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Recent data have provided important clues about the molecular mechanisms underlying certain
neurodegenerative diseases. Most cell death in vertebrates proceeds via the mitochondrial pathway of
apoptosis. Mitochondria contain proapoptotic factors such as cytochrome c and AIF in their intermembrane
space. Furthermore, mitochondrial membrane permeabilization (MMP) is a critical event during apoptosis,
representing the “point of no return” of the lethal process. Modern medicine is developing an increasing
number of drugs for neurodegenerative disease, but no neuroprotective treatment has yet been established.
While current treatments temporarily alleviate symptoms, they do not halt disease progression. This paper
briefly reviews the pharmacological inhibition of mitochondrial membrane permeabilization for neuropro-
tection.

© 2009 Elsevier Inc. All rights reserved.
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Introduction

Many neurons die from necrosis and apoptosis through various
mechanisms such as ischemia, mechanical stress, or degeneration.
Therapeutic targeting of apoptosis (rather than necrosis) appears
feasible because apoptosis is a delayed event and an energy-

mailto:hisatomi@med.kyushu-u.ac.jp
mailto:kroemer@igr.fr
http://dx.doi.org/10.1016/j.expneurol.2009.03.007
http://www.sciencedirect.com/science/journal/00144886


348 T. Hisatomi et al. / Experimental Neurology 218 (2009) 347–352
dependent, regulated process. Mitochondria are considered to be the
central regulators of apoptotic cell death. In various paradigms of cell
death, mitochondrial membrane permeabilization (MMP) delimits
the frontier between life and death (Fig. 1). Mitochondria control the
intrinsic pathway of apoptosis, in which MMP ignites the activation of
caspases and other catabolic enzymes, and mitochondria participate
in the extrinsic pathway of apoptosis, in which they amplify the self-
destructive process (Green and Reed, 1998; Hengartner, 2000;
Kroemer et al., 1997). Irrespective of its initiation at the inner or
outer mitochondrial membrane, MMP culminates in the functional
and structural collapse of mitochondria. The functional loss of
mitochondria is accompanied by the dissipation of the mitochondrial
membrane potential, shutdown of ATP synthesis, and a redox
imbalance. The structural disruption of mitochondria leads to the
reorganization of cristae and to the release of toxic intermembrane
space proteins into the cytosol. MMP has a profound impact on
cellular metabolism, activates caspase-dependent and -independent
executioner mechanisms, and finally results in the demise of the cell
(Ferri and Kroemer, 2001; Galluzzi et al., 2008). The lethal
consequences of MMP relate to the critical position occupied by
mitochondria in cellular bioenergetics and the release of proapoptotic
proteins into the cytosol and the nucleus. Proapoptotic proteins
liberated as a consequence of MMP include activators of the caspase
cascade (e.g. cytochrome c), as well as caspase-independent death
effectors (e.g. apoptosis-inducing factor (AIF) and endonuclease G)
(Garrido et al., 2006; Li et al., 2001). Indeed, mitochondrial membrane
Fig. 1. The mitochondrial pathway to apoptosis and its inhibition for neuroprotection. Th
discussed in this review, as well as the post-mitochondrial effector mechanisms that are eith
are also enumerated. For details see main text.
permeabilization (MMP) is the main checkpoint of programmed cell
death, and lethal pathways of signal transduction are often activated
in neurodegenerative diseases. Hence, pharmacological agents that
target mitochondria to subvert MMP are being evaluated as
therapeutic approaches for the avoidance or treatment or neurode-
generative disorders. Here, we summarize the checkpoints of
mitochondrion-dependent apoptosis and review current concepts
on pharmacological targeting of mitochondria for neuroprotection.

