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REVIEW

Necrotic death as a cell fate
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Organismal homeostasis depends on an intricate balance
between cell death and renewal. Early pathologists rec-
ognized that this balance could be disrupted by the ex-
tensive damage observed in internal organs during the
course of certain diseases. This form of tissue damage
was termed “necrosis”, derived from the Greek “nekros”
for corpse. As it became clear that the essential building
block of tissue was the cell, necrosis came to be used to
describe pathologic cell death. Until recently, necrotic
cell death was believed to result from injuries that
caused an irreversible bioenergetic compromise. The cell
dying by necrosis has been viewed as a victim of extrin-
sic events beyond its control. However, recent evidence
suggests that a cell can initiate its own demise by necro-
sis in a manner that initiates both inflammatory and/or
reparative responses in the host. By initiating these adap-
tive responses, programmed cell necrosis may serve to
maintain tissue and organismal integrity.

Up until 1971, the term “necrosis” was used for all types
of cell death. When Kerr (1971) et al. first observed a form
of nonpathologic cell death in certain tissues, they
termed it shrinkage necrosis. As shrinkage necrosis be-
came implicated in the control of organ homeostasis, it
was renamed apoptosis (Kerr et al. 1972). Over the last
three decades, apoptotic cell death has been well char-
acterized at both the genetic and biochemical levels.
These studies have demonstrated that while apoptosis is
often initiated in response to toxic insults, the ultimate
fate of the injured cell is self-determined. During apopto-
sis, the injured cell degrades its internal constituents and
signals for the clearance of the resulting corpse through
phagocytosis. While apoptotic cell death has become in-
creasingly well defined, our notions of necrotic cell
death has become progressively more vague. At present,
the most widely accepted way to define necrotic cell
death is to show that the death was not mediated by
apoptosis (Table 1).

Morphologic description using light or electron mi-
croscopy remains the best way to define necrosis and
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contrast it with apoptosis. Apoptosis is characterized
morphologically by pyknosis (deep staining of nuclear
mass), nuclear fragmentation, and formation of con-
densed cell bodies (apoptotic bodies). This ordered mor-
phology depends on the ability of the dying cell to engage
in ATP-dependent processes of self-degradation. In con-
trast, necrosis can be defined morphologically by elec-
tron-lucent cytoplasm, swelling of cellular organelles,
and loss of plasma membrane integrity (Table 1). These
events can be reproduced experimentally by impairing a
cell’s ability to produce ATP. Because of these morpho-
logical and bioenergetic differences, apoptosis is now
widely regarded to be analogous to an active or pro-
grammed form of cell death. In contrast, necrosis has
come to be referred to as a form of cell death that is
uncontrolled or pathological. The concept that necrosis
is unprogrammed is reinforced by the fact that necrotic
cell death can be caused by exposures of cells to supra-
physiological conditions such as mechanical force, heat,
or cold.

Recent studies have demonstrated that in response to
a given death stimulus, there is often a continuum of
apoptosis and necrosis. Many insults induce apoptosis at
lower doses and necrosis at higher doses. Even in re-
sponse to a certain dose of death-inducing agent, features
of both apoptosis and necrosis may coexist in the same
cell. In addition, if not engulfed by neighboring cells or in
cell culture, where phagocytosis does not usually hap-
pen, dead cells in the late stages of apoptosis may present
necrotic features due to the loss of cellular energy and
plasma membrane integrity. This process is called “ap-
optotic necrosis” or “secondary necrosis” (Majno and
Joris 1995).

Despite the idea that necrosis is an uncontrolled or
default form of cell death, accumulating studies have
suggested that this may not be true. Rather, it appears
that necrotic cell death can be a regulated event that
contributes to development and to the maintenance of
organismal homeostasis. Terms such as autolysis, onco-
sis (Majno and Joris 1995), pyroptosis (Cookson and Bren-
nan 2001}, necrapoptosis (Lemasters 1999), and necrop-
tosis (Degterev et al. 2005) have been used to describe
modes of nonapoptotic cell death that display aspects of
programmed cellular suicide. In this review, we discuss
the evidence that metazoan cells can initiate their own
death by necrosis. The genetic components of this pro-
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Table 1. Comparison of apoptosis and necrosis as two
distinct modes of programmed cell death

Apoptosis Necrosis

(1) Energy-dependent-organized (1) Bioenergetic
impairment-disordered
(2) Plasma membrane
integrity lost
(3) Random DNA
degradation
(4) Immuno-suppressive; e.g.,  (4) Immuno-stimulating; e.g.,
lysophosphatidylcholine high mobility group
(LPC) protein Bl (HMGB1)
(5) Cell elimination; e.g., (5) Initiation of cell growth
phosphatidylserine (PS) and tissue repair; e.g.,
hepatoma-derived growth
factor (HDGF)

(2) Plasma membrane
integrity maintained
(3) Ordered DNA degradation

Apoptosis is energy-dependent. In dying cells, the plasma mem-
brane integrity is maintained, and the intracellular content such
as DNA is degraded in an orderly fashion. Molecules such as PS
are exposed on the plasma membrane to facilitate the engulf-
ment of apoptotic cells via phagocytosis, and molecules such as
LPC are secreted to suppress immune response. Necrosis is
characterized by bioenergetic catastrophe, which results in the
cell demise in a disordered fashion. Molecules such as HMGB1
and HDGEF are selectively released by the dying cells to stimu-
late immune response or activate wound repair.

grammed cell necrosis involve (1) gene products that
function in the dying cell to induce an irreversible bio-
energetic compromise that results in cell death, and (2)
gene products that are selectively released into the ex-
tracellular environment to trigger a host response. The
evolutionary advantage conferred by necrosis is that it
allows cells to actively recruit a defensive or a reparative
response to regions of multicellular organisms that have
sustained damage or invasion. Programmed cell necrosis
can be a consequence of extracellular signaling or can be
initiated as a form of cellular suicide in response to in-
tracellular perturbations. Cell suicide by necrosis ap-
pears to have evolved to allow multicellular organisms
to have an early warning system to recognize and adapt
to events that might compromise the integrity of the
organism as a whole. As such programmed cell necrosis
plays a role in a number of disease processes including
vascular-occlusive disease, neurodegenerative diseases,
infection, inflammatory diseases, exposures to toxins,
and cancer (Majno and Joris 1995; Proskuryakov et al.
2002; Yuan et al. 2003).

