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Summary In the complex signalling interplay that allows extracellular signals to be decoded into activation of apoptotic
cell death, Ca2+ plays a significant role. This is supported not only by evidence linking alterations in Ca2+ homeostasis
to the triggering of apoptotic (and in some cases necrotic) cell death, but also by recent data indicating that a key
anti-apoptotic protein, Bcl-2, has a direct effect on ER Ca2+ handling. We will briefly summarise the first aspect, and
describe in more detail these new data, demonstrating that (i) Bcl-2 reduces the state of filling of the ER Ca2+ store and
(ii) this Ca2+ signalling alteration renders the cells less sensitive to apoptotic stimuli. Overall, these results suggest that
calcium homeostasis may represent a pharmacological target in the fundamental pathological process of apoptosis.
© 2002 Elsevier Science Ltd. All rights reserved.

A ROLE FOR Ca2+ IN NECROTIC CELL DEATH

Ca2+ signalling is responsible for the regulation or modi-
fication of virtually all processes in healthy cells [1]. Thus,
it is not surprising that changes in the Ca2+ concen-
tration of the cytoplasm ([Ca2+]c) as well as in different
organelles have a causal role in cell death induced by dif-
ferent means. A large [Ca2+]c elevation initiates a number
of self-destructive cellular pathways among which the
most important are: (i) activation of catabolic enzymes,
(ii) production of free radicals, and (iii) derangement of
structure/impairment of function of different organelles.
Given the complexity of Ca2+ signalling, in the last 30
years tremendous effort has been made to distinguish
between Ca2+ signal disturbances secondary to cell injury
and primary processes including perturbed Ca2+ signal
leading to cell regression and death. The most intensively
investigated models of necrosis, liver, heart and brain
ischemia/reperfusion-induced cell injury [2], equally in-
clude Ca2+ as a fundamental player and there is now
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general consensus on the fact that cellular Ca2+ overload
is responsible for further events leading to decomposition
of cell integrity.

Ca2+ overload originates from (i) Ca2+ influx from the
extracellular space, either through damaged plasma mem-
brane such as for toxin-induced death of hepatocytes [2],
or by sustained activation of ligand gated ion channels
such as the acetylcholine (AChR) or N-methyl-D-aspartate
(NMDA) type glutamate receptors [3,4]; (ii) release of Ca2+

from the intracellular stores; or (iii) impairment of Ca2+

extrusion through the plasma membrane.
The point of no return in cell necrosis appears to depend

on the loss of function of mitochondria, most probably due
to opening of the permeability transition pore (PTP). Mi-
tochondrial Ca2+ accumulation leads to irreversible PTP
opening followed by depolarisation [5], ATP loss and re-
active oxygen intermediates (ROIs) generation [6]. Condi-
tions such as collapse of the ATP levels favour release of
stored Ca2+ and, in addition, impair extrusion of the ion
from the cell, contributing to the increase of [Ca2+]c. Ox-
idative stress renders Ca2+ overload even larger, since it
further increases Ca2+ influx and release from the ER and
inhibits the Ca2+ extrusion mechanisms [7].

Several studies disclosed a number of intracellular Ca2+

targets. Ca2+-mediated activation of the calpain cystein
proteases, catalyses, for example, the proteolysis of cy-
toskeletal and membrane-associated proteins leading to
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severe cell damage [8]. The detrimental effect of calpains
is strengthened by overproduction of ROIs. High [Ca2+]c
also activates different phospholipase A2 isoforms that, in
addition to direct damage of cell membranes, induce the
production of arachidonic acid, the increased catabolism
of which represents a significant source of ROIs [9].
Moreover, Ca2+-calmodulin-dependent activation of ni-
tric oxide synthase (NOS) induces production of NO that
reacting with superoxide leads to the formation of the
highly toxic compound peroxynitrate with an exacerba-
tion of the damaging loop [10]. Ca2+ is also responsible
for the activation of DNAses with consequent breakage of
nuclear DNA [11].

A ROLE FOR Ca2+ IN APOPTOTIC CELL DEATH

Several lines of evidence support the view that alterations
of the intracellular Ca2+ homeostasis are also important
in apoptosis (for recent reviews on apoptosis see [12–14]).
Increases of [Ca2+]c can be observed during both the
early and late phases of apoptosis in neurons, thymus
and T cells, upon serum withdrawal, treatment with stau-
rosporine or exposure to cadmium [15–17]. The action of
Ca2+ on neuronal survival appears to be complex. Small
and controlled increases in [Ca2+]c have been shown to
have beneficial effects on neurons, promoting survival
in vitro [18]. A further demonstration of the positive ef-
fect of Ca2+ on cell survival comes from experiments
in which inhibition by ethanol of calcium signalling
through glutamatergic Ca2+ channels (that blocks NMDA
receptor-dependent Ca2+ signalling) causes massive neu-
ronal apoptosis during brain development [19]. On the
other hand, progressive [Ca2+]c waves can take part in the
signalling cascade triggering or executing apoptotic cell
death. In cortical neurons, apoptosis can be induced by
activation of NMDA receptors by low agonist levels [20].
Ca2+ overload induced by ionophores has been shown to
induce apoptosis in neurons as well as in prostatic can-
cer cells [21]. In HeLa cells, ceramide-induced apoptosis
is also accompanied by progressive [Ca2+]c increase [22].
Further support for a role of Ca2+ in apoptosis comes from
experiments showing that chelation of cytosolic Ca2+ ei-
ther by BAPTA [23] or by overexpressing the cytosolic
Ca2+ buffering protein calbindin-D28K [24] protects from
apoptosis.

Surprisingly, numerous targets that are well-known me-
diators of Ca2+ action in physiological conditions become,
through cooperation with specific effectors, essential
in the control of the apoptotic process. Mitochondrial
Ca2+ uptake during cell stimulation by activating the
Ca2+-dependent dehydrogenases of the Krebs cycle [25]
finely tunes mitochondrial ATP production according to
cellular needs. However, if the increase of mitochondrial
matrix [Ca2+] ([Ca2+]m) triggers PTP opening [26], it results

in swelling of mitochondria, rupture of the mitochondrial
outer membrane and release of apoptotic factors, such as
cytochrome c, apoptosis inducing factor (AIF), pro-casp-9,
Smac/DIABLO as well as endonuclease G [13,27–30].

In this context, the main Ca2+-regulated targets identi-
fied in the cytosol are: (i) calcineurin (PPA2 phosphatase),
(ii) protein kinase C (PKC), (iii) caspases, and (iv) calpains
(cysteine proteases).

(i) The Ca2+-calmodulin-dependent serine-threonine
phosphatase activity of calcineurin, was shown to be
involved in apoptosis in several cell systems [31,32].
Calcineurin dephosphorylates BAD (a proapoptotic
member of the Bcl-2 family, see below), enhancing
its heterodimerisation with Bcl-XL and promoting
apoptosis [33]. However, it should be mentioned
that in another experimental model activation of the
Ca2+-calmodulin-dependent protein kinase kinase
(PKK) activates protein kinase B, which in turn phos-
phorylates BAD and protects cells from death [34].

(ii) The different Ca2+-dependent PKC isoforms (i.e. the
“classical” PKC� and � and the “novel” PKC�) are
also good examples of the ambiguous effects of
Ca2+ in apoptosis, since each type may have pro- or
anti-apoptotic effect (for review see [14]). It is worthy
to note that during apoptosis both PKC� and PKC�
translocate to mitochondria, but while the � isoform
induces cytochrome c release and subsequent cas-
pase activation [35], PKC� phosphorylates Bcl-2 in
mitochondria and suppresses apoptosis [36].

(iii) Ca2+ changes can also modulate caspase activation
and function. Casp-9 is released from mitochondria
during Ca2+-mediated permeability transition [13].
Moreover, Ca2+ induces casp-3 activation [37]. ER
stress (e.g. after treatment with brefeldin-A, tuni-
camycin or thapsigargin) is directly connected to the
activation of pro-casp-12 in a Ca2+-dependent way
[38].

(iv) Interestingly, the Ca2+-activated family of cystein pro-
teases, calpains, has been recognised not only to be
involved in necrotic, but also in apoptotic cell death in
neurons and immune cells, even if caspase activation
is not required for the cell to die [8]. Calpains could
confer Ca2+ sensitivity to caspases, e.g. leading to pro-
teolytic activation of pro-casp-12 [38].

ER STRESS AND APOPTOSIS

Apart from the central role of the ER in cellular Ca2+ sig-
nalling [39] this compartment provides the site for fold-
ing and processing of newly synthesised membrane and
secreted proteins. The importance of this compartment
for proper cell function is indicated by the observation
that under conditions associated with ER dysfunction (i.e.
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disturbance of ER Ca2+ homeostasis or impairment of the
folding and processing reactions), two highly conserved
stress responses are activated, the ER-overload response
(EOR) reviewed in [40], and the unfolded-protein response
(UPR, reviewed in [41]). Prolonged ER stress leads to cell
death and is linked to the pathogenesis of some neurode-
generative disorders including ischemia, Alzheimer’s and
Parkinson’s diseases [42].

Major cross-talk exists between the UPR and Ca2+ sig-
nalling in the ER. Bip/GRP78 prevents apoptosis induced
by the Ca2+ ionophore ionomycin by modulating the
glutamate-triggered mobilisation of ER Ca2+ [43]. Con-
versely, suppression of Bip/GRP78 expression causes an
increase in cell death induced by Ca2+ depletion in the ER
[44]. The calcium-binding chaperone calreticulin is also
induced by UPR and its overexpression leads to sensitisa-
tion to apoptosis [45].

The importance of ER in the modulation of apoptosis is
not limited to the consequences of severe conditions of or-
ganelle stress. Indeed, early observations already pointed
to the involvement of the ER Ca2+ pool in apoptosis,
showing that alterations of this pool are sufficient to in-
duce apoptosis [46]. It has been shown that Ca2+ released
by the ER can sensitise cells to ceramide-induced apop-
tosis [47]. The involvement of inositol 1,4,5-trisphosphate
receptors (InsP3Rs) of the ER membrane in sensitising
cells to apoptotic stimuli is also supported by work car-
ried out in transgenic mice and by antisense techniques.
InsP3R1-deficient lymphocytes are resistant to a large
panel of apoptosis inducers [48]. Moreover, antisense
oligonucleotide-mediated downregulation of InsP3R3 de-
creases cell death in glucocorticoid-treated T cells [49].
Similarly, pharmacological agents such as thapsigargin
and cyclopiazonic acid which induce [Ca2+]c increase by
fully emptying the ER Ca2+ stores, have been shown to
induce apoptosis in a wide variety of cell types [50,51].

It is now clear that changes in the steady-state ER Ca2+

level itself have a significant influence on the apoptotic
pathways. However, this issue appears to be extremely
complicated, owing to the complexity of processes con-
nected to ER Ca2+ homeostasis. Modulation and deregu-
lation of ER proteins is considered a powerful tool in the
understanding of [Ca2+]er participation in apoptosis, but
still there is no consensus on the basic question, i.e. what
is the relationship between [Ca2+]er and cellular sensitivity
to apoptogenic factors.

Bcl-2 AN ONCOGENE WITH MULTIPLE
FUNCTIONS

The oncogene Bcl-2 (B-cell lymphoma/leukaemia-2) is
translocated in most follicular non-Hodgkin’s B-cell lym-
phomas, with consequent overexpression of the protein
[52] which confers increased cell survival by blocking

apoptosis [53]. Although the mechanism by which Bcl-2
inhibits apoptosis has been the focus of intense investiga-
tion, it is still not completely elucidated. Different findings
suggest that Bcl-2 may not only inhibit the release of
cytochrome c from mitochondria [54] but also, thank to
its localisation to other intracellular organelles [55] act
through different, but equally important, mechanisms.
While the putative role in modulating ER Ca2+ levels will
be discussed in greater detail in the following paragraph,
we here briefly summarise its action on mitochondria.
Susin et al. reported that in isolated mitochondria, over-
expression of Bcl-2 prevented apoptosis by inhibiting the
release of an apoptosis-inducing factor (AIF) [56]. Interac-
tion of Bcl-2 with Bax seems to be important for its activity,
and in fact Bcl-2 and Bax can be immunoprecipitated as a
complex. Using genetic gain- and loss-of-function models
for Bcl-2 and Bax, Knudson and Korsmeyer showed that
apoptosis and thymic hypoplasia, that are characteristic
features of Bcl-2-deficient mice, are largely absent in mice
also deficient in Bax. These authors also suggested that,
although an in vivo competition exists between Bax and
Bcl-2, each factor is able to regulate apoptosis indepen-
dently [57].

INVOLVEMENT OF Bcl-2 IN Ca2+ HOMEOSTASIS

It has been shown that Bcl-2 can act as an ion channel
in isolated lipid bilayers [58]. Thus, Bcl-2 could alter ion
homeostasis of the intracellular organelles where it puta-
tively localises. This possibility is supported by the obser-
vation that recombinant expression of Bcl-2 reduces the
state of filling of intracellular Ca2+ stores and alters the ki-
netics and amplitudes of cellular Ca2+ responses [59–62].
We directly investigated the role of Bcl-2 in Ca2+ home-
ostasis of different cell compartments: cytosol, ER, Golgi
and mitochondria by using targeted aequorin chimeras
[63].

Fig. 1 shows that in Bcl-2-overexpressing cells stimulated
with ATP (which acts through P2Y purinergic receptors
inducing the production of InsP3 and thus the release of
stored Ca2+) the cytosolic and mitochondrial [Ca2+] rises
were markedly smaller. This reduction was due to a lower
[Ca2+] of the ER and Golgi lumina (i.e. the agonist-sensitive
Ca2+ stores) as measured by the targeted aequorin probes.
Krause et al. obtained very similar results by using a differ-
ent approach, i.e. a GFP-based Ca2+ probe targeted to the
ER [62]. On the other hand, Ca2+ overload in the ER causes
apoptosis, as demonstrated in SERCA-overexpressing cells
[64]. Bcl-2 affects the ER Ca2+ handling by increasing the
passive leak of the ion across the ER membrane with-
out changing the Ca2+ uptake capacity of SERCA pumps
[61,62].

In principle, a reduction in the steady state [Ca2+]er level
due to Bcl-2 overexpression should activate capacitative
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Fig. 1 Intracellular Ca2+ homeostasis in different intracellular compartments in control and Bcl-2-overexpressing HeLa cells. The traces
show representative [Ca2+] measurements performed in the cell cytoplasm (A), mitochondria (B), endoplasmic reticulum (C), and Golgi
apparatus (D). Grey: control cells; black: Bcl-2-overexpressing cells. HeLa cells were cotransfected with different aequorin chimeras (cytAEQ,
mtAEQ, erAEQ or GoAEQ). Ca2+ measurements were carried out 36 h after transfection and calibrated into [Ca2+] values as elsewhere
described [73]. Cells were perfused with Krebs–Ringer saline solution and challenged, where indicated, with 100 �M ATP.

Ca2+ influx [65]. In contrast, in our studies resting cytoso-
lic Ca2+ levels were always indistinguishable in control
and Bcl-2-overexpressing cells, as measured by the fluo-
rescent indicator fura-2. This apparent contradiction was
reconciled by the demonstration that Bcl-2 also caused a
downregulation of the capacitative Ca2+ influx, possibly
by an adaptive mechanism to the long lasting reduction in
steady state [Ca2+]er. Indeed, the same phenomenon was
observed after a long-term reduction of [Ca2+]er, obtained
independently of Bcl-2 overexpression, i.e. by a prolonged
incubation of cells in the presence of a low extracellular
[Ca2+]. The reduction of this ubiquitous Ca2+ influx path-
way may prevent potentially dangerous Ca2+ overload. On
the other hand, the pharmacological agent thapsigargin,
a SERCA inhibitor that induces a drastic [Ca2+]er deple-
tion has been shown to activate programmed cell death
[50]. This is not in conflict with our results because, in
contrast to Bcl-2, which induces a small and long lasting

drop in [Ca2+]er, thapsigargin produces a complete and
acute Ca2+ depletion (interfering with the basic activity
of ER chaperonins) and a strong activation of the capac-
itative Ca2+ pathway, which conversely is downregulated
in Bcl-2 transfected cells. In other words, the treatment
by thapsigargin may mimic cell stress, causing apopto-
sis, whereas Bcl-2 overexpression could cause a long-term
anti-apoptotic adaptation of Ca2+ signalling.

Although these results are suggestive of a possible and
interesting link between the alteration in Ca2+ signalling
and the anti-apoptotic activity of Bcl-2, they had to be
validated by checking whether Ca2+ modifications ob-
served in Bcl-2-overexpressing cells were able to prevent
cell death triggered by an apoptotic stimulus, such as
ceramide, an endogenous lipid mediator of apoptosis,
which is sensitive to Bcl-2 inhibition [22]. For this purpose
we mimicked/antagonised the [Ca2+] changes caused
by Bcl-2 using different experimental approaches and

Cell Calcium (2002) 32(5–6), 413–420 © 2002 Elsevier Science Ltd. All rights reserved.
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Table 1

Experimental conditions [Ca 2+]er (�M) Percent of living cells after
C2 ceramide treatment

Normal extracellular [Ca2+] (1 mM) 310 ± 87 9 ± 4
Low extracellular [Ca2+] (40 �M) 91 ± 10 42 ± 9
10 �M tBuBHQ in 1 mM extracellular [Ca2+] 80 ± 29 56 ± 8

verified that the [Ca2+]er levels inversely correlated with
the efficacy of this apoptotic stimulus. As shown in Table 1,
in C2 ceramide-treated HeLa cells, 16 h after the addition
of ceramide, approximately 90% of the cell population
died by apoptosis and all conditions that decreased the
steady state [Ca2+]er levels reduced the percentage of dead
cells. To mimic the decrease in [Ca2+]er due to Bcl-2 over-
expression we used different experimental approaches. In
the simplest one, HeLa cells were maintained in a saline
solution supplemented with a lower Ca2+ concentration,
a condition that is known to cause a reduction in steady
state [Ca2+]er levels. Interestingly, an extracellular [Ca2+]
of ≈50 �M that caused a partial emptying of ER Ca2+ (i.e.
an effect similar to that of Bcl-2) markedly increased cell
survival upon ceramide treatment. A very similar result
was obtained without altering the extracellular [Ca2+], by
treating cells with different concentrations of a specific
SERCA blocker, tert-butyl-benzohydroquinone (tBuBHQ)
[66] which causes a reduction of [Ca2+]er proportional to
the concentration employed.

Table 1 shows that for reductions in [Ca2+]er, compara-
ble to those caused by the “protective” extracellular [Ca2+]
described above, that were obtained with the application
of 10 �M tBuBHQ, cell survival upon ceramide treatment
was significantly increased.

The same results were obtained by a “molecular app-
roach”, i.e. by recombinantly expressing Ca2+ transporters.
Overexpression of the plasma membrane Ca2+ pump
(PMCA), that causes a ≈20% reduction of [Ca2+]er [67] was
associated to reduced susceptibility to ceramide-induced
death, thus confirming that a reduction in [Ca2+]er lev-
els under normal values decreases the cytotoxic effect of
ceramide.

In agreement with this concept, [Ca2+]er overload leads
to enhanced sensitivity of cells to ceramide. Indeed, over-
expression of the ER Ca2+ pump (SERCA), that causes
about 25% increase in the [Ca2+]er [67] was associated to
a higher mortality induced by ceramide, thus indicating
that an increase in [Ca2+]er levels above normal values
potentiates the effect of the pro-apoptotic mediator.

Finally, overexpression of calreticulin, i.e. the main Ca2+

buffering protein of the ER lumen, allowed us to estab-
lish whether reduction in [Ca2+]er and protection from
ceramide-induced cell death were due to events occurring
in the ER environment or to changes in the amount of

Ca2+ released toward the cytosol. Calreticulin overexpres-
sion enhanced the amplitude and duration of the cytoso-
lic Ca2+ signals from the ER, without increasing [Ca2+]er

[68]. In calreticulin-overexpressing cells, viability was sig-
nificantly reduced after ceramide addition. In agreement
with this observation, it has been reported that cell lines
derived from calreticulin knockouts are more resistant to
apoptosis [69]. We thus concluded that protection by ex-
perimental manouvers acting on Ca2+ homeostasis (that
we believe mimic the effect of Bcl-2) depends on the re-
duction of the releasable ER Ca2+ pool, rather than on
Ca2+-dependent luminal processes.

We then addressed the mechanisms that allow this
signalling alteration to be protective, and observed that
ceramide has direct effects on intracellular Ca2+ home-
ostasis. C2 ceramide (but not its non apoptotic analogue
di-hydroceramide) induced a [Ca2+]c rise by releasing
Ca2+ from intracellular stores and by activating capac-
itative Ca2+ entry pathway. These phenomena caused
prolonged mitochondrial Ca2+ accumulation, in turn
responsible for dramatic alterations in the organelle mor-
phology, i.e. swelling and fragmentation (Fig. 2). We ver-
ified whether alterations in the mitochondrial structure
could be prevented by mimicking Bcl-2 action on calcium
homeostasis. To this purpose two different experimental
approaches were used: (i) incubation of cells in solutions
with lower [Ca2+] (as in the experiments described above)
or (ii) loading of the Ca2+ chelator BAPTA into the cells.
Both conditions, protecting mitochondria from Ca2+ over-
load avoided the structural mitochondrial damage.

A role of ER Ca2+ in the control of apoptosis is sup-
ported also by other lines of evidence. Kim et al. showed
that in hepatoma cells, TNF-induced apoptosis is depen-
dent on Ca2+ release from the ER. Moreover, Bcl-2 ex-
pression decreased Ca2+ release from the ER and blocked
TNF-induced apoptosis [70]. The importance of [Ca2+]er in
determining cell fate is supported by the observation that
calsenilin, a protein interacting with presenilin 1 and 2,
which are located in the ER and Golgi apparatus, enhances
cell death induced by thapsigargin by increasing the re-
lease of Ca2+ from the intracellular Ca2+ stores [71].

Overall, the currently available evidence strongly sug-
gests that ER Ca2+ depletion caused by Bcl-2 overex-
pression is not a side effect of the oncoprotein, but has
a fundamental role in its anti-apoptotic function. More

© 2002 Elsevier Science Ltd. All rights reserved. Cell Calcium (2002) 32(5–6), 413–420
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Fig. 2 Effect of ceramide on intracellular Ca2+ homeostasis. Ceramide acts on intracellular Ca2+ homeostasis by inducing a leak of
stored Ca2+ from the ER (panel B and C). Depletion of the ER Ca2+ content activates capacitative calcium influx (panel D) with further
[Ca2+]c increase and mitochondrial Ca2+ overload (panel D). In turn this causes major morphological alterations of mitochondria, and thus
release of pro-apoptotic factors to the cytoplasm (panel E). The cell eventually dies (panel F).

recently, the importance of mitochondrial Ca2+ uptake in
apoptosis comes also from the demonstration that tcBid (a
proapoptotic protein of the Bcl-2 family), increases the mi-
tochondrial Ca2+ signal after InsP3-associated stimulation,
by a selective permeabilisation of the outer mitochondrial
membrane [72].

CONCLUSIONS

Taken together, these findings indicate that ER, via specific
components of its luminal environment or by interactions
among ER, mitochondria, and other signalling pathways,
may play an important role in the modulation of cell sensi-
tivity toward apoptosis. The involvement of Ca2+ in cell life
and death is highly complex and not yet completely un-
derstood. There is no doubt that dramatic derangements
in cellular Ca2+ handling are incompatible with cell sur-
vival, but evidence has been accumulating in the last few
years indicating that more subtle changes in the processes
controlling Ca2+ homeostasis can have profound effects
onto the decision between life and death. It is a challenge
for the next future to understand the molecular mecha-
nisms that are at the basis of these phenomena.

ACKNOWLEDGEMENTS

We thank Telethon, Italy (Grants no. 1285 and GTF01011),
the Italian Association for Cancer Research (AIRC), the
Human Frontier Science Program, the Italian University

Ministry (MURST), the Italian Space Agency (ASI), the Na-
tional Research Council (CNR) for financial support. This
research has been also supported by a Marie Curie Fellow-
ship (contract number HPMF-CT-2000-00644).

REFERENCES

1. Berridge MJ, Lipp P, Bootman MD. The versatility and
universality of calcium signalling. Nat Rev Mol Cell Biol
2000; 1: 11–21.

2. Schanne FA, Kane AB, Young EE, Farber JL. Calcium
dependence of toxic cell death: a final common pathway.
Science 1979; 206: 700–702.

3. Leonard JP, Salpeter MM. Agonist-induced myopathy at the
neuromuscular junction is mediated by calcium. J Cell Biol
1979; 82: 811–819.

4. Choi DW. Calcium-mediated neurotoxicity: relationship to
specific channel types and role in ischemic damage. Trends
Neurosci 1988; 11: 465–469.

5. Nicholls DG, Budd SL. Mitochondria and neuronal survival.
Physiol Rev 2000; 80: 315–360.

6. Halestrap AP, Doran E, Gillespie JP, O’Toole A. Mitochondria
and cell death. Biochem Soc Trans 2000; 28: 170–177.

7. Ermak G, Davies KJ. Calcium and oxidative stress: from cell
signaling to cell death. Mol Immunol 2002; 38: 713–721.

8. Wang KK. Calpain and caspase: can you tell the difference?
Trends Neurosci 2000; 23: 20–26.

9. Capper EA, Marshall LA. Mammalian phospholipases A(2):
mediators of inflammation, proliferation and apoptosis. Prog
Lipid Res 2001; 40: 167–197.

10. Kristian T, Siesjo BK. Calcium in ischemic cell death. Stroke
1998; 29: 705–718.

11. Kataoka A, Kubota M, Wakazono Y et al. Association of high
molecular weight DNA fragmentation with apoptotic or

Cell Calcium (2002) 32(5–6), 413–420 © 2002 Elsevier Science Ltd. All rights reserved.



Endoplasmic reticulum, Bcl-2 and Ca2+ handling in apoptosis 419

non-apoptotic cell death induced by calcium ionophore.
FEBS Lett 1995; 364: 264–267.

12. Strasser A, O’Connor L, Dixit VM. Apoptosis signaling. Ann
Rev Biochem 2000; 69: 217–245.

13. Ferri KF, Kroemer G. Organelle-specific initiation of cell
death pathways. Nat Cell Biol 2001; 3: E255–E263.

14. Pinton P, Ferrari D, Di Virgilio F, Pozzan T, Rizzuto R.
Molecular machinery and signalling events in apoptosis.
Drug Dev Res 2001; 52: 558–570.

15. Kruman I, Guo Q, Mattson MP. Calcium and reactive oxygen
species mediate staurosporine-induced mitochondrial
dysfunction and apoptosis in PC12 cells. J Neurosci Res 1998;
51: 293–308.

16. Zirpel L, Lippe WR, Rubel EW. Activity-dependent regulation
of [Ca2+]i in avian cochlear nucleus neurons: roles of
protein kinases A and C and relation to cell death. J
Neurophysiol 1998; 79: 2288–2302.

17. Shen HM, Dong SY, Ong CN. Critical role of calcium
overloading in cadmium-induced apoptosis in mouse
thymocytes. Toxicol Appl Pharmacol 2001; 171: 12–19.

18. Gallo V, Kingsbury A, Balazs R, Jorgensen OS. The role of
depolarization in the survival and differentiation of cerebellar
granule cells in culture. J Neurosci 1987; 7: 2203–2213.

19. Ikonomidou C, Stefovska V, Turski L. Neuronal death
enhanced by N-methyl-D-aspartate antagonists. Proc Natl
Acad Sci USA 2000; 97: 12885–12890.

20. Bonfoco E, Krainc D, Ankarcrona M, Nicotera P, Lipton SA.
Apoptosis and necrosis: two distinct events induced,
respectively, by mild and intense insults with
N-methyl-D-aspartate or nitric oxide/superoxide in cortical
cell cultures. Proc Natl Acad Sci USA 1995; 92: 7162–7166.

21. Martikainen P, Kyprianou N, Tucker RW, Isaacs JT.
Programmed death of nonproliferating
androgen-independent prostatic cancer cells. Cancer Res
1991; 51: 4693–4700.

22. Pinton P, Ferrari D, Rapizzi E, Di Virgilio FD, Pozzan T,
Rizzuto R. The Ca2+ concentration of the endoplasmic
reticulum is a key determinant of ceramide-induced
apoptosis: significance for the molecular mechanism of Bcl-2
action. EMBO J 2001; 20: 2690–2701.

23. Lynch K, Fernandez G, Pappalardo A, Peluso JJ. Basic
fibroblast growth factor inhibits apoptosis of spontaneously
immortalized granulosa cells by regulating intracellular free
calcium levels through a protein kinase C delta-dependent
pathway. Endocrinology 2000; 141: 4209–4217.

24. Guo Q, Christakos S, Robinson N, Mattson MP. Calbindin
D28k blocks the proapoptotic actions of mutant presenilin 1:
reduced oxidative stress and preserved mitochondrial
function. Proc Natl Acad Sci USA 1998; 95: 3227–3232.

25. Rutter GA, Rizzuto R. Regulation of mitochondrial
metabolism by ER Ca2+ release: an intimate connection.
Trends Biochem Sci 2000; 25: 215–221.

26. Duchen MR. Mitochondria and calcium: from cell signalling
to cell death. J Physiol 2000; 529: 57–68.

27. Martinou JC, Desagher S, Antonsson B. Cytochrome c release
from mitochondria: all or nothing. Nat Cell Biol 2000; 2:
E41–E43.

28. Joza N, Susin SA, Daugas E et al. Essential role of the
mitochondrial apoptosis-inducing factor in programmed cell
death. Nature 2001; 410: 549–554.

29. Verhagen AM, Ekert PG, Pakusch M et al. Identification of
DIABLO, a mammalian protein that promotes apoptosis by
binding to and antagonizing IAP proteins. Cell 2000; 102:
43–53.

30. Parrish J, Li L, Klotz K, Ledwich D, Wang X, Xue D.
Mitochondrial endonuclease G is important for apoptosis in
C. elegans. Nature 2001; 412: 90–94.

31. Gill C, Mestril R, Samali A. Losing heart: the role of apoptosis
in heart disease: a novel therapeutic target? FASEB J 2002;
16: 135–146.

32. Mbebi C, See V, Mercken L, Pradier L, Muller U, Loeffler JP.
Amyloid precursor protein family-induced neuronal death is
mediated by impairment of the neuroprotective
calcium/calmodulin protein kinase IV-dependent signaling
pathway. J Biol Chem 2002; 277: 20979–20990.

33. Wang HG, Pathan N, Ethell IM et al. Ca2+-induced apoptosis
through calcineurin dephosphorylation of BAD. Science
1999; 284: 339–343.

34. Yano S, Tokumitsu H, Soderling TR. Calcium promotes cell
survival through CaM-K kinase activation of the protein
kinase B pathway. Nature 1998; 396: 584–587.

35. Majumder PK, Pandey P, Sun X et al. Mitochondrial
translocation of protein kinase C delta in phorbol
ester-induced cytochrome c release and apoptosis. J Biol
Chem 2000; 275: 21793–21796.

36. Ruvolo PP, Deng X, Carr BK, May WS. A functional role for
mitochondrial protein kinase C alpha in Bcl-2
phosphorylation and suppression of apoptosis. J Biol Chem
1998; 273: 25436–25442.

37. Juin P, Pelletier M, Oliver L et al. Induction of a
caspase-3-like activity by calcium in normal cytosolic
extracts triggers nuclear apoptosis in a cell-free system. J
Biol Chem 1998; 273: 17559–17564.

38. Nakagawa T, Yuan J. Cross-talk between two cysteine
protease families. Activation of caspase-12 by calpain in
apoptosis. J Cell Biol 2000; 150: 887–894.

39. Pozzan T, Rizzuto R, Volpe P, Meldolesi J. Molecular and
cellular physiology of intracellular calcium stores. Physiol
Rev 1994; 74: 595–636.

40. Pahl HL, Baeuerle PA. The ER-overload response: activation
of NF-kappa B. Trends Biochem Sci 1997; 22: 63–67.

41. Kaufman RJ. Molecular chaperones and the heat shock
response. Biochim Biophys Acta 1999; 1423: R13–R27.

42. Mattson MP. Apoptosis in neurodegenerative disorders. Nat
Rev Mol Cell Biol 2000; 1: 120–129.

43. Miyake H, Hara I, Arakawa S, Kamidono S. Stress protein
GRP78 prevents apoptosis induced by calcium ionophore,
ionomycin, but not by glycosylation inhibitor, tunicamycin,
in human prostate cancer cells. J Cell Biochem 2000; 77:
396–408.

44. Jamora C, Dennert G, Lee AS. Inhibition of tumor
progression by suppression of stress protein GRP78/BiP
induction in fibrosarcoma B/C10ME. Proc Natl Acad Sci USA
1996; 93: 7690–7694.

45. Johnson S, Michalak M, Opas M, Eggleton P. The ins and
outs of calreticulin: from the ER lumen to the extracellular
space. Trends Cell Biol 2001; 11: 122–129.

46. Nicotera P, Orrenius S. The role of calcium in apoptosis. Cell
Calcium 1998; 23: 173–180.

47. Hajnoczky G, Csordas G, Madesh M, Pacher P. Control of
apoptosis by IP3 and ryanodine receptor driven calcium
signals. Cell Calcium 2000; 28: 349–363.

48. Jayaraman T, Marks AR. T cells deficient in inositol
1,4,5-trisphosphate receptor are resistant to apoptosis. Mol
Cell Biol 1997; 17: 3005–3012.

49. Khan AA, Soloski MJ, Sharp AH et al. Lymphocyte apoptosis:
mediation by increased type 3 inositol 1,4,5-trisphosphate
receptor. Science 1996; 273: 503–507.

© 2002 Elsevier Science Ltd. All rights reserved. Cell Calcium (2002) 32(5–6), 413–420



420 D Ferrari, P Pinton, G Szabadkai, M Chami, M Campanella, T Pozzan, R Rizzuto

50. Bian X, Hughes Jr FM, Huang Y, Cidlowski JA, Putney Jr JW.
Roles of cytoplasmic Ca2+ and intracellular Ca2+ stores in
induction and suppression of apoptosis in S49 cells. Am J
Physiol 1997; 272: C1241–C1249.

51. Skryma R, Mariot P, Bourhis XL et al. Store depletion and
store-operated Ca2+ current in human prostate cancer LNCaP
cells: involvement in apoptosis. J Physiol 2000; 527: 71–83.

52. Tsujimoto Y, Cossman J, Jaffe E, Croce CM. Involvement of
the Bcl-2 gene in human follicular lymphoma. Science 1985;
228: 1440–1443.

53. Chao DT, Korsmeyer SJ. Bcl-2 family: regulators of cell death.
Ann Rev Immunol 1998; 16: 395–419.

54. Yang J, Liu X, Bhalla K et al. Prevention of apoptosis by Bcl-2:
release of cytochrome c from mitochondria blocked. Science
1997; 275: 1129–1132.