Mitochondrial outer membrane permeabilization

MMPmay affect the outer membrane through at least two distinct
mechanisms. First, the activation of proapoptotic proteins of the Bcl-2
family (e.g., Bax, Bak) can lead to the generation of multimeric
channels, allowing for the release of intermembrane space proteins
(Zamzami and Kroemer, 2001), or alternatively to the formation of
lipidic pores due to the interaction between proapoptotic Bcl-2 family
members (e.g., Bax, truncated Bid) and lipids contained in mitochon-
drial membranes (Galluzzi et al., 2008; Green and Kroemer, 2004;
Kroemer et al., 2007). Second, outer membrane permeabilization can
occur upon its physical rupture, be it induced accidentally or as part of
a regulated process originating at the inner membrane (the so-called
mitochondrial permeability transition). Irrespective of the precise
molecular mechanisms, outer membrane permeabilization culmi-
nates in the release of proapoptotic intermembrane space proteins,
which trigger the execution process of apoptotic cell death.
e scheme summarizes the mechanisms of mitochondrial membrane permeabilization
er caspase-dependent or caspase-independent. Different strategies for neuroprotection
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Mitochondrial inner membrane permeabilization

Mitochondrial membrane permeabilization may also start at the
inner membrane. In contrast to the outer membrane, the inner
membrane from healthy cells is nearly impermeable to small solutes
and ions. When inner membrane impermeability is lost, for instance
following the opening of the so-called permeability transition pore
complex (PTPC), solutes enter themitochondrial matrix, accompanied
by a net influx of water. This process is known as mitochondrial
permeability transition and can be inhibited by the knockout of
cyclophilin D (a mitochondrial matrix protein) or by the use of
cyclosporin A or other pharmacological inhibitors of cyclophilin D
(Broekemeier et al., 1989; Marzo et al., 1998a,b; Vieira et al., 2000;
Nakagawa et al., 2005; Baines et al., 2005).

Importance of caspase-dependent pathways on
neurodegenerative disease

Cystein aspartate-specific proteases or caspases are the central
molecules involved in initiation and execution of apoptosis (Riedl and
Shi, 2004). Caspases are processed through proteolytic cleavage at the
sites containing aspartate residue. Mitochondria contain the entire
cellular pool of cytochrome c, as well as a fraction of caspase-9, in the
intermembrane space and both cytochrome c and caspase-9 are
liberated into the cytoplasm after apoptotic insults. Cytochrome c
triggers the formation of the apoptosome in the presence of ATP along
with Apaf-1 and caspase-9, initiating the activation of the caspase
cascade (Kroemer et al., 1997; Green and Reed, 1998; Mehta et al.,
2007). The “forebrain over growth” (fog) mutation leads to an
autosomal recessive neural tube closure defect due to the near-to-
complete lack of Apaf-1 expression (Harris et al., 1997; Honarpour et
al., 2001). However, a complete deficiency in Apaf-1 usually results in
perinatal lethality, while fog/fog mice readily survive into adulthood
(Honarpour et al., 2001; Yoshida et al., 1998), allowing to assess the
role of Apaf-1 and Apaf-1-dependent cytochrome c-mediated caspase
activation in neuronal apoptosis. An antiapoptotic effect of the fog
mutation mice was observed in staurosporine induced bone marrow
cell death (Katoh et al., 2008). Similarly, Apaf-1 deficiency reduced the
retinal detachment (RD)-induced neuronal photoreceptor apoptosis,
as assessed by TUNEL staining (Hisatomi et al., 2008). These results
suggest that pharmacological inhibition of Apaf-1 should be evaluated
for their neuroprotective potential.

Importance of AIF in caspase-independent pathways on
neurodegenerative disease

AIF is a 67 kDa protein flavoprotein that is highly conserved among
mammalian species (N95% amino acid identity between mouse and
human) and bears a highly significant homology with flavoprotein
oxidoreductases from all eukaryotic and prokaryotic kingdoms in its
C-terminal portion (Lorenzo et al., 1999; Susin et al., 1999). AIF is
normally confined to the mitochondrial intermembrane space.
However, AIF translocates to the cytosol and to the nucleus after
apoptotic insults (Susin et al., 1999; Lorenzo et al., 1999; Daugas et al.,
2000; Hisatomi et al., 2001, 2002, 2003, 2008). Harlequin (Hq) mice
exhibit an X chromosome-linked ataxia due to the progressive
degeneration of terminally differentiated cerebellar neurons (Barber,
1971; Klein et al., 2002). The Hq mutation has been identified as a
proviral insertion in the apoptosis-inducing factor (Aif) gene, also
known as programmed cell death 8 (pdcd8), causing an approximate
80% reduction in AIF expression (Klein et al., 2002). In contrast to Aif
knockout mice (which die in utero) (Joza et al., 2005), Hq mice are
born at normal Mendelian ratios and are healthy until the age of
3 months. After the apoptotic insult mediated by RD, Hq/Y retinas
exhibited significantly less TUNEL+ apoptotic neural cells than wt
controls, and exhibited a reduced cell loss in the retina (Hisatomi et al.,
2008). Similar neuroprotective effects were observed in brain
ischemia in adult (Culmsee et al., 2005) and neonate (Zhu et al.,
2007) mice, as well as in a model of traumatic brain injury (Slemmer
et al., 2008). Hence, further research on AIF and caspase-independent
pathways may reveal novel therapeutic target for neuroprotection.