Physiological roles and significance of necrosis

While mediators of necrosis such as calcium and reactive
oxygen species (ROS) have been reported to contribute to
apoptosis, recent studies have begun to demonstrate that
the ability of such mediators to initiate necrotic cell
death depends on active participation by the dying cell.
The core events of necrosis are bioenergetic failure and
rapid loss of plasma membrane integrity. These can re-
sult from defined molecular events that occur in the dy-
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ing cell, including increased mitochondrial ROS produc-
tion, channel-mediated calcium uptake, activation of non-
apoptotic proteases, and/or enzymatic destruction of co-
factors required for ATP production. In addition, these
necrotic mediators are often induced in the dying cell
simultaneously and potentiate each other’s ability to ini-
tiate the demise of the cell. Several physiological, patho-
logical, and pharmacological conditions where necrosis
may play an important role are discussed below.

Vascular-occlusive disease

Vascular-occlusive injury is caused by transient tissue
ischemia due to obstruction of blood flow to a tissue,
followed by reperfusion. Such events can lead to heart
failure, brain damage, or limb loss (Neumar 2000). The
ultimate consequence of transient vascular occlusion
varies depending on the duration of ischemia and the
extent of subsequent reperfusion. As a direct conse-
quence of the ischemic phase, the glucose and oxygen
supply becomes limited. Cells are forced to maintain
ATP production by anaerobic glycolysis using glycogen
stores and the remaining glucose in the surrounding tis-
sue fluid (Dennis et al. 1991). This can lead to local tis-
sue acidosis (Steenbergen et al. 1993; Gottlieb et al.
1996). As blood flow is re-established, the reintroduction
of oxygen into the ischemic tissue leads to a burst of
ROS production as a result of an acute increase of mito-
chondrial electron transport and enhanced activity of en-
zymes such as xanthine oxidase and NADPH oxidase
(Zweier et al. 1987; Nordberg and Arner 2001). Hypoxia,
glucose depletion, acidosis, and ROS production can all
contribute to cell death. While these stress stimuli are
known to contribute to apoptosis, they can lead to active
necrosis as well (Neumar 2000; Padanilam 2003; Foo et
al. 2005; Logue et al. 2005). Acidosis can result in Ca>*
influx by activating acid-sensing ion channels (ASICs)
(Xiong et al. 2004). Sustained Ca>* can stimulate mito-
chondrial dehydrogenases, impairing the cell’s ability to
suppress electron flux through the electron transport
chain during hypoxia (McCormack et al. 1990). This en-
hanced level of NADH production contributes to a para-
doxical increase in mitochondrial ROS production fol-
lowing reperfusion. Mitochondrial ROS can lead to dis-
ruption of mitochondrial inner membrane integrity and
loss of the ability to generate ATP (Crompton et al. 1987;
Griffiths and Halestrap 1995). Collectively, these events
result in an active form of necrosis that initiates an in-
flammatory/wound repair response in the compromised
tissue.

Recent evidence has confirmed that the necrotic cell
death that occurs in such vascular injuries depends on
the activity of genes acting in cis in the dying cell. For
example, animals deficient in cyclophilin D (CypD), a
component of the mitochondrial permeability transition
(mPT) pore, are resistant to the necrotic, but not the
apoptotic cell death that occurs during ischemia-reper-
fusion injury. Inhibition of CypD, or treatment with
Ca?* channel blockers or ROS scavengers can limit this
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form of necrotic cell death (Baines et al. 2005; Basso et al.
2005; Nakagawa et al. 2005; Schinzel et al. 2005).

Excitotoxicity and neurodegenerative disease

Cell death plays important roles in normal brain devel-
opment as well as in central nervous system (CNS) dis-
ease (Oppenheim 1991; Sadoul 1998). At least two
mechanistically different forms of cell death have been
described in the CNS. Growth-factor deprivation-in-
duced cell death contributes to the elimination of excess
neurons at the completion of neural development
(Purves et al. 1988). In this form of cell death, the loss of
signal transduction from neurotrophic factors results in
apoptotic cell death. In contrast, persistent excitation
can lead to the death of mature neurons (Sattler and
Tymianski 2001). Neuronal cells that are resistant to
apoptosis as a result of a combined deletion of the re-
quired apoptotic factors Bax and Bak remain sensitive to
excitotoxin-induced death (Lindsten et al. 2003). Excito-
toxic cell death has the features of necrosis under these
conditions.

Excitotoxicity results from the release of excess neu-
rotransmitters and the engagement of cell membrane re-
ceptors with excitatory amino acids (EAA) such as iono-
tropic N-methyl-D-aspartate (NMDA), kainate, and
2-amino-3-propionate (AMPA). Excitotoxins share the
property of inducing increased intracellular Ca** by re-
leasing the endoplasmic reticulum (ER) Ca** pool and/or
inducing transport of extracellular Ca** through plasma
membrane transporters. Persistently elevated cytosolic
Ca®* has been implicated in excitotoxic cell death (Nico-
tera et al. 1999; Sattler and Tymianski 2001). In neurons,
inhibition of Ca®>* uptake by mitochondria can suppress
excitotoxic cell death (Stout et al. 1998). Excitotoxicity
plays an important role in many CNS disorders, includ-
ing seizures, trauma, and possibly neurodegenerative dis-
orders such as Alzheimer’s and Huntington’s diseases.

Viral and microbial infections

During infection, a dynamic interaction between the
pathogen and the host immune response occurs. While
pathogens have evolutionarily developed strategies to fa-
cilitate their own survival and propagation, the hosts
have also developed defense systems against the foreign
invaders. Many pathogens have evolved ways to suppress
host cell death in order to complete their life span and
duplication cycles (Benedict et al. 2002; Cuconati and
White 2002). This strategy is particularly important to
viruses, since viruses are dependent on maintenance of
host cell processes to sustain their replication cycle.
However, some pathogens have also evolved ways to in-
duce the death of cells of the host’s immune system
(Weinrauch and Zychlinsky 1999; Gougeon 2003). Most
of this induced cell death has been characterized as ap-
optotic. However, recently, HIV-1 has been shown to kill
CD4(+) T lymphocytes by necrosis rather than apoptosis
(Bolton et al. 2002; Lenardo et al. 2002). Sindbis virus
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causes encephalomyelitis by inducing cell death in the
central nervous system (CNS). There is evidence sug-
gesting that the inflammatory aspect of the illness
comes from necrotic cell death initiated by excitotoxic
amino acids or ROS-mediated activation of poly(ADP-
ribose) polymerase (PARP) (Irusta and Hardwick 2004;
Griffin 2005).

Bacterial type III secretion systems (TTSS) are used by
animal pathogens from the genera Shigella, Salmonella,
and Yersinia to deliver specific bacterial proteins into
host cells (Ipa in Shigella, Sip in Salmonella, and Yop in
Yersinia). Such toxins are able to induce the death of
infected macrophages (Phalipon and Sansonetti 2003;
Guiney 2005; Zhang and Bliska 2005). In the case of Sal-
monella, this macrophage death can happen within 1 h
of the infection. This rapid cell death appears to have
features of necrosis and is dependent on the host cell’s
expression of caspase-1. The biological significance of this
caspase-1-dependent necrosis has been discussed else-
where (Boise and Collins 2001; Cookson and Brennan
2001; Jarvelainen et al. 2003; Hueffer and Galan 2004).

Treatment of cancer

The development of resistance to apoptosis is an impor-
tant step in carcinogenesis. Despite this resistance, can-
cer therapeutic drugs are effective because of their ability
to induce cancer cell selective death. Cancer biologists
have begun to consider whether effective cancer thera-
peutics might induce cell death by activating necrosis.
Approaches reported to be able to induce necrotic death
in cancer cells include photodynamic treatment (PDT)
and alkylating DNA-damaging agents (see below). Sev-
eral other chemicals or agents such as B-lapachone, apo-
ptolidin, and honokil also appear to induce cancer cell
death through necrosis (Li et al. 1999; Salomon et al.
2000; Tagliarino et al. 2001; Bai et al. 2003).

PDT involves administration of a photosensitizing
molecules to the tumor (Uehlinger et al. 2000). Upon
excitation with light from various spectra, the photosen-
sitizer generates ROS (primarily singlet oxygen) that can
lead to cell death. The preferential accumulation of cer-
tain photosensitizing compounds in tumor cells and the
ability to treat only the defined tumor area make PDT a
promising therapeutic approach to treat cancer patients.
Numerous signaling pathways are activated in PDT-me-
diated cell death. PDT is effective even in cancer cells
resistant to apoptosis. For example, apoptotic resistance
induced by overexpressing Bcl-2/Bcl-xL does not prevent
PDT-induced cell death, and a breast cancer xenograft
lacking caspase-3 is sensitive to PDT treatment (Whita-
cre et al. 2002). Moreover, dead cells resulting from PDT
treatment have been shown to possess potent immunoge-
nicity (Gollnick et al. 2002). This is consistent with the
pro-inflammatory effect of necrosis but not apoptosis.

PDT can induce necrosis at several levels (Agostinis et
al. 2004; Almeida et al. 2004). When the photosensitiza-
tion compounds are localized in the plasma membrane,
cells die by necrosis due to the loss of plasma membrane
integrity (Fabris et al. 2001; Hsieh et al. 2003). Activation
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of photosensitizers on lysosomes may disrupt the lyso-
somal membrane and result in the release of lysosomal
proteases that may also lead to necrosis (Reiners et al.
2002). The majority of the PDT lethality appears to re-
sult from mitochondrial damage. Upon PDT treatment,
both loss of mitochondrial inner membrane potential
(mPT) and release of cytochrome ¢ have been observed.
However, as in many other situations, cytochrome c re-
lease and mPT in response to PDT may occur indepen-
dent of each other (Chiu and Oleinick 2001), with mPT
contributing to necrosis. Another factor that contributes
to the onset of necrosis is intracellular Ca**. Multiple
mechanisms have been proposed to account for the in-
tracellular Ca®* increase.

A cell’s resistance to PDT-induced necrosis can be
modulated. ROS scavengers can protect cells from PDT,
while inhibition of superoxide dismutase (SOD) increases
cell sensitivity to PDT (Miccoli et al. 1998; Golab et al.
2003). The mPT inhibitor cyclosporine A and Ca** chelator
BAPTA also suppress cell death in response to PDT treat-
ment (Inanami et al. 1999; Belzacq et al. 2001).

DNA-alkylating agents are the most widely used and
effective chemotherapeutic drugs used in cancer treat-
ment (Chabner and Longo 2005). The mechanisms by
which DNA-damaging agents affect tumor survival re-
main controversial. Several mechanisms for tumor-se-
lective cell death in response to DNA alkylators have
been proposed, including p53-mediated apoptosis, mi-
totic catastrophe, and PARP-mediated necrosis. Among
these, the p53-mediated pathway is best understood, yet
does not address why cancer cells that lack functional
P53 remain sensitive to DNA-damaging agents. Mitotic
catastrophe is defined as cell death resulting from aber-
rant cell mitosis in cancer cells that are usually defective
in their mitotic checkpoint and will attempt to undergo
cytokinesis without completing DNA repair. The mo-
lecular signature for mitotic catastrophe remains to be
clearly defined and this form of cell death may share
intermediates with apoptosis and/or necrosis.

The nuclear enzyme PARP can also initiate cell-au-
tonomous necrosis. PARP is activated by DNA strand
breaks, resulting in destabilization of the surrounding
chromatin and allowing DNA repair enzymes access to
the damaged DNA (de Murcia and Menissier de Murcia
1994). While inhibition of PARP may lead to tumor de-
velopment by promoting genomic instability (de Murcia
et al. 1997; Wang et al. 1997) or may contribute to cell
death as an anti-tumor strategy in cells lacking other
components of DNA repair (de Murcia et al. 1997; Bryant
et al. 2005; Farmer et al. 2005), acute activation of PARP
can induce necrosis (Ha and Snyder 1999). PARP activa-
tion results in necrosis by depleting the cellular NAD
pool. This results in tumor selective cell death, because
proliferative tumor cells are dependent on cytosolic
NAD to maintain the ability to metabolize glucose and
produce ATP. PARP depletion of cytosolic NAD pre-
vents cells from using glucose as a metabolic substrate
(Zong et al. 2004). Inhibition of PARP activity using
PARP inhibitors or RNA interference (RNAi) confers re-
sistance to necrosis induced by DNA-alkylating agents.
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Embryonic development

While apoptosis plays an important role in tissue remod-
eling during embryonic development, whether necrosis
also contributes to development remains a subject of de-
bate. Evidence exists that apoptosis may not be the only
form of cell death to eliminate unwanted cells during
embryogenesis. Gene disruption of Apaf-1 results in peri-
natal lethality, however, digit separation, which depends
on the death of interdigital web cells, still occurs (Cec-
coni et al. 1998; Yoshida et al. 1998). The dead cells in
the interdigital area in Apaf-1-deficient embryos appear
to be necrotic. The same result is obtained when wild-
type embryos were cultured in the presence of the
caspase inhibitor z-VAD-fmk (Chautan et al. 1999). Stud-
ies using z-VAD-fmk or caspase-3-deficient embryos sug-
gest that necrosis may also be involved in inner ear de-
velopment (D. Fekete and M. Bever, pers. comm.). The
potential of necrosis to contribute to embryonic devel-
opment has not been extensively investigated. Surpris-
ingly, mice deficient in both multidomain proapoptotic
Bax and Bak, in which the mitochondrial apoptosis path-
way is completely blocked, are born with relatively nor-
mal tissue development and grow to adulthood (Lindsten
et al. 2000). This suggests that a form of cell death inde-
pendent of the mitochondrial apoptosis pathway can com-
pensate for the lack of apoptotic death in these animals.

