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Pro-inflammatory cytokine-mediated beta cell apoptosis is activated through multiple signaling pathways
involving mitochondria and endoplasmic reticulum. Activation of organelle-specific caspases has been
implicated in the progression and execution of cell death. This study was therefore performed to elucidate the
effects of pro-inflammatory cytokines on a possible cross-talk between the compartment-specific caspases 9
and 12 and their differential contribution to beta cell apoptosis. Moreover, the occurrence of ROS-mediated
mitochondrial damage in response to beta cell toxic cytokines has been quantified. ER-specific caspase-12 was
strongly activated in response to pro-inflammatory cytokines; however, its inhibition did not abolish
cytokine-induced mitochondrial caspase-9 activation and loss of cell viability. In addition, there was a
significant induction of oxidative mitochondrial DNA damage and elevated cardiolipin peroxidation in
insulin-producing RINm5F cells and rat islet cells. Overexpression of the H2O2 detoxifying enzyme catalase
effectively reduced the observed cytokine-induced oxidative damage of mitochondrial structures. Taken
together, the results strongly indicate that mitochondrial caspase-9 is not a downstream substrate of ER-
specific caspase-12 and that pro-inflammatory cytokines cause apoptotic beta cell death through activation of
caspase-9 primarily by hydroxyl radical-mediated mitochondrial damage.
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1. Introduction

Type 1 diabetes mellitus (T1DM) is an immune mediated disease
characterized by selective and progressive destruction of insulin-
producing beta cells in the islets of Langerhans. Pro-inflammatory
cytokines, such as interleukin 1β (IL-1β), tumor necrosis factor α
(TNF-α) and interferon γ (IFN-γ) secreted by islet-infiltrating macro-
phages and T cells have been identified as the key soluble mediators of
beta cell death in autoimmune diabetes [1–4]. IL-1β is the prototype pro-
inflammatory cytokine, which significantly contributes to beta cell
dysfunction. In synergism with TNF-α and IFN-γ, IL-1β induces the
formation of high levels of nitric oxide (NO) and reactive oxygen species
(ROS) finally leading to pancreatic beta cell death [5]. Beta cell apoptosis
appears to be the result of a complexnetwork of signaling events induced
by pro-inflammatory cytokines and their key signaling pathways such as
NF-κB, MAPK/STAT-1, and MAPK/JNK [1]. This ultimately culminates in
endoplasmic reticulum (ER) stress [6], oxidative stress [5], and activation
of the mitochondrial apoptosis machinery [7]. However, a possible
interaction between ER stress- and mitochondria-mediated cell death
pathways and their differential contribution to cytokine-induced beta
cell apoptosis has not been conclusively demonstrated so far.

Available evidence suggests that the activation of cysteinyl aspar-
tate-specific proteases (caspases) is crucial for the signal transduction
and execution of apoptosis. This cysteine protease family can be
activated through twomain pathways: the extrinsic and stress-induced
intrinsic pathways [8–11]. The activation of the intrinsic pathway
involves loss ofmitochondrial homeostasis and release of pro-apoptotic
factors from the intermembrane space to the cytosol, including SMAC/
DIABLO and cytochrome c. On release frommitochondria, cytochrome c
together with Apaf-1 activates caspase-9, which in turn activates
downstream effector caspases [7,12]. Recently we have shown that the
mitochondrial generation of reactive oxygen species in response to pro-
inflammatory cytokines specifically triggers the mitochondrial apopto-
sis pathway by increasing the Bax/Bcl-2 ratio, subsequently activating
downstream caspases, which could be prevented by overexpressing the
H2O2 detoxifying catalase in mitochondria [7].

Apart from cytochrome c-dependent caspase-9 activation, it has
previously been suggested that caspase-9 can be directly activated by
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caspase-12 in the murine myoblast cell line C2C12 [13]. Caspase-12,
predominantly localized on the cytoplasmic side of the ER, is
considered to be an initiator caspase in ER stress-mediated apoptosis
[14–16]. Several ER-stress stimuli such as tunicamycin, thapsigargin
[16], and also pro-inflammatory cytokines have been shown to
promote caspase-12 activation in different cell lines including beta
cell lines [17–19]. However, a putative crosstalk between compart-
ment-specific caspases and their contribution to cytokine-induced
beta cell death has not been studied so far.

The aim of this study was to investigate the interdependence of
cytokine-induced ER stress-specific caspase-12 and themitochondrial
caspase cascade. In addition mitochondrial ROS-mediated key events
involved in the induction of the intrinsic apoptosis pathway in
response to pro-inflammatory cytokines were characterized in rat
islet cells and insulin-producing cells overexpressing H2O2 detoxify-
ing catalase in mitochondria.

2. Materials and methods

2.1. Tissue culture of RINm5F cells

Insulin-producing RINm5F tissue culture cells were cultured as
described earlier in RPMI-1640 medium supplemented with 10 mM
glucose, 10% (v/v) fetal calf serum (FCS), penicillin, and streptomycin
in a humidified atmosphere at 37 °C and 5% CO2 [20,21]. RINm5F cells
stably overexpressing catalase in the mitochondria (MitoCatalase)
have been generated and characterized for insulin expression,
content, and secretion as described before [22,23]. The expression of
catalase was analyzed by immunoblotting analysis or enzyme activity
measurement [23].