Pharmacological targeting of mitochondria for preventing release
of proapoptotic molecules via MMP inhibition

Mitochondrial outer membrane permeabilization (MOMP) is a
critical event during apoptosis, representing the “point of no return”
of the lethal process. Cytochrome c is released from mitochondria
upon MOMP and binds to cytosolic apoptotic protease activating
factor-1 (Apaf-1) to induce its dimerization and a conformational
change (Bao et al., 2005). Apaf-1 then oligomerizes into apoptosomes
that recruit and activate caspase-9 followed by serial activation of
caspase-3 and other apoptosis-execution molecules (Acehan et al.,
2002; Bao and Shi, 2007). However, MOMPmay cause cell death even
if caspases are inhibited (Bouchier-Hayes et al., 2005) and a broad
caspase inhibitor, Z-VAD-fmk, fails to inhibit neuronal apoptosis
(Hisatomi et al., 2001; Murakami et al., 2008). AIF is a caspase-
independent apoptogenic factor and is normally confined to the
mitochondrial intermembrane space (Susin et al., 1999). During
apoptosis, AIF translocates to the cytosol and then to the nucleus
where it triggers peripheral chromatin condensation and interacts
with cyclophilin A to generate a DNAse complex that is responsible for
the so-called “large-scale” DNA degradation to fragments of approxi-
mately 50 kbp (Cande et al., 2004, Susin et al., 1999). AIF translocation
has been reported for mammalian neural cells in numerous cases, for
instance for photoreceptors upon retinal detachment (RD) (Hisatomi
et al., 2001), dopaminergic neurons in models of Parkinson's disease
(Wang et al., 2003) including phenylpyridinium toxicity (Chu et al.,
2005) and photoreceptor cells in retinitis pigmentosa (Sanges et al.,
2006). Pharmacological targeting of MMP inhibition may limit the
release of these proapoptotic intermembrane space proteins into the
cytosol, as discussed below.

Growth factor dependent survival of neuronal cells

An increasing number of growth factors and nerve growth factors
are being shown to support cell survival after various apoptotic insults
in neuronal cells (Chaum, 2003). Such neuroprotective effects have
been reported for proteins from the nerve growth factor family (NGF,
BDNF, etc.), basic fibroblast growth factor (bFGF), and vascular
permeability factor (VEGF). BDNF and bFGF confer substantial
neuroprotective effects in neuronal apoptosis induced by retinal
detachment (Hisatomi et al., 2001), brain ischemia (Lee et al., 2008;
Tsukahara et al., 1994), and Parkinson disease (Altar et al., 1992; Frim
et al., 1994). These growth factors activate their counter receptors (i.e.,
NGF receptors) and stimulate cellular intrinsic pathways (i.e.,
activation of PI3K/Akt signaling pathways and mitogen-activated
protein kinase (MAPK) pathways, which leads to the upregulation of
cytoprotective proteins (Bogaerts et al., 2008). Recently, pigment
epithelium-derived factor (PEDF) has also been reported to be
neuroprotective in retinal degeneration in retinitis pigmentosa.
While the receptor of PEDF remains unclear, lentivirus-mediated
retinal gene transfer of PEDF inhibited MMP, as indicated by an intact
mitochondrial transmembrane potential, and inhibited the AIF
translocation from mitochondria to the nuclei of neural cell in the
retina (Murakami et al., 2008).

