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Summary: Traumatic brain injury (TBI) represents a leading
cause of death and morbidity, as well as a considerable social
and economical burden in western countries, and has thus
emerged as a formidable therapeutic challenge. Yet despite
tremendous efforts enlightening the mechanisms of neuronal
death, hopes for the “magic bullet” have been repeatedly de-
ceived, and TBI management has remained focused on the
control of increased intracranial pressure. Indeed, impairment
of cerebral metabolism is traditionally attributed to impaired
oxygen delivery mediated by reduced cerebral perfusion in the
swollen cerebral parenchyma. Although intuitively appealing,
this hypothesis is not entirely supported by physiological facts
and does not take into consideration mitochondrial dysfunction
that has been repeatedly reported in both human and animal
TBI. Although the nature and origin of the events leading to

mitochondrial damage may be different, most share a perme-
abilization of mitochondrial membrane, which therefore may
represent a logical target for new therapeutic strategies. There-
fore, the proteins mediating these events may represent prom-
ising targets for new TBI therapies. Furthermore, mimicking
anti-apoptotic proteins, such as Bcl-2 or XIAP, or inhibiting
mitochondrial pro-apoptotic proteins, such as Smac/DIABLO,
Omi/HTRA2, and ARTS (septin 4 isoform 2) may represent
useful novel therapeutic strategies. This review focuses on
mechanisms of the mitochondrial membrane permeabiliza-
tion and its consequences and discusses the current and
possible future therapeutic implications of this key event of
neuronal death. Key Words: Traumatic brain injury, mito-
chondria, mitochondrial permeability transition pore, apopto-
sis, cyclosporin A.

INTRODUCTION

Traumatic brain injury (TBI) represents a leading
cause of death and morbidity, as well as a considerable
social and economical burden in western countries. Since
the pioneer work of Reilly,1 the importance of develop-
ment of secondary brain damage has gained increasing
attention and has been the focus of numerous studies,
both in the clinical and experimental settings. Despite
extensive experimental research emphasizing the role
played by multiple intracellular events, the mainstay of
TBI management has remained the control of increased
intracranial pressure (ICP). For decades, impairment of
cerebral metabolism has been attributed to impaired ox-
ygen delivery, mediated by reduced cerebral perfusion in
the swollen cerebral parenchyma.2 Accordingly, reduc-
tion of ICP is usually argued for restoration of previously
compromised cerebral perfusion as a sine qua noncondi-
tion for improvement of cerebral metabolism. Although

uncontrolled ICP elevation has been shown to be respon-
sible for reduced oxygen delivery, nonischemic impair-
ment of oxidative metabolism has only recently been
recognized as the prominent source of energy crisis trig-
gered by TBI in the presence of cerebral blood flow that
is maintained well above the ischemic range in the vast
majority of patients.3,4 Failure of damaged mitochondria
to cope with energy demands is particularly harmful for
the neuronal population, considering the high energy
demands of neurons that essentially rely on the oxidative
metabolism and on the integrity of the electron transport
chain.
Accumulating evidence has shown that the mitochon-

drion has a pivotal role in post traumatic neuronal death
by integrating numerous noxious signals responsible for
both structural and functional damage on one hand and
by amplifying these signals through activation of several
proteolytic events leading to cell death. Although the
nature and origin of these events may be different, most
share permeabilization of the mitochondrial membrane,
which therefore may represent a logical target for new
therapeutic strategies. The purpose of this article is to
review the mechanisms of the mitochondrial membrane
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permeabilization and its consequences, and to discuss the
current and possible future therapeutic implications.

MITOCHONDRIAL
MEMBRANE PERMEABILIZATION

A constant observation of both clinical and experi-
mental studies is the impairment of aerobic metabolism
developing shortly after TBI.4–6 Under normal condi-
tions, oxidative metabolism is assumed by the respiratory
complexes of the electron transport chain embedded in
the inner mitochondrial membrane. Electron transfer is
coupled with pumping of H� across the mitochondrial
membrane generating a gradient used by the ATP syn-
thase complex to synthesize the ATP and results in a
potential known as transmembrane mitochondrial poten-
tial (��m). After the injury, numerous processes such as
Ca2� accumulation and oxidative stress target the integ-
rity of the mitochondrial membrane, resulting in influx of
water and electrolytes with dissipation of the ��m and
loss of mitochondrial functions. This phenomenon,
known as mitochondrial membrane permeabilization,
may itself follow two distinct pathophysiological path-
ways involving different molecules within and outside
the mitochondria.

Mitochondrial permeability transition
Across the mitochondrial membrane is a complex of

proteins creating a physiological and selective crossing
channel between the mitochondrial matrix and the cytosol,
known as the mitochondrial permeability transition pore
(mPTP) (FIG. 1). Under physiological conditions, the
mPTP assumes a low conductance profile, but after brain
injury, a forced induction of the mPTP may be triggered by
different signals, resulting in a high conductance transition
of the mPTP, known as mitochondrial permeability transi-
tion. This unselective opening of the mPTP will in turn
result in a massive leak of protons and complete and im-
mediate dissipation of the ��m, indicating an irreversible
commitment to death. As this phenomenon is complete,
outer membrane integrity is compromised, leading to the
release of inter-membrane mitochondrial pro-apoptotic pro-
teins, such as cytochrome c, apoptosis inducing factor, and
second mitochondria-derived activator of caspase/direct
AIP protein with low PI (Smac/DIABLO), all being respon-
sible for activation of caspase-dependent and caspase-inde-
pendent executioners of apoptosis that are separately dis-
cussed. Although the exact molecular structure of the mPTP
is still a matter of debate, there is a general consensus on
several key components that represent the core of the pore,
namely the cyclophilin D (CyPD), the voltage-dependent
anion channel (VDAC), and the adenine nucleotide trans-
locase (ANT).7

CyPD has been identified as a component of the mPTP
embedded in the inner membrane that can be selectively

inhibited by cyclosporin A (CsA).8,9 Several studies have
since then provided a wealthy bulk of evidence showing
that the induction of the mPTP correlates with the tissue
level of CyPD.10–12 In most instances, CyPD deficiency
was shown to result in decreased vulnerability to hyp-
oxia, ischemia, or reactive oxygen and nitrogen species
mediated injury,11,12 all present at least to some degree
after severe TBI. More recently, Naga et al.10 showed
that higher levels of CyPD in post-synaptic mitochondria
were associated with a significantly increased vulnera-
bility to mitochondrial permeability transition (MTP).
CsA, a well-known immunosuppressive drug, inhibits
mPTP induction by binding to the CyPD9,13 and presum-
ably cleaving it from the inner membrane.9 Prompted by
these observations, scientists have investigated the po-
tential therapeutic benefit of CsA in acute brain injury.
Indeed, early animal studies provided convincing evi-
dence that administration of CsA results in reduced ax-
onal damage in diffuse axonal injury models14,15 and
dramatic reduction (74%) in the volume of the lesion
created by controlled cortical impact.16 Noticeably, the
authors of both groups were able to show that improved
tissue outcome was associated with a protective mito-
chondrial effect expressed either by preserved functional
status17 or structural integrity.15 Moreover, Alessandri et
al.18 showed that tissue preservation correlated with im-
proved neurological outcome after experimental TBI.
Encouraged by these laboratory data, further studies
were performed to provide pharmacological guidelines
to further clinical studies19,20 and to establish the safety
of the drug in respect with its immunosuppressive prop-
erties.20,21 Based on these data, a prospective random-
ized and placebo-controlled, double-blinded two-center
clinical study was performed in severe human TBI. Dur-
ing the study, patients suffering some severe TBI were
enrolled and received 5 mg/kg during a 24-hour period,
delivered within 12 hours from injury. Lactate, pyruvate,
and glucose concentrations in the extracellular fluid were
measured in samples obtained from a microdialysis cath-
eter as a surrogate for cerebral metabolism. In patients
treated with CsA treated, there was a significantly lower
lactate/pyruvate ratio,22 which is widely admitted to rep-
resent an indicator of improved metabolism.23,24 Al-
though the impact on clinical outcome was not the pri-
mary purpose of this study, numerous studies have
established a close correlation between cerebral metab-
olism and clinical outcome.3,25,26 These preliminary re-
sults provide the rationale for a larger scale study for
investigation of the potential clinical benefit of this ap-
pealing drug.
Unlike CyPD, the significance of VDAC in the central

nervous system (CNS), apoptosis is much less under-
stood. Although the VDAC seems to represent a key
component of the mPTP, its contribution to MTP has not
yet been clarified. Several studies have emphasized that
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the variance in the VDAC pore conductance was in
inverse proportion with that of the transmembrane po-
tential, suggesting that loss of ��m could be a potential
trigger for opening of the VDAC pore.27,28 Conversely,
the role of the VDAC in the MTP has been challenged by
a recent study showing that VDAC1-, VDAC3-, and
VDAC1-/VDAC3-null mice exhibited a Ca2� and oxi-
dative stress-induced MPT that was similar to that found
in wild-type mitochondria, and that wild-type and
VDAC-deficient mitochondria and cells exhibited equiv-
alent cytochrome c release, caspase cleavage, and cell
death in response to the pro-death Bcl-2 family members
Bax and Bid.29,30 Eventually, no specific therapy has
been designed so far for targeting the VDAC.
Little is known about the ANT and its use for thera-

peutic targeting seems doubtful in the view of the present
knowledge. Although the ANT represents an integral
part of the mPTP,31,32 its role in MPT remains a matter
of controversies. Under physiological conditions, the
ANT located at the inner membrane is responsible for an
ADP/ATP stoichiometric exchange in which one ADP is
imported into the matrix and one ATP is exported into
the cytosol. In response to atractyloside, the ANT as-
sumes a different spatial configuration resulting in the
creation of a pore.33 This rearrangement of the ANT into
a lethal pore is inhibited by bongkrekic acid, which se-
lectively binds to the ANT and has proved to reduce cell
apoptosis induced by ischemic brain injury.34,35 Al-
though these observations suggest a therapeutic applica-
tion targeting the ANT, no pharmacological application
has been developed thus far.

Mitochondrial outer membrane permeabilization
Although the process of MTP eventually results in

mitochondrial swelling responsible for a rupture of outer
mitochondrial membrane integrity, mitochondrial outer
membrane permeabilization (MOMP) does not necessar-
ily imply induction of the mPTP as a prerequisite. As
with the mPTP, the outer membrane will integrate death
and life signals mostly represented by proteins of the
Bcl-2 family. These proteins are characterized by a three-
dimensional conformation close to that of a channel.36–38

These characteristics allow Bax to create channels
through lipid membranes large enough to allow the re-
lease of cytochrome c.39 Under physiological conditions,
Bax and Bak exist in a monomeric configuration that
does not allow the creation of such channels. However,
after activation by truncated Bid, Bax is translocated to
the outer membrane where it oligomerizes and assumes a
channel-type conformation allowing for release of cyto-
chrome c.40,41 Although there is no available therapeutic
strategy capable to specifically target this process, mod-
ulation of the Bax/Bcl-2 ratio may affect the fate of
MOMP, as it has been shown that cells overexpressing
Bcl-2 was less vulnerable to the creation of the large pore

at the outer membrane, presumably because of reduced
presence of Bax at this location.42

MODULATORS OF MITOCHONDRIAL
MEMBRANE PERMEABILIZATION

Regulatory mechanisms
p53. The p53 tumor suppressor is a regulator gene

encoding a growth regulatory protein implicated in both
cell cycle blocking and cell death through transcriptional
programs. However, in its cytosolic location, p53 has
been shown to promote mitochondrial apoptosis by tran-
scription-independent pathways interacting with pro-ap-
optotic Bcl family members.43 Furthermore, p53 mito-
chondrial translocation has proved to correlate with
enhanced neuronal death,44 whereas p53 null mice were
found to be less vulnerable to ischemia45 in comparison
with wild type animals. These observations have raised
interest regarding the possible therapeutic implications
of p53 inhibition, using a specific inhibiting drug,
pifithrin-� (PFT-�). Several reports have provided accu-
mulating evidence that PFT-� is neuroprotective, en-
hancing neuronal survival after amyloid �-peptide me-
diated injury46,47 or in various models of ischemic brain
injury.46,48 Furthermore, in a recent study, Luo et al.49

found that improved functional recovery from ischemic
stroke in rats treated by PFT-� in a delayed fashion
correlated with enhanced survival of endogenous pro-
genitor cells in the subventricular zone in a dose-depen-
dent fashion.

Bcl-2 family. The Bcl-2 proteins family includes
pro- and anti-apoptotic members that exercise a major
regulatory function over the process of cell death. The
delicate balance between the expression of the opposing
components of the family and their respective impact
over the fate of apoptosis has been illustrated as a rheo-
stat by Korsmeyer at al.50 Several reports have suggested
that the VDAC may represent the molecular basis for the
Bax/Bcl-2 rheostat.51,52 In this scenario, described by
Tsujimoto and Shimizu,51 MTP would be the conse-
quence of interaction between the VDAC and proteins of
the Bcl family where Bcl-2 and Bcl-XL inhibit MPT and
Bax and Bid promote the opening of the pore.52 A sim-
ilar competitive mechanism has been described at the
level of the ANT, whose activation is regulated by Bax
that enhances the pore formation and Bcl-2 that inhibits
it.53,54

Although there is no available therapeutic option ca-
pable to specifically target the Bax/Bcl-2, hyperbaric
oxygen therapy has been shown to reduce apoptosis55

through a mechanism involving overexpression of Bcl-2
and Bcl-XL in the perilesional area.

30 Noticeably, animal
studies have shown that this anti-apoptotic effect was
associated with partial restoration of ��m56 and im-
provement of oxidative metabolism.6,57 These experi-
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mental findings were later supported by the results of a
prospective, cohort-matched microdialysis study per-
formed in 52 patients suffering from severe TBI.58 In this
study, normobaric hyperoxia was delivered during a 24-h
period, starting 6-h post-injury, which resulted in in-
creased glucose and decreased glutamate and lactate lev-
els in treated patients that correlated with a significantly
better outcome.
Another route of neuroprotection involving Bcl-2 ex-

pression is represented by estrogens. Numerous studies
of ischemic and TBI have provided a large bulk of evi-
dence supporting the neuroprotective effect of estrogens.
Although various hypotheses have been proposed to ex-
plain the neuroprotective effect of estrogens in brain
injury such as augmentation of cerebral blood flow59

usually linked to the increase of nitric oxide availabi-
lity,60 anti-oxidant activity,61 and reduction of excitotoxic
effects mediated by glutamate release,62 accumulating
evidence links estrogens to the bcl-2 family of proteins.
In ischemic brain injury, bcl-2 mRNA expression has
been found to be higher in the penumbra area in female
and estradiol-treated male rats than in estrogen deficient
animals.63 Similarly, Dubal et al.64 found that bcl-2
mRNA was increased in the ischemic cortex of estradiol-
treated animals. These observations have been supported
by similar findings obtained with different types of TBI,
suggesting that enhanced bcl-2 expression may account
for at least part of the neuroprotection mediated by es-
trogens.65,66 Yet, enthusiasm risen by these encouraging
data has somehow been dampened by recent clinical
evidence showing that women may have worse outcomes
than men.67

18kDa translocator protein. The 18kDa transloca-
tor protein (TSPO), also known as peripheral benzodi-
azepine receptor, is a binding protein complex, distinct
from the central benzodiazepine receptor that is located
at the outer mitochondrial membrane.68 Although TSPOs
are not usually considered as a part of the mPTP, per se,
but they are closely located to the pore and intimately
related to the 32-kDa VDAC and to the 30-kDa ANT,69

suggesting that it may be involved with the control of
mPTP and the mitochondrial pathway of apoptosis.70

Supporting this assumption, numerous studies have pro-
vided increasing evidence that modulation of TSPO ac-
tivity by various specific ligands could significantly af-
fect the apoptotic process.71,72 Based on this hypothesis,
Soustiel et al.73 showed that intraperitoneal administra-
tion of Ro5-4864 (a TSPO ligand) to rats submitted to
cortical contusion, resulted in enhanced neuronal sur-
vival, axonal preservation, and reduced activation of
caspases 3 and 9. Furthermore, incubation of isolated
mitochondria in the presence of Ro5-4864, in addition to
Bax, could partially restore the loss of ��m created by
Bax alone. Although Ro5-4864 does not represent a ther-
apeutic option in human TBI because of its epileptogenic

properties, the TSPO in the near future may represent an
attractive target for the development of new molecules.

DOWNSTREAM EXECUTIONERS

Although blocking of mitochondrial membrane per-
meabilization (MMP) represents a rational and poten-
tially efficient means of neuroprotection, design of new
therapeutic strategies should take into account the fact
that treatments for TBIs can be initiated hours after in-
jury at best so that some degree of MMP should be
expected. Consequently, inhibition of post-mitochondrial
downstream executioners represents an important and
inseparable target that may theoretically result in signif-
icant neuroprotection.

Caspases
The main executioners of apoptosis are caspases, a

family of proteases harboring a cysteine residue at their
active site that preferentially cleave substrates after as-
partate.74–76 Caspase family members are divided into
two main categories, the initiator caspases, which are
usually activated first by apoptotic signals, and the ef-
fector caspases.74–76 Initiator caspases (caspase-2, 8, 9,
and 10) exist as monomers and are activated through
binding to adaptor molecules, which enable their oli-
gomerization and activation. These activated initiator
caspases can now cleave inactive forms of effector
caspases, which amplify the death signaling cascade to
terminate the process. Effector caspases (e.g., caspase-3,
6, and 7) cleave a large range of cytoplasmic and nuclear
substrates ultimately leading to irreversible death of the
cell.74,76–78 Within the mitochondrial pathway, initiator
caspase 9 is activated through the formation of the so-
called “apoptosome.” The apoptosome is assembled
when seven heterodimers of apoptotic protease activat-
ing factor-1 (Apaf-1), join together with cytochrome c
released from mitochondria after MMP to form a sym-
metrical “wheel” that binds to caspase-9 and promotes its
activation.79,80 Cleavage of caspase-9, in turn, results in
activation of effector caspase-3, which appears to play a
crucial role in brain apoptosis.81 Consequently, inhibi-
tion or reduction of caspases activity has been considered
as a possible avenue of neuroprotection.
Several studies using nonspecific caspase inhibitors,

such as Z-VAD-fmk (pan-caspase inhibitor), have re-
ported a neuroprotective effect in animal models of
TBI.82,83 Selective reversible inhibitors of caspase-384,85

and caspase-986 have also proved to promote neuronal
survival after hypoxic ischemic injury in the cortex of
newborn rats. Importantly, neuroprotection can still be
achieved when intracerebral administration of
DEVD(OMe)-CH2F is delayed by 6 to 9 h after mild
transient focal ischemia87 or cerebral hypoxia.88 This
prolonged therapeutic window makes caspase inhibitors
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particularly attractive for the treatment of stroke. Molec-
ular targeting of the Apaf-1/caspase-9 pathway as a neu-
roprotective strategy has been recently reported by Cao
et al.89 These authors describe the cloning of a novel
Apaf-1-interacting protein (AIP) from rat brain. AIP is a
short variant of caspase-9, which contains the caspase-
recruiting domain, but lacks the catalytic domains that
caspase-9 possesses. Using an adeno-associated virus
vector carrying the AIP cDNA by intracerebral injection,
Cao et al.89 were able to show a robust AIP expression in
the hippocampus that significantly correlated with en-
hanced CA1 neuronal survival after transient global ce-
rebral ischemia. More recently, a chemical inhibitor of
Apaf-1 has been shown to exert cytoprotective effects in
vitro by limiting MOMP and caspase-9 activation.90

Despite these encouraging experimental data, the sur-
vival efficacy of caspase inhibition in vivo has several
caveats and limitations that await further elucidatory
studies. For example, selective caspase-3 inhibition has
proved to confer limited anti-apoptotic protection in both
ischemic91 and traumatic92 brain injury, suggesting that
inhibition of other apoptosis-inducing elements might be
important for a successful rescue of cells after an isch-
emic insult.93 In addition, the efficiency of z-VAD may
vary from newborn to adult animals in conferring neu-
roprotection against ischemia.94