2.2. Rat islet isolation and single cell preparation

Pancreatic islets were isolated from 250 to 300 g adult male Lewis
rats by collagenase digestion and handpicked under a stereo
microscope. Thereafter 70–100 uniformly sized isolated islets were
cultured on extracellular matrix (ECM)-coated plates (35 mm)
(Novamed, Jerusalem, Israel) in RPMI-1640 medium containing
5 mM glucose, 10% FCS, penicillin, and 2% streptomycin at 37 °C in a
humidified atmosphere of 5% CO2. This cornea-derived ECM not only
improves islet cell attachment and formation of a cellular mono-layer,
but also maintains glucose-induced insulin secretion to a higher
extent than conventionally coated plastic surfaces [24]. The islets
were cultured for 7–10 days on the ECM plates to adhere and spread
before they were incubated with pro-inflammatory cytokines.

2.3. Exposure to cytokines and the intramitochondrial ROS generator
menadione

RINm5F control (mock-transfected) and MitoCatalase overexpres-
sing RINm5F insulin-producing cells were seeded at different
concentrations depending on further experimentation and allowed
to attach for a period of 24 h. Thereafter the cells were exposed to
600 U/ml human IL-1β or a combination of cytokines (cytokine
mixture) consisting of 60 U/ml IL-1β, 185 U/ml human TNF-α, and
14 U/ml IFN-γ (PromoCell, Heidelberg, Germany) for 24–72 h. As ROS
generator, menadionewas freshly dissolved and cells were exposed at
a final concentration of 10 μM in RPMI 1640 medium for 2 h. After
removal of the menadione containing medium the cells were cultured
overnight in fresh RPMI 1640 medium.

2.4. Flow cytometric quantification of caspase-9 and -12 activation

Caspase-9 and -12 activation was determined with the CaspGLOW
fluorescein active caspase-9 and -12 staining kits (Promocell,
Heidelberg, Germany). Control and MitoCatalase overexpressing
RINm5F cells were seeded at a density of 1×106 cells per well of a
six-well-plate and allowed to attach for 24 h before incubation with
the indicated cytokines in the presence or absence of caspase-12
inhibitor (Z-ATAD-FMK; 15 μM, Promocell, Heidelberg, Germany) or
5 mM Nω-nitro-L-arginine (Sigma-Aldrich, Munich, Germany). After
24 h incubation the cells were trypsinized and collected by centrifu-
gation at 700×g for 5 min. Cell pellets were resuspended in 1 ml
culture medium and 300 μl of each sample were transferred to
Eppendorf tubes. According to the manufacturer's protocol, FITC-
LEHD-FMK (caspase-9) or FITC-ATAD-FMK (caspase-12) was added to
these cells and incubated for 45 min at 37 °C followed by washing
twice with wash buffer. The cells were resuspended in 1 ml of
washing buffer and 20 000 cells of each sample were analyzed by flow
cytometry (CyFlow ML, Partec, Münster, Germany) using the FL-1
channel (488 nm excitation/527 nm emission). Data were analyzed
by FlowJo software (Tree Star, Ashland, OR).

2.5. Quantitative RT-PCR (qRT-PCR)

Isolation of RNA, reverse transcription and the qRT-PCR reaction
were performed as described in detail earlier [7]. The primer
sequences for CHOP were as follows: forward, CCAGCAGAGGTCA-
CAAGCAC, and reverse, CGCACTGACCACTCTGTTTC. Data are
expressed as relative gene expression after normalization to the
beta actin housekeeping gene using the Qgene96 and LineRegPCR
software.

2.6. Assessment of cell viability

RINm5F control cells were seeded at 10 000 cells per well in 100 μl
culture medium in 96-well-plates and allowed to attach for 24 h
before they were incubated for 72 h with the indicated cytokines in
the presence or absence of the caspase-12 specific inhibitor Z-ATAD-
FMK. Cell viability was then determined by microplate-based MTT
assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide) (Sigma-Aldrich, Munich, Germany) [25]. The addition of the
caspase-12 inhibitor Z-ATAD-FMK to the culture medium had no
influence on cell viability under control conditions (absolute optical
density (OD)550 absorbance rates of the MTT assay were 0.99±0.06
(RINm5F cells without Z-ATAD-FMK, n=4) and 0.95±0.06 (RINm5F
cells with Z-ATAD-FMK, n=4)).

2.7. Assessment of intramitochondrial superoxide radical generation

Superoxide radical generation within the mitochondria was
assessed using MitoSOX Red (Invitrogen, Karlsruhe, Germany), a
highly specific fluorescent probe for superoxide detection in mito-
chondria of living cells [26]. Control and MitoCatalase overexpressing
RINm5F cells were seeded at a density of 7×105 cells per well of a six-
well-plate and allowed to attach for 24 h, while 70–100 uniformly
sized rat islets were cultured for 7–10 days on the ECM plates to
adhere and spread before they were incubated with IL-1β alone or the
cytokine mixture for 24 h. Thereafter the cells were trypsinized and
collected by centrifugation at 700×g for 5 min. Cell pellets were
resuspended in 0.5 ml culture medium containing MitoSOX Red at a
final concentration of 5 μM and incubated for 30 min at 37 °C. Then
the cells were washed twice with PBS and analyzed by flow cytometry
(CyFlow ML, Partec, Münster, Germany) using the FL-10 channel
(405 nm excitation/580 nm emission). Data were analyzed by FlowJo
software (Tree Star, Ashland, OR).

2.8. Analysis of H2O2 generation using the H2O2 sensitive HyPer protein

RINm5F cells overexpressing the H2O2 sensitive fluorescence
protein HyPer in peroxisomes (HyPer-Peroxi) [27] were seeded at a
density of 25×104 cells per well of a black 96-well-plate and allowed



Fig. 1. Effects of pro-inflammatory cytokines on CHOP gene expression and caspase-12
activation in insulin-producing RINm5F control cells and cells overexpressing
MitoCatalase. RINm5F control cells (mock transfected) and cells overexpressing
catalase in mitochondria (MitoCatalase) were incubated under control conditions
(open bars), with 600 U/ml IL-1β (gray bars) or with a cytokine mixture consisting of
60 U/ml IL-1β, 185 U/ml TNF-α, 14 U/ml IFN-γ (black bars) for 24 h. (A) Total RNA was
isolated, qRT-PCR was performed with a CHOP specific primer set, and the relative
expression levels were normalized to the housekeeping gene β-actin. The CHOP gene
expression in each cell clone under control conditions was set as 100%. (B) The cells
were trypsinized, incubated for 45 min with the fluorescence caspase-12 substrate
FITC-ATAD-FMK, and the intracellular fluorescence intensity was measured by flow
cytometry. Data are expressed as means±SEM of four independent experiments;
*, pb0.05; **, pb0.01 compared with cells incubated under control conditions (ANOVA/
Dunnett's-test).
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to attach for 24 h. Thereafter the cells were exposed to the indicated
cytokines or palmitic acid (100 μM) for 24 h. The fluorescence ratio
(504/520 nm to 427/520 nm), which is an indicator of H2O2

production, was measured spectrofluorometrically as recently pub-
lished [27,28].

2.9. Assessment of intracellular 8-oxoguanine content

The generation of 8-oxoguanine as sensitive and specific indicator
of hydroxyl radical-induced DNA damage, was assessed with the
OxyDNA Assay Kit (Argutus Medical, Dublin, Ireland). Control and
MitoCatalase overexpressing RINm5F cells were seeded at a density of
5×105 cells per well of a six-well-plate and allowed to attach for 24 h,
while 70–100 uniformly sized rat islets were cultured for 7–10 days
on the ECM plates to adhere and spread before incubation with the
indicated cytokines. After 72 h exposure to IL-1β alone or the cytokine
mixture, the cells were trypsinized and collected by centrifugation at
700×g for 5 min. After fixation with 1% paraformaldehyde for 15 min
on ice, the cells were permeabilized with 70% ethanol for 30 min at
−20 °C. According to the manufacturer's protocol, FITC-labeled
conjugate was added to these cells and incubated for 1 h at room
temperature in the dark, followed by washing twice with wash buffer.
The cells were resuspended in 1 ml of washing buffer and 20 000
RINm5F and 8000 rat islet cells of each sample were analyzed by flow
cytometry (CyFlow ML, Partec, Münster, Germany) using the FL-1
channel (488 nm excitation/527 nm emission). Data were analyzed
by FlowJo software (Tree Star, Ashland, OR).

2.10. Assessment of cardiolipin peroxidation

Cardiolipin peroxidation was assessed by using 10-N-nonyl
acridine orange (NAO) (Invitogen, Karlsruhe, Germany), a highly
specific fluorescent probe for cardiolipin. After the peroxidation of
cardiolipin NAO loses its affinity for peroxidized cardiolipin, resulting
in a decreased fluorescence signal [29,30]. Control and MitoCatalase
overexpressing RINm5F cells were seeded at a density of 7×105 cells
per well of a six-well-plate and allowed to attach for 24 h, while 70–
100 uniformly sized rat islets were cultured for 7–10 days on the ECM
plates to adhere and spread before they were incubated at 37 °C with
IL-1β alone or the cytokine mixture for 24 h. Thereafter the cells were
trypsinized and collected by centrifugation at 700×g for 5 min. Cell
pellets were resuspended in 0.5 ml culturemedium containing NAO at
a final concentration of 100 nM. After incubation for 30 min at 37 °C
the cells were then washed twice with PBS and analyzed by flow
cytometry (CyFlow ML, Partec, Münster, Germany) using the FL-1
channel (488 nm excitation/527 nm emission). Data were analyzed
by FlowJo software (Tree Star, Ashland, OR).

