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Abstract. An insufficient number of insulin-producing
b-cells is a major cause of defective control of blood
glucose in both type 1 and type 2 diabetes. The aim of
this study was to clarify whether the insulinotropic
imidazolines can affect the survival of highly prolifer-
ating insulin-secreting cells, here exemplified by the
MIN6 cell line. Our data demonstrate that RX871024,
but not efaroxan, triggered MIN6 cell death and
potentiated death induced by a combination of the
pro-inflammatory cytokines interleukin-1b, interfer-

on-g and tumor necrosis factor-a. These effects did not
involve changes in nitric oxide production but corre-
lated with stimulation of c-jun N-terminal kinase
(JNK) activity and activation of caspases-1, -3, -8 and
-9. Our results suggest that the imidazoline RX871024
causes death of highly proliferating insulin-secreting
cells, putatively via augmentation of JNK activity, a
finding that may impact on the possibility of using
compounds of similar activity in the treatment of
diabetes.
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Introduction

Type 1 diabetes is an autoimmune disease character-
ized by a selective destruction of insulin-secreting
pancreatic b-cells due to inflammation in the islets of
Langerhans [1]. Pro-inflammatory cytokines, such as
interleukin-1b (IL-1b), interferon-g (IFN-g) and
tumor necrosis factor-a (TNF-a), secreted by macro-
phages and T lymphocytes infiltrating the pancreatic
islets contribute to the development of type 1 diabetes
by acting directly on the b-cells [2–4]. Pro-inflamma-
tory cytokines induce b-cell death when added in

combination [5]. Cytokine-mediated signal transduc-
tion in b-cells involves activation of mitogen-activated
protein kinases (MAPK), including c-jun N-terminal
kinase (JNK), p38 and extracellular signal-regulated
kinase (ERK) [6]. We have previously shown that
MAPK activation participates in b-cell apoptosis [7,
8], partly through induction of nitric oxide (NO)
production. Cytokine-induced expression of inducible
NO synthase (iNOS) and an increase in intracellular
NO concentration is associated with b-cell death [9,
10]. Previously, we and others have demonstrated the
importance of activating the effector caspase-3 for
cytokine-induced triggering of apoptosis in pancreatic
islets and in insulin-secreting cell lines [11, 12].
Caspase-3 is activated by initiator caspases [13, 14]* Corresponding author.
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such as caspase-1, caspase-8 and caspase-9, known to
be activated by cytokines in pancreatic b-cells.
In case of type 2 diabetes, b-cell mass is diminished
due to increased apoptosis [15] leading to insulin
deficiency and overt hyperglycemia. We have demon-
strated previously that one of the reasons for b-cell
death in the course of type 2 diabetes is b-cell
apoptosis caused by chronic hyperglycemia [16] and
dependent upon caspase-3 activation [11].
A number of imidazoline compounds have been
shown to promote insulin secretion and, due to this
property, were proposed as potential agents for
therapeutic treatment of type 2 diabetes mellitus
[17–20]. In addition, we have previously shown that
the imidazoline compound RX871024 does not induce
apoptosis in primary pancreatic b-cells, but on the
contrary even protects against IL-1b-induced primary
b-cell apoptosis [10]. This effect was accompanied by
inhibition of IL-1b-induced expression of iNOS.
Although, a protective effect of RX871024 on primary
b-cell apoptosis disappeared when a combination of
the pro-inflammatory cytokines IL-1b, TNF-a and
IFN-g was used, this imidazoline did not increase
cytotoxicity under these conditions [21].
Albeit low, the pancreatic b-cell has a certain prolif-
erative capacity, which may actually be induced under
certain conditions [22–24]. With this in mind any
treatment of diabetes should never compromise this
proliferative capacity. We used the insulin-secreting
cell line MIN6 to help clarify the extent to which
imidazoline compound RX871024 affects survival of
proliferating insulin-secreting cells.