Overexpression of Bcl-2 family proteins for inhibiting MOMP
for neuroprotection

Bcl-2 family proteins are essential regulators of apoptosis, and its
over 30 family members share homology in Bcl-2 homology regions
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(BH1 to BH4) (Borner, 2003;Mehta et al., 2007). These can be grouped
into Bcl-2 like survival factors (antiapoptotic) (Boise et al., 1993;
Gibson et al., 1996) and Bcl-2 like death factors (proapoptotic) (Boise
et al., 1993; Oltvai et al., 1993; Inohara et al., 1997). The Bcl-2 like
survival factors possess all four BH domains (BH1 to BH4) domains
that mediate their antiapoptotic function and gate the release of
apoptotic proteins by preventing theMMP. The proapoptotic members
of Bcl-2 family protein either posses three BH domains (BH1 to 3) or
just one BH domain (BH3) and promote MMP via perturbation of
mitochondrial membrane integrity, the interactions with other
proapoptotic and antiapoptotic factors, including with MMP-related
proteins such as adenine nucleotide translocator (ANT) and voltage-
dependent anion channel (VDAC). The ratio of antiapoptotic and
proapoptotic proteins may determine the fate of neurons (Kroemer
and Reed, 2000; Green and Kroemer, 2004). The overexpression of
antiapoptotic members of Bcl-2 family protein has a major neuropro-
tective effect (Mehta et al., 2007). Bcl-2 overexpression protects
against neuron loss induced by brain ischemia, through prevention of
the mitochondrial release of cytochrome c accumulation and the
subsequent activation of caspase-3 (Zhao et al., 2003). Moreover Bcl-2
transfection via a recombinant herpes simplex virus blocks AIF
translocation from mitochondria to nucleus (Zhao et al., 2004),
supporting the idea that Bcl-2 proteins constitute potentially useful
targets for neuroprotection.

A cell-permeable peptide corresponding to the BH-4 domain of Bcl-XL

inhibits neuronal apoptosis via blocking MOMP

The BH4 domain is specific for the antiapoptotic proteins of the
Bcl-2 family and is responsible for the binding of Bcl-2 or Bcl-XL to
VDAC (Shimizu et al., 2000). Recently a cell-permeable MOMP-
inhibitory recombinant fusion protein, HIV-TAT BH4, composed by the
HIV-TAT plasma membrane translocation domain and the antiapop-
totic Bcl-XL-derived BH4 domain, has been reported to inhibit
neuronal apoptosis (Asoh et al., 2002; Dietz et al., 2002; Hisatomi et
al., 2008, Yin et al., 2006). Cell-penetrating peptide constructs
comprising the HIV-1 TAT basic domain or related peptides have
been developed to deliver bioactive peptides into cells (Shimizu et al.,
2000; Cao et al., 2002; Schwarze et al., 1999; Dietz et al., 2002; Asoh et
al., 2002; Sugioka et al., 2003; Yin et al., 2006; Hotchkiss et al., 2006).
Rapid and receptor-independent uptake of TAT-conjugated peptides
has been demonstrated to occur in vitro and in vivo (Dietz et al.,
2002). Indeed, the intraperitoneal injection of HIV-TAT protein led to
its distribution into neuronal cells (in vivo), exactly as this was
observed after addition of HIV-TAT BH4 to primary neuronal cell
cultures (in vitro) (Hisatomi et al., 2008). Moreover, the HIV-TAT BH4
peptide efficiently inhibited caspase-3 activation in ischemic neurons
(Cao et al., 2002), prevented AIF translocation in neonatal brain
damage (Yin et al., 2006), and suppressed AIF and cytochrome c
translocation in retinal cells (Hisatomi et al., 2008). Based on these
results, peptidomimetics should be designed to act like the HIV-TAT
BH4 peptide and then evaluated for their neuroprotective effects. By
analogy to the BH3-mimetics, which mediate proapoptotic effects on
cancer cells (Adams and Cory, 2007), such components could be
referred to as “BH4 mimetics”.