2.11. Immunocytochemical staining of 8-oxoguanine and cardiolipin

For immunocytochemical staining of control and MitoCatalase
overexpressing RINm5F cells, the cells were seeded at a density of
5×104 cells per well on LabTek chamber slides (Nunc, Roskilde,
Denmark) 24 h before incubation. To visualize 8-oxoguanine, 72 h
after incubation with the indicated cytokines the cells were stained
with MitoTracker Deep Red (Invitogen, Karlsruhe, Germany) accord-
ing the manufacturer's instruction, washed twice with PBS and
subsequently fixed with 4% paraformaldehyde at room temperature
for 60 min. After washing, the cells were permeabilized and blocked
with PBS containing 0.2% Triton X-100 and 1% BSA. The cells were
incubated with primary antibody (anti-8-oxoguanine, clone 483.15,
1:200, Millipore, Schwalbach, Germany) diluted in PBS containing
0.1% Triton X-100 and 0.1% BSA at room temperature for 60 min. Then,
the cells were washed with PBS and incubated with secondary
antibody (anti-mouse-FITC, 1:500, Dianova, Hamburg, Germany) for
60 min in the dark. To visualize cardiolipin, 24 h after incubation with
the indicated cytokines the cells were co-incubated with 100 nM 10-
n-nonyl-acridine orange (NAO) and MitoTracker Deep Red (Invito-
gen, Karlsruhe, Germany) for 30 min at 37 °C. For nuclear counter-
staining, 300 nM DAPI was applied for 5 min at room temperature.
Finally, the cells were washed and mounted with Mowiol/DABCO
anti-photobleaching mounting media (Sigma-Aldrich, Munich, Ger-
many). Stained cells were examined with an Olympus IX81 inverted
microscope (Olympus, Hamburg, Germany) and microscopic images
were post-processed using AutoDeblur and AutoVisualize (Autoquant
Imaging, New York, USA).
2.12. Data analysis

The data are expressed as means±SEM. Statistical analyses were
performed by ANOVA followed by Dunnett's test for multiple
comparisons or by t-test (unpaired, two-tailed) using the Prism
analysis program (Graphpad, San Diego, CA, USA).
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3. Results

3.1. Effects of pro-inflammatory cytokines on ER-stress induction and
activation of caspase-12 in insulin-producing RINm5F control cells and
cells overexpressing MitoCatalase

In order to investigate the induction of ER-stress in response to pro-
inflammatory cytokines the expression of CHOP, a key regulator of the
ER stress response, was analyzed by qRT-PCR in insulin-producing
RINm5F control cells and cells overexpressing the H2O2 detoxifying
enzyme catalase in mitochondria (MitoCatalase). A 24 h exposure to
IL-1β alone or the cytokine mixture consisting of IL-1β, TNF-α, and
IFN-γ resulted in a significant increase of CHOP gene expression in
RINm5F control and MitoCatalase overexpressing cells (control cells:
IL-1β 204%, pb0.01 and cytokine mixture 218%, pb0.01 compared
with untreated cells; MitoCatalase cells: IL-1β 191%, pb0.05 and
cytokine mixture 221%, pb0.01 compared with untreated cells)
(Fig. 1A). Subsequently, the activation of the ER-specific caspase-12
was evaluated after the same cytokine treatments. Exposure to IL-1β
or the cytokinemixture caused a significant activation of caspase-12 in
RINm5F control cells as well as in cells overexpressing MitoCatalase
(control cells: IL-1β285%,pb0.05 and cytokinemixture 320%, pb0.001
comparedwith untreated cells;MitoCatalase cells: IL-1β 275%, pb0.05
and cytokine mixture 357%, pb0.001 compared with untreated cells)
(Fig. 1B). Inhibition of cytokine-induced NO production by using the
iNOS inhibitor Nω-nitro-L-arginine resulted in a significant reduction
of caspase-12 activation (IL-1β −56%, pb0.05 and cytokine mixture
−59%, pb0.05 comparedwith cells incubatedwithout iNOS inhibitor),
indicating that ER-stress and caspase-12 activation is strongly related
to NO formation (Suppl. Fig. 1). Thus, the activation of ER-specific
caspase-12 is caused by cytokine-mediated ER stress and it is not
influenced by the overexpression of the H2O2 detoxifying enzyme
catalase in mitochondria.

3.2. Effects of the caspase-12 specific inhibitor Z-ATAD-FMK on cytokine-
induced caspase-9 activation and cell viability in insulin-producing
RINm5F cells

