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Introduction

The complexities of the cell cycle have occupied a prominent place in the history of
cellular biology. Recognition of the process of mitosis dates back over a century,
when Pol, Butschli, and Strasburger identified a network of intracellular points and
lines, then called the karyokinetic figure, and today known as the mitotic apparatus.
This discovery, dating to 1873, laid the foundation for the discovery of chromosomes
and, later, the fundamental biologic processes of mitosis and meiosis [1]. But, while
cellular growth and proliferation were understood to be essential to the emergence
of multicellular organisms , the corollary - that controlled cell death must be part of
this calculus of cellular homeostasis - was not appreciated until quite recently.
Although cell death was first described in 1859by Virchow, it took more than a cen-
tury to appreciate the importance of programmed cell death as a physiological pro-
cess that eliminated unwanted cells [2]. The term 'apoptosis' was coined in 1972 by
Kerr, Wyllie, and Currie to describe a distinct type of cell death characterized by the
degradation of cellular constituents into membrane-bound apoptotic bodies [3].
Since then, recognition of the importance of apoptosis in health and disease, and an
understanding of its cellular mechanisms, has increased exponentially.

Cellular Mechanisms of Apoptosis

The word 'apoptosis' is of Greek origin, derived from 'apo' referring to separation,
and 'ptosi s', translated as 'falling off, but more commonly used to describe the shed-
ding of leaves from trees [2]. Apoptosis describes a discrete form of genetically pro-
grammed cell death that is central to development and homeostasis in metazoans
[4], and that differs from cell death by necrosis which is precipitated by cellular
damage, resulting in uncontrolled release of intracellular constituents [2]. The basic
mechanisms of apoptosis are highly conserved (Fig. 1).

Induction and Expression of Apoptosis

Apoptosis results in the efficient, and non-inflammatory removal of redundant,
senescent, transformed, or infected cells [5]. Central to this process is the degrada-
tion of intracellular proteins by members of a family of intracellular cysteine pro-
teases called caspases, so named because they cleave their target proteins through
the recognition of tetrapeptide sequences adjacent to an aspartic acid residue.
There are at least 14 caspases in mammals, eleven of which are found in humans;
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Fig. 1. Apoptosis is initiated in a
receptor-mediated manner through
the extrinsic pathway, or through
altered mitochondrial permeability
via the intrinsic pathway. Activation
of either results in the assembly of
macromolecular complexes that lead
to initiator caspase activation, and,
in turn, to the activation ofeffector
caspases such as caspase-3. This
process can be inhibited by intracel-
lular inhibitor ofapoptosis proteins,
and the action of these, in turn,
can be blocked by proteins such as
SmaclDIABLO. See text for details.
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seven of these have important established roles in apoptosis [6]. The caspase fam-
ily can be further subdivided into initiator caspases that trigger the apoptotic cas-
cade, and effector caspases responsible for enzymatic cleavage of a range of intra-
cellular proteins, ultimately causing cell death [7]. The initiator caspases (primarily
caspases-8 and -9, but also including caspases-2, and -10) are characterized by
having at least one adaptor domain in their N-terminal region [7]. They are auto-
activated and tightly regulated, through the assembly of multi-component com-
plexes [8]. Effector caspases - predominantly caspases-3, -6, and -7 - contain pro-
domains that are activated by an initiator caspase through cleavage at specific
aspartate residues.

Two principal pathways of apoptosis exist in mammalian cells, intrinsic and
extrinsic, determined by the origin of the death stimulus, The intrinsic pathway is
initiated by stimuli that originate within the cell, such as DNA damage, or that
directly induce cellular damage, such as ionizing radiation, and is triggered by
changes in mitochondrial permeability [7]. Alterations in mitochondrial transmem-
brane potential trigger the release, from the mitochondrial intermembrane space
into the cytoplasm, of proteins including cytochrome C,

Smac/DIABLO, apoptosis-inducing factor (AIF), endonuclease G (EndoG), and
Omi/HtrA2 [9]. The actions of the pro-apoptotic protein, cytochrome C, are best
characterized, Cytochrome C binds to apoptotic protease activating factor (APAF)-l
in the cytoplasm, inducing a conformational change that permits the binding of
ATP/dATP to APAF-l, and recruiting pro-caspase-9 to create a multi-protein com-
plex termed the apoptosome. Formation of the apoptosome results in the cleavage of
pro-caspase-9, releasing activated caspase-9, and so triggering the apoptotic process,
with activation of effector caspases, such as caspase-3 and caspase-7 [7, 10]. Other
mitochondrial proteins such as Smac/DIABLO or Omi/HtrA2, released by changes in
mitochondrial transmembrane potential, support the progression of apoptosis by
blocking the activity of inhibitory proteins of the inhibitor of apoptosis protein
(lAP) family.