Molecular mechanisms of programmed cell necrosis

The fundamental feature that distinguishes most forms
of necrosis from apoptosis is the rapid loss of cellular
membrane potentials. The inability to maintain these
electrochemical potentials results in cytoplasmic swell-
ing, rupture of the plasma membrane, and cytolysis. This
loss of membrane potentials may be a consequence of
cellular energy depletion, damage to membrane lipids,
and/or loss of function of homeostatic ion pumps/chan-
nels. These defects can synergize in the induction of ne-
crotic cell death. For example, defective ATP production
and/or excessive ATP consumption can lead to a decline
in function of the ATP-dependent ion pumps on the
plasma membrane. Perturbation of intracellular ion ho-
meostasis can result in mitochondrial dysfunction and
diminished ATP production. It is often difficult to deter-
mine whether the loss of ATP production or the disrup-
tion of channel function occurs first.

Energy failure as a cause of necrosis

The decline in function of the ATP-dependent ion
pumps in the cytoplasmic membrane can lead to the
opening of a so-called death channel in the cytoplasmic
membrane that is selectively permeable to anions and
inhibitable by glycine (Nishimura and Lemasters 2001).
The opening of the death channel results in colloid os-
motic forces and entry of cations that drive the cytoplas-
mic membrane swelling, and ultimately rupture.
Cellular stress resulting from nutrient starvation or a
reduced oxygen supply often results in ATP depletion.
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Necrosis is often observed in the internal regions of tu-
mors where nutrient and oxygen supplies are limited. In
cultured cells, nutrient deprivation or growth factors
withdrawal leads to apoptotic cell death initiated by pro-
apoptotic Bcl-2 proteins (Lindsten et al. 2000; Rathmell
et al. 2000, 2003; Wei et al. 2001). When the apoptotic
machinery is inhibited by overexpressing anti-apoptotic
Bcl-2 family members such as Bcl-2 and Bcel-xL, or by
knocking out the proapoptotic members Bax and Bak,
cells can maintain themselves transiently by autophagy.
Cellular autophagy allows cells to maintain bioenerget-
ics and viability by consuming their own intracellular
macromolecules (Rathmell et al. 2000; Lum et al. 2005).
However, the cells die by necrosis when their intracel-
lular supply of metabolic substrates are depleted, unless
nutrients and/or growth factors are restored to the cul-
ture medium (Lum et al. 2005).

Manipulating cell metabolism and ATP generation/
consumption can regulate cell fate. In healthy cells, the
ATP levels are in the millimolar range, and as a result,
no single biochemical reaction can instantly overwhelm
the intracellular ATP pool. However, because cells de-
pend on so many ATP-dependent reactions, ATP levels
can rapidly decline if the cell’s ability to generate ATP is
impaired. Cells can generate ATP through oxidative
phosphorylation and/or glycolysis. Oxidative phosphory-
lation occurs in the mitochondrial matrix, while glycoly-
sis occurs in the cytosol. While oxidative phosphoryla-
tion is much more efficient in generating ATP from me-
tabolites, glycolysis can generate ATP at a more rapid
rate (Pfeiffer et al. 2001). A cell’s ability to sustain itself
by glycolysis is limited by its glucose supply and the rate
at which the metabolic end product lactate can be
cleared.

Vegetative cells can metabolize a variety of metabolic
substrates to maintain ATP production through oxida-
tive phosphorylation and can thus survive variations in
glucose availability and metabolism without difficulty.
However, because their ability to take up glucose is lim-
ited, vegetative cells adapt to changes in ATP demand
slowly. In contrast, growing cells produce ATP almost
exclusively from glucose (Bauer et al. 2004). Under most
circumstances, their ability to take up glucose exceeds
their metabolic needs. Because these cells can redirect
the excess pyruvate that they normally secrete as lactate
into the TCA cycle, growing cells have an enormous
capacity to adapt to increased ATP demand. However,
the ability of growing cells to degrade lipids and amino
acids is limited because these substrates are redirected
into synthetic processes. Thus, growing cells are depen-
dent on glucose metabolism to sustain ATP levels.

Inhibition of mitochondrial respiration induces
necrosis in vegetative cells

The mitochondrial respiratory chain transfers electrons
from NADH-FADH, to oxygen, generating a membrane
potential across the mitochondrial inner membrane as
protons are pumped across the inner membrane. The re-
sulting electrochemical gradient drives protons back
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into the matrix through the FyF,-ATPase generating
ATP from ADP and Pi. Inhibition of mitochondrial res-
piratory chain activity results in reduced cellular ATP
and can induce cell death by necrosis (Hartley et al. 1994;
Woodgate et al. 1999; Ohgoh et al. 2000).

Mitochondrial permeability transition, also known as
mitochondrial depolarization, is defined as the loss of
transmembrane potential of the mitochondrial inner
membrane (Haworth and Hunter 1979; Hunter and
Haworth 1979a,b). mPT leads to the loss of the proton
gradient and a shutdown of ATP generation through oxi-
dative phosphorylation. Permeability transition (PT)
pores open in the mitochondrial inner membrane in re-
sponse to stimuli such as increased intracellular Ca**,
inorganic phosphate, alkaline pH, and ROS.

The physiological function of the PT pore core com-
plex remains poorly understood. As long as the PT pore
is open, a cell cannot generate ATP by oxidative phos-
phorylation. While the opening of the PT pore has been
proposed to amplify apoptosis by mediating release of
mitochondrial apoptogenic factors, its persistent open-
ing leads to necrotic cell death (Marzo et al. 1998; Narita
et al. 1998; Pastorino et al. 1998). Although a number of
papers have implicated the adenine nucleotide translo-
case (ANT), which mediates ADP-ATP exchange across
the mitochondrial inner membrane as a component of
the PT pore, mPT still occurs in the ANT-deficient
mitochondria in response to several known mPT in-
ducers such as calcium ionophores (Kokoszka et al.
2004), t-butylhydroperoxide (Halestrap et al. 1997), and
diamide (McStay et al. 2002), indicating that ANT
may not be essential for mPT. Studies have shown that
death of ANT-deficient hepatocytes in response to Ca>*
occurs via a necrotic cell death pathway that is caspase
independent and can be blocked by cyclosporine A
(Kokoszka et al. 2004). Cyclosporine A binds to CypD
and competes it away from the PT pore complex, thus
inhibiting mPT (Nicolli et al. 1996; Halestrap et al.
1997). Alternatively, cyclosporine A may also inhibit the
PPI activity of CypD, and thereby inhibit mPT (Clarke et
al. 2002).