A novel mechanism of HIV protease inhibitors for neuroprotection
through inhibition of mitochondrial apoptosis

HIV protease inhibitors (PIs) have originally been designed to
block the formation of HIV viral proteins by viral proteases, and are
currently administered to millions of patients with HIV worldwide
(Staszewski et al., 1999). Importantly, PIs may have an “off-target”
effect and inhibit apoptosis through a direct action on host cells. PIs do
not only inhibit virus replication but also suppress CD4+ T lymphocyte
apoptosis at concentrations similar to those that are achieved in the
plasma of PI-treated patients (Phenix et al., 2002). In several cases,
HIV infected individuals recovered normal levels of circulating CD4+ T
cells upon PI treatment although the therapy had no effects on the
viral titers, suggesting that PIs might inhibit apoptosis of CD4+ T cells
in vivo, independently from their effect on HIV replication (Badley,
2005; Deeks and Grant, 1999; Staszewski et al., 1999). Several groups
investigated the mechanisms by which PIs inhibit apoptosis. Altered
transcriptional regulation of regulatory proteins(Estaquier et al.,
2002), as well as direct inhibition of caspase-1 (Sloand et al., 1999)
or calpain (Ghibelli et al., 2003) have been reported. However, these
proposed mechanisms may not explain the ability of PIs to block cell
death induced by a wide range of apoptotic insults (Phenix et al.,
2002) and are not compatible with other studies reporting poor
effects of PIs on effector caspases (Phenix et al., 2001) or on the net
synthesis of apoptosis regulators (Phenix et al., 2001). However, the
protective effects of PIs contrast with the observation that pharma-
cological caspase inhibitors largely fail to inhibit cell death (Green and
Kroemer, 2005).

Recently, PIs were shown to inhibit the MOMP-dependent release
of cytochrome c (Matarrese et al., 2003; Phenix et al., 2001) via direct
binding to and inhibition of the adenine nucleotide translocator, a
protein from the inner mitochondrial membrane that can form pores
and mediate MOMP (Weaver et al., 2005). Hence, PIs may simulta-
neously block caspase-dependent (activation of caspase-9, -3) and
caspase-independent cell death pathways (AIF translocation) via
blocking MOMP, presumably by inhibiting the adenine nucleotide
translocator (Hisatomi et al., 2008). PIs have been reported to be
neuroprotective in neuronal injury triggered by 4-hydroxynonenal, a
lipid-soluble aldehydic product of membrane peroxidation in vitro
(Wan and DePetrillo, 2002), and middle cerebral artery occlusion-
induced stroke in vivo (Weaver et al., 2005). In our studies, PI had
substantial antiapoptotic and neuroprotective effect on retinal photo-
receptors after RD (Hisatomi et al., 2008). Paradoxically, PIs may also
induce apoptosis, particularly of transformed cells, when used at
higher doses (Estaquier et al., 2002; Gaedicke et al., 2002). Further
studies must explore the mechanisms through which PIs inhibit
neuronal apoptosis and explore their possible clinical application for
neuroprotection.

Conclusions

MMP is a pivotal event in the pathogenesis of acute and chronic
neurodegenerative disorders. Thus, various neurodegenerative dis-
orders that involve apoptosis could be amenable to drug- and gene-
based therapies that target MMP. Multiple redundant cell death
pathways with overlapping and cross-talking molecular mechanisms
can come into action, suggesting that neuroprotective agents should
optimally be directed at multiple and/or comprehensive targets. In
our studies, neither the Hq/Y genotype (a hypomorphic mutation of
the aif gene) nor the fog/fog genotype (a hypomorphic mutation of
apaf-1) led to complete protection against RD-induced photoreceptor
apoptosis (Hisatomi et al., 2008). There are two hypotheses that may
explain this phenomenon. First, it is possible that residual amounts of
AIF and Apaf-1 allow some apoptosis to occur in these hypomorphic
mutants. As an alternative (and non-exclusive) possibility, molecular
interactions between the different pathways might compensate for
each other during the apoptotic process. AIF induces purified
mitochondria to release cytochrome c and caspase-9, suggesting
that AIF, once released from mitochondria, accelerates membrane
permeabilization in a positive feed forward loop (Susin et al., 1999).
While released cytochrome c binds Apaf1 that in turn activates
caspase-9, caspases can also directly affect mitochondrial function
and/or disrupt mitochondrial membrane permeability (Susin et al.,
1997; Marzo et al., 1998a,b). We hypothesize that both pathways are
activated afterMOMP and simultaneously orchestrate complementary
pathways culminating in cellular demise in the neurