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Wehave investigated in detail the role of intra-organelleCa2�

content during induction of apoptosis by the oxidant menadi-
one while changing and monitoring the Ca2� load of endoplas-
mic reticulum (ER), mitochondria, and acidic organelles. Men-
adione causes production of reactive oxygen species, induction
of oxidative stress, and subsequently apoptosis. In both pancre-
atic acinar and pancreatic tumor AR42J cells, menadione was
found to induce repetitive cytosolic Ca2� responses because of
the release of Ca2� from both ER and acidic stores. Ca2�

responses tomenadionewere accompanied by elevation of Ca2�

in mitochondria, mitochondrial depolarization, and mitochon-
drial permeability transition pore (mPTP) opening. Emptying of
both the ER and acidic Ca2� stores did not necessarily prevent
menadione-induced apoptosis. High mitochondrial Ca2� at the
time of menadione application was the major factor determin-
ing cell fate. However, if mitochondria were prevented from
loading with Ca2� with 10 �M RU360, then caspase-9 activation
did not occur irrespective of the content of other Ca2� stores.
These results were confirmed by ratiometric measurements of
intramitochondrial Ca2� with pericam. We conclude that ele-
vated Ca2� in mitochondria is the crucial factor in determining
whether cells undergo oxidative stress-induced apoptosis.

Apoptosis, a mechanism of programmed cell death, usually
occurs through intrinsic or extrinsic apoptotic pathways. The
caspases involved in apoptosis can be split into two groups, the
initiator caspases such as caspase-9 and effector caspases such
as caspase-3. Effector caspases are activated by initiator
caspases and mediate many of the morphological cellular
changes associated with apoptosis (1).
Calcium is an important signaling ion involved in the regu-

lation of many physiological as well as pathological cellular

responses (2). In the pancreas, we have shown that Ca2� signals
elicit enzyme secretion (3), apoptosis (4–6), and pathological
intracellular activation of digestive enzymes (7). As such, there
must bemechanisms in place bywhich the cell can differentiate
between apoptotic and non-apoptotic Ca2� signals.
The spatiotemporal pattern of calcium signaling is crucial for

the specificity of cellular responses. For example, repetitive
cytosolic calcium spikes confined to the apical region of the
pancreatic acinar cell are elicited by physiological stimulation
with acetylcholine (ACh) or cholecystokinin (CCK) and result
in physiological secretion of zymogen granules (8, 9). However,
a sustained global increase in free cytosolic Ca2� induced by
supramaximal stimulation with CCK, which resembles pro-
longed hyperstimulation of pancreatic acinar cells in the patho-
physiology of acute pancreatitis, can lead to premature activa-
tion of digestive enzymes and vacuole formation within the cell
(10–12). Alternatively, global repetitive calcium spikes induced
in the pancreatic acinar cell in response to oxidant stress can
lead to induction of the mitochondrial permeability transition
pore (mPTP)4 and apoptosis (4, 5, 13).

To understand the role of calcium in apoptosis, several inves-
tigators have examined the influence of intracellular stores on
themolding of calcium signals that lead to cell death (14–16). It
has been well established in a range of cell types that the endo-
plasmic reticulum (ER) is the major intracellular calcium store
required for induction of apoptosis. Pinton et al. (17) have
shown that decreasing ER Ca2� concentration with tBuBHQ
increased HeLa cell survival in response to oxidant stress
induced by ceramide. Scorrano and Korsmeyer (18) also
observed that double knock-out Bax and Bak (pro-apoptotic
proteins) mouse fibroblasts displayed a reduced resting con-
centration of ERCa2� comparedwithwild type andwere resist-
ant to induction of apoptosis by various stimulants, including
ceramide. These important studies strongly suggest that the
concentration of Ca2� in the ER is a critical determinant of
cellular susceptibility to apoptotic stimuli in the cell types
studied.
A key event in early apoptosis is permeabilization of the

mitochondrial membrane. The mPTP is a pore whose molecu-
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lar composition is still debated (19). Activation of an open pore
state can result in swelling of the mitochondrial matrix and
release of the apoptogenic proteins from the intermembrane
space (20).
One important activator of the mPTP is Ca2� (20–22), a

function which implicates Ca2� in the initiation of apoptosis
(23, 24). Once Ca2� is released from the ER into the cytoplasm,
mitochondria take up part of the released Ca2� to prevent
propagation of large calcium waves (25–27). This influx is fol-
lowed by calcium efflux from the mitochondria back into the
cytosol (28, 29). An increase in mitochondrial Ca2� concentra-
tion in response to physiological stimuli induces increased
activity of the mitochondrial respiratory chain and the synthe-
sis of ATP to meet with increasing energy demands on the cell.
When mitochondria are exposed to a pathological overload of
calcium, opening of the mPTP is triggered, leading to mito-
chondrial dysfunction and eventually cell death. The mecha-
nism through which calcium can trigger mPTP opening is still
unclear and may involve cyclophilin D (30) and voltage-
dependent anion channel (31). The mitochondria are endowed
with selective and efficient calcium uptake (a calcium-selective
uniporter) and release mechanisms (Ca2�/Na exchanger,
Ca2�/H� exchanger, and mPTP) (16, 29, 32, 33).