The extrinsic pathway is activated by the binding of an extracellular death ligand
to its cell-surface death receptor. Death ligands, such as FasL and tumor necrosis
factor (TNF)-a, interact with their receptors as homotrimers (complexes of three
identical proteins), and so result in the clustering of three corresponding receptors,
for example Fas (CD95) or the TNF-a receptor 1 (TNFRl), respectively. Each death
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receptor is a transmembrane protein that contains a cytoplasmic death domain that
connects the components of the apoptotic pathway intracellularly [11]. The associa-
tion of receptor death domains induces recruitment of additional adaptor proteins
that also contain death domains . Activated Fas receptor recruits Fas-associated
death doma in (FADD), which, in addition to containing a death domain , also has a
death effector domain (DED); the DED on FADD recruits and binds caspase-8. The
resultant Fas/FADD/caspase-8 protein complex, termed the death -inducing signaling
complex (DISC), leads to autocleavage and activation of caspase-8 [12], and, in turn,
cleavage and activation of the effector caspase, caspase-3 [7]. TNF-a binding to
TNFR1 also leads to receptor trimerization and the recruitment and binding of
TNFR-associated DD-containing proteins (TRADDs) through their death domains.
Like FADD, TRADD can recruit and activate caspase-8, activating caspase-3 and
inducing apoptosis . However, TRADD can also associate with secondary adaptor
molecules that include TNFR-associated factor-2 (TRAF2) and receptor -interacting
protein (RIP): This interaction results in activation of the transcription factors
nuclear factor-kappa B (NF-KB) and activator protein (AP)-l [13, 14], that promote
the transcription ofIAP family members [15]. Thus, TNF-a can subserve the contra-
dictory roles of inducing or inhibit ing apoptosis - the actual biologic activity result-
ing from TNFR engagement being dependent on poorly understood accessory sig-
nals accompanying receptor engagement (11).

Caspase-3 activation, through either the intrinsic or extrinsic pathway, leads to
cleavage of key cytostructural proteins, such as actin. Cleavage of another key pro-
tein target the inhibitor of caspase-activated DNase (ICAD) - results in the release of
caspase activated DNase (CAD), an executioner of DNA fragmentation. Finally, the
nuclear DNA repair enzyme, poly (ADP-ribose) polymerase (PARP), is inactivated
through cleavage by caspase-3 (16). Together these processes result in chromatin
condensation, and the creation of membrane-bound apoptotic bodies .

The intrinsic and extrinsic pathways can interact at multiple levels. For example,
activated caspase-8 can cleave Bid, a pro -apoptotic member of the Bcl-2 protein
family. This truncated form of Bid (tBid) promotes the release of cytochrome C from
mitochondria, thus activating the intrinsic pathway of apoptosis (17).

