-8,
known to be activated after ligation of the TNF receptor (360), is not induced by
a mixture of IL-13, TNFa and IFNy in primary mouse islet cells supports our
suggestion that cytokine-induced primary B-cell death and death in B-cell lines
may have a different mechanistic explanation. On the other hand, cytokine
combination 1 induced caspase-9 activation in islet cells from B6 mice. Thus, the
intrinsic mitochondrial apoptotic pathway resulting in caspase-9 activation,
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followed by an enhanced caspase-3 activity, probably plays an important role in
the execution of primary islet cell death induced by pro-inflammatory cytokines.
In agreement with the absence of caspase-3 activation in SOCS-1-Tg B6 islet
cells, neither caspase-8 nor caspase-9 was activated in response to cytokine
stimulation. On the contrary, caspase-8 activity was decreased in SOCS-1
overexpressing B-cells after treatment with cytokine combination 1. These
results suggest that SOCS-1 may interfere with both extrinsic and intrinsic
apoptotic pathways in primary B-cells. SOCS-1 interferes with the extrinsic
pathway activating caspase-8 possibly by blocking interaction between STAT-1
and TNF receptor (29, 50, 100) or by suppression of STAT-1-dependent IFNy-
induced elevation of caspase-8 expression (101). The former pathway initiated
by the TNF receptor can stimulate both caspase-8 and JNK (360). Previous
studies have demonstrated that SOCS-1 prevents TNFa-induced apoptosis partly
by interfering with TNFo-induced activation of JNK (129-131). Therefore it is
likely that SOCS-1, by interfering with the TNFo pathway, hinders the TNFa-
induced potentiation of IL-1B-triggered JNK activation and in this way decreases
caspase-9 activation. If that is the case, then it is possible that SOCS-1
suppresses the activation of both tested initiator caspases by its interference with
the pathway(s) by which IFNy controls the TNFa signaling.

In conclusion the results of this study suggest that IFNy induces signal-
transduction in B6 mouse islet cells and that SOCS-1 overexpression in -cells
does not defend pancreatic islet cells against reduction of glucose-stimulated
insulin release or hinder islet cell NO formation stimulated by a combination of
IL-1B, TNFa and IFNy. Thus, protection from type 1 diabetes in NOD mice
provided by SOCS-1 overexpression in B-cells may at least partly be accounted
for by a decreased potential of pro-inflammatory cytokines to trigger caspase
activation and as a consequence islet cell death. Consequently, it renders a robust
protection against islet cell death induced by a mixture of IL-13, TNFa and
IFNy. This effect is achieved by a suppression of the pathways resulting in
caspase-9 and subsequently caspase-3 activation. However, a suppression of
solely the JAK/STAT signalling pathway may not be enough to block all the
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negative biological effects of IFNy in B-cells. Nevertheless, the decreased
potential of pro-inflammatory cytokines to trigger cell death in SOCS-1-Tg islets
suggests that blockage of IFNy-triggered signalling pathway(s) is promising for
treatment of type 1 diabetes. It is also opens for possibilities of transplanting
pancreatic islets with induced expression of SOCS-1 to type 1 diabetes patients.

44 CONCLUSIONS AND GENERAL REMARKS

B-cell death in the course of type 1 diabetes may be induced by pro-
inflammatory cytokines IL-1f3, TNFa and IFNy and is executed by a network of
cooperating and possibly substituting pathways which are not fully understood.
The present work furthers our understanding of the mechanisms underlying
cytokine-induced [-cell death.

Pro-inflammatory cytokines can induce both NO-dependent and NO-
independent B-cell death. The death of ob/ob mouse B-cells induced by a mixture
of cytokines (i.e. IL-1B, TNFo and IFNy) is less NO-dependent than that
induced by IL-1B alone and may serve as a model to study human NO-
independent B-cell death. NO-independent cell death can rely on caspase
activation. Our data demonstrate that pro-inflammatory cytokines I1L-1p, TNFo
and IFNy activate caspase-1 in insulin-producing cells in the absence of viral or
bacterial infection thereby having a potential to exacerbate inflammation
inducing further production of IL-1p and elevating cell death by pyroptosis. The
activation of caspase-1 presumably relies upon JNK induction. The cytokines
also induce activation of caspase-8 and to a greater extent caspase-9 in highly
proliferating insulin-secreting cells. However, the pro-inflammatory cytokines
failed to activate extrinsic apoptotic pathway in primary islet cells. Instead, our
data suggest that JNK-mediated induction of the intrinsic (mitochondrial)
pathway, culminating in caspase-9 activation, is an important player in -cell
destruction. Thus activation of JNK is essential for cytokine-induced [-cell
destruction.
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RX871024 diminishes cytokine-induced NO production in primary B-cells by
inhibiting p38 activation elevated by pro-inflammatory cytokines. However, in
highly proliferating insulin-secreting cells p38 is less susceptible to activation by
cytokines or inhibition by imidazolines. The insensitivity of p38 to the influence
of RX871024 results in the absence of protective effects of the imidazoline on
cytokine-induced NO production in highly proliferating insulin-secreting cells.
Instead, contrary to primary B-cells where RX871024 does not affect JNK
activation and cytokine-induced cell death, the imidazoline elevates basal as well
as cytokine-induced activity of JNK and thereby death of highly proliferating
insulin-producing cells. This is associated with stimulation of initiator caspases-
1, -8 and -9 and consequently effector caspase-3, indicating that both the
extrinsic and the intrinsic apoptotic pathways are involved in RX871024-
dependent death of insulinoma cells. Thus, RX871024 may represent a specific
antitumorigenic substance against insulinomas.

On the whole imidazoline RX871024 cannot counteract NO-independent [3-cell
apoptosis which, however, can be prevented by SOCS-1 overexpression.

SOCS-1 diminishes activation of both caspase-8 and -9 in primary [-cells
possibly by interfering with TNFo.-driven signal-transduction and the pathway(s)
used by IFNy to regulate TNFa signalling. Suppression of these signalling
pathways with SOCS-1 diminishes cytokine-induced B-cell death. This finding
in association with the notice that SOCS-1 does not affect glucose stimulated
insulin release and islet cell death in the absence of cytokines indicates the
possibility to use an elevation of SOCS-1 expression in the treatment of type 1
diabetes. Nevertheless, to prevent all the biological activities of IFNy in B-cells it
iIs not sufficient to suppress the JAK/STAT pathway alone. In particular,
suppression of the JAK/STAT pathway with SOCS-1 does not protect pancreatic
islet cells against IFNy-dependent potentiation in NO production and impairment
in glucose-stimulated insulin secretion. The elevation in NO formation driven by
an IFNy-dependent but JAK/STAT-independent pathway can actually lead to
reduction in glucose-stimulated insulin secretion.
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In summary, this thesis supports the notion that pro-inflammatory cytokines IL-
1B, TNFoa and IFNy can induce NO-dependent and NO-independent p-cell
death. The NO-independent B-cell death may rely on JNK-mediated caspase
activation and cannot be counteracted by such substances like RX871024, but
can be prevented by SOCS-1.
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