Oxidant stress is a well known inducer of apoptosis in several
cell types (34) and is thought to play an important role in the
pathogenesis of acute pancreatitis (35). We have used the qui-
none compound menadione to induce oxidative stress in the
pancreatic acinar cell. Menadione is metabolized by flavopro-
tein reductase to semiquinone and then is oxidized back to
quinone, resulting in generation of superoxide anion radicals,
hydrogen peroxide, and other reactive oxygen species (ROS)
(36). In vivo, menadione causes depolarization and swelling of
the mitochondria (37). In pancreatic acinar cells, treatment
with menadione not only produces an increase in ROS, but has
also been found to evoke cytosolic Ca2� responses, mPTP
opening, activation of caspases and apoptotic cell death (4, 5).
When cells were pretreated with the calcium chelator BAPTA-
AM,menadionewas unable to induce apoptosis, indicating that
oxidant stress-induced apoptosis in the pancreatic acinar cell is
highly calcium-dependent. Here we show that in pancreatic
acinar cells, oxidative stress-induced apoptosis is strongly
dependent on the Ca2� concentration within mitochondria at
the time of ROS production.

EXPERIMENTAL PROCEDURES

Pancreatic Acinar Cell Preparation—Male CD1 mice were
sacrificed by cervical dislocation (in accordance with the Ani-
mal (Scientific Procedure) Act, 1986), and the pancreas was
excised. Single or small clusters of acinar cells were isolated as
previously described (38). The isolated cells were washed by
centrifugation in a standard buffer solution (140mMNaCl, 1.13
mM MgCl2, 1 mM CaCl2, 4.7 mM KCl, 10 mM glucose, 10 mM

HEPES, pH 7.2). All experiments were performed at room tem-
perature (23–25 °C), and cells were used within 3–4 h after
isolation.
Tissue Culture—AR42J cells were maintained in RPMI 1640

plus 10 mM HEPES, 10% fetal calf serum, 2.5 �g/ml fungizone,
and 5 �g/ml gentamycin, at 37 °C 5% CO2 in 25-cm3 flasks.

Cells were detached using trypsin (5% trypsin � 0.53 mM

EDTA), and split 1 in 10 once a week. For microscopy, cells
were seeded into 5-cm3 glass bottom plates and allowed to
attach for 24 h. Cell differentiation was then induced by incu-
bation with 50 nM dexamethazone for 24–48 h.
Ca2� Measurements—To measure changes in cytosolic

Ca2�, isolated pancreatic acinar cells were loaded with Fluo-
4-AM (2.5 �M) at room temperature for 30 min. The cells were
then washed and resuspended in calcium-free buffer solution.
Measurements were conducted as described earlier (8, 38).
AR42J cells were loaded with 10 �M Fluo-4, AM for 40 min at
37 °C. Cells were washed and bathed in standard buffer solu-
tion. Fluorescence was imaged over time using a Leica confocal
microscope (Leica Microsystems, Wetzlar, Germany) with an
Ar/ArKr laser at 488 nm and a 488/543/637 dichroic mirror).
Dual staining measurements were performed using a line by
line protocol, which effectively excludes the possibility of a
cross-talk between indicators (39). Ca2� measurements using
fluorescent indicators have been discussed in detail previously
(Refs. 4, 40, for review see Ref. 41).
To measure changes in mitochondrial Ca2�, cells were

loaded with Rhod2, AM (5 �M) for 40 min at 37 °C. Cells were
then washed and resuspended in calcium-free buffer solution.
Fluorescence was imaged over time using confocal microscopy
(excitation 543 nm, emission�560 nm) as described previously
(8). Mitochondrial Ca2� changes were also monitored in cells
transfectedwith the ratiometric probe 2mt8mitochondrial cal-
cium-sensitive pericam (42).
Lipofectamine 2000 Transfection of AR42J Cells—The cells

were transfected with 1 �g of DNA after complex formation
with Lipofectamine 2000 (Invitrogen) using a ratio of 1:3
according to the manufacturer’s protocol. Medium was then
removed after 24 h and replaced with freshmedium containing
50 nM dexamethazone and incubated for a further 24 h. Cells
were imaged on Olympus IX71 inverted microscope using a
TILL-Photonic Polychrome V monochromator.
Amaxa Nucleofection of Isolated Pancreatic Acinar Cells—

Acinar cells were isolated in standard buffer solution as
described earlier under “Pancreatic Acinar Cell Preparation”
with addition ofMEMamino acids (Invitrogen), 0.005% trypsin
inhibitor (Sigma), chick embryo extract (US Biological), and
100 units/ml Pen/Strep/Fungizone (Biosera, Ringmer) adjusted
to pH 7.3. Cells were resuspended in 100 �l of Nucleofection
solution and transfected according to the manufacturer’s pro-
tocol (Amaxa, Cologne, Germany). Cells were incubated at
30 °C for 20 h to allow expression of pericam. Fluorescence was
measured using an Olympus IX71 inverted microscope with
TILL-Photonic Polychrome Vmonochromator (excitation 415
& 470 nm, emission �500 nm).
Measurements of Changes in Mitochondrial Membrane

Potential—Isolated pancreatic acinar cells were loaded with
100 nMTMRMat 37 °C for 20min. Cells were then washed and
resuspended in calcium-free buffer solution. AR42J cells were
loaded with 25 nM TMRM at 37 °C for 5 min and then washed
with standard buffer solution. Confocalmicroscopywas used to
image fluorescence (excitation 543 nm, emission 560–700 nm).
Depleting Intracellular Ca2� Stores—To deplete ER calcium

stores in pancreatic acinar cells SERCA inhibitor, thapsigargin
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(TG) was applied for fast (with 10 �M) or slow depletion (usu-
ally 30 nM followed by 10 �M thapsigargin). In AR42J cells slow
depletion was achieved by application of 200 nM followed by 10
�M thapsigargin.
Measurements of Apoptosis—Apoptosis was assessed by

measuring caspase activation. Isolated pancreatic acinar cells
were washed and suspended in calcium-free buffer solution
(140 mM NaCl, 1.13 mM MgCl2, 4.7 mM KCl, 10 mM glucose, 2
mM EDTA, 10mMHEPES, pH 7.2). Cells were then loaded with
fluorescent indictor-linked substrates for activated caspase-9
(10 �M, Z-LEHD-R110), caspase-8 (10 �M, Z-IETD-R110), or
general caspases (10 �M, R110-aspartic acid amide) at room
temperature for 20 min. After loading, cells were washed and
resuspended in standard or calcium-free buffer. The isolated
cells were then placed on a confocal microscope stage, and flu-
orescence was imaged over time (excitation 488 nm, emission
505–543 nm).
Chemicals—Lipofectamine 2000, caspase substrates, and flu-

orescent dyes were from Invitrogen and thapsigargin from
TOCRIS Biosciences (Bristol, UK). All other chemicals were
from Sigma.
Statistics—Data are presented asmeans� S.E. of themean of

whole cell fluorescence. The one-way analysis of variance test
was used for statistical comparison between control and treat-
ment groups. p � 0.05 was considered significant.

RESULTS

Our previous data strongly indicate that Ca2� is required for
menadione-induced apoptosis in pancreatic acinar cells (4–6).

However, the role of intracellular
Ca2� stores in the process has not
been assessed. The ER is the major
intracellular Ca2� store and has
been suggested to play a major role
in the induction of apoptosis in sev-
eral cell types; therefore, the
involvement of ER Ca2� store in
menadione-induced apoptosis was
examined first. To deplete ER Ca2�

stores, isolated pancreatic acinar
cells were treated with thapsigargin,
a SERCApump inhibitor. Cells were
dual-loaded with the cytosolic Ca2�

indicator Fluo-4-AM and the mito-
chondrial membrane potential indi-
cator TMRM and then treated with
a high dose of thapsigargin (10 �M)
in the absence of external Ca2� (43).
Fig. 1A shows that 10 �M thapsigar-
gin caused, as expected, a sharp and
transient increase in cytosolic Ca2�;
when the cells were then challenged
with menadione, mitochondria
membrane depolarized. The extent
of depolarization caused bymenadi-
one under these conditionswas only
about �20% of that induced by
treatment with the uncoupler

CCCP. However, if the cells were treated with a low dose of
thapsigargin (30 nM) to allow a slow emptying of ERCa2� stores
(38) (Fig. 1B), a smaller and more gradual increase in cytosolic
Ca2�was observed. 30 nM thapsigargin did indeed cause a com-
plete depletion of ER Ca2�, since a subsequent addition of 10
�M thapsigargin did not further increase cytosolic [Ca2�].
Mitochondria need a high level of cytosolic Ca2� to load effec-
tively (15) and therefore should be prevented by slow emptying
Ca2� stores.Whenmenadionewas added after thapsigargin, no
mitochondrial depolarization was observed. Fig. 1C shows a
summary of mitochondrial depolarization induced by menadi-
one after a high dose of thapsigargin as compared with a low
dose (�fluorescence� �0.182� 0.029,n� 8 comparedwith�
0.013 � 0.005, n � 5, p � 0.00012). Addition of nigericin to
deplete acidic store (44) did not change the outcome of thapsi-
gargin experiments (Fig. 1C). Thus mitochondrial depolariza-
tion is only dependent on mitochondrial Ca2� and not on the
ER or acidic store content of Ca2�. Activation of apoptosis was
then assessed by measuring caspase activation (using a fluores-
cent substrate) under conditions used in Fig. 1, A and C. A
similar increase in relative fluorescence was observed (1.055 �
0.099, n � 16 and 1.0 � 0.088, n � 14, p � 0.69, Fig. 1D)
regardless of the treatment of cells with or without 10 �M thap-
sigargin (Fig. 1D). A high concentration of thapsigargin alone
was not able to induce caspase activation (fluorescence 0.264�
0.035, n � 13 for control and 0.380 � 0.045, n � 14 for 10 �M

thapsigargin only, p � 0.05). Of importance, in cells pretreated
with 30 nM followed by 10 �M thapsigargin, menadione caused
only minor caspase activation compared with cells treated with

FIGURE 1. A sharp increase in cytosolic calcium is required for induction of apoptosis in acinar cells.
Isolated mouse pancreatic acinar cells were loaded with 100 nM TMRM-AM and 2.5 �M Fluo-4-AM (A and B).
Fluorescence was measured over time before and after treatment with 30 �M menadione in the presence of 10
�M thapsigargin (A) or 30 nM � 10 �M thapsigargin (B). Changes of TMRM fluorescence after menadione
treatment in different calcium store depletion conditions were compared (C). Separate groups of isolated cells
were incubated with general caspase substrate, and cells were treated with 10 �M thapsigargin (D) or 30 nM and
subsequent 10 �M thapsigargin (E) before application of 30 �M menadione (mean � S.E., *, p � 0.05).
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menadione alone, despite ER stores being empty (Fig. 1, B and
C). In fact, fluorescence of the caspase substrate was 0.342 �
0.031 (n� 16) in control, untreated cells, 1.0� 0.153 (n� 18) in
cells treatedwithmenadione only and 0.457� 0.028 (n� 17) in
cells treated with 30 nM � 10 �M thapsigargin � menadione.
Fluorescence levels in cells treated only with 30 nM � 10 �M

thapsigarginwere indistinguishable 0.365� 0.022,n� 15, from
those of controls (Fig. 1E, p � 0.0019 for menadione versus 30
nM � 10 �M thapsigargin � menadione). Together, these
results demonstrate that menadione induces apoptosis by
mechanisms not directly dependent on ER Ca2� and suggests
that other mechanisms determine whether menadione induces
apoptosis in pancreatic acinar cells.
Mitochondria are known to play a significant role in calcium

signaling during induction of apoptosis. Therefore, we studied
mitochondrial Ca2� levels in pancreatic acinar cells to deter-
mine the role of mitochondria in oxidative stress-induced apo-
ptosis. Cells were loaded with the mitochondria-specific Ca2�

indicator Rhod-2. When cells were treated with 10 �M thapsi-
gargin, there was a large, sharp, and transient increase in mito-
chondrial Ca2� concentration (Fig. 2A). The level of Ca2�

within mitochondria remained elevated for more than 10 min
after thapsigargin application. Indeed when menadione was
applied �10 min after thapsigargin, a decrease in Rhod-2 fluo-
rescence was observed, which indicates an efflux of Ca2� from
themitochondria (Fig. 2A,n� 6).However, in cells treatedwith
30 nM thapsigargin (followed by 10 �M thapsigargin) the ampli-
tude of themitochondrial Ca2� transientwasmuch lower. Cru-

cially, no efflux of Ca2� frommitochondria in response tomen-
adione was observed (Fig. 2B, n � 5). When the amplitudes of
menadione-induced Ca2� responses were compared, the
decrease in Rhod-2 fluorescence was significantly greater (p �
0.0063) in cells treated with 10 �M thapsigargin (12.8%�2.4,
n � 6) as compared with cells treated sequentially with 30 nM
followed by 10 �M thapsigargin (3.0%�1.3, n � 5) (Fig. 2C).
To show induction of the mPTP, we used the fluorescent

probe calcein loaded together with cobalt (8), measuring cal-
cein fluorescence exclusively from mitochondria under these
conditions (Fig. 2D). Menadione induced mPTP and subse-
quently reduced fluorescence (16.8 � 1.8%, n � 5) of calcein to
allow either calcein efflux orCo2� influx as shown in pancreatic
acinar cells previously (8). Pretreatment with high dose (10�M)
thapsigargin for 10 min did not change significantly the mPTP
opening in response to menadione (15.4 � 0.7, n � 5, p � 0.1).
However, pretreatment with low dose (30 nM) and subsequent
high (10 �M) thapsigargin effectively abolished mPTP induc-
tion by menadione (0.5 � 0.2, n � 5, p � 0.05, Fig. 2D).
To confirm the Rhod-2 results shown above we transfected

cells with mitochondria-specific Ca2� sensitive pericam (41).
The results obtained with the mitochondrial pericam were
essentially similar to those with Rhod-2. However, transfection
with pericam is highly inefficient in freshly isolated acinar cells
and the number of positive cells extremely low. To bypass these
problems, we have used the AR42J cell line. First, experiments
depicted in Fig. 1 were repeated using AR42J cells loaded with
Fluo4 and TMRM (Fig. 3 and supplemental Fig. S1A). Effects of

FIGURE 2. Menadione can induce release of calcium from mitochondria of acinar cells due to mPTP. Isolated mouse pancreatic acinar cells were loaded
with Rhod 2-AM (A–C) or Calcein AM (D). Fluorescence was measured over time before and after treatment with menadione in the presence of 10 �M

thapsigargin (A) or 30 nM thapsigargin followed by 10 �M thapsigargin (B). A comparison of amplitudes of changes of Rhod 2 fluorescence after menadione
treatment under A and B conditions is shown in C (mean � S.E., *, p � 0.05). D, fluorescence of calcein was quenched with CoCl2 in all intracellular organelles
except mitochondria. Menadione induces mPTP as shown previously (8). Pretreatment for 10 min with high dose (10 �M) thapsigargin did not change the mPTP
opening in response to menadione. However, pretreatment with low dose (30 nM) and subsequent high (10 �M) thapsigargin prevented mPTP induction by
menadione (mean � S.E., *, p � 0.05).
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the low and high doses of thapsigargin on cytosolic Ca2� and
TMRMfluorescence reported above for the freshly isolated aci-
nar cells were also observed in AR42J cells. In particular, as
shown in Fig. 3,A andC addition of 10�M thapsigargin induced
a sharp and large increase in cytosolic Ca2� concentration and
aftermenadione application, a substantialmitochondrialmem-
brane depolarization (�fluorescence � �0.212 � 0.033, n � 6)

(Fig. 3,A andC). The other protocol
(200 nM followed by 10 �M of thap-
sigargin) caused a small and slow
cytosolic Ca2� increase and no
depolarization as opposed to fast
Ca2� release data (n � 6, Fig. 3, B
and C).

As shown in Fig. 4A, a high dose
of thapsigargin showed a large,
sharp and transient influx of Ca2�

into the mitochondria. When cells
were then treated with menadione,
a substantial decrease in mitochon-
drial Ca2� was observed (Fig. 4A).
Vice versa, when cells were first
exposed to low dose of thapsigargin
(before high dose), much smaller
and slower Ca2� influx was
observed, and the Ca2� release in
response to menadione was practi-
cally abolished (Fig. 4B). On aver-
age, the change in ratio of pericam
fluorescence shows a more signifi-
cant decrease in fluorescence of
cells treated with menadione in the
presence of a high dose of thapsigar-
gin (�ratio fluorescence �0.081 �
0.021, n � 8) as compared with the
cells challenged with low dose fol-
lowed by high dose of thapsigargin
(�ratio fluorescence �0.005 �
0.006, n � 12, p � 0.0002, Fig. 4C).
These experiments were also per-
formed in pancreatic acinar cells
expressing pericam using a nucleo-
fection technique with similar
results (supplemental Fig. S1, B and
C). The change in ratio of pericam
fluorescence after menadione
shows a noticeable decrease in the
presence of a high dose of thapsigar-
gin (�ratio fluorescence �0.081 �
0.021, n � 8) as compared with the
absence of change after lowdose fol-
lowed by high dose of thapsigargin
(�ratio fluorescence �0.005 �
0.006, n � 12, p � 0.0002).

Our next goal was to investigate
activation of the initiator caspases-8
and -9 under different Ca2� store
emptying conditions (Fig. 5, A and

B). Menadione has induced activation of caspase-9 in the
majority of cells (73 � 7% of cells, Fig. 5B) and activation of
caspase-8 (21 � 3% of cells, Fig. 5A) in some cells, as we have
reported previously (5). Emptying of ER with 10 �M thapsigar-
gin did not significantly alter the activation of caspase-9 by
menadione (68 � 3% of cells) but increased activation of
caspase-8 (36 � 1% of cells). However, slow emptying of ER

FIGURE 3. AR42J cells also require sharp increases in cytosolic calcium for induction of apoptosis. AR42J
cells were loaded with 25 nM TMRM-AM and 10 �M Fluo-4-AM (A and B). Fluorescence was measured over time
before and after application of 30 �M menadione in cells pretreated with 10 �M thapsigargin (A, n � 6) or 200
nM thapsigargin followed by 10 �M thapsigargin (B, n � 6). Changes in TMRM fluorescence after menadione
treatment were compared in C (mean � S.E., *, p � 0.05).

FIGURE 4. Menadione can induce release of calcium from mitochondria of AR42J cells (pericam measure-
ments). AR42J cells were transfected with fluorescent mitochondrial ratiometric calcium pericam. Fluores-
cence was measured over time before and after menadione in cells pretreated for 10 min with 10 �M thapsi-
gargin (A) or for 10 min with 200 nM and subsequently with 10 �M thapsigargin (B). The ratio of pericam
fluorescence is shown in Aa and B, while original traces of pericam fluorescence (488 nm and 430 nm excitation)
are shown in Ab. The change in fluorescence after menadione treatment under each condition (A and B) was
compared (C) (mean � S.E., n � 8 –11 per group, *, p � 0.05).
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with 30 nM thapsigargin and subsequent 10 �M thapsigargin
completely blocked activation of both caspase-8 and -9 (0 cells
in both cases).
Previously we have reported lysosomal-related apoptosis

induced bymenadione in a proportion of pancreatic acinar cells
(5). Bafilomycin A1 is a known inhibitor vacuolar H� ATPase
and has been extensively used to disrupt the acidic gradient (45)
and deplete acidic Ca2� stores (43). However, Bafilomycin A1
did not block activation of caspases by menadione or menadi-
one after TG (Fig. 5C) (4, 5).

To confirm our conclusion that high concentrations of Ca2�

in mitochondria are required for the induction of apoptosis by
menadione, we have used two pharmacological agents to mod-
ulate mitochondrial Ca2�: CGP37157, an inhibitor of mito-
chondrial Na�/Ca2� exchanger to increase mitochondrial
matrix Ca2� and Ru360, an inhibitor of mitochondrial Ca2�

uptake to reduce mitochondrial matrix Ca2�. Menadione
induced activation of caspase-9 in 64.7 � 6.7% cells (n � 5) as
compared with control (0%, n � 6). CGP37157 insignificantly
increased an already high percentage of apoptotic cells after
menadione (73.1� 2.8%, n� 4). However, caspase-9 activation
was substantially inhibited by mitochondrial uniporter inhibi-
tor Ru360 (18 � 5.2%, n � 4, p � 0.05, Fig. 5D).

DISCUSSION

In this study, mouse pancreatic acinar cells and AR42J cells
were used to investigate the role of different Ca2� stores in
oxidant-induced apoptosis. Previous studies have shown that
menadione induces apoptosis in both acinar andAR42J cells (4,

46). Inhibition of apoptosis by ROS
scavengers (6) confirms that mena-
dione-induced apoptosis is highly
dependent on oxidants. In AR42J
cells, a study has shown oxidative
stress caused by glucose/glucose
oxidase induces apoptosis, implicat-
ing caspase-3 (47). Treatment with
the oxidant menadione has been
shown to activate within 30 min
both caspase-9 and -8 and subse-
quently caspase-3 (4, 5) because of
menadione-induced ROS produc-
tion and calcium spikes in both aci-
nar andAR42J cells. The crucial role
of Ca2� inmenadione-induced apo-
ptosis has been also demonstrated
previously by inhibition of the
induction of apoptosis with strong
cytosolic Ca2� chelator BAPTA (4).
Freshly isolated mouse pancreatic
acinar cells are the idealmodel for in
vitro studies of the role of different
organelles in physiological and
pathological calcium signaling (39,
40, 43). Indeed, these cells maintain
the typical morphological charac-
teristics of acinar cell in the intact
organ, i.e. high basal-to-apical

polarity. However, freshly isolated pancreatic acinar cells are
difficult to transfect. For this reason, we have mainly used the
rat exocrine pancreatic tumor cell line AR42J, which maintains
many of the characteristics of the normal cells, while easy to
transfect.
We have investigated here the contribution of Ca2� content

in ER, acidic stores, andmitochondria in the regulation ofmen-
adione-induced apoptosis. Pancreatic acinar cells are highly
polarized with the granular region containing two separate
Ca2� stores: extensions of the ER connected to the main ER
store in the basal region and acidic Ca2� stores (43). Disruption
of acidic gradient, which has been shown to prevent Ca2�

release from acidic store (43, 44), did not affect induction of
apoptosis by menadione. In fact emptying of both Ca2� stores,
ER with high doses of thapsigargin and acidic store with Bafilo-
mycin A1 failed to block menadione-induced apoptosis (Fig.
5C). Menadione could induce Ca2� entry into the cell, as we
have shown previously (4); however, our experiments in this
study were conducted in the nominal free calcium solution;
therefore, we will not discuss this aspect here. Having ruled out
both the ER and acidic stores as major Ca2� players in the
induction of oxidant-induced apoptosis we have to conclude
that the mitochondria themselves could act as a temporary
Ca2� store.
In acinar cells, in contrast toACh-evokedCa2� release,men-

adione-induced Ca2� response is accompanied by partial mito-
chondrial depolarization (4). This effect has been also repli-
cated in AR42J cells. We have also shown that reduction in
mitochondrialmembrane potential in acinar cells is due to acti-

FIGURE 5. Caspase-8 and -9 activation by menadione with different ways of emptying calcium stores in
pancreatic acinar cells is shown. Caspase-8 (A) and -9 (B) activation by menadione when calcium content of
ER was reduced slowly (30 nM thapsigargin followed by 10 �M thapsigargin) or quickly (10 �M thapsigargin) or
with 100 nM Bafilomycin A1. Bars represent percent of apoptotic cells. C shows general caspase substrate
controls in the presence of thapsigargin and Bafilomycin A1. D shows that caspase-9 activation is significantly
inhibited by the mitochondrial uniporter inhibitor Ru360.
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vation of the mPTP. These data have been confirmed in exper-
iments with the mPTP inhibitor bongkrekic acid, because it
completely eliminated menadione-stimulated mitochondrial
depolarization (4, 5). Cytoplasmic calcium spikes induced by
menadione leads to Ca2� uptake into the mitochondria fol-
lowed by mPTP opening (4), which requires both high Ca2� in
mitochondria and oxidants, which in turn is followed by a sub-
sequent Ca2� release from the mitochondria (Figs. 2–4).
To investigate the role of mitochondrial Ca2� in the induc-

tion of apoptosis, we have used two independent experimental
approaches: the mitochondrial Ca2�-sensitive probe Rhod-2
and theCa2�-sensitivemitochondria-targetedGFP-based indi-
cator 2mt8 ratiometric pericam (42). High doses of TG have
been routinely used by our laboratory to completely empty ER
in pancreatic acinar cells (43). Treatmentwith high doses of TG
resulted in Ca2�-loading of mitochondria in both acinar and
AR42J cells (Figs. 2 and 3) as revealed by either Rhod 2 or peri-
cam. This effect reflects the ability of mitochondria to accumu-
late Ca2� released from the stores (26). In both acinar and
AR42J cells, subsequent addition of menadione (after TG)
resulted in a decrease in mitochondrial Ca2�, indicating that
menadione can stimulate the release of Ca2� from the mito-
chondria. This suggests that after a high dose of thapsigargin,
mitochondria can hold residual Ca2� for a very long time (tens
of minutes). It is at present unclear why mitochondria do not
efficiently release this residual Ca2� load, despite cytosolic
Ca2� concentration returning to basal levels. One possibility is
that after massive Ca2� uptake, part of this Ca2� forms precip-
itates with phosphate in the matrix that slowly dissolve (and
thus continue to supply Ca2�). Indeed when the ER was slowly
emptied (using low doses of TG), the overall Ca2� uptake by
mitochondria was reduced, and in particular the prolonged
increase of mitochondrial Ca2� was abolished. Under these lat-
ter conditions, menadione-dependent mitochondrial depolar-
ization and mPTP opening were prevented (Fig. 3B). These
observations suggest that mitochondrial depolarization and
mPTP are closely linked. The data here presented are consist-
ent with previous observations suggesting that activation of
mitochondria-dependent apoptosis requires a double hit, one
by Ca2� and the second by another toxic agent, e.g. in our
experiments ROS production by menadione. Accordingly, a
Ca2� rise within mitochondria alone (without depolarization)
is beneficial, ROS production is weakly toxic, but a strong syn-
ergism for apoptosis is provided by the simultaneous combina-
tion, of ROS production and mitochondrial Ca2� elevation. In
other words, mitochondria function as “coincidence detectors”
capable of translating into an apoptotic signal the production of
ROS only if their matrix Ca2� is elevated (17, 22, 48). We have
confirmed our observations also pharmacologically, i.e. inhibi-
tor of mitochondrial uniporter Ru360 substantially inhibited
apoptosis induction measured with caspase-9 substrate (Fig.
5D). Inhibitor of Na/Ca2� exchanger CGP37157 only slightly
increased the percentage of apoptotic cells; however, we have to
take into account that the rate ofmenadione-induced apoptosis
was already very high.
Our data show that the crucial calcium requirement for ROS-

induced apoptosis is the elevated Ca2� in mitochondria. By
regulating mitochondrial Ca2�, irrespective of endoplasmic

reticulum Ca2� (or acidic store content), it is possible to influ-
ence cell fate, i.e. potentiate or inhibit apoptosis. This possibil-
ity has important implications for the apoptosis-related pathol-
ogy, i.e. pancreatitis (49) with downstream events that include
ROS production (50), calcium toxicity (51), and mitochondrial
damage, all contributing to acinar cell death (52, 53). These
studies suggest that apoptosis plays a protective role in the
development of acute pancreatitis (13, 54–56).Manipulation of
mitochondrial Ca2� should be a much easier task for designing
pro-apoptotic and anti-apoptotic drugs instead of drastic
changes of the calcium store content.

REFERENCES
1. Thornberry, N. A., and Lazebnik, Y. (1998) Science 281, 1312–1316
2. Berridge, M. J., Lipp, P., and Bootman, M. D. (2000) Nat. Rev. Mol. Cell

Biol. 1, 11–21
3. Huang, Y., Fischer, J. E., and Balasubramaniam, A. (1996) Peptides 17,

497–502
4. Gerasimenko, J. V., Gerasimenko, O. V., Palejwala, A., Tepikin, A. V.,

Petersen, O. H., and Watson, A. J. M. (2002) J. Cell Science 115, 485–497
5. Baumgartner, H. K., Gerasimenko, J. V., Thorne, C., Ashurst, L. H., Bar-

row, S. L., Chvanov, M. A., Gillies, S., Criddle, D. N., Tepikin, A. V., Pe-
tersen, O. H., Sutton, R., Watson, A. J., and Gerasimenko, O. V. (2007)
Am. J. Physiol. Gastrointest. Liver Physiol. 293, G296–G307

6. Criddle, D. N., Gillies, S., Baumgartner-Wilson, H. K., Jaffar, M., Chinje,
E. C., Passmore, S., Chvanov,M., Barrow, S., Gerasimenko, O. V., Tepikin,
A. V., Sutton, R., and Petersen, O. H. (2006) J. Biol. Chem. 281,
40485–40492

7. Saluja, A. K., Bhagat, L., Lee, H. S., Bhatia, M., Frossard, J. L., and Steer,
M. L. (1999) Am. J. Physiol.-Gastrointestinal Liver Physiol. 276, 835–842

8. Maruyama, Y., and Petersen, O. H. (1994) Cell Calcium 16, 419–430
9. Petersen, O. H., Tepikin, A., and Park, M. K. (2001) Trends Neurosci. 24,

271–276
10. Parekh, A. B. (2000) Proc. Natl. Acad. Sci. U. S. A. 97, 12933–12934
11. Raraty, M., Ward, J., Erdemli, G., Vaillant, C., Neoptolemos, J. P., Sutton,

R., and Petersen, O. H. (2000) Proc. Natl. Acad. Sci. U. S. A. 97,
13126–13131

12. Sherwood, M. W., Prior, I. A., Voronina, S. G., Barrow, S. L., Woodsmith,
J. D., Gerasimenko, O. V., Petersen, O. H., and Tepikin, A. V. (2007) Proc.
Natl. Acad. Sci. U. S. A. 104, 5674–5679

13. Criddle, D. N., Gerasimenko, J. V., Baumgartner, H. K., Jaffar, M., Voro-
nina, S., Sutton, R., Petersen, O. H., and Gerasimenko, O. V. (2007) Cell
Death Differ. 14, 1285–1294

14. Hanson, C. J., Bootman, M. D., and Roderick, H. L. (2004) Curr. Biol. 14,
R933–R935

15. Szabadkai, G., and Rizzuto, R. (2004) FEBS Lett. 567, 111–115
16. Pinton, P., and Rizzuto, R. (2006) Cell Death Diff. 13, 1409–1418
17. Pinton, P., Ferrari, D., Rapizzi, E., Di Virgilio, F., Pozzan, T., andRizzuto, R.

(2001) EMBO J. 20, 2690–2701
18. Scorrano, L., and Korsmeyer, S. J. (2003) Biochem. Biophys. Res. Commun.

304, 437–444
19. Crompton, M. (1999) Biochem. J. 341, 233–249
20. Martinou, J. C., Desagher, S., and Antonsson, B. (2000) Nat. Cell Biol. 2,

E41–E43
21. Rizzuto, R., and Pozzan, T. (2006) Physiol. Rev. 86, 369–408
22. Giacomello, M., Drago, I., Pizzo, P., and Pozzan, T. (2007) Cell Death

Differ. 14, 1267–1274
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