Regulation of Apoptosis

Regulation of the intrinsic pathway occurs primarily through the Bcl-2 family of
proteins. Bcl- 2 family members share at least one Bcl-2 homology (BH) domain ,
and are subdivided into proteins having pro-apoptotic or anti-apoptotic activity.
Pro-apoptotic members of the Bcl-2 family, including Bax, Bad, Bak, Bid, and Bik,
can be further subdivided on the basis of having only a BH3 domain, and so requir-
ing assistance from pro-apoptotic members containing multiple BH domains in
order to induce apoptosis. Pro-apoptotic Bcl-2 prote ins regulate the formation of
large openings in the mitochondrial outer membrane, allowing for the release of
intramembrane space proteins and the induction of apoptosis (18). Bcl-2, the initial
member of this family to be identified, was isolated as a protein over-expressed in
lymphocytes from a patient with a B cell lymphoma. Although the precise mecha-
nism through which Bcl-2 inhibits apoptosis is unknown, it has been proposed that
its activity arises through its capacity to block cytochrome C release, and to
decrease Ca2+ sensitivity of the mitochondrial pore opening (19). Other anti-apopto-
tic Bcl-2 members, such as Bcl-2 and Bel-xi, may bind and sequester pro-apoptotic
molecules, such as Bax, Bak, and Bid, through a hydrophobic cleft. Other anti-apo-
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ptotic proteins related to the Bcl-2 family, including Mel-I and AI, lack a protein
domain necessary for interactions with pro-apoptotic Bcl-2 family members. Mel-I
is found primarily in hematopoietic cells and exhibits rapid turnover; thus, protec-
tion from apoptosis is short-lived [20]. Little is known about the mechanism of
action of Mel-I or AI, or about the specific protein targets with which they inter-
act.

The lAP family of proteins inhibits the progression of apoptosis within the cyto-
plasm. Originally identified as anti-apototic proteins encoded in the baculovirus
genome, the lAP family is highly conserved and present in both mammals and Dro-
sophila. There are eight mammalian lAPs: XIAP, clAP-I, clAP-2, ML-IAP/livin, ILP-
2, NAIP, Bruce/Apollon, and survivin; all but ML-IAP and ILP-2 are found in
humans. Caspase-9 is inhibited primarily by XIAP, which also inhibits caspase-3 and
-7; the latter caspases may also be inhibited by clAP-I, clAP-2, and NAIP. All lAPs
contain at least one baculoviral repeat (BIR) domain, although each BIR domain
may be responsible for distinct functions. XIAP inhibits activated caspase-9 through
its third BIR domain, while caspase-3 and -7 are targeted by a region between its
first two BIR domains [7]. The mechanism of caspase-9 inhibition appears to involve
heterodimerization with monomeric caspase-9, preventing apoptosome formation
and caspase-9 autoactivation [21]. Inhibition of the effector caspases-3 and -7 by
XIAP occurs through a linker peptide preceding its second BIR domain. This pep-
tide occupies the active site of caspase-3 or -7 and serves to block substrate contact
[7].

A further level of complexity in the regulation of apoptosis occurs through pro-
teins that can block lAPs. For example, Smac/DIABLO released from mitochondria
during activation of the intrinsic pathway contributes towards apoptosome forma-
tion, leading to activation of caspase-9, a process inhibited by XIAP. Binding of
XIAP to caspase-9 occurs through an lAP-binding tetrapeptide motif on caspase-9
that allows for recruitment of XIAP and inhibition of caspase-9 activity. SmaclDIA-
BLO possesses a similar lAP-binding tetrapeptide motif that can bind to the BIR3
domain of XIAP, and so restore caspase-9 activation [7].

Dysregulated Apoptosis in the Pathogenesis of Critical Illness

The leading cause of death for critically ill patients in an intensive care unit (ICU)
is the multiple organ dysfunction syndrome, a complex disorder that arises in asso-
ciation with an activated systemic inflammatory response and that has a mortality of
60 % or higher when three or more organs are affected for 7 or more days [22]. The
evolution of multiple organ dysfunction syndrome is associated with profound alter-
ations in metabolic, immunologic, and cardiovascular homeostasis, and even more
fundamentally, with alterations in cell survival through either excessive activation,
or abnormal inhibition, of the normal kinetics of programmed cell death.

Excessive Apoptosis as a Mechanism of Multiple Organ Dysfunction Syndrome

Many of the classic cellular processes and biochemical mediators of systemic inflam-
matory response syndrome (SIRS)/mult iple organ dysfunction syndrome have the
capacity to promote apoptosis in organ and endothelial cells. Apoptosis can be
accelerated, for example, by increased release of some pro- and anti-inflammatory
cytokines, increased oxidant production, increased release of heat shock proteins
(HSPs) from the liver, elevated glucocorticoid levels, and the release of bacterial prod-
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ucts into the circulation. Independently, these factors can alter apoptosis, however
their aggregate effect in the setting of critical care may amplify this potential [23].

Vascular endothelial damage is a prominent feature of early organ dysfunction
[24]. Recruitment of activated neutrophils may contribute to endothelial injury
through the action of neutrophil-derived reactive oxygen species that have been
implicated in altering apoptosis signaling pathways. An in vitro model of endothelial
cell injury using porcine aortic endothelial cells showed that these cells underwent
apoptosis when exposure to lipopolysaccharide (LPS) or cytokines was followed by
heat shock; independently, these stimuli did not precipitate apoptosis. When antioxi-
dants were administered prior to initial LPS stimulation, apoptosis was inhibited
[23]. Apoptotic endothelial cell damage can potentially mediate organ injury by
impeding normal tissue oxygen delivery.

Other cell populations manifest increased rates of apoptosis in pre-clinical mod-
els of critical illness. Hotchkiss et al. showed increased rates of lymphocyte apopto-
sis in spleen, thymus, ileum, colon, lung, and skeletal muscle in a murine model of
sepsis; parenchymal cells in ileum, colon, lung, kidney, and skeletal muscle were also
shown to be apoptotic [25]. Differing cell populations show variable susceptibility to
apoptotic stimuli. For example, aortic endothelial cells demonstrate greater suscepti-
bility to endotoxin-induced apoptosis than pulmonary artery, and left and right ven-
tricular endothelial cells [26].

The acute respiratory distress syndrome (ARDS) is a common complication of
critical illness. Bronchoalveolar lavage (BAL) fluid from ARDS patients can induce
both fibroblast and endothelial cell apoptosis, suggesting the presence of pro-apo-
ptotic factors in the BAL fluid. Furthermore, histological analysis of lung tissue in
ARDS revealed apoptotic cell death in airspace granulation tissue [27].

The liver is particularly susceptible to endotoxin-induced apoptotic injury, per-
haps because it contains an increased number of TNF receptors and inflammatory
cells capable of producing inflammatory mediators [26]. Increased levels of transarn-
inases and hepatocyte apoptosis are observed following TNF or LPS administration
in a murine model; anti-TNF therapy blocked both phenomena, suggesting that they
are mediated by TNF [28]. In a porcine model, endotoxin administration increased
plasma levels of TNF, upregulated inducible nitric oxide synthase (iNOS), and
decreased anti-apoptotic Bcl-2 levels in liver and spleen [26]. On the other hand,
liver apoptosis was not seen in the cecal ligation and puncture (CLP) model
reported by Hotchkiss [25].

Apoptosis has also been observed in the kidney in models of acute illness. In vivo
studies show apoptotic death of renal tubular cells during reperfusion, while in vitro
studies demonstrate this effect during both hypoxia and reperfusion. Apoptosis of
renal cortical cells was seen 12 hours following reperfusion in a rat model [26]. The
number of apoptotic renal cells in mice correlates with prolonged renal ischemia
and the time following reperfusion [23]. In vitro, apoptosis of renal tubular cells can
also occur following exposure to Escherichia coli-derived toxins and verotoxins.
Nephrotoxic acute renal failure can result from increased apoptosis in response to
therapies administered to critically ill patients. Rats given gentamicin exhibited
increased apoptosis in proximal and distal tubules, while patients who received an
overdose of ciprofloxacin developed distal tubular apoptosis [26]. Work by Imai and
colleagues showed that injurious mechanical ventilation strategies in rabbits evoked
Fas ligand-dependent epithelial cell apoptosis in the kidney [29].

Although myocyte loss in critical illness has been attributed to necrosis, apopto-
tic cell death has also been implicated as a mechanism of injury. Following myocar-
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dial infarction, reduced perfusion and greater myocardial stretch can serve as trig-
gers for apoptosis [26] . Myocardial infarction leads to myocyte apoptosis in rats,
and reperfusion injury to cardiomyocyte apoptosis in rabbits [23] . Patients with
end-stage congestive heart failure undergoing heart transplantation also exhibited
cardiomyocyte apoptosis, and showed alterations in the expression of apoptotic
mediators. Pro-apoptotic members of the Bcl-2 family remained unchanged, how-
ever anti-apoptotic members showed a 1.8 fold increase in expression when com-
pared with levels in normal hearts; rates of apoptosis in failing hearts were 232
times greater than in normal hearts [30].

Lymphoid tissues also show evidence of aberrant apoptosis in critical illness.
T-cell suppression, and a reduction in numbers of circulating T-lymphocytes are
common characteristics of SIRS and multiple organ dysfunction syndrome [23].
Increased thymocyte apoptosis appears to contribute to thymic involution and T-cell
suppression in a mouse model of gram-negative or-positive sepsis [31], and thymo-
cyte apoptosis was reported in a rat CLP model. Thymocyte deprivation of interleu-
kin (1L)-2 triggers thymocyte apoptosis, suggesting that low IL-2 levels may contrib-
ute to sepsis-associated T-cell depletion [23, 32].

Extensive lymphocyte and gastrointestinal epithelial cell apoptosis have been
observed in sepsis in both animal models and human patients [25, 33, 34]. Post-
mortem examination of patients with sepsis revealed widespread apoptosis of lym-
phocytes in the spleen, intestinal lamina propria, and lymphoid aggregates. Further
phenotypic studies comparing spleens from septic patients with those from criti-
cally ill patients who did not have sepsis showed that the particular lymphocytes
affected include B cells, CD4+ T cells, and dendritic cells, but not macrophages
[33,34].

Loss of muscle mass is believed to contribute to neuromuscular weakness both
during and following critical illness. Such weakness manifests clinically as hypoven-
tilation, prolonged dependence on mechanical ventilation, delayed mobilization, and
muscle contractures . Although loss of muscle mass has been ascribed to accelerated
protein breakdown due to systemic catabolism, myocyte apoptosis also appears to
be a contributing factor. Following burn injury, apoptosis is accelerated in muscles
located both adjacent to, and distant from, the burn site [26].

Accelerated apoptosis in multiple tissue beds, therefore, appears to contribute to
organ dysfunction by depleting functional cells. However, apoptotic failure has also
been implicated in the pathogenesis of acute organ failure.

Inadequate Apoptosis as a Mechanism of MODS

Neutrophils are key effectors of the innate immune response to infection. Their
migration to sites of infection occurs early in order to eliminate pathogens through
phagocytosis and the production of toxic mediators. In the absence of pro-surv ival
stimuli from the inflammatory microenvironment, neutrophils are constitutively
apoptotic, with a circulating lifespan of 8- 20 hours. However multiple stimuli - of
both microbial and host origin - can subvert this process, and prolong the func-
tional survival of the neutrophil (Table 1). The normal expression of apoptosis and
clearance of neutrophils from sites of inflammation is important in minimizing
inadvertent bystander injury secondary to the release of neutrophil cytotoxic intra-
cellular contents, as occurs during death by necrosis. Neutrophil longevity thus
reflects a crucial balance between survival to fight infection and timely death to pre-
vent collateral tissue damage. Additionally, neutrophil apoptosis must be regulated
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Table 1. Factors implicated in the inhibition of neutrophil apoptosis

Microbial Products
Endotoxin
Lipoteichoic acid
Mannan
Modu lins fro m coagulase-negative Staphylococci
E. coli verotoxin
H. pylori surface proteins
Butyric acid
Propionic acid
Respiratory syncytial virus

Physiologic Processes
Transendothelial migration
Hypoxia
Acidosis

Host-derived Mediators
Interleukin (IL}-l~
IL-2
IL-3
IL-4
IL-6
IL-8
IL-1S
Tumor necrosis factor
Interferons
G-CSF, GM-CSF
Leptin
Pre-B cell colony enhancing factor
CSa
Cathelicidins
Leukotriene B4

SepsisLPsControl
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o
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o
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10

o
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Fig. 2. Whereas neutrophils harvested from
healthy volunteers undergo spontaneous apoptosis
following 24 hours of in vitro culture, this process
is inhibited following culture with bacterial LPS,
and further suppressed in circulating neutrophils
from critically ill septic patients. Adapted from
[38]

carefully in order to maintain appropriate numbers within the body, since approxi-
mately 10" neutrophils are produced daily by healthy adults [11, 35).

Suppressed neutrophil apoptosis has been described during a number of acute and
chronic inflammatory diseases, including burn injury (36), multiple trauma (37), sep-
sis [38), and acute pancreatitis [39) (Fig. 2). Neutrophils harvested from BAL fluid
from patients with ARDS show marked delays in apoptosis [40), and BAL fluid from
patients with ARDS imparts anti-apoptotic effects on neutrophils, dependent on con-
centrations of granulocyte colony-stimulating factor (G-CSF) and granulocyte-mac-
rophage colony stimulating factor (GM-CSF). Conversely, the phagocytosis of bacte-
ria and fungi accelerates neutrophil apoptosis . In a rat model of intestinal ischemial
reperfusion injury associated with marked pulmonary neutrophilia, intratracheal
administration of killed E. coli attenuated lung injury, and improved survival [41).

Therapeutic Implications

An enhanced understanding of the mechanisms of apoptosis, and of its role in the
pathogenesis of disease, has begun to define potential options for therapeutic inter-
vention to modulate apoptosis, and to point to new mechanisms of action for estab-
lished therapies.
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The anti-inflammatory activity of corticosteroids arises, in part, from their capacity
to increase apoptosis in eosinophils, T-cells, and monocytes. Glucocorticoids can
suppress the cell survival transcription factor, AP-1, in lymphocytes, and so inhibit
the transcription of survival factors. Studies in knockout mice indicate that both
APAF-1 and caspase-9 are essential for corticosteroid-induced apoptosis of thymo-
cytes. Conversely, caspase-1 and -3 deficiencies do not prevent corticosteroid-
induced apoptosis [42]. The intracellular activities of steroids are complex, and glu-
cocorticoids can affect the expression of the same genes in opposite ways, depending
on the tissue and biologic context [43]. Glucocorticoids can also support the resolu-
tion of inflammation by enhancing the uptake of apoptotic neutrophils by phago-
cytic cells [44].

Significant decreases in plasma glutamine levels have been observed in critical ill-
ness, and glutamine deficiency has been associated with increased mortality in criti -
cally ill patients. Clinical trials studying glutamine administration in critically ill
patients have suggested improvements in mortality, length of stay, and infectious
morbidity [45]. Modulation of apoptosis is a potential mechanism for these effects.
In a rat intestinal epithelial cell line, glutamine starvation for 24 hours caused a 60 %
reduction in cell numbers as a consequence of increased apoptosis and caspase-3
activation . Glutamine is also required to protect human T cells from apoptosis. Glu-
tamine downregulated Fas and FasLbut upregulated Bcl-2 in stimulated T cells, rais-
ing the apoptotic threshold of these cells. Furthermore, glutamine inhibited the acti-
vation of caspase-3 and -8 in stimulated [urkat T cells [16].

Specific caspase inhibitors have been developed and evaluated in experimental
models. Mice administered a broad-spectrum caspase inhibitor, zVAD-fmk, were
protected from LPS-induced acute lung injury (ALI) and its attendant lethality [46].
The use of a selective caspase-3 inhibitor or a polycaspase inhib itor to prevent lym-
phocyte apoptosis in mice subjected to CLP resulted in improved survival [47]. Pre-
treatment with a caspase-3 inhibitor protected against TNF-mediated hepatocyte
apoptosis. Additionally, caspase inhibition decreased apoptosis in models of renal,
cardiac, cerebral, and hepatic ischemia/reperfusion injury, decreased infarct size in
cardiac and cerebral ischemia, and improved survival in hepatic ischemia [26]. How-
ever caspase inhibition is not universally beneficial, for at least one group has shown
that zVAD-fmk intensified TNF-induced toxicity by augmenting oxidative stress and
mitochondrial damage, leading to increased mortality [48].

Conclusion

Apoptosis is a highly conserved physiologic process that is fundamental to the sur-
vival of multicellular organisms. Alterations in its expression leading to either exces-
sive or deficient apoptosis are emerging as important mechanisms of disease; an
evolving body of literature implicates both excessive and inadequate apoptosis in the
pathogenesis of critical illness. That apoptosis is also a highly regulated process sug-
gests the potential for interventions to taget dysregulated apoptosis, and so to
restore normal kinetics of cell death, and, hopefully, attenuate acute organ injury.
However the translation of this complex biology into efficacious new therapies for
the critically ill remains elusive.
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