To elucidate the contribution of activated caspase-12 in cytokine-
induced beta cell death and a possible interaction with caspase-9, the
Fig. 2. Effects of the caspase-12 specific inhibitor Z-ATAD-FMK on cytokine-induced caspas
control conditions (open bars), with 600 U/ml IL-1β (gray bars) or with a cytokine mixture
presence or absence of the caspase-12 specific inhibitor Z-ATAD-FMK (15 μM). The cells w
ATAD-FMK or with the caspase-9 substrate FITC-LEDH-FMK and the intracellular fluorescenc
independent experiments; *, pb0.05; **, pb0.01; ***, pb0.001 compared with cells incuba
incubated under the same conditions without caspase-12 inhibitor (t-test, unpaired, two-ta
effects of Z-ATAD-FMK, a caspase-12 specific inhibitor, were
investigated in insulin-producing RINm5F cells treated with beta
cell toxic cytokines (Fig. 2). Treatment of cells with the caspase-12
specific inhibitor significantly attenuated the cytokine-induced
caspase-12 activation by IL-1β or the cytokine mixture (pb0.05, Z-
ATAD-FMK treated cells compared with Z-ATAD-FMK untreated
cells) (Fig. 2). However, the inhibition of caspase-12 had no influence
on cytokine-induced caspase-9 activation (Fig. 2). The cytokine-
mediated caspase-9 activation was not abrogated in the presence of
the caspase-12 inhibitor and only partially in presence of the iNOS
inhibitor (Suppl. Fig. 1), suggesting that pro-caspase-9 is not a
downstream target of caspase-12 and that caspase-9 activity is only
partially modulated by NO (IL-1β −9% and cytokine mixture −39%
compared with cells incubated without iNOS inhibitor) in insulin-
producing RINm5F cells. Moreover, cell viability after cytokine
stimulation was significantly decreased to the same extent, both in
the presence or absence of the caspase-12 inhibitor, indicating that
caspase-12 activation is not essential for the initiation of the
mitochondrial apoptosis pathway in beta cells and for cytokine-
induced beta cell damage (Fig. 3).
3.3. Effects of pro-inflammatory cytokines on intramitochondrial
superoxide radical production in insulin-producing RINm5F control or
MitoCatalase cells and rat islet cells

Having demonstrated that the inhibition of ER-specific caspase-12
is not sufficient to prevent cytokine-induced activation of caspase-9
and beta cell death, we next examined other potential mediators
responsible for the cytokine-induced initiation of mitochondrial
destruction pathways. Therefore the cytokine effects on superoxide
radical generation within the mitochondria were analyzed. For
selective monitoring of superoxide anions within the mitochondria,
mitochondria-targeted hydroethidine (MitoSOX Red) has been used
at excitation/emission wavelengths of 404/580 nm. Exposure of
insulin-producing RINm5F control and MitoCatalase overexpressing
cells to IL-1β alone or a cytokine mixture did not result in a
statistically significant increase of mitochondrial superoxide anion
generation. Importantly, the findings from the RINm5F cell lines could
be confirmed in primary rat islet cells (Fig. 4).
e-9 activation in insulin-producing RINm5F cells. RINm5F cells were incubated under
consisting of 60 U/ml IL-1β, 185 U/ml TNF-α, 14 U/ml IFN-γ (black bars) for 24 h in the
ere trypsinized, incubated for 45 min with the fluorescence caspase-12 substrate FITC-
e intensity wasmeasured by flow cytometry. Data are expressed as means±SEM of four
ted under control conditions (ANOVA/Dunnett's-test), #, pb0.05 compared with cells
iled).
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Fig. 3. Effects of the caspase-12 specific inhibitor Z-ATAD-FMK on cytokine toxicity in
insulin-producing RINm5F cells. RINm5F cells were incubated under control conditions
(open bars), with 600 U/ml IL-1β (gray bars) or with a cytokine mixture consisting of
60 U/ml IL-1β, 185 U/ml TNF-α, 14 U/ml IFN-γ (black bars) for 72 h in the presence or
absence of the caspase-12 specific inhibitor Z-ATAD-FMK (15 μM). Thereafter, viability
of the cells was determined by the MTT assay and expressed as a percentage of
untreated cells. Data are expressed as means±SEM of four independent experiments;
***, pb0.001 compared with cells incubated under control conditions (ANOVA/
Dunnett's-test).

Fig. 5. Effects of pro-inflammatory cytokines on 8-oxoguanine formation in insulin-
producing RINm5F control or MitoCatalase overexpressing cells and rat islet cells.
(A) RINm5F control cells or cells overexpressing catalase in mitochondria (MitoCata-
lase) and rat islet cells were incubated under control conditions (open bars), with
600 U/ml IL-1β (gray bars) or with a cytokine mixture consisting of 60 U/ml IL-1β,
185 U/ml TNF-α, 14 U/ml IFN-γ (black bars) for 72 h. After fixation and permeabiliza-
tion, the cells were stained with the FITC-labeled 8-oxoguanine probe for 1 h at room
temperature and the fluorescence intensity was measured by flow cytometry. Data are

1831I. Mehmeti et al. / Biochimica et Biophysica Acta 1813 (2011) 1827–1835
3.4. Effects of pro-inflammatory cytokines on 8-oxoguanine formation in
insulin-producing RINm5F control or MitoCatalase overexpressing cells
and rat islet cells