Materials and methods

Materials. DMEM and fetal calf serum were obtained
from Gibco (Middlesex, UK). RX871024 was ob-
tained from Reckitt and Colman (UK). Efaroxan and
recombinant murine TNF-a were purchased from
Sigma (St. Louis, MO, USA), recombinant human IL-
1b from Calbiochem (San Diego, CA, USA), re-
combinant murine IFN-g from Life Technologies
(Gaithersburg, MD, USA), and reagents for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) from Invitrogen (Carlsbad, CA,
USA). The JNK substrate, GST-c-jun [1– 79] was
from Calbiochem and recombinant murine heat shock
protein-25 (Hsp25) from Stressgen (Victoria, Cana-
da). GST-Elk-1 was synthesized by standard gluta-
thione-S-transferase (GST) fusion protein expression
and purification procedures using the RediPack GST
Purification Module kit (Amersham Biosciences,
Buckinghamshire, UK). [g-32P]ATP (3000 Ci/mmol)
was purchased from Amersham. All other reagents

were of analytical grade and were obtained from
VWR International (West Chester, PA, USA).

Cell culture. The b-cell line MIN6 (passages 32–42)
was cultured in DMEM containing 25 mM glucose
supplemented with 10 % (vol/vol) fetal calf serum,
50 mM b-mercaptoethanol, 50 U/ml penicillin, and
50 mg/ml streptomycin as previously described [25].
MIN6 cells were exposed to imidazolines with or
without a combination of cytokines (25 U/ml IL-1b,
100 U/ml IFN-g, 100 U/ml TNF-a) for 20 h and lactate
dehydrogenase (LDH) release, nitrite production and
activity of caspases-1, -3, -8 and -9 were measured.

Assessment of MIN6 cell death. Assessment was
performed using CytoTox 96� non-radioactive cyto-
toxicity assay (Promega, Madison, WI, USA), accord-
ing 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.

MIN6 cell nitrite production. Nitrite production was
determined using the Griess reaction. Culture medi-
um was withdrawn and centrifuged for 2 min at 1500 g
and 100-ml samples of supernatant were transferred to
a 96-well plate and mixed with 50 ml Griess reagent
(Alexis Corporation, Carlsbad, CA, USA), as previ-
ously described [10]. The reaction was carried out for
15 min at room temperature. Nitrite production was
determined by measuring absorbance at 540 nm with
reference at 620 nm in a 96-well plate reader. For
calibration of data, a standard curve for NaNO2 in
DMEM medium was established in each assay. The
results are expressed as mM NO2

–/mg protein.

In vitro kinase assay. Phosphotransferase activities
toward GST-c-jun, GST-Elk-1 and Hsp25 were meas-
ured by a whole-cell lysate in vitro kinase assay as
previously described [21]. Phosphorylated substrates
were visualized by autoradiography and quantitated
by PhosphorImager analysis (Molecular Dynamics,
Sunnyvale, CA, USA).

Caspase activity measurement. Caspase activity was
measured 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) according to
the supplier�s instructions. The assays are based on the
cleavage of a caspase-specific substrate labeled with a
fluorescent molecule, 7-amino-4-trifluoromethyl cou-
marin (AFC). Reaction was monitored by a blue to
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green shift in fluorescence upon cleavage of the AFC
fluorophore. In brief, 50 ml cell lysate was mixed with
50 ml reaction buffer and caspase fluorogenic sub-
strate. After incubation at 37 8C 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,
which transmits wavelengths longer than 430 nm and
blocks shorter wavelengths. Results were quantified
as relative fluorescence units of caspase activity per mg
of protein and expressed as a percentage of control.

Presentation of results. Data analysis was performed
using Sigma Plot 2001 for Windows (Jandel Corp.,
USA). All results are expressed as means� SE for the
indicated number of experiments.

Results

RX871024, but not efaroxan, causes MIN6 cell death
in both the absence and presence of cytokines. We
previously discovered that the imidazoline compound
RX871024 does not induce apoptosis in primary
pancreatic b-cells and even protects against IL-1b-
induced primary b-cell apoptosis [10]. To clarify the
extent to which RX871024 affects survival of prolif-
erating insulin-secreting cells we have investigated the

effects of the imidazoline on MIN6 cell death and
compared these effects with those of efaroxan, as a
reference insulinotropic imidazoline [26, 27]. MIN6
cells were incubated in the absence or presence of a
mixture of cytokines with or without addition of
50 mM RX871024 or efaroxan. RX871024 and efarox-
an at this concentration have been shown to potently
induce insulin release [17, 21, 28]. After incubation,
cell death was detected by estimation of percentage of
LDH released into the culture medium. As expected,
cytokines induced MIN6 cell death (Fig. 1A). Unlike
the effect of RX871024 on primary b-cells [10, 21],
RX871024 caused a substantial elevation in MIN6 cell
death at 50 mM in both the absence and presence of
cytokines. In contrast, efaroxan did not affect MIN6
cell death regardless the presence of cytokines. These
observations indicate that RX871024 potentially can
induce death of proliferating insulin-secreting cells.

Neither RX871024 nor efaroxan affect cytokine-
induced NO formation in MIN6 cells. We have
previously shown that RX871024 protects against
IL-1b-induced apoptosis in mouse b-cells by inhibiting
IL-1b-induced synthesis of NO [10]. To investigate the
mechanisms underlying the cytotoxic effect of
RX871024 on MIN6 cells, we examined how the
imidazoline affects NO formation induced by pro-
inflammatory cytokines. The cells were incubated in

Figure 1. Effect of RX871024
and efaroxan on death, NO for-
mation and caspase-3 activity in
MIN6 cells. Cells were incubated
in culture medium in the pres-
ence or absence of a combination
of cytokines (IL-1b + IFN-g +
TNF-a) with or without 50 mM
RX871024 or 50 mM efaroxan for
20 h. (A) Cell death was assessed
by estimating lactate dehydro-
genase (LDH) release. (B) Cas-
pase-3 activity was measured by a
fluorometric assay. (C, D) NO
production was measured as
NO2

– release into the medium
using Griess reagent. Results are
means � SE (n=3–6). Statistical
significance between means was
assessed by Student�s t-test for
unpaired values. *p<0.05 vs con-
trol; ***p<0.0005 vs control;
##p<0.005 vs cytokines.
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the absence or presence of the combination of
cytokines with or without addition of 50 mM
RX871024 or efaroxan and nitrite concentration in
the culture medium was evaluated with the Griess
reaction. However, in contrast to our previous report
using primary b-cells [21], neither of the imidazolines
affected NO formation in insulinoma MIN6 cells in
the absence or presence of cytokines (Fig. 1C, D),
suggesting that changes in NO production cannot be
responsible for the cytotoxic effect of RX871024 on
MIN6 cells.

RX871024 stimulates activation of JNK in MIN6 cells.
MAPKs are essential mediators of cytokine effects in
b-cells leading to iNOS expression and apoptosis [7, 8,
29]. We therefore examined the effect of RX871024 or
efaroxan on cytokine-induced signal transduction at
the level of MAPKs. MIN6 cells were incubated in the
absence or presence of the mixture of cytokines with
or without addition of 50 mM RX871024 or efaroxan
for 1 h and cell lysates were subjected to in vitro kinase
assay using the substrates Elk-1, c-jun and Hsp25. Elk-
1 is a substrate of ERK, c-jun a substrate of JNK, and
Hsp25 primarily a substrate of the p38-activated
kinase MAPK-activated protein kinase 2 [29, 30].
Cytokines significantly increased the kinase activity
towards GST-c-jun, whereas there was no effect on
Hsp25 phosphorylation (Fig. 2B, C). Surprisingly,
cytokines caused a significant reduction in the phos-
phorylation of GST-Elk-1 (Fig. 2A), suggesting that
cytokines suppressed the enzymatic activity of ERK.
In MIN6 cells, RX871024 alone caused a modest, but
significant increase in GST-c-jun phosphorylation,
whereas efaroxan caused suppression in basal GST-c-
jun phosphorylation. In combination with cytokines,
RX871024, but not efaroxan, increased GST-c-jun
phosphorylation by ~35 %, as compared to cells
exposed to cytokines alone, indicating a potentiating
effect of RX871024 on cytokine-stimulated JNK
enzymatic activity.

RX871024, but not efaroxan, activates caspases in
MIN6 cells, both in the absence and presence of
cytokines. Cytokines have been shown to induce
caspase-3 activation in pancreatic b-cells [11, 12]. To
further investigate the mechanisms underlying the
effects of imidazoline compounds on MIN6 cell death,
we next evaluated caspase-3 activation. The cells were
incubated in the absence or presence of a mixture of
cytokines with or without addition of 50 mM
RX871024 or efaroxan. After incubation, caspase-3
activity was determined in cell lysates. In accordance
with the increase in MIN6 cell death, incubation of
cells either with RX871024 alone or with the combi-
nation of cytokines for 20 h induced activation of

caspase-3 (Fig. 1B). Addition of RX871024 to the
mixture of cytokines further increased cytokine-
induced caspase-3 activation in MIN6 cells (Fig. 1B).
Efaroxan did not affect caspase-3 activation in MIN6

Figure 2. Effect of cytokines and imidazoline compounds on
MAPK activity in MIN6 cells. MIN6 cells were incubated in
culture medium in the absence or presence of a mixture of
cytokines (IL-1b + IFN-g + TNF-a) with or without 50 mM
RX871024 or 50 mM efaroxan for 1 h. Whole-cell lysates were
subjected to in vitro kinase assay using GST-Elk-1, GST-c-jun or
Hsp25 as substrates. Results are means � SE (n=3). Statistical
significance between means was assessed by Student�s t-test for
paired values. *p<0.05 and **p<0.005 vs control; #p<0.05 vs
cytokines.
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cells either under control conditions or in the presence
of a combination of cytokines (Fig. 1B). As the
presence of RX871024 induced caspase-3 activation,
which was even stronger than that triggered by
cytokines (known inducers of apoptosis in insulin-
secreting cells), we concluded that the imidazoline
induces apoptosis. However, the observed elevation of
LDH activity into culture medium indicates the
presence of primary or secondary necrosis as well.
The effector caspase-3 is known to be activated
through initiator caspases [13, 14]. Therefore, the
effects of imidazoline compounds on activation of
initiator caspases-1, -8 and -9 in MIN6 cells were
evaluated. MIN6 cells were incubated in the absence
or presence of the combination of cytokines with or
without addition of 50 mM RX871024 or efaroxan.
After incubation, caspase-1, -8 and -9 activities were
detected in cell lysates. Incubation of MIN6 cells with
RX871024 alone caused activation of caspase-1 and to
a larger extent activation of caspases-8 and -9 (Fig. 3).
This latter finding correlates with induction of cas-
pase-3 activation under the same conditions (Fig. 1B).
The combination of cytokines induced activation of
caspases-1, -8 and especially -9, after a 20-h incubation
(Fig. 3). In line with the increase in MIN6 cell caspase-
3 activity, RX871024 further increased cytokine-
induced caspase-1, -8 and -9 activations in MIN6
cells after 20-h incubation (Fig. 3). Efaroxan did not
affect activation of these caspases in MIN6 cells either
in the absence or presence of the combination of
cytokines. The data collectively indicate that
RX871024 stimulates MIN6 cell death through acti-
vation of initiator caspases-1, -8 and -9 and subse-
quently effector caspase-3.

Discussion

Decreased numbers of b-cells is a feature of both type
1 and type 2 diabetes [1, 15]. On the other hand, b-cells
are capable of significant regeneration throughout
adult life [31] and the regeneration may actually be
induced under certain conditions [22]. However,
information on the effects of anti-diabetic drugs on
proliferative b-cells is rather restricted. In this study
we demonstrated that the insulinotropic imidazoline
compound RX871024, but not efaroxan, stimulates
death of highly proliferating insulin-secreting cells,
exemplified by the MIN6 cell line, in the absence and
presence of a combination of pro-inflammatory cyto-
kines. Cytotoxic effect of RX871024 on MIN6 cells
was accomplished by JNK activation and activation of
initiator caspases-1, -8 and -9 and effector caspase-3.
In our investigation we selected 25 mM glucose for
culturing of MIN6 cells, since this is the concentration

at which this cell line was established [32] and which
gives the lowest rate of apoptosis [33, 34]. In this
respect this glucose concentration is comparable to

Figure 3. RX871024, but not efaroxan, increases caspase activity
in MIN6 cells both in the absence and presence of cytokines. MIN6
cells were incubated in culture medium in the absence or presence
of a combination of cytokines (IL-1b + IFN-g + TNF-a) with or
without 50 mM RX871024 or 50 mM efaroxan for 20 h. Caspase-1
(A), caspase-8 (B), and caspase-9 (C) activities were measured by a
fluorometric assay. Results are means � SE (n=3–6). Statistical
significance between means was assessed by Student�s t-test for
unpaired values. ***p<0.0005 vs control; ###p<0.0005 vs cytokines.
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the 11 mM glucose used for culturing of primary b-
cells and at which pancreatic b-cell apoptosis is
minimal [16].
The results of the present study demonstrate that
cytokine-induced MIN6 cell death correlates with
caspase-3 activation. Caspase-3 induction has been
shown as a downstream event upon induction of b-cell
apoptosis [11, 13, 35]. All three tested initiator
caspases (caspase-1, -8 and -9) were activated by a
mixture of IL-1b, IFN-g and TNF-a. These pro-
inflammatory cytokines induce a network of signal
transduction pathways. Upon binding to its receptor,
IL-1b activates MAPKs and the transcription factor
nuclear factor kB (NF-kB) [36], which in turn induces
NO production that contributes to cell death [29, 36].
Although it was previously shown that IL-1b induces
ERK activation in primary pancreatic b-cells [29], we
were unable to detect any activation of ERK. In
contrast, we observed cytokine-induced reduction of
ERK activation (Fig. 2A) supposedly caused by the
presence of IFN-g in the cytokine mixture. Indeed,
IFN-g has been shown to reduce the activation of the
MAPK ERK in rat pancreatic islets [6]. Moreover, we
have previously reported that inhibition of ERK
aggravates IL-1b-induced b-cell death [7]. Addition-
ally, IFN-g induces expression of caspase-1 [37], in line
with the observed caspase-1 activation in MIN6 cells
by cytokines. There are three known apoptotic signal
transduction pathways elicited by the TNF receptor,
activation of caspase-8, activation of NF-kB (which
can lead to further increase in NO), and activation of
the pro-apoptotic MAPK JNK [38]. The caspase-8
activation observed in the present investigation sug-
gests that a signal transduction pathway, starting from
the TNF receptor and leading to caspase-8, plays a role
in cytokine-stimulated MIN6 cell death. In turn, JNK
activation may enable cell death by activating the
intrinsic pathway, resulting in the release of cyto-
chrome c [39] and thus activation of caspase-9. The
present study demonstrates that the combination of
IL-1b, IFN-g and TNF-a induces a strong JNK activa-
tion in MIN6 cells, which is associated with caspase-9
activation. Thus, we suggest that JNK-induced activation
of the intrinsic (mitochondrial) pathway is an important
trigger of MIN6 cell destruction.
In our previous study [10], the protective effect of
RX871024 on IL-1b-induced mouse primary b-cell
apoptosis was shown to involve inhibition of IL-1b-
induced synthesis of NO. However, the results of this
investigation do not show any effect of imidazoline
compounds RX871024 or efaroxan on NO produc-
tion induced by the combination of cytokines in the
mouse insulin-secreting cell line MIN6. Hence, we
conclude that the potentiation of MIN6 cell death by
RX871024 in the presence of cytokines does not

involve changes in NO production. Indeed,
RX871024-triggered reduction of cytokine-induced
NO production in primary b-cells was correlated with
reduction of cytokine-induced p38 MAPK phosphor-
ylation [21]. We previously demonstrated that p38 is
involved in iNOS expression and NO formation [29].
In the present study, we found no effect of cytokines
with or without imidazoline compounds on p38
activity in MIN6 cells. In ob/ob mouse islets, which
contain>90 % b-cells [40], p38 has been shown to be
activated with the same combination of cytokines
[21]. Therefore, the absence of cytokine-induced p38
activity in MIN6 cells is most likely due to highly
proliferative properties of these insulin-secreting
cells. Similar observations have been made with
mouse bTC3 cells (unpublished results). It is likely
that p38 is less sensitive to activation by cytokines in
highly proliferating insulin-producing cells than in
primary b-cells. Thus, the lack of imidazoline effects
on cytokine-induced NO production could be ex-
plained by insensitivity of p38 to imidazolines in
proliferating insulin-secreting cells.
Our results show that among the two imidazolines
RX871024 and efaroxan, only RX871024 potentiates
activation of JNK and caspases-1, -3, -8 and -9, both in
the absence and presence of a combination of cyto-
kines, which leads to MIN6 cell death. Some imidazo-
line compounds like idazoxan and phentolamine can
activate caspase-3 [26]; however, the signal-transduc-
tion pathways of this effector caspase activation by
imidazolines were not investigated. We have previously
reported that RX871024 induces Ca2+ mobilization
from the endoplasmic reticulum (ER) in mouse
pancreatic b-cells [41]. In contrast, efaroxan does not
have such an activity [42]. The effect of RX871024 on
ER Ca2+ can explain its stimulation of JNK activity in
MIN6 cells. Indeed, we have shown [30] that thapsi-
gargin, an agent mobilizing ER Ca2+ by inhibition of
sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA),
stimulates JNK activity and potentiates IL-1b-induced
JNK activation in INS1-E cells within the same time
frame (1 h). As discussed above, stimulation of JNK
activity would lead to an increase in caspase-9 activity
[39]. This, in turn, would stimulate caspase-3 activation
and finally MIN6 cell death.
JNK activation in the presence of RX871024 can also
explain elevation in caspase-1 activity as it has been
shown that activation of JNK in RINm5F insulin-
secreting cells by human amylin causes caspase-1
activation [43]. A stimulatory effect of RX871024 on
JNK activity could be responsible for up-regulation of
death receptor 5 and subsequent stimulation of
caspase-8 activity [44]. Another possible explanation
for the observed effect is activation of caspase-8
downstream of caspase-3 [45], following RX871024-
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induced activation of caspase-3 by the mechanism
discussed above.
Although it was known that b-cells can proliferate
[31], this ability was for a long time underestimated. In
obese humans the b-cell mass is known to increase,
adapting to an elevated metabolic load, by increasing
b-cell proliferation and neogenesis from duct cells [15,
46]. A recent investigation by Nir et al. [22] implies
that under certain conditions b-cells are capable of
completely regenerating under diabetic conditions.
However, the increase in b-cell proliferation and
neogenesis does not outweigh b-cell apoptosis in the
course of type 2 diabetes [15]. We and others have
previously shown that sulfonylurea compounds used
for the treatment for diabetes can actually increase the
rate of b-cell apoptosis [16, 47]. Taking this into
consideration, it is important that any treatment for
diabetes should never compromise the proliferative
capacity of b-cells. We previously demonstrated that
RX871024 had no effect on either basal or cytokine-
induced JNK activation in primary b-cells [21], and
did not induce primary b-cell apoptosis [10, 21].
However, the results of the present investigation lead
to the conclusion that RX871024 is specifically toxic
for proliferating insulin-secreting cells. Moreover, the
present data and our previous observations [48]
suggest that JNK activation plays an antitumorigenic
role in insulinoma cells. Our results on selective
destruction of MIN6 insulinoma cells by the imidazo-
line compound RX871024, without any effect on
primary b-cells, suggest that this substance and other
compounds showing the same mechanism of action
may have a specific antitumorigenic potential against
insulinomas. Taken together, our data show that
RX871024 induces MIN6 cell death and potentiates
cell death induced by the combination of pro-inflam-
matory cytokines IL-1b, IFN-g and TNF-a. These
effects do not involve changes in p38 activation or
cytokine-induced NO production and correlate with
potentiation of basal and cytokine-induced JNK
activity by RX871024 and subsequent potentiation
of caspase-3 activity. Basal and cytokine-induced
activation of initiator caspases-1, -8, and -9 were
potentiated by RX871024, indicating that both the
extrinsic apoptotic pathway and the intrinsic (mito-
chondrial) apoptotic pathway are activated, leading to
MIN6 cell death.
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