Inhibitors of apoptosis proteins: the natural caspase
inhibitors
Expectedly, the apoptotic process is physiologically con-

trolled by both activators and inhibitors of caspases that
may represent additional potential targets for neuroprotec-
tion (FIG. 2). The best studied caspase inhibitors are the
inhibitors of apoptosis proteins (IAPs).95 Thus far, eight
IAP proteins have been identified in mammals: neuronal
AIP, cIAP1, cIAP2, X-linked IAP (XIAP), melanoma IAP,
IAP-like protein 2, survivin, and BRUCE/Apollon.95 In
vitro studies have identified endogenous XIAP as a critical
regulator of neuronal apoptosis,96 and data from studies of
mice overexpressing XIAP have shown that increased lev-
els of this protein confer protection against hypoxia-isch-
emia-induced caspase activation in both the adult97 and
neonatal brain.98 In a model of transient cerebral ischemia
in rats, XIAP overexpression increased cell survival by 5 to
6-fold and improved functional recovery.99

Pharmacological implementation of XIAP-based neu-
rorescuing has been successfully reported by Fan et al.100

in a model of transient brain ischemia. In this study, intra-
peritoneal injection of XIAP-derived chimeric polypeptides
that included a membrane translocation domain that re-
sulted in limited caspase activation and DNA fragmen-
tation, and improved neurological outcomes after tran-
sient ischemia. Thus, developing small molecules that
selectively upregulate XIAP may therefore have thera-
peutic potential for the treatment of both ischemic and

traumatic brain injury. The observation that XIAP defi-
cient mice do not exhibit any increased apoptosis in their
brain supports this approach.101

Mitochondrial IAP-antagonists
This inhibition of caspases activity by IAPs is bal-

anced by mitochondrial proteins released during the
MMP process and acting as IAP antagonists that may be
considered as potential therapeutic targets. Three mito-
chondrial proteins have been identified in mammalian cells:
Smac/DIABLO,102,103 Omi/ Htra2104 and ARTS105,106 (apop-
tosis-related protein in TGF-� signaling pathway). All three
proteins have been shown to inhibit IAPs by physical se-
questration,104,105,107 although ARTS and Omi/Htra2 can
specifically target XIAP and reduce its levels.105,108 The
potential therapeutic implications of IAP antagonist tar-
geting has been recently illustrated by Su et al.109 in a
model of ischemia-reperfusion brain injury in rats. Intra-
peritoneal injection of a novel Omi/HtrA2 inhibitor,
UCF-101, 30 min prior to reperfusion and after 2 h of
middle cerebral artery occlusion, resulted in a significant

FIG. 1. Mitochondrial permeability transition pore (mPTP) sche-
matic representation of MMP may develop according two differ-
ent scenarios: mitochondrial permeability transition (MPT) or mi-
tochondrial outer membrane permeabilization (MOMP). During
mitochondrial permeability transition (MTP), mitochondrial dam-
age caused by oxidative stress or calcium overload initiates
induction of the mPTP at the inner membrane. Opening of this
large complex channel results in leaking of protons and massive
entry of water and solutes with subsequent swelling of the mi-
tochondria, dissipation of transmembrane mitochondrial poten-
tial (��m), failure of oxidative metabolism and eventually break-
age of the outer mitochondrial membrane. This process is
modulated by Bcl-2 family proteins and TSPO both interacting
with the voltage-dependent anion channel (VDAC) and the ade-
nine nucleotide translocator (ANT). On the other hand, MOMP
may develop by translocation and oligomerization of Bax that
creates small channels across the OM allowing for release of
cytochrome c (dark grey dots). CyPD � cyclophilin D; HK �
hexokinase; IM � inner mitochondrial membrane; OL Bax �
oligomerized Bax; OM � outer mitochondrial membrane;
TSPO � 18 kDa translocator protein formerly known as pe-
ripheral benzodiazepine receptor.
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reduction of TUNEL positive cells that correlated with
concurrent reduction in caspase-3 activity.
Another mitochondrial protein that promotes apoptosis

