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Abstract: In the complex interplay that allows different signals to be decoded into activation of cell death, cal-
cium (Ca2+) plays a significant role. In all eukaryotic cells, the cytosolic concentration of ca® ions ([Ca2+]c) is
tightly controlled by interactions among transporters, pumps, channels and binding proteins. Finely tuned
changes in [Ca2+]C modulate a variety of intracellular functions ranging from muscular contraction to secretion,
and disruption of ca” handling leads to cell death. In this context, ca” signals have been shown to affect im-
portant checkpoints of the cell death process, such as mitochondria, thus tuning the sensitivity of cells to vari-

ous challenges. In this contribution, we will review (i) the evidence supporting the involvement of ca*

in the

three major process of cell death: apoptosis, necrosis and autophagy (ii) the complex signaling interplay that
allows cell death signals to be decoded into mitochondria as messages controlling cell fate.
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INTRODUCTION

Although the possibility that calcium (Ca2+) controls
a variety of physiological functions gradually emerged
at the end of 19th century [1], the general theory of
Cca”" as a universal second messenger was proposed
half a century later by Lewis Victor Heilbrunn, who con-
cluded from the anaIyS|s of experimental data that “the
reaction of this Ca®* with the protoplasm inside the cell
is the most basic of all protoplasmic reactions” [2]. This
theory, although almost completely ignored at the time
of its appearance, brilliantly withstood the test of time
and experimental efforts, and today ca”™ signaling is
generally regarded as the most ubiquitous and pluripo-
tent system, involved in the regulation of almost all
known cellular processes [3].

The universality of ca” as a signaling molecule can
be inferred on the one hand from the presence of cellu-
lar events controlled by ca”™ throughout phylogenetic
history, on the other from the broad d|verS|ty of the cel-
lular functions controlled by ca® in different spatial
(exocytosis, myocyte contraction) and temporal (synap-
tic plasticity, memory, long-term adaptation or neuronal
ageing) domains [4,5].

Such a complexity, in terms of defined localization
of Ca®* sensitive targets and of generation of precise
spatio-temporal signaling patterns, is based on the
presence of numerous types of channel, pumps and
carriers and on the involvement of numerous cell do-
ma|ns and organelles in transmitting and transporting
ca”* mediated signals [6].

A compartment with unique ca”™ handling proper-
ties is represented by mitochondria and will be the fo-
cus of this review. These organelles have an in
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triguing connection to Ca” signaling. On one hand,
they are characterized by a complex (and molecularly
undefined) machinery for Ca handI|ng an electropho-
retic route accumulating ca® in the matrix down the
electrochemical gradient generated by the respiratory
chain (the mltochondrlal ca”™ uniporter, MCU) and ex-
changers (with Na® or H) re-extruding ca® into the
cytosol. On the other, ca®" effects within this organelle
include radically different process, such as the stimula-
tion of dehydrogenases (and thus the up-regulation of
aerobic metabolism) and organelle changes leading to
apoptotic or necrotic cell death [7].

As a consequence of their signaling complexity,
ca®" ions often play very opposite effects even W|th|n
the same cell [8]. Not surprisingly, the versatility of ca”
signaling makes it an |mportant player not only in nor-
mal conditions but also in pathologlcal cellular reac-
tions. Depr|V|ng the cells of Ca2 ions (by removing ex-
tracellular Ca* , buffering ca”, or depleting intracellular
stores), results in rapid and |neV|tabIe cell death. At the
same time excess of Ca®* is absolutely toxic, and cell
death from Ca** overload represents probably the most
general mechanism of cell demise [7].

The aim of this review is to give some insight into
the different cell death pathways especially those
mechanisms conjugated with Ca”* and mitochondria.

CALCIUM AND CELL DEATH

Programmed cell death (PCD) is one of the
important terminal paths for the cells, and plays a role
in a variety of biological events that include
morphogenesis, maintenance of tissue homeostasis,
and elimination of harmful cells. Dysfunction of PCD
leads to various diseases in humans, including cancer
and several degenerative diseases [9]. Many studies
have subdivided PCD into the three categories of apop-
tosis (type 1), autophagy (type Il), and necrosis (type IlI)
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Fig. (1). Schematic representation of PCD. In necrosis an ionic alteration causes a major [CaZJ']C rise, activation of calpains and
caspases, PTP opening, impairement of ATP production and rupture of the plasma membrane. In apoptosis, the intrinsic path-
way may involve mitochondrial ca®" overload, PTP opening, release of mitochondrial apoptogenic factors and activation of
caspases. In autophagic cell death the increase of [CaZJ']C causes CaMKKJ activation and mTOR inhibition, caspase and calpain

activation and a greater number of autophagolysosomes.

based on criteria such as morphological alterations,
initiating death signal, or the implication of caspases
(see Fig. 1).

Type | apoptotic cell death is characterized by cell
shrinkage and extensive chromatin condensation. For-
mation of autophagic vacuoles inside the dying cell is
typical of autophagic or type Il cell death, whereas type
[l PCD is distinguished by rapid loss of plasma mem-
brane integrity and spillage of the intracellular content.
Undergoing a specific type of cell death depends on
the stimulus and the cellular context. Indeed, every cell
death program is a net result of self propagating sig-
nals and others that suppress the other death pro-
grams [10].

APOPTOSIS

The word ‘apoptosis’ is derived from a Greek word
meaning ‘the gentle falling of leaves’ and is used to
describe a form of cell death occurring in multicellular
organisms. It is defined as a form of cell death that in-
volves altruistic suicide of individual cells in favour of
the organism as a whole. Apoptosis is a tightly regu-
lated, highly efficient and energy requiring process

which engages multiple cell signaling pathways. The
apoptotic network components are genetically encoded
and are usually in place in a cell ready to be activated
by a death-inducing stimulus [11].

Apoptotic activity is desirable during organism de-
velopment and morphological changes especially at the
embryonic stage, as well as during the activation of the
immune system [12]. Additionally, this process is es-
sential for organ homeostasis by keeping under control
cell number and tissue trophism. Defects in apoptosis
can result in cancer, autoimmune diseases, neurode-
generative disorders, AIDS and ischemic diseases [13].

Apoptosis results in an orchestrated collapse of a
cell, staging cell shrinkage, chromatin condensation,
DNA and protein cleavage, fragmentation in the apop-
totic-bodies followed by phagocytosis by neighbouring
cells [11]. The apoptotic process can be driven by vari-
ous stimuli from outside or inside the cell; in some
cases, absence of survival factors is enough to drive a
cell into apoptosis, but it can also be stimulated by
DNA damage, oxidative stress, treatment with cytotoxic
drugs or irradiation, interruption in cell cycle signaling
and death receptor ligands (TNF and Fas ligand).
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Apoptosis occurs through two types of pathways: the
death receptor pathway (extrinsic apoptotic pathways)
and the mitochondrial pathway (intrinsic apoptotic
pathways), and requires the activity of dedicated en-
zymes (caspases) and regulatory proteins (such as the
Bcl2-related family).

As to Ca”", experimental works of the past decade
has highlighted its importance in the regulation of apop-
tosis [7]. However, the role of ca®" of apoptosus is very
complex, given that in different systems Ca”*-linked
stimuli were shown to represent both survival S|gnals
and apoptosis |nducers This is not surprising, given
the vast array of ca®* transducers present in the vari-
ous compartments of the cell.

ca”™ signaling is the focus of the regulat|on and ac-
tivation of the multifunctional Ca®*/calmodulin-
dependent protein kinase (CaMK) family. This family,
which phosphorylates a large variety of substrates, has
activation Propert|es that allows it to discriminate be-
tween Ca’ signals that differ in spike frequency, ampli-
tude and duration [14]. The CaMKI, Il and IV subfami-
lies have been detected within the cell nucleus and
suggested as mediators of nuclear ca” signals. These
kinases were implicated in control of gene transcription
since they phosphorylate several transcription factors.
Several reports have indicated that these kmases
negatively modulate apoptosis [15]. Intracellular ca”™
a coordinating factor that positively regulates the act|v-
ity of the nuclear transcription factor-kB (NF-kB) [16].
This transcription factor is considered an anti apoptotic
agent and plays a key role in cell survival by up-
regulating expression of several apoptosis inhibitor
genes and negative regulating the activity of caspase-3
[17].

Cytosolic ca” increase has a pivotal role in activat-
ing the serine threonine Ca**-calmodulin- -regulated
phosphatase calcineurin (also called protein phospha-
tase 2B). This phosphatase is a critical transducer of
ca”™ signals in most cell types particularly in the im-
mune system and in the heart, due to its speC|f|c re-
sponsiveness to sustained low frequency ca”™ signals
[18]. Calcineurin was suggested to be both a promoter
and a supportive agent during apoptosis. Some reports
suggest that the Ca**-calcineurin pathway is critical in
the progression of heart failure by regulating cardlo-
myocyte apoptosis [19]. On the other hand, ca*-
calcineurin  activation by 2-deoxyglucose and
staurosporine prevents apoptosis of cardiac myocytes.
Calcineurin, which dephosphorylates the transcription
factor NF-AT3, enables it to translocate into the nu-
cleus, leading to prevention of apoptosis both in vitro
and in vivo [20]. Another distinctive feature of apoptosis
is the requirement for de novo RNA synthesis. A key
transcription factor for apoptosis is c-Jun, an immedi-
ate- early gene. ca”" influx has been reported to be in-
volved in c-jun N-terminal kinase (JNK) S|gnal|ng2 path-
way mediated IL-1R-induced apoptosis [21]. Ca” me-
diated regulation, however, is not restricted to the cyto-
solic compartment. The switch into a death S|gnal often
involves the coincidental detection of Ca® and
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proapoptotic stimuli, and depends on the amplitude of
the m|tochondr|al ca”™ signal. Several studies indicate
that the Ca®" content of the Endoplasmic Reticulum
(ER) determines the cell’'s senS|t|V|ty to apoptotic stress
and perturbation of ER Ca” homeostasis appears to
be a key component in the development of several
pathological S|tuat|ons The ER is the main |ntraceIIuIar
agonist-sensitive ca”" store capable of rapid ca® ex-
change [22].

The potent|al of the ER to function as a rapidly ex-
chang|ng ca®* store is due to the presence of three
main components: i) ATP dependent pumps for ca”
uptake (called SERCAs: Sarco/EndopIasmm Reticulum
ca” ATPases), ii) channels for ca’" release such as
the ubiquitous inositol 1,4,5-trisphosphate receptor
(IPzR) and the ryanod|ne receptor (RyR), and iii) ca”
binding proteins for ca” storage, the best character-
ized being calreticulin and calsequestrin [6].

Procedures that decrease the Ca** Ioad|ng of the
ER, such as genetic ablation of the ER ca”™ -buffering
protein calret|cul|n or overexpression of plasma mem-
brane Ca®* ATPases, protect cells from apopt05|s
Conversely, procedures that increase the ER ca”
load, such as overexpression of SERCA or calreticulin,
sensitize cells to apoptotic stress [23-25]. SenS|t|V|ty to
apoptosis correlates Wlth the total ER Ca’* load, rather
than with the free ER Ca** concentrat|on and depends
on the ability of cells to transfer ca” from the ER to the
mitochondria. Accordmgly procedures that enhance
the transfer of Ca®* from the ER to mitochondria aug-
ment ceramide induced cell death ([23] and see below).

AUTOPHAGIC CELL DEATH

The Greek word autophagy means “self-eating”,
and indeed this form of cell death is characterized by
pathways for the degradation of cytosolic constituents
by the lysosome/vacuole. Autophagy has an essential
role in differentiation and development, in addition to its
role in cellular response to stress. It is activated upon
amino acid deprivation and has been associated with
neurodegenerative diseases, cancer, pathogen infec-
tions and myopathies. There are three main autophagic
pathways: macroautophagy, microautophagy and
chaperone-mediated autophagy (CMA) [26].

Macroautophagy involves the sequestration of cyto-
solic portions, including proteins and organelles,
through double-membrane structures, termed auto-
phagosomes, to the degradation in lysosomes. In mi-
croautophagy, cytosolic constituents are engulfed di-
rectly by lysosomes through invaginations of the
lysosomal membrane. Both these pathways are con-
served from yeast to mammals. However, the latter
pathway is far less characterized, especially in mam-
malian systems. The CMA is found only in mammalian
cells and degrades selectively cytosolic proteins that
contain a specific signal motif, KFERQ. This signal mo-
tif is recognized by a specific chaperone, which trans-
locates the protein into the lysosome through the inter-
action with the LampZ2a receptor [27].
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Although considered originally nonspecific, ‘bulk’
degradation pathways, it is now accepted that preferen-
tial autophagy of damaged or excess organelles, such
as peroxisomes, ER and mitochondria, occurs both
through micro- and macro-autophagy, under certain
conditions. The selective degradation of damaged mi-
tochondria through autophagy, termed mitophagy, oc-
curs in response to various stimuli, both in yeast and in
mammalian cells [28].

In mammalian cells, autophagosomes undergo a
maturation process by fusing with endocytic compart-
ments and lysosomes. Autophagy is active at a basal
level in most cells, and this probably reflects its role in
regulating the turnover of long-lived proteins, and get-
ting rid of damaged structures. In the pathogenesis of
various diseases, autophagy has been proposed to
have both beneficial and harmful effects [29]. One as-
pect of this complexity probably reflects the dual role of
autophagy, which is both cell-protective and -
destructive. Indeed, controversy exists as to whether
autophagy promotes or prevents cell death. If auto-
phagy removes damaged mitochondria that would oth-
erwise activate caspases and apoptosis, then auto-
phagy should be protective. In agreement with these
item, disruption of autophagic processing and/or
lysosomal function promotes caspase-dependent cell
death. In addition, enhanced availability of substrates
may delay cell death upon starvation. However, exces-
sive and deregulated autophagy may promote cell
death, since enzymes leaking from
lysosomes/autolysosomes, such as cathepsins and
other hydrolases, can initiate mitochondrial permeabili-
zation, caspase activation and apoptosis, and in certain
instances deletion of autophagy genes decreases
apoptosis [30].

Autophagic cell death is mainly a morphologic defi-
niton (i.e. cell death associated with auto-
phagosomes/autolysosomes, autophagic degradation
of cytoplasmic structures preceding nuclear collapse),
and the specific mechanism is still under debate. The
regulation of autophagy is a very complex process;
together with mTOR (mammalian target of rapamycin),
GTPases and a wide range of kinases, ca®is a con-
troller of autophagy. Indeed, different works [31;32]
suggest that the depletion of ca”™ pools is responsible
for the inhibitory effect on autog)hagy, and that ele-
ments that modify lysosomal Ca”" levels, also modify
the total volume of autophagic vacuoles, as well as
glycogen degradation. These notions should be revised
in the light of recent work published by Hoyer-Hansen
and co-workers [33], that demonstrated that various,
related Ca®* mobilizing stimuli (vitamin D3 compounds,
ATP, thapsigargin and ionomycin) inhibit the activity of
MTOR and induce massive accumulation of auto-
phagosomes in a Beclin-1 and ATG-dependent man-
ner. The paper concluded that a rise in the free cytoso-
lic [Ca®'] rather than [Ca®'] alterations in other cellular
compartments, is responsible for the induction of auto-
phagy. This notion is supported by the identification of
cytosolic Ca”*-activated kinase, CaMKKJ, as an essen-
tial mediator of Ca®* induced autophagy, and by the
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finding that inhibition of autophagy by targeted Bcl-2
constructs was related to they effect on agonist-
induced Ca” release from the ER and not to the
steady state of ER [Ca’’] ([Ca*']er). The studies in
which [CazlER has been measured directly by ER-
targeted Ca’’-sensitive probes support the view that
Bcl-2 mainly acts on [Ca’Jer by increasing the Ca®*
permeability of the ER membrane [34]. Bcl-2 might in-
hibit the autophagic response by lowering the amount
of free ER Ca’* available for release. Such a combined
anti- and proautophagy function of Bcl-2 may help to
maintain autophagy at level that is compatible with cell
survival, rather than death [35].

NECROSIS

Up until 1971, the term “necrosis” was used for all
types of cell death. A common definition of necrosis is
that of a catastrophic derangement of cell integrity fol-
lowing exposure to different tgpes of cell injury and
leading to the activation of Ca” -activated hydrolysing
enzymes. The concept that necrosis is unprogrammed
was reinforced by the fact that necrotic cell death can
be caused by exposures of cells to supraphysiological
conditions such as mechanical force, heat, or cold.
Thus, necrosis has long been described as a conse-
qguence of physico-chemical stress, accidental and un-
controlled.

Recently, it is becoming clear that necrotic cell
death is as well controlled and programmed as
caspase-dependent apoptosis, and that it may be an
important cell death mode that is both pathologically
and physiologically relevant [36]. Necrotic cell death is
not the result of a single well-described signaling cas-
cade but is the consequence of extensive crosstalk
between several biochemical and molecular events at
different cellular levels. Necrosis is characterized by
cytoplasmic swelling, irreversible plasma membrane
damage, and organelle breakdown. In necrosis, the
cellular content leaks into the extracellular environ-
ment, where it may act as a “danger signal’. Conse-
quently, necrosis is usually associated with infamma-
tion.

Intracellular Ca* is an important signaling molecule
also in necrosis. Indeed, in certain pathological condi-
tions, extracellular ligands can induce Ca2+-dependent
necrosis. A good example is the excitotoxic neuronal
cell death, triggered by excitatory amino acids such as
NMDA [37].

ca®" is involved in necrotic cell death also by modu-
lating the translocation of Phospholipase A2 (PLA2)
and the activity of calpains. PLA2 encompasses a fam-
ily of esterases that are responsible for the liberation of
fatty acids from membrane phospholipids. Several dis-
tinct mammalian PLA2 enzymes have been identified,
which are classified into three major subfamilies: ca”-
independent PLA2 (iPLA2), secretory PLA2 (sPLA2),
cytosolic PLA2 (cPLA2) [38]. Translocation of cPLA2 to
the membranes, which enables it to interact with its
substrates, is essential for the release of AA from
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membrane. This process is Ca2+-dependent and might
hasten the progression to necrotic cell death [39].

Calpains part|C|pate in various signaling pathways
mediated by ca” by modulating the activities and/or
functions of other proteins. They are present in the cy-
tosol as inactive precursors that are activated by in-
creased cytosolic ca”. Severe stress conditions often
result in elevation of cytosohc ca® levels and over-
activation of calpams In turn, the latter have been
shown to cleave Ca** extrusmn machinery, such as the
plasma membrane Ca* ATPases, PMCA [40], and the
Na‘/Ca®* exchanger [41], thus leading to a sustained
increase in intracellular Ca* . Calpains were shown to
fulfil important roles in necrotlc cell death in neurons of
C. elegans and in necrosis of dystrophin deficient mus-
cles [42]. Yamashima and colleagues [43] therefore
postulated a “calpain- cathepsin hypothesis" suggest-
ing that necrotic insults causing excessive Ca“" over-
load lead to calpain-mediated lysosomal disruption with
succeeding release of cathepsins B and L. Cathepsin B
was also shown to be involved in caspase-independent
cell death induced by death receptor ligands. Increased
activity of calpains is also observed in certain neurode-
generative diseases, such as Parkinson's and Alz-
heimer's diseases [44]. Whether this activity is strictly
linked to the occurrence of necrosis during these pa-
thologies remains unclear.
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At this point a question remains unresolved: what is
the correlation between these three different pathways
of cell death? Is there a check point in which they con-
verge? A broad body of experimental evidence sug-
gests that mitochondria are the most likely candidate to
this role.

THE MITOCHONDRIA

Mitochondria are intriguing subcellular organelles
(see Fig. 2). With a bacterial evolutionary origin, they
have become perhaps the ultimate symbiont, maintain-
ing its own DNA while also deriving many important
proteins from the nuclear DNA of the host cell. While
they may maintain a modicum of independence from
the host cell in some respects, they nevertheless lie at
the heart of the life of almost all eukaryotic cells. The
primary function of the mitochondrion is oxidative
phosphorylation (ox-phos) and ATP supply, i.e. the
function upon which all cellular activities depend [45].
The mitochondria are the “energy powerhouse of the
cell” generating approximately 90% of cellular energy
and consuming about 98% of the total O, we breathe
[46]. Multicellular organism have indeed high-energy
requirements necessary to carry out complex function,
such as muscle contraction, hormones and neuro-
transmitters synthesis and secretion, in addition to ba-
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Fig. (2). Mitochondria in physio-pathological conditions. Mitochondria are located near the ER, the major intracellular ca”" store.
In physiological conditions ca® activates enzymes of Krebs cycle within mitochondria and stimulates ATP production. Mito-
chondria are also the principle site of ROS generation, that act as second messenger (e.g. possibly in autophagy) and damage
inducers to DNA, membranes and proteins. Pathological stimuli enhancing the release of Ca®" from the ER cause mitochondrial
ca”* overload, PTP opening and release of apoptogenic factors, such as cytochrome c.
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sal cellular metabolism (biomolecules synthesis and
transformation, maintenance of ionic gradients across
membrane, cell division) [47].

INTRACELLULAR Ca?®" IN MITOCHONDRIAL
PHYSIOLOGY

ca”is a key regulator of mitochondrial function and
acts at several levels within the organelle to stimulate
ATP syntheS|s Most of the mitochondrial effects of
ca”™ require its entry across the double membrane into
the matrix. Although the mrtochondnal outer membrane
was thought to be permeable to ca®, recent studies
suggest that the outer membrane voltage- dependent
anion channel (VDAC) serves to regulate ca”™ entry to
mitochondrial intermembrane space [48].

Then, its transport across the inner membrane is
highly regulated. The accumulation of ca” within the
mitochondrial matrix is driven by membrane potential
and depends primarily on the existence of an electro-
genic transport mechanism, the MCU located in the
organelle's inner membrane. MCU was recently dem-
onstrated to be a highly selective ca® channel (Kq <
2nM) [49] in agreement with the conclusions of classi-
cal studies carried out in isolated mitochondria [50]. As
to the molecular nature, the attempts to identify the
gene or the protein have been so far unsuccessful. An
intriguing hypothesis is that, at least an excitable cells
MCU is the type | Ryanodine Receptor (RyR1), partly
localized to the inner mitochondria membrane and
termed mRyR [51]. Finally, it has been proposed that
alternative uptake routes could be operative, that may
represented different molecular mechanisms on opera-
tive modes of MCU. Namely “rapid-mode” uptake
(RaM), occurs on a millisecond trmescale and allows
fast changes in mitochondrial matrix Ca** concentrat|on
([Ca 1) to mirror changes in the cytosol ([Ca o) [52].

The primary role of mitochondrial ca® is the stimu-
lation of oxidative phosphorylation and the control of
organelle metabolic activity. Three crucial metabolic
enzymes within the matrix, pyruvate, o- ketoglutarate
and isocitrate dehydrogenases, are activated by ca”
by two distinct mechamsms In the case of pyruvate
dehydrogenase a Ca’ *-dependent dephosphorylation
step is involved; in the other two cases, activation oc-
curs through the direct binding of ca” to the enzyme
complex [53]. Given that these enzymes represent the
rate limiting step for feeding electrons into the resp|ra-
tory chain, Ca®" within the matrix is ultimately the posi-
tive modulator of mitochondrial ATP synthesis. This
aspect was directly addressed by our group a few
years ago using targeted recombinant luciferase to
monitor, in living cells, the ATP concentration within the
cytoplasm and the mitochondrial matrix [54] Interest-
ingly, recent works indicate that other ca’ *-dependent
metabolic checkpoints are operat|ve Namely, the as-
partate/glutamate metabolrte carriers (AGCs) were
shown to be activated by ca®" and in turn, recombinant
expression of wild type AGCs enhanced ATP produc-
tion upon cell stimulation [55]. Other mitochondrial
functions are also regulated by ca®. For example,
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Ca”*activation of N-acetylglutamine synthetase gener-
ates N-acetylglutamine, a potent allosteric activator of
carbamoyl-phosphate synthetase, the rate-limiting en-
zyme in the urea cycle [56]. Moreover, different
mechanisms can f|neI¥ tune amplitude and kinetics of
the mitochondrial Ca® responses. For example, ca”
uptake can be increased or decreased by protein
kinases, such as protein kinase C [57] or p38 MAP
kinases [58].

In endocrine pancreas, mitochondrial ca®* modu-
lates insulin secretion and in the granulosa cells of the
adrenal gland, it controls a key step in aIdosterone syn-
thesis [59;60]. Mitochondria can also act as ca®" buff-
ers, thus regulating the spatio-temporal patterning of
ca””’ signals. Petersen and co-workers demonstrated
that in pancreatic acinar cells mitochondria strategically
located beneath the granular region prevent the
spreading of a ca®* wave from the secretory pole to-
wards the basolateral region by accumulatmg ca’ " [61].
In neurons, mitochondria buffer [Ca "] increases in the
presynaptic motoneuron ending [62]. Moreover, the
local buffering of [Ca "l by mitochondria has been
shown to have an important role in chromaffin cells in
the modulation of catecholamine secretion. By using
aequorin mutants with different affinities, AIvarez and
co-workers have shown that inhibition of Ca®* seques-
tration by mitochondria causes a large increase in the
secretion of catecholam|ne suggesting that mitochon-
drial buffering of ca”™ represents a way to control the
recruitment or the fusion of catecholamine-containing
secretory vesicles [63].

A fast response of [Ca I tO [Ca J requires, to be
efficient and productive, a rapid ca®’ efflux from the
mitochondrial matrix, and several mechanisms exist for
this purpose. Primarily ca®" efflux is achieved in ex-
change with Na*, which is in turn re-extruded out of the
matrix in exchange with protons. Thus both ca”™ up-
take and efflux from mitochondria consume mitochon-
drial membrane potential (Ayy,) and are therefore reli-
ant on H* pumping by the resp|rat0ry cha|n to maintain
this driving force (Na'/ ca® and H'/ ca® uniporters)
[64].

In addition to these pathways of ca®" efflux, an ad-
ditional mechanism exists in the form of the permeabil-
ity transition pore (PTP). The PTP is assembled from a
group of preexisting proteins in the m|tochondr|al inner
and outer membranes [65 66] with ca” binding sites
on the matrix side of the inner membrane believed to
regulate pore activity. These non selective route for
ions eqU|I|brat|on may allow to rapidly release ca”
from the matrix in conditions in which electrochemical
equilibrium requires ca® efflux, i.e. when a major drop
in Ay, has occurred. Obviously, this situation may oc-
cur in pathophysiological conditions and adds complex-
ity to the emerging role of PTP in the pathogenesis of
numerous disease states [67].

Mitochondrial Ca** accumulat|on amplitude and du-
ration is influenced by ca”* released from ER store so
by the ER Ioad|ng [6]. The ER supplies ca”™ d|rectly to
mitochondria via IP3Rs. It was postulated that ca®' re-
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leased from the ER via IP3Rs may generate microdo-
mains of high [Ca "] at focal contacts between ER and
mitochondria, providing sufficient [Ca "] for the activa-
tion of uniporters [68]. These intimate connection are
called mitochondria- assomated ER membranes (MAM)
[69]. Importantly, ca” -handling proteins such as IP3;Rs
(especially type 3 IP3Rs) are highly compartmentalized
at MAM providing a direct and proper mitochondrial
ca’ " signaling and playing a special role in induction of
apoptosis [70].

MITOCHONDRIA: REGULATORS OF DEATH
PATHWAYS

Given the key energetic and signaling function of
mitochondria, it comes as no surprise that mitochon-
drial dysfunction and failure leads to cell death. Indeed,
much evidence indicates mitochondria are the main
target of stresses leading to cell death. Mitochondrial
alterations such as the release of sequestered apopto-
genic proteins, loss of transmembrane potential, pro-
duction of ROS, disruption of the electron transport
chain, and decreases in ATP synthesis have been
shown to be involved in, and possibly responsible for,
the different manifestations of cell death. Here we will
discuss the role of the mitochondria in integrating of the
three different cell death pathways.

Mitochondria and Apoptosis

Apoptosis is triggered by two major initiating path-
ways, designated as the inner/intrinsic/mitochondria-
mediated and outer/extrinsic/receptor-mediated route,
respectively [71]. Both pathways converge to a final
apoptosis execution step resulting in the cleavage of
cell regulatory and structural molecules. Both the ex-
trinsic and the intrinsic pathways are interconnected at
the mitochondrial checkpoint.

A well characterized role of mitochondria in apopto-
sis is the release into the cytosol of pro apoptotic pro-
teins, i.e. proteins that are normally retained in the
space (IMS) between the inner (IM) and outer (OM)
mitochondrial membranes. These IMS proteins include
caspase-independent death effectors such as nucle-
ases and/or proteases, as well as caspase activators.
The pivotal events that initiate the intrinsic apoptotic
pathway are the mitochondrial outer membrane per-
meabilization (MOMP) and release of pro-apoptotic
factors. However, the precise molecular mechanism
responsible for MOMP is still controversial. In fact dif-
ferent models have been proposed. One model in-
volves opening of PTP. Opening of the PTP can be
triggered by multiple stimuli and leads to (i) A¥,, loss
as ions equilibrate across this membrane, and (ii) swel-
ling of the matrix as water enters. The latter can result
in breakage of the OM, thus leading to the nonspecific
release of proteins from the IMS [72].

The second mechanism for MOMP appears to be
mediated by members of the Bcl-2 family acting directly
on the mitochondrial OM. It has been proposed that a
direct interaction of the pro-apoptotic Bcl-2 family
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members, such as Bax, with Adenine Nucleotide
Translocator (ANT) and VDAC induces mitochondria
permeabilization. In a different model, release of pro-
apoptotic proteins exclusively depends on the balance
between pro and anti-apoptotic Bcl-2 family members.
In this model BH3-only proteins (such as Bid, Bim,
Puma and Noxa) play a crucial role in pro-apoptotic
Bax and Bak activation that results in their homo-
oligomerization within the OM. This leads to the forma-
tion of a pore with subsequent release of apoptotgenic
proteins [71]. The first protein shown to be released
from mitochondria upon apoptotic stimuli is cytochrome
c followed by other pro-apoptotic molecules such as
Smac/DIABLO (second mitochondria derived activator
of caspase/direct IAP-binding protein with low pl), AlF
(apoptosis-inducing factor) and endonucleaseG are
released from the disrupted mitochondria to the cyto-
plasm [73].

It has become evident that there is an intensive
cross-talk between the extrinsic (death receptors) and
intrinsic (mitochondrial) pathways [74]. The best char-
acterized connection from the extrinsic to the intrinsic
pathway is associated with the Bcl-2 family member
Bid (BH3- interacting DD agonist). Bid can be cleaved
by activated caspase-8, 3 and 10 (induced by DISC,
death-inducing signaling complex, formation) to yield
truncated Bid (tBid). tBid then translocates to the mito-
chondrion where it binds and activates the pro-
apoptotic Bcl-2 members Bax/Bak [75]. Another re-
cently described cross-talk mechanism between the
extrinsic and intrinsic apoptotic pathways is ceramide
generation by death receptor activated sphingomye-
linases. Apart from triggering various signaling path-
ways, ceramide directly acts on mitochondria, favoring
PTP activation and release of caspase cofactors [76].
In addition to tBid and ceramide, apoptotic pathways
can be influenced by death receptors triggering parallel
signaling cascades. Such pathways are initiated by
distinct adaptor molecules that lead to activation of pro-
tein kinases and/or transcription factors pathway (i.e.
MAPK). Indeed, evidence suggests that the JNK cas-
cade promotes Bax translocation to mitochondria
through phosphorylation of the 14-3-3 protein, a cyto-
plasmic anchor of Bax [77].

Finally, many factors that trigger the inner apoptotic
cascade modulate to a certain degree the receptor-
mediated pathway. The tumor suppressor protein p53
is a typical example of such intrinsic-to-extrinsic cross-
talk [78]. Apart from binding directly to the mitochon-
drial membrane, p53 enhances transcription of genes
coding for death receptors, which increases susceptibil-
ity of the cells to receptor-mediated programmed death
[79].

Inappropriate apoptosis is a factor in many human
pathological conditions. Many disease may involve en-
hanced apoptosis (e.g. neurodegenerative disease or
ischemia) or repressed apoptosis (e.g. cancer due to
mutations of p53 or overexpression of many anti-
apoptotic proteins). Tumor cells can acquire resistance
to apoptosis by up-regulating or activating anti-
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apoptotic proteins or by the down-regulating or inacti-
vating pro-apoptotic proteins that in many cases are
mitochondrial proteins. The enhanced expression level
of the Bcl-2 protein in some tumor cells correlates with
malignancy of tumors and reduced response to chemo-
therapy. Moreover, the strong pro-survival PI-3K-AKT
pathway in many tumors is over activated by loss-of-
function mutations of the PTEN tumor suppressor gene
[80] or gain-of-function mutations of oncogenes such
as Ras, BCR-ABL or growth factor receptors such as
EGFR. Regarding pro-apoptotic pathways, p53 is very
frequently mutated gene in cancer resulting in loss or
down-regulation of protein function. Other key media-
tors of the intrinsic apoptotic pathway including Bax,
Bak or Apaf-1 are also functionally altered in cancer
cells. Reduced Bax expression has been associated
with a poor response rate to chemotherapy and shorter
survival in some situations [81]. In neurodegenerative
diseases, the scenario appears specular. Indeed, un-
der normal conditions, neuron possess strong intrinsic
anti-apoptotic factors and survive for the life-time of the
organism. Pathological PCD occurs if metabolic stress,
damage or genetic abnormalities overwhelm these sur-
vival factors. Premature death of adult neurons leads to
irreversible functional deficits and neuro-degeneration.
The remaining neurons have no capacity for regenera-
tion to compensate for the loss [82]. A mitochondrial
hypothesis of Parkinson’s disease has been proposed
by Park and co-workers that was put on even firmer
footing with the discoveries of causative mutations in
the DJ-1and PINK1genes. The DJ-1 protein has a role
in the oxidative stress response; under oxidative condi-
tions, DJ-1 partially translocates to mitochondria where
its function remains to be elucidated. PINK1 is found
primarily in mitochondria, and it is predicted act as a
kinase although its substrates are unknown. PINK1-
mutant flies show loss of dopaminergic neurons in a
degenerative disorder characterized by mitochondrial
swelling [83]. Moreover, mutations in the recently dis-
covered mitochondrial protein REEP1 cause hereditary
spastic paraplegia, further stressing the importance of
mitochondrial function in neurodegenerative disease
[84].

Evidence has been accumulating to suggest that
dysregulation of apoptosis may also contribute to age-
associated changes such as the progressive decline of
physiological functions and significant increases in the
incidence of cancer and degenerative disease (see Fig.
3). This notion is supported by recent works on the role
of p66shc, the mutation of which was demonstrated to
increase resistance to oxidative stress and to prolong
life span [85]. Intriguingly, following an activation proc-
ess that includes phosphorylation by protein kinase C 3
and peptidyl-prolyl-isomerase Pinl recognition, p66shc
translocates to mitochondria [86] where it exerts an
oxidoreductase activity [87]. Indeed, p66shc directly
oxidizes cytochrome ¢ and generates H,0,, leading to
the opening of PTP and cell death. While the example
of p66shc highlights important signaling pathways op-
erating in age-related organ deterioration, the complete
scenario of the changes in the apoptotic process and
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the positive and negative regulatory mechanism af-
fected by ageing remains to be unravelled.

Mitochondria and Autophagic Cell Death

Interesting, while the central role of mitochondria in
apoptosis is well established, recent evidence strongly
suggests that also in autophagy this organelles act as
intracellular check points. Autophagy was recently es-
tablished as a novel tumor suppression mechanism
[88], which stimulated a wave of investigations aimed
at understanding its regulatory mechanism and its im-
portance in the development of human cancers. Auto-
phagy was first linked to cancer following the identifica-
tion and characterization of the Beclin 1 gene. Beclin 1
is a tumor-suppressor gene that is frequently monoalle-
lically deleted in human sporadic cancer [89]. Beclin 1
co-localizes with Bcl-2 in mitochondria and Bcl-2 inhib-
its Beclin 1-dependent autophagy [90]. HSpin 1 is a
transmembrane protein that is localized primarly in the
mitochondria. HSpin 1 has been shown to bind Bcl-2
and Bcl-xL (but not Bax and Bak) influencing mito-
chondrial autophagy in a caspase independent manner
[91]. Moreover, autophagy is negatively regulated by
MTOR, a key signaling protein that integrates signals
from nutrients and growth factors. The pathways lead-
ing to mTOR are often altered in human cancer. The
common consequence of these alterations is up-
regulation of mTOR, which in turn inhibits autophagy
and contributes to tumorigenesis. mMTOR has been
shown to be partly associated with the mitochondrial
OM [92] and the functional significance of this observa-
tion is currently investigated by many laboratories, in-
cluding ours. Finally, recent work revealed that auto-
phagy is regulated also by p53 as a result of its activa-
tion [93,94]. In light of the finding that in some systems
autophagy and apoptosis seem to be interdependent
phenomena, molecular switches are likely to link the
two types of cell death.

Mitochondria and Necrosis

The core events of necrosis are bioenergetic failure
and rapid loss of plasma membrane integrity. Perturba-
tion of intracellular ion homeostasis can result in mito-
chondria dysfunction, opening of PTP, loss of Ay, and
diminished ATP production.

PTP opening is a common pathway leading to both
necrotic and apoptotic cell death. In contrast to necrotic
cell death which is a consequence of ATP depletion,
ATP is required for the development of apoptosis [95].
Thus the balance between ATP depletion after the PTP
opening and ATP generation by glycolysis determines
whether the fate of cells will be apoptotic or necrotic
death [96]. During stress conditions (such as anoxia,
ischemia), mitochondrial ATP formation is impaired and
the cell becomes profoundly ATP depleted, which leads
to necrotic cell death. By contrast, if the MOMP does
not involve all mitochondria within a cell or progresses
slowly as may occur after less severe ischemia, then
ATP levels may recover, at least in part (i.e. after reper-
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Fig. (3). Alterations of mitochondrial cell death in common pathologies. (A) In normal conditions the rate of cell death is finely
regulated to guarantee the correct tissue homeostasis. (B) In cancer cells the cell death process is downregulated (e.g. Bcl-2
overexpression and thus apoptotic inhibition), on the contrary (C) in neurodegenerative diseases the cell death program is
upregulated e.g. due to excessive PTP opening and in turn apoptosis challenge, or massive ATP depletion such as after

ischemic injury.

fusion), especially if glycolytic substrate is abundant.
Partial ATP recovery prevents necrotic cell killing and
ATP supply can mediate a switch from necrosis to
apoptosis. Even after initiation of apoptosis, necrosis
may supervene if ATP levels subsequently fall [97].
Moreover, is important to remember that also the ex-
tent of PTP opening probably determines the balance
between apoptosis and necrosis.

During a mild stress, transient opening of the PTP
can occur in highly Ca”*-sensitive mitochondrial popu-
lation, leading to the release of pro-apoptotic proteins
from intermembrane space and the induction of apop-
tosis. However, the majority of mitochondria must re-
main competent for ATP synthesis, otherwise the en-
ergy requiring processes of apoptosis could not occur.
More severe insults, on the other hand, cause deple-
tion of Ca®* stores with the induction of sustained
global Cca®" elevations that inhibit mitochondrial func-
tion with a consequent irreversible PTP opening, dras-
tic fall of ATP production, prematurely activate diges-
tive enzymes and cell death occur via necrosis [98].

Many human tumors carry mutations that inactivate
apoptotic pathways. Inactivation of apoptosis allows
tumor cells to proliferate beyond normal homeostatic
control. Necrosis represents an alternative pathway for
tumor cells to be eliminated. The inflammatory compo-
nent of necrotic death has the potential advantage of
stimulating an immune response that could increase
the efficacy of tumor cell killing. The balance between
apoptotic and necrotic cell death may be modulated to
potentiate a patient's immune response to a tumor.
However, inflammatory responses induced by necrosis
may also be associated with systemic toxicity. Cell ne-
crosis plays a role in a number of disease processes
including vascular-occlusive disease, neurodegenera-
tive diseases, infection, inflammatory diseases, expo-
sures to toxins, and cancer [36].

CALCIUM AND MITOCHONDRIAL CELL
DEATH

ca” is a global positive effector of mitochondrial
function, and thus any perturbation in mitochondrial or
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cytosolic Ca” homeostasis will have profound implica-
tions for cell function, for example, at the level of ATP
synthesis.

At the same time, Ca®* overload, frequently ob-
served in a variety of pathological condition, adversely
affects mitochondrial function, and Ca** signals have
been implicated in triggering the various forms of cell
death. Such a dual function, i.e. the control of the two
extremes of cell fate decision requires a tight signaling
control and the activity of the f|ner timed decoding
mechanisms. Mitochondrial Ca** homeosta3|s appears
to be an important check point. Indeed, [Ca "I favors
the opening of PTP, one of the main mechanism for
mitochondria shape changes and ensuring release of
caspase cofactors residing in the organelles. In addi-
tion, the activity of apoptotic agents and cellular
stresses sensmzes the organelles, causing the transla-
tion of a Ca*"* signal into a death promoting process. At
least two conceptual mechanlsms have been de-
scribed. In the first, a larger Ca”" load into the organelle
is triggered, with a variety of molecular mechanisms
and cellular targets from the caspase induced cleav-
age of the Ca®* cleaning machinery (e.g. the PMCA in
neurons [40] and |n hepatocytes [99]) to the enhanced
loading of ER Ca” stores [100] to the induction of ca*
release of internal stores [23]. The second, non alterna-
tive route, is the sensitization of the mitochondrial tar-
gets, such as ATP, to the effect of Ca®.In an elegant
series of experiments, Hajnoczky and co-workers,
showed that the lipid mediator of apoptosis, ceramide,
enhances the Ca’* sensitivity of PTP. Thus, in the
presence of sub-threshold concentrations of ceramide
(incapable per se of triggering cell death), stimulation
with phy3|oloqucal doses of an IP; generating agonist
causes a Ca” wave that is immediately followed by a
wave of mitochondrial depolarization, indicative of PTP
opening [101]. In their model prolonged exposure to
pro-apoptotic stimuli or large Ca”® overload are not
necessary to induce cell death, but rather PTP opening
is the consequence of a coincident detection of short-
living signals: it is dependent on a privileged ca” sig-
nal transmission between IP3 receptor and mitochon-
dria, in addition to a yet unidentified direct effect of the
pro-apoptotic lipid on mitochondria. In this contest, it is
not surprising that important oncogenes act as ca®'
modulators [102]. The original observation was made
with Bcl-2. Its overexpression (i.e. the event occurring
in a variety of human cancers) causes a Ca”" leak from
the ER, and thus reduces the steady state ER Ca®*
levels (and the net amount of Ca*" that can be released
from the organelle upon stimulation [34]). As a conse-
quence, mitochondrial ca* loading is reduced and pro-
apoptotic organelle changes prevented. This scenario
is supported by the observation that any experimental
manoeuvre that reduces ER Ca®* filling mimics the
anti-apoptotic effect of Bcl-2 and protects from a variety
of apoptotic challenges [23]. Accordingly, genetic abla-
tion of the pro-apoptotic proteins Bax and Bak (fre-
quently observed in cancer and associated to in-
creased re3|stance to apoptotic death) causes a large
reduction in [Ca ] within the ER and a drastic reduc-
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tion in the transfer of Ca** from ER to mitochondria
[100,103]. On the other hand, treatments that in-
creased [Ca "] within the stores have the opposite ef-
fect on the susceptibility of cells to the apoptotic stimu-
lus inducing mitochondrial Ca” overload. Overall, up-
regulation of mitochondrial Ca” homeostasis is now
recognized to play an active roIe in apoptosis by
SW|tch|ng the mitochondrial Ca** signaling to facilitate
Ca**-induced opening of the PTP and release of apop-
togenic factors such as cytochrome c. A role of Cca” in
cell death, however, is not restricted to the mechanism
of this family of regulators of apoptosis.

Cardiac ischemia-reperfusion injury and neuronal
eXCItOtOXICIty are two example in which overload of
[Ca "Im induce cells to undergo apoptosis or necrosis in
response to different stimuli [104,105]. Excitotoxicity
results from the release of excess neurotransmitters
and the engagement of cell membrane receptors with
excitatory amino acids (EAA) such as ionotropic N-
methyl-D-aspartate (NMDA), kainate, and 2-amino
propionate (AMPA). Excitotoxins share the property of
inducing increased intracellular Ca®" via L-type Ca**
channel, transient receptor potential (TRP) cation
channels or ASIC [106]. These initial Ca”" entries acti-
vate Ca’ —dependent proteases such as calpains to
cleave the Na /Ca exchanger NCX that is required for
extrusion of Ca®*. This leads to impairment of ca’ ex-
trusion, hence to a sustained intracellular Ca*" increase
[41] Thus, an important role can be attrlbuted to a
“self-amplification” mechanism for cytosolic Ca®" spikes
under these conditions. A prolonged mcrease in cyto-
solic Ca®* can trigger mitochondrial Ca®" overload that
leads to opening of PTP and ATP depletion, as well as
the activation of Ca** -dependent proteases Like many
other insults, increased cytosolic Ca”* can initiate either
apoptosis or necrosis. The outcome of cell death is
probablg determined by the concentration of cytoplas-
m|c Ca“". Whereas low to moderate Ca** (200—400

M) tnggers apoptosis, higher concentration of Ca**
(>‘I pUM) is associated with necrosis [107]. This may
explain why ca” reIeased from the ER is mostly apop-
totic, whereas Ca”" influx through the plasma mem-
brane is associated with necrosis.

Overload of [Ca*], is a key event in ische-
mia/reperfusion (IR) injury with the end point being
opening of the PTP, cytochrome c release, and apop-
tosis/necrosis. After IR, the fate of the cell is deter-
mined by potency of the effect. If minimal, the cell may
recover; if moderate, the cell may undergo pro-
grammed cell death; if severe, the cell may die from
necrosis due to inadequate energy production. Mito-
chondria thus can serve as arbiter of cell fate in re-
sponse to stress.

Finally, the cross-talk between Ca®*, mitochondria
and autophagic cell death is still largely unclear. The
involvement of different mitochondrial proteins, impor-
tant for Ca®* homeostasis, in several crucial steps of
the autophaglc process, suggests a possible alteration
of [Ca*'] as key step in triggering this type of PCD. In
this case, however, our knowledge is still superficial,
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and the direct investigation of ca”™ signaling, and its
cellular targets in autophagy, represents a fascinating
challenge for the years to come.
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