We next determined 8-oxoguanine accumulation as a specific
biomarker for hydroxyl radical generation in response to pro-
inflammatory cytokines. As shown in Fig. 5A the exposure of
RINm5F control cells to IL-1β alone or a cytokine mixture exhibited
a significant induction of oxidative DNA damage (IL-1β 235%, pb0.05
and cytokine mixture 310%, pb0.001 compared with untreated cells).
A comparable cytokine-mediated 8-oxoguanine accumulation was
observed in rat islet cells (IL-1β 192%, pb0.001 and cytokine mixture
177%, pb0.01 compared with untreated cells). The overexpression of
mitochondrially located catalase (MitoCatalase) effectively dimin-
ished the cytokine-induced formation of 8-oxoguanine, indicating
that pro-inflammatory cytokines strongly induced oxidative damage
of DNA (Fig. 5A).
Fig. 4. Effects of pro-inflammatory cytokines on intramitochondrial superoxide radical
(O2·−) production in insulin-producing RINm5F control or MitoCatalase overexpres-
sing cells and rat islet cells. RINm5F control cells or cells overexpressing catalase in
mitochondria (MitoCatalase) and rat islet cells were incubated under control
conditions (open bars), with 600 U/ml IL-1β (gray bars) or with a cytokine mixture
consisting of 60 U/ml IL-1β, 185 U/ml TNF-α, 14 U/ml IFN-γ (black bars) for 24 h. The
cells were then trypsinized, incubated for 30 min with the MitoSOX Red probe at a final
concentration of 5 μM and the intracellular fluorescence intensity was measured by
flow cytometry. Data are expressed as means±SEM of four independent experiments.

expressed as means±SEM of six (rat islets) and eight (RINm5F control and
MitoCatalase cells) independent experiments; *, pb0.05; **, pb0.01; ***, pb0.001
compared with cells incubated under control conditions; ##, pb0.01; ###, pb0.001
compared with MitoCatalase cells incubated under the same conditions (ANOVA/
Dunnett's-test). (B) Subcellular localization of 8-oxoguanine (8-oxoG) in insulin-
producing RINm5F control cells after incubation with pro-inflammatory cytokines.
RINm5F control cells were incubated as in (A). After fixation with 4% paraformalde-
hyde, the cells were stained for mitochondria (red) and for 8-oxoguanine (green)
followed by nuclear counterstaining with DAPI (blue). These images revealed the
localization of 8-oxoG in mitochondria and confirmed its accumulation after cytokine
treatment (middle and lower panels) compared to the untreated cells (upper panel).
3.5. Subcellular localization of 8-oxoguanine (8-oxoG) in insulin-
producing RINm5F control cells after incubation with pro-inflammatory
cytokines and menadione

In order to evaluate the subcellular localization of the generated 8-
oxoguanine, immunofluorescent staining of the insulin-producing
cells was performed. Co-staining approaches with MitoTracker Deep
Red, a florescent probe that selectively accumulates in mitochondria
and DAPI, a nuclear probe, illustrated that the observed 8-oxoguanine
formation was mainly localized in the mitochondria (Fig. 5B). Again,
corresponding to the quantitative data shown in Fig. 5A, following
treatment with IL-1β alone or a cytokine mixture, a dramatic increase
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in immunofluorescence of 8-oxoguanine could be observed, reflecting
an enhanced accumulation of 8-oxoguanine. Contrary, inMitoCatalase
overexpressing cells no increase of 8-oxoguanine immunofluores-
cence was seen in response to IL-1β alone or the cytokine mixture,
respectively (data not shown). This observation strongly suggests that
pro-inflammatory cytokines directly trigger ROS formation in mito-
chondria and that these organelles are the primary target for the
deleterious effects of hydroxyl radicals.

To further verify the specificity of 8-oxoguanine formation and its
localization in mitochondria, RINm5F control and MitoCatalase over-
expressing cells were treated with menadione, a chemical intrami-
tochondrial ROS generator. After a 2 h exposure to menadione a
massive accumulation of 8-oxoguanine could be detected in control
cells (Fig. 6A), whereas in MitoCatalase overexpressing cells no
striking accumulation of 8-oxoguanine was observed (Fig. 6B).
Furthermore, 8-oxoguanine immunoreactivity showed a clear co-
localization with the mitochondria specific probe MitoTracker Deep
Red, indicating that 8-oxoguanine was formed selectively in
mitochondria.
Fig. 6. Subcellular localization of 8-oxoguanine (8-oxoG) in insulin-producing RINm5F con
control cells (A) and MitoCatalase overexpressing cells (B) were incubated for 2 h under
Thereafter the menadione containing culture mediumwas removed and the cells were then i
were stained for mitochondria (red) and for 8-oxogunaine (green) followed by nuclea
accumulation of 8-oxoG in mitochondria of control cells (A), comparable to the cytokin
significantly lower 8-oxoG accumulation under the same conditions (B).
3.6. Effects of pro-inflammatory cytokines on cardiolipin peroxidation in
insulin-producing RINm5F control or MitoCatalase overexpressing cells
and rat islet cells

In order to obtain more information about the deleterious effects
of cytokine-mediated ROS in pancreatic beta cells, we next examined
the effects of pro-inflammatory cytokines on cardiolipin, an inner
membrane phospholipid of mitochondria. A 24 h exposure of insulin-
producing RINm5F control cells to IL-1β alone or a cytokine mixture
caused a significant increase of cardiolipin peroxidation (IL-1β 219%,
pb0.001 and cytokine mixture 222%, pb0.01 compared with
untreated cells) (Fig. 7A). Comparable effects were seen in rat islet
cells under the same treatment conditions (IL-1β 220%, pb0.001 and
cytokine mixture 207%, pb0.01 compared with untreated cells)
(Fig. 7A). Again the overexpression of MitoCatalase greatly dimin-
ished the cytokine-induced cardiolipin peroxidation (Fig. 7A).