The potent inhibitory effect of Cyclosporine A on
Ca**-induced cell death in ANT-deficient cells indicates
that CypD is a key regulator of mPT-related necrosis.
Indeed, overexpression of CypD sensitizes a neuronal
cell line to mPT and necrosis induced by Ca?* and ROS,
yet inhibits caspase activation and apoptosis. These re-
sults suggest that mPT may have opposite roles in in-
ducing necrosis or apoptosis (Agostinis et al. 2004). This
theory is supported by gene knockout studies. CypD de-
ficiency renders cells resistant to necrosis induced by
H,0, and Ca** overload, and protects mice from cardiac
ischemia-reperfusion injury, yet has no effect on the ap-
optotic machinery. In CypD-deficient cells, cytochrome
c release and caspase activation occur normally follow-
ing apoptotic stimuli TNFa, staurosporine, etoposide,
and activation of proapoptotic Bcl-2 family members
Bax, Bak, and tBid (Baines et al. 2005; Basso et al. 2005;
Nakagawa et al. 2005; Schinzel et al. 2005). These ge-
netic studies demonstrate that CypD-mediated mPT is a
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Figure 1. DNA damage-induced necrosis occurs selectively in
growing cells. Highly proliferative cells utilize aerobic glycoly-
sis for ATP production as other nutrient sources such as amino
acids and lipids are redirected into synthetic reactions that sup-
port cell growth and proliferation. In response to alkylating
DNA damage, the nuclear enzyme PARP is activated and de-
grades NAD into poly(ADP)-ribose polymers and nicotinic acid
mononucleotide (NAM). The consumption of NAD depletes the
cellular NAD pool and shuts down the cell’s ability to degrade
glucose to support ATP production, leading to necrosis.

key effector of cellular necrosis. How CypD becomes
activated to induce mPT remains unclear. While H" in-
hibits mPT, Ca®>" promotes it, suggesting possibilities
that CypD may change conformation in response to
acidification or as a result of Ca>* binding.

These recent studies on CypD, together with studies
on the Bcl-2 family of proteins, support the theory that
the mitochondrion plays a key role in controlling both
apoptosis and necrosis. While Bax and Bak function on
the mitochondrial outer membrane to mediate the re-
lease of apoptogenic factors into the cytosol during apo-
ptosis, CypD controls the PT pores on the inner mem-
brane during necrosis.

Necrosis in growing cells

When mitochondrial respiration is inhibited, or under
the circumstances where oxygen supply is limited, cells
may switch from oxidative phosphorylation to glycolysis
to generate ATP. Highly proliferating cells such as lym-
phocytes and tumor cells undergo net protein and lipid
synthesis. As a result, they maintain ATP production
almost exclusively through catabolizing glucose through
a mixture of glycolysis and oxidative phosphorylation
termed aerobic glycolysis (Holt 1983; Baggetto 1992).
Inhibiting glycolysis in such cells induces necrosis. In
addition, blocking glycolysis with 2-deoxyglucose can
sensitize cells to necrotic death upon treatment with
chemotherapeutic agents. In contrast, mitochondrial in-
hibitors have little effect on the viability of cells with a
high level glycolytic rate, because the cells are capable of
maintaining ATP levels without mitochondrial respira-
tion (Shchepina et al. 2002).
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One efficient way to shut down glycolysis is by acti-
vating PARP. In response to DNA damage, PARP is ac-
tivated by binding to DNA strand breaks, and catalyzes
poly(ADP)-ribosylation of a variety of proteins by con-
verting NAD into NAM and ADP-ribose (D’Amours et
al. 1999; Kim et al. 2005). Because cytosolic and mito-
chondrial NAD pools do not exchange freely across the
mitochondrial inner membrane, PARP preferentially de-
pletes the cytosolic NAD pool without affecting mito-
chondrial NAD. By depleting the cytosolic NAD pool,
activation of PARP inhibits further glucose catabolism,
preventing glucose-dependent ATP production (Berger et
al. 1983). While activation of PARP induces necrosis (Ha
and Snyder 1999), NAD replenishment rescues cells
from PARP-mediated cell death (Du et al. 2003; Ying et
al. 2003). Metabolites such as pyruvate and a-ketogluta-
rate that can be metabolized independent of cytosolic
NAD have been shown to preserve cell viability after
PARP activation (Zong et al. 2004; Ying et al. 2005), con-
firming that PARP activation induces cell death by in-
hibiting glucose catabolism. Highly glycolytic cells are
more sensitive to cell death than vegetative cells that
rely on oxidative phosphorylation to generate their ATP,
because excessive PARP activation shuts down glycoly-
sis, but has little effect on mitochondrial respiration of
nonglucosederived substrates (Fig. 1; Zong et al. 2004;
Cipriani et al. 2005).

Calcium as a mediator of necrotic cell death

Intracellular Ca®* is an important signaling molecule for
numerous cell responses including necrosis. In certain
pathological conditions, extracellular ligands can induce
Ca>*-dependent necrosis. One good example is the exci-

Ca2+

Glutamate Receptor

Ca?*-dependent <—

proteases

Figure 2. Calcium-mediated programmed necrosis. Intracellu-
lar calcium increases in response to the activation of ionotro-
phic glutamate receptors or through other calcium channels on
the plasma membrane or the ER membrane. An intracellular
calcium spike induces the activation of Ca®>*-dependent prote-
ases and stimulates mitochondrial TCA cycle activity and ROS
production. If sustained, the resulting ROS leads to mPT that is
dependent on CypD. mPT then leads to the loss of ATP produc-
tion and necrosis.
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totoxic neuronal cell death induced by excitatory amino
acids such as NMDA as detailed above (Fig. 2).

In viable cells the plasma and intracellular membranes
are virtually impermeable to Ca**. Under physiological
conditions the Ca®* concentration is ~1.2 mM extracel-
lularly, and ~0.1 uM in the cytosol. Most of intracellular
Ca®* is stored in the ER. When the ER Ca®* is released
into the cytosol, or the extracellular Ca** crosses the
plasma membrane, cell death can be initiated due to the
activation of Ca®>'-dependent proteases and/or mito-
chondrial Ca** overload. Extracellular Ca®" can enter
cells through three types of channels in the plasma
membrane: voltage-gated channels controlled by the po-
tential across the plasma membrane (Fatt and Ginsborg
1958), capacitive entry channels that are activated by the
emptying of the ER Ca?* store (Putney 1986; Berridge
1995), and the acid-sensing ion channels (ASICs) that
belong to the degenerin/epithelial sodium channel su-
perfamily (Deg/EnaC) (Waldmann et al. 1996; Bianchi et
al. 2004; Yermolaieva et al. 2004). Calcium exclusion is
maintained by the Na*/Ca®>* exchanger and plasma
membrane Ca®>* pump (PMCA), also called the Ca>*-
ATPase. To cross the ER membrane, the sarco(endo)plas-
mic reticulum Ca>*-ATPase (SERCA) is responsible for
the uptake of Ca>* from the cytosol into the ER lumen,
while the inositol-1,4,5-trisphosphate (IP3) and the rya-
nodine receptor channels are responsible for the release
of Ca®>* from the ER to the cytosol (Strehler and Treiman
2004; Saris and Carafoli 2005). PMCA and SERCA are
ATP dependent, as they transport Ca*>* against its con-
centration gradient. Both the Ca>* influx through the
plasma membrane and Ca>* release from the ER store
can contribute to a cytosolic Ca** spike and mitochon-
drial overload.

Ca?*-mediated necrosis has been the best character-
ized form of programmed necrosis. In Caenorhabditis
elegans, gain-of-function (hyperactive] mutants of the
DEG/ENaC family members MEC-4 and MEC-10 [MEC-
4(d) and MEC-10(d)] induces necrosis of touch neurons
(Driscoll and Chalfie 1991; Huang and Chalfie 1994).
MEC-4(d)-induced neuronal cell death is independent of
C. elegans apoptosis regulators, although genes required
to remove the necrotic corpse are the same as those for
the apoptotic corpse (Chung et al. 2000). Expression of
MEC-4(d) induces Ca®>* influx and activates a Ca>*-in-
duced ER Ca?* release that leads to necrosis (Xu et al.
2001; Bianchi et al. 2004). In mammalian cells, Ca*>* has
been shown to enter cells via voltage-sensitive L-type
Ca>* channels (Fryer et al. 1999), transient receptor po-
tential (TRP) cation channels (Aarts et al. 2003), or ASIC
(Xiong et al. 2004). These initial Ca>* entries activate
Ca?*-dependent proteases such as calpains to cleave the
Na*/Ca** exchanger NCX that is required for extrusion
of Ca?*. This leads to the inability for the cells to exclude
Ca®*, hence the sustained intracellular Ca®>* increase
(Bano et al. 2005). Thus, there exists a “self-amplifica-
tion” of cytosolic Ca®>* spikes under these conditions.
The prolonged cytosolic Ca** can trigger mitochondrial
Ca®* overload that leads to mPT and ATP depletion, as
well as the activation of Ca**-dependent proteases.

Programmed cell necrosis

Like many other insults, increased cytosolic Ca%* can
initiate either apoptosis or necrosis. The outcome of cell
death is probably determined by the concentration of
cytoplasmic Ca**. Whereas low to moderate Ca** (200-
400 nM) triggers apoptosis, higher concentration of Ca?*
(>1 pM) is associated with necrosis (McConkey and Or-
renius 1996). This may explain why Ca** released from
the ER is mostly apoptotic, whereas Ca*>" influx through
the plasma membrane is associated with necrosis. The
mitochondrial metabolic status may also affect the sen-
sitivity of mitochondria to Ca*>* poisoning and contrib-
ute to the determination of the death mode (Ankarcrona
et al. 1995).

ROS-initiated necrosis

Cells in an aerobic environment are constantly generat-
ing ROS. Physiologic levels of ROS can regulate tran-
scription, serve as signaling molecules, and defend
against pathogen infection. Excessive production of ROS
leads to oxidative stress, damage of intracellular mol-
ecules and organelles, and ultimately necrosis.

ROS include a number of molecules derived from oxy-
gen. They include molecules with an unpaired electron,
often termed free radicals. Some major species include
superoxide (O, ), hydrogen peroxide (H,0,), hydroxyl
radical (*°OH), and nitric oxide (NO). They are generated
primarily in the electron-rich environment of the mito-
chondrial inner membrane, or through endogenous en-
zymes such as flavoenzymes, xanthine oxidase,
NADPH-oxidase, glucose oxidase, nitric oxide synthase,
or transition metals (Andreyev et al. 2005). ROS are neu-
tralized by catalysis by endogenous enzymes such as su-
peroxide dismutase (SOD), glutathione peroxidase, cata-
lase, thioredoxin reductase, or by reacting with a free
radical scavenger such as the endogenous glutathione
and exogenous antioxidants (Nordberg and Arner 2001).

Mitochondria are a major source of ROS that can ini-
tiate necrosis. Excess mitochondrial ROS can damage
DNA by causing cleavage of DNA strands, DNA-protein
cross-linking, and oxidation of purines (Marnett 2000).
This may lead to DNA-damage response, including acti-
vation of p53 and PARP. While activation of p53 may
cause apoptosis and cell cycle arrest, hyperactivation of
PARP leads to necrosis. Inhibition of PARP activity with
inhibitors or gene knockdown blocks necrosis induced
by H,O, (Watson et al. 1995; Yu et al. 2002). PARP-
deficient animals are resistant to ischemia-reperfusion
injury (Endres et al. 1997). ROS also modify lipids, as the
double bonds in polyunsaturated fatty acids are excellent
targets for ROS attacks. Lipid oxidation can lead to the
loss of integrity of both the plasma membrane and intra-
cellular membranes such as that of lysosomes and the
ER, leading to an intracellular leak of proteases or an
influx of Ca®>* and resulting in necrosis. Another target of
ROS are amino acid residues with sulfur or proteins with
sulfhydral links. ROS can attack the disulfide bond, or
break up the sulfthydral links, thereby changing the func-
tion of the modified proteins. ROS-mediated protein
modification contributes to necrosis through modifying
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Ca?* channels. Both the ER and plasma membrane Ca2*
channels have been shown to be affected by ROS, and the
resulting influx of Ca'* can trigger necrosis (Waring
2005).

A necrotic-signaling pathway that may involve ROS is
death receptor-mediated necrosis (Fig. 3). In the field of
apoptosis, the death receptor-mediated cell death is also
referred to as “extrinsic pathway”, which is initiated by
the engagement of extracellular ligands with the cell
death receptors on the plasma membrane (Nagata 1997).
The most studied extrinsic death pathways are mediated
by the TNF receptor (TNFR) super family. Upon binding
of ligands such as TNFq, the TNF receptor TNFR1 in the
plasma membrane forms trimers and recruits several
death domain-containing proteins to form the death-in-
ducing complex (DISC).

One of the DISC components, FADD, has been shown
to be involved not only in TNFa-induced apoptosis, but
also in necrosis. In the presence of caspase inhibitors,
enforced oligomerization of FADD can induce necro-
sis (Kawahara et al. 1998), and this death is blocked
in FADD-deficient T cells (Holler et al. 2000). RIP1
is also involved in death receptor-induced necrosis,
as RIP1-deficient T cells are also resistant to death in-
duced by TNFa and FasL in the presence of caspase in-
hibitors (Holler et al. 2000). The kinase activity of RIP
appears to be required for necrosis induction, although
its targets remain to be identified. Necrostatin-1, a small
molecule that can inhibit necrosis induced by RIP or
by TNFa and FasL in the presence of caspase inhib-
itor (Degterev et al. 2005), may help to uncover the
signaling pathway involved in death receptor-mediated
necrosis.