through binding and antagonizing XIAP is ARTS.105,106

Although, so far, most efforts have been focused on
Smac/DIABLO and Omi/HtrA2, ARTS appears to act ear-
lier in the apoptotic cascade and directly inhibits XIAP by
a distinct mechanism.105 ARTS (septin 4 isoform 2, Gene-
bank accession number gi 17986245 ref NP_536340.1) is
derived by differential splicing from the human septin gene
Sept4.106 ARTS is exceptional, both in terms of its mi-
tochondrial localization and its pro-apoptotic function,
not shared by any other known human septin. Several
lines of evidence suggest that ARTS induces apoptosis
through XIAP inhibition in brain injury. First, ARTS was
shown to be highly expressed in the brain106 where sep-
tins generally play a significant role in various neuropathol-
ogies. Second, ARTS was found to function as a potent
IAP-antagonist both in vitro105 and in vivo.110 Third, under
apoptotic conditions ARTS is released from mitochon-
dria, directly binds to XIAP in the cytosol, reducing its
levels through degradation via the ubiquitin-proteosome
system.105 Fourth, several studies implicate XIAP nu-
clear translocation in neuronal death and suggest that this
translocation may be a novel mechanism regulating hy-
poxic-ischemic brain injury.111 ARTS can bind XIAP in
the cytosol and translocate in a complex with XIAP to
the nucleus. Moreover, a significant increase in nuclear
localization of XIAP was shown when XIAP was co-

overexpressed with ARTS, as compared to XIAP
alone.105 Taken together, these observations suggest that
ARTS plays an important role in promoting apoptosis
through XIAP inhibition in the brain and may therefore
represent an additional potential target for design of new
therapeutic agents (FIG. 2).

Apoptosis-inducing factor
Among the inter-membrane proteins released by

MMP, the role of apoptosis-inducing factor in generation
of secondary neuronal death in TBI has not yet been fully
elucidated. Several preliminary studies using various
models of ischemic brain injury have suggested that re-
lease of AIF by the MMP process could represent the
first step of caspase-independent apoptosis.112,113 In a
recent animal study, Slemmer et al.114 have shown in an
in vitro model of axonal injury that AIF translocated to
the nucleus and was responsible for chromatine conden-
sation independently from caspase activity. Furthermore,
the authors showed that down-regulation of AIF in vitro
by small inhibitory RNA resulted in a significant atten-
uation of neuronal cell death by 67% induced by stretch-
ing. This observation was further supported in vivo by a
similar reduction in contusion expansion in AIF-deficient
harlequin mutant mice. To date, however, no therapeutic
strategy specifically targeting the AIF has been investi-
gated yet, so that eventually prevention or reduction of
MMP remains the only available way to affect AIF-
mediated damage.

FIG. 2. Downstream post-mitochondrial executioners and their modulators MMP results in cytochrome c (cyto c; dark grey dots)
release in the cytosol, contributing with Apaf-1 to the assembly of the apoptosome that activates Caspase-9 (Casp-9), initiating the
caspase pathway of cell death through activation of effectors Casp-3 and Casp-7. This process is negatively regulated by the inhibitors
of apoptosis proteins (IAPs) mostly represented by the X-linked IAP (XIAP). The XIAP, in turn, is deactivated by SMAC/Diablo,
Omi/HTRA2, and ARTS.
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CONCLUDING REMARKS

Considerable laboratory data have emphasized the
crucial impact of mitochondrial membrane permeabili-
zation and its consequences over the fate of damaged
neurons, enhancing the potential therapeutic implications
of this pivotal phenomenon. Although most of these data
are still preliminary or even merely speculative in nature,
few therapeutic agents, such as cyclosporin A with ro-
bust evidence of their neuroprotective effect can be eas-
ily and readily implemented without interfering with
standard management and can not be ignored any further.
In the face of failure of our current care measures to
prevent or reverse mitochondrial damage, time has come
to move from a simplistic biomechanical approach lim-
ited to control of intracranial pressure to a more patho-
physiological strategy and to call for large scale multi-
center studies.
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