To further confirm the specificity of cytokine-induced cardiolipin
peroxidation, immunofluorescent staining of insulin-producing
RINm5F cells before and after cytokine treatment was performed.
trol and MitoCatalase overexpressing cells after incubation with menadione. RINm5F
control conditions or with the intramitochondrial ROS generator menadione (10 μM).
ncubated overnight in fresh medium. After fixation with 4% paraformaldehyde, the cells
r counterstaining with DAPI (blue). These images revealed the menadione-induced
e-induced 8-oxoG formation. By contrast, MitoCatalase overexpressing cells showed
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Fig. 7. Effects of pro-inflammatory cytokines on cardiolipin peroxidation in insulin-
producing RINm5F control or MitoCatalase overexpressing cells and rat islet cells.
(A) RINm5F control cells or cells overexpressing catalase in mitochondria (MitoCata-
lase) and rat islet cells were incubated under control conditions (open bars), with
600 U/ml IL-1β (gray bars) or with a cytokine mixture consisting of 60 U/ml IL-1β,
185 U/ml TNF-α, 14 U/ml IFN-γ (black bars) for 24 h. The cells were trypsinized and
incubated for 30 min at 37 °C with 10-n-nonyl-acridine orange (NAO) at a final
concentration of 100 nM. Thereafter the intracellular fluorescence intensity was
measured by flow cytometry. Data are expressed asmeans±SEM of four (rat islets) and
eight (control and MitoCatalase cells) independent experiments; **, pb0.01 compared
with cells incubated under control conditions; ##, pb0.01; ###, pb0.001 compared
with MitoCatalase cells under the same conditions (ANOVA/Dunnett's-test).
(B) Subcellular localization of 10-n-nonyl-acridine orange (NAO) in insulin-producing
RINm5F control cells after incubation with pro-inflammatory cytokines. RINm5F
control cells were incubated as in (A). After fixation with 4% paraformaldehyde, the
cells were stained for mitochondria (red) and for NAO (green) followed by nuclear
counterstaining with DAPI (blue). The observed decrease of NAO immunofluorescence
after exposure to IL-1β alone (middle panel) or cytokine mixture (lower panel)
represents the cytokine-induced cardiolipin peroxidation.
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Untreated RINm5F cells showed an intense staining for cardiolipin
and a clear co-localization with mitochondria (Fig. 7B, upper panel).
After cytokine treatment the cardiolipin content of the treated cells
was drastically reduced compared with untreated cells (Fig. 7B,
middle and lower panels).
4. Discussion

In the complex autoimmune processes of the pathogenesis of type
1 diabetes, pro-inflammatory cytokines are important humoral
mediators for beta cell apoptosis [1,3]. These trigger multiple
intracellular signaling pathways, which converge into ER stress [6],
oxidative stress, and mitochondrial dysfunction [5,7]. Although
organelle specific signaling pathways, emanating from the ER or
mitochondria, can induce apoptosis independently, it has previously
been suggested that ER stress specifically activates caspase-12, which
promotes caspase-9 activation independent of cytochrome c release
[13]. In the present study, we showed that exposure of not only
insulin-producing RINm5F control cells but also of cells overexpres-
sing mitochondrially located catalase (MitoCatalase) to beta cell toxic
cytokines strongly induced ER-stress as shown by increased CHOP
gene expression and caspase-12 activation, in contrast to the
cytokine-induced caspase-9 activation, which was effectively sup-
pressed along with protection against cytokine-mediated cell death
by overexpression of MitoCatalase in these cells [7]. However,
inhibition of ER-specific caspase-12 had no influence on cytokine-
induced caspase-9 activation and decrease of cell viability. In addition,
we demonstrated that the pro-inflammatory cytokines predominately
induced mitochondrial oxidative DNA damage and cardiolipin
peroxidation, both in RINm5F and rat islet cells. The appearance of
these oxidative injuries could be successfully prevented by over-
expression of the H2O2 detoxifying enzyme catalase in mitochondria.
Taken together, these data indicate that caspase-9 is not a down-
stream target of ER-specific caspase-12 and that activation of caspase-
12 is no prerequisite for cytokine-induced beta cell death. Moreover,
cytokine-induced mitochondrial dysfunction mediated by ROS is a
central event in beta cell death.