Despite the involvement of FADD and RIP1 in necro-
sis induction, the link between death-receptors activa-
tion and subsequent necrotic cell death remains poorly

ﬁ l Lysosomes

Cathepsins

Figure 3. Immune response-induced programmed necrosis.
During immune response, proinflammatory cytokines such as
TNF can initiate signal transduction to the increase of mito-
chondrial ROS production, leading to DNA damage or lyso-
somal membrane pemeabilization. This can also be induced by
H,0, secreted by macrophages. Necrosis can result from the
combined effects of DNA damage, mitochondrial depolariza-
tion, or lysosomal enzymes released into the cytosol.
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understood. One possible mechanism for death recep-
tor-mediated necrosis is by generation of mitochondrial
ROS. TNFa- and Fas-induced necrosis is prevented
by a ROS scavenger butylated hydroxyanisole (BHA)
(Vercammen et al. 1998; Goossens et al. 1999).

Proteases involved in necrosis

A number of proteases have been implicated in necrosis.
Calpains and cathepsins are the major proteases involved
in necrosis. Again, genetic evidence for the involvement
of these proteases in necrosis came from studies in C.
elegans. While gain-of-function mutations of the chan-
nel proteins DEG-1 and MEC-4, the acetylcholine recep-
tor channel subunit proteins DEG-3, and the Gs protein
GSA-1 induce necrosis in touch neurons of CED-3-defi-
cient animals (Driscoll and Chalfie 1991; Treinin and
Chalfie 1995; Korswagen et al. 1997; Berger et al. 1998),
RNAi knockdown of CLP-1 and TRA-3 (homologs of
mammalian calpain proteases) and ASP-3 and ASP-4 (ho-
mologs of mammalian cathepsin proteases) reduced the
neuronal necrosis (Syntichaki et al. 2002).

Calpains

Calpains are a family of Ca**-dependent cysteine prote-
ases. There are at least 14 members that can be catego-
rized into two subfamilies: p-calpains and m-calpains,
which are named to reflect their requirements for Ca>*.
u-Calpains are activated by micromolar and m-calpains
by millimolar concentrations of Ca** (Suzuki and Sori-
machi 1998; Goll et al. 2003). The two subfamilies share
a common 30-kDa regulatory subunit and contain a dis-
tinct ~80-kDa catalytic subunit (Suzuki et al. 2004). Cal-
pains reside in the cytosol as an inactive form. In re-
sponse to increased levels of cytosolic Ca**, calpains
translocate to the intracellular membranes and are acti-
vated by autocatalytic hydrolysis. A number of calpain
substrates have been identified including cytoskeletal
proteins, membrane proteins, adhesion molecules, ion
transporters, kinases, phosphatases, and phospholipases
(Rami 2003).

Calpain activation has been shown to contribute to
necrotic cell death (Wang 2000; Liu et al. 2004). While
detailed mechanisms for calpain-induced necrosis re-
main unclear, recent work has shown that calpain-me-
diated cleavage of the Na*/Ca>* exchanger in the plasma
membrane results in the sustained secondary intracellu-
lar Ca** overload and subsequent necrotic cell death
(Bano et al. 2005). Calpain may also contribute to the
activation of cathepsins by causing lysosomal membrane
permeability (LMP), which can lead to release of lyso-
somal enzymes and necrotic cell death (Yamashima
2004; see below).

Cathepsins and lysosomes

Another group of proteases that have been implicated in
necrosis are the lysosomal cathepsins. Cathepsins are
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grouped into three types by their substrate residues: as-
partyl, cysteine, and serine (Rawlings and Barrett 1999).
In a healthy cell, cathepsins reside in lysosomes and help
break down phagocytosed molecules that are recycled as
building blocks for de novo biosynthesis. Cathepsins are
fully active in the acidic environment of lysosomes. Un-
der conditions when the lysosomal membrane loses its
integrity, cathepsins leak out of lysosomes and, although
with less efficiency, digest molecules that are normally
not exposed to these proteases, eventually leading to cell
death.

A critical point to determine the cell death mode is at
the regulation of the lysosomal membrane permeabili-
zation. One of the molecules that have been shown to
regulate LMP is sphingosine, one of the sphingolipid me-
tabolites. Sphingolipids are a family of lipids that consist
of an amide-linked fatty acid and a long-chain (sphin-
goid) base. Sphingolipids are structural components of
cell membranes (Colombaioni and Garcia-Gil 2004). In
response to cell death stimuli, the lysosomal enzyme
sphingomyelinase is activated and converts sphingomy-
elin, the major sphingolipid, into ceramide. Ceramide
can be further converted into sphingosine by ceramidase.
Both ceramide and sphingosine have been shown to be
important signaling molecules that induce apoptosis
(Cuvillier 2002). In addition, sphingosine, which is also a
detergent, has been shown to cause LMP and cell death
in a dose-dependent manner. Sphingosine induces partial
lysosomal rupture and apoptosis at low-to-moderate con-
centrations (<20 uM), and extensive lysosomal rupture
and necrosis at high concentration (>20 uM) (Kagedal et
al. 2001).

More evidence showing that the LMP plays an impor-
tant role in necrosis exists, as a recent study has further
shown that the trypanolytic factor in human serum, apo-
lipoprotein L-I, can induce trypanosome lysis by forming
pores in the lysosomal membranes and causes LMP and
lysis of trypanosome (Perez-Morga et al. 2005). On the
other hand, heat-shock protein 70 (Hsp70) inhibits this
caspase-independent cell death by maintaining lyso-
somal membrane integrity (Nylandsted et al. 2004). Ly-
sosomes have been proposed as the cell’s “suicide bag”
(de Duve 1983). Apoptosis, necrosis, and autophagic re-
sponse can all be initiated from lysosomes. This places
lysosomes as a critical control point for cell-fate deter-
mination. To which direction the cells go may be depen-
dent on the magnitude of the LMP.

Caspases

Caspases are categorized into three classes. Two are
main components in apoptosis, including initiator
caspases (2, 8, 9, and 10), and executioner caspases (3, 6,
and 7). The third class includes inflammatory caspases
(1,4,5,11,12, and possibly 14; 11/12 are murine equiva-
lents of human 4/5) (Fuentes-Prior and Salvesen 2004).
The initiator caspases are activated by autocleavage and
cleave the executioner caspases to activate them. The
executioner caspases cleave other selective cellular com-
ponents. The activation of the initiator and executioner

Programmed cell necrosis

caspases is a biochemical hallmark of apoptosis, almost
never involved in necrosis. In fact, while promoting ap-
optosis, caspase activation may simultaneously inhibit
necrosis to ensure immunological silence during apopto-
tic cell death. For example, activation of PARP causes
necrosis by depleting cellular NAD and ATP pools and is
involved in transcriptional regulation of the expression
of proinflammatory molecules. The proteolytic cleavage
of PARP by caspases thus prevents the necrotic events
and inhibits PARP-dependent release of proinflamma-
tory mediators (Zong et al. 2004). Conversely, in PARP-
dependent necrosis, cellular ATP is rapidly depleted, and
apoptosis is inhibited.

Surprisingly, some caspases do not fit easily into the
above scheme. For example, caspase-1 activation con-
tributes to an inflammatory response because it is re-
quired for the processing of prointerleukin-18 (proIL-1p)
into mature IL-18 (Thornberry et al. 1992; Kuida et al.
1995; Li et al. 1995). As mentioned above, recent evi-
dence suggests that endogenous caspase-1 is involved in
necrotic cell death of macrophages infected by Salmo-
nella and Shigella.

How might necrosis be an adaptive response for a
metazoan organism?

Apoptosis is defined as a cellular self-destruction process
that, under normal physiological conditions, benefits the
organism as a whole by getting rid of unwanted or dam-
aged cells. Thus, if we view necrosis as a form of regu-
lated cell death, how may a multicellular organism ben-
efit from necrosis? Accumulating evidence suggests that
necrosis may benefit an organism in several ways. Per-
haps the most widely accepted consequence of necrosis
is that it leads to a proinflammatory response. Consid-
ering that necrosis is often initiated by the same insults
that would trigger apoptosis when at a lower intensity,
one may start to appreciate that necrosis may serve as an
organismal warning system of the extent of a toxic ex-
posure. Following minor insults, damaged cells die by
apoptosis and are quietly removed by phagocytic cells
with minimal interference in normal organismal activi-
ties. These dying cells release chemoattractant mol-
ecules such as lysophosphatidylcholine (LPC) (Lauber et
al. 2003), and display the “eat-me” signals such as pho-
phatidylserine (PS) on the cell surface to ensure the effi-
cient removal of apoptotic cells (Fadok et al. 1992). How-
ever, under severe conditions, cells can die in a more
dramatic fashion and elicit a host response by alerting
and activating the nervous and immune systems. As in-
tracellular molecules are rapidly released into an extra-
cellular environment through disrupted plasma mem-
brane, necrotic cell death may serve to elicit an immune
response (Table 1).

Although most of the intracellular content is released
out of the plasma membrane during necrosis, a handful
of molecules have been identified to date that can elicit
necrosis-induced immune signaling. These include the
so-called damage-associated molecular pattern (DAMP)
molecules, such as S100 family molecules, high-mobil-
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ity group box 1 (HMGBI, also known as amphoterin)
protein, purine metabolites, and heat-shock proteins
(Zeh and Lotze 2005). Other immunostimulatory mol-
ecules that are released by necrotic cells include adenine
phosphate (Srinivas et al. 2002; Rich et al. 2003), uric
acid (Shi et al. 2003), and heat-shock proteins (Sauter et
al. 2000; Berwin et al. 2001; Somersan et al. 2001). As
these are cytosolic molecules, presumably during ne-
crotic cell death they are released through disrupted
plasma membrane through passive diffusion.

Of these immunostimulating molecules, HMGBI has
been the most thoroughly studied, and the mechanism
by which it is released into extracellular space is begin-
ning to be understood. HMGBI is a chromatin-binding
protein that is expressed in all eukaryotic cells. While it
functions to stabilize nucleosome formation and may act
as a transcriptional regulator, it also acts as a proinflam-
matory molecule when released into the extracellular
environment during necrosis (Scaffidi et al. 2002). Extra-
cellular HMGBI is a ligand for the macrophage receptor
RAGE. HMGBI binding to macrophages activates pro-
duction of inflammatory molecules and prosurvival cy-
tokines (Lotze and Tracey 2005). It remains unclear how
HMGBI dissociates from DNA and relocates from the
nucleus to extracellular space during necrosis. Evidence
exists that PARP may be required for the nucleus-cytosol
translocation of HMGBI in order to prime it for diffusion
through disrupted plasma membrane (Zong et al. 2004;
D. Ditsworth, W.X. Zong, and C.B. Thompson, unpubl.).

In addition to proinflammatory response, intracellular
molecules such as hepatoma-derived growth factor
(HDGE) that are released during necrosis can function to
activate signaling pathways that promote axonal sprout-
ing and neurite outgrowth in the damaged area, and may
also induce cell migration and tumor cell metastasis as-
sociated with bad prognosis of the necrotic areas in solid
tumors (Zhou et al. 2004).

Closing remarks

As discussed above, several distinctive features of necro-
sis have been identified. These include mitochondrial
depolarization and depletion of intracellular ATP, distur-
bance of Ca*>* homeostasis, activation of PARP, activa-
tion of nonapoptotic proteases, generation of ROS, and
ultimately, disruption of the plasma membrane. Almost
all of these events are inter-related and cross-regulated,
making it difficult to draw a linear picture of relation-
ships among these events. Apoptosis and necrosis can
often be initiated in response to the same types of insults
with different doses or intensities. These features have
clear biological significance. The redundancy of apopto-
sis and necrosis as mediators of cell death in response to
a given insult may help to ensure that damaged or un-
wanted cells are eliminated even if the insult eliminates
one of these pathways. The dosage dependence of the
switch from apoptosis to necrosis in response to the
same insults may also alert the organism to the extent of
damage and define whether a repair response is required
to maintain organismal integrity. While dead cells are
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quietly removed during apoptosis so that other organis-
mal functions are undisturbed, necrosis triggers an in-
flammatory response to alert the organism of the need to
defend itself against the insult.

Until recently, it has been difficult to determine
whether necrosis can be a regulated cell fate in vivo, or
whether dead cells with necrotic appearance that are ob-
served result from secondary necrosis of apoptotic cells
that are not phagocytosed by neighboring cells. With the
development of better biochemistry and genetics tools, it
is becoming clear that necrosis can be a regulated form of
cell death independent of apoptosis. Chemicals such as
Ca?* chelators, ROS scavengers, PARP inhibitors, cal-
pain inhibitors, and cathepsin inhibitors have been
shown to inhibit necrotic cell death. Studies using gene
knockout models in C. elegans and mice have also
helped demonstrate that necrotic death can be prevented
by targeting its molecular components. The delineation
of apoptosis and necrosis as distinct cell death pathways
has been facilitated by recently developed chemical in-
hibitors and RNAi. Collectively, these approaches have
demonstrated that regulated forms of necrosis exist. In
the end, programmed cell necrosis may be just as an
important cell fate as apoptosis.
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