55. Lithgow T, van Driel R, Bertram JF, Strasser A. The protein
product of the oncogene Bcl-2 is a component of the nuclear
envelope, the endoplasmic reticulum, and the outer
mitochondrial membrane. Cell Growth Differ 1994; 5:
411–417.

56. Susin SA, Zamzami N, Castedo M et al. Bcl-2 inhibits the
mitochondrial release of an apoptogenic protease. J Exp Med
1996; 184: 1331–1341.

57. Knudson CM, Korsmeyer SJ. Bcl-2 and Bax function
independently to regulate cell death. Nat Genet 1997; 16:
358–363.

58. Schendel SL, Xie Z, Montal MO, Matsuyama S, Montal M,
Reed JC. Channel formation by anti-apoptotic protein Bcl-2.
Proc Natl Acad Sci USA 1997; 94: 5113–5118.

59. He H, Lam M, McCormick TS, Distelhorst CW. Maintenance
of calcium homeostasis in the endoplasmic reticulum by
Bcl-2. J Cell Biol 1997; 138: 1219–1228.

60. Kuo TH, Kim HR, Zhu L, Yu Y, Lin HM, Tsang W. Modulation
of endoplasmic reticulum calcium pump by Bcl-2. Oncogene
1998; 17: 1903–1910.

61. Pinton P, Ferrari D, Magalhaes P et al. Reduced loading of
intracellular Ca2+ stores and downregulation of capacitative
Ca2+ influx in Bcl-2-overexpressing cells. J Cell Biol 2000;
148: 857–862.

62. Foyouzi-Youssefi R, Arnaudeau S, Borner C et al. Bcl-2
decreases the free Ca2+ concentration within the

endoplasmic reticulum. Proc Natl Acad Sci USA 2000; 97:
5723–5728.

63. Chiesa A, Rapizzi E, Tosello V et al. Recombinant aequorin
and green fluorescent protein as valuable tools in the study
of cell signalling. Biochem J 2001; 355: 1–12.

64. Ma TS, Mann DL, Lee JH, Gallinghouse GJ. SR compartment
calcium and cell apoptosis in SERCA overexpression. Cell
Calcium 1999; 26: 25–36.

65. Hofer AM, Fasolato C, Pozzan T. Capacitative Ca2+ entry is
closely linked to the filling state of internal Ca2+ stores: a
study using simultaneous measurements of ICRAC and
intraluminal [Ca2+]. J Cell Biol 1998; 140: 325–334.

66. Kass GE, Duddy SK, Moore GA, Orrenius S.
2,5-Di-(tert-butyl)-1,4-benzohydroquinone rapidly elevates
cytosolic Ca2+ concentration by mobilizing the inositol
1,4,5-trisphosphate- sensitive Ca2+ pool.

67. Brini M, Bano D, Manni S, Rizzuto R, Carafoli E. Effects of
PMCA and SERCA pump overexpression on the kinetics of
cell Ca2+ signalling. EMBO J 2000; 19: 4926–4935.

68. Fasolato C, Pizzo P, Pozzan T. Delayed activation of the
store-operated calcium current induced by calreticulin
overexpression in RBL-1 cells. Mol Biol Cell 1998; 9:
1513–1522.

69. Nakamura K, Bossy-Wetzel E, Burns K et al. Changes in
endoplasmic reticulum luminal environment affect cell
sensitivity to apoptosis. J Cell Biol 2000; 150: 731–740.

70. Kim BC, Kim HT, Mamura M, Ambudkar IS, Choi KS, Kim SJ.
TNF induces apoptosis in hepatoma cells by increasing Ca2+
release from the endoplasmic reticulum and suppressing
Bcl-2 expression. J Biol Chem 2002.

71. Lilliehook C, Chan S, Choi EK et al. Calsenilin enhances
apoptosis by altering endoplasmic reticulum calcium
signaling. Mol Cell Neurosci 2002; 19: 552–559.

72. Csordas G, Madesh M, Antonsson B, Hajnoczky G. tcBid
promotes Ca2+ signal propagation to the mitochondria:
control of Ca2+ permeation through the outer
mitochondrial membrane. EMBO J 2002; 21: 2198–2206.

73. Pinton P, Ferrari D, Magalhaes P et al. Reduced loading of
intracellular Ca2+ stores and downregulation of capacitative
Ca2+ influx in Bcl-2-overexpressing cells. J Cell Biol 2000;
148: 857–862.

Cell Calcium (2002) 32(5–6), 413–420 © 2002 Elsevier Science Ltd. All rights reserved.


	Endoplasmic reticulum, Bcl-2 and Ca2+ handling in apoptosis
	A ROLE FOR Ca2+ IN NECROTIC CELL DEATH
	A ROLE FOR Ca2+ IN APOPTOTIC CELL DEATH
	ER STRESS AND APOPTOSIS
	Bcl-2 AN ONCOGENE WITH MULTIPLE FUNCTIONS
	INVOLVEMENT OF Bcl-2 IN Ca2+ HOMEOSTASIS
	CONCLUSIONS
	Acknowledgements
	References