Several reports have linked prolonged ER stress to apoptosis
induction, involving various pathways such as transcriptional activa-
tion of CHOP, activation of the JNK by IRE1-dependent recruitment of
TNF-receptor-associated factor 2 (TRAF-2), and activation of caspase-
12, which might be implicated in the execution of ER stress-triggered
apoptosis [31–33]. Caspase-12 is phylogenetically related to the
interleukin-1β converting subfamily of caspases and is specifically
activated in cells subjected to ER-stress stimuli including thapsigargin,
tunicamycin, and also pro-inflammatory cytokines [16–19]. In rodent
non insulin-secreting cells several studies have proposed caspase-12
as a specific mediator of ER stress-induced apoptosis, since caspase-
12-deficient cells appear to be resistant to ER stressors [16,34,35].
Moreover, Morishima et al. recently suggested that processed
caspase-12 activates caspase-9 independent of cytochrome c release,
indicating that pro-caspase-9 is a downstream substrate in themurine
myoblast cell line C2C12 [13]. In the present study we demonstrated
that pro-inflammatory cytokines significantly induced CHOP gene
expression and the activation of caspase-12 in insulin-producing cells.
Inhibition of iNOS activity by an iNOS inhibitor significantly
attenuated the cytokine-mediated activation of caspase-12 and also
the induction of CHOP as recently shown [36]. This observation
indicates that ER stress induced by beta cell toxic cytokines is mainly
mediated by iNOS induction and NO formation as described in earlier
studies [36–38]. However, inhibition of caspase-12 had no effect on
caspase-9 activation and cell viability, indicating that caspase-9
activation by cytokines is independent from ER-specific caspase-12
activation and that this caspase is not required for cytokine-mediated
beta cell apoptosis. These results are in agreement with earlier reports
showing that activated caspase-12 did not aggravate the rate of
apoptosis significantly [18,19]. Furthermore, this observationwas also
confirmed in MitoCatalase overexpressing cells in which the activa-
tion of caspase-12 was similar to control cells. However, caspase-9
activation and consequently beta cell death was significantly reduced
in this cell clone, suggesting that cytokine-mediated activation of
caspase-9 is crucial for the activation of the intrinsic apoptosis

image of Fig.�7


1834 I. Mehmeti et al. / Biochimica et Biophysica Acta 1813 (2011) 1827–1835
pathway in insulin-producing cells [7,23,28]. By contrast, the exact
function of caspase-12 during the ER-stress is still unclear, since
cellular substrates of this caspase are currently unknown.

Excluding caspase-9 activation by caspase-12, the reason for the
intrinsic apoptotic pathway activation resides within the mitochon-
dria. This organelle has been generally considered as a main source of
ROS generation and also as a possible primary target for a ROS attack.
Oxidative DNA modifications and peroxidation of the inner mito-
chondrial membrane phospholipid cardiolipin have been identified as
susceptible structures for ROS-mediated mitochondrial dysfunction
[39]. Such structural alterations can lead to extensive impairment of
mitochondrial metabolism and facilitate the detachment of cyto-
chrome c from cardiolipin, followed by translocation into the cytosol
[40]. The extent of ROS-mediated oxidative damage depends on the
antioxidative defense system. Importantly, one major characteristic of
beta cells is the extraordinarily low antioxidative enzyme status and
the resultant particular vulnerability [5,41]. While the superoxide-
radical-inactivating enzyme capacity is adequate, the expression level
of H2O2-inactivating enzymes is extremely low [21]. This apparent
imbalance is further accentuated by the cytokine-increased MnSOD
expression, rendering beta cells vulnerable to accumulated H2O2 [42].

Indeed, neither in insulin-producing RINm5F cells nor in rat islet
cells a significantly increased mitochondrial O2·− generation in
response to beta cell toxic cytokines could be observed, apparently
due to the efficient superoxide radical dismutation in these cells. The
result of this rapid dismutation is an increased mitochondrial H2O2

concentration. As recently shown, cytokine treatment of RINm5F cells
overexpressing the hydrogen peroxide sensitive fluorescence protein
HyPer in different cellular compartments resulted in an elevated H2O2

production exclusively within the mitochondria [28]. Importantly, in
contrast to long-chain non-esterified fatty acids [27] cytokines did not
induce H2O2 generation in peroxisomes (Suppl. Fig. 2). This
mitochondrially accumulated H2O2 provides the basis for the rapid
generation of highly toxic hydroxyl radicals via the Haber-Weiss or
Fenton reaction [43] in mitochondria in response to cytokines. The
massive accumulation of 8-oxoguanine in mtDNA and the observed
cardiolipin peroxidation in insulin-producing RINm5F control cells
and rat islet cells after cytokine treatment are direct evidences for this
hydroxyl radical formation. Furthermore, H2O2 dissipation through
overexpression of catalase in mitochondria prevented the direct
damaging effect of mitochondrially formed ROS and suppressed the
release of apoptotic factors from the mitochondrial intermembrane
space into the cytosol as recently published [7].

In conclusion, the present results show that cytokine-mediated
activation of caspase-9, independent of ER-specific caspase-12
activation, is sufficient to induce beta cell apoptosis. Instead the
data suggest that mitochondrial ROS, in particular hydroxyl radicals,
preferentially cause oxidative damage to mtDNA and profound loss of
cardiolipin, resulting in mitochondrial disintegration and caspase-9
activation. Conversely, detoxification of mitochondrial H2O2 by
mitochondrially expressed catalase preserved mitochondrial integri-
ty. Hence oxidative damage induced by ROS, specifically hydroxyl
radicals, is the major source of mitochondrial instability leading to the
release of pro-apoptotic factors and finally to caspase-9 dependent
beta cell death.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamcr.2011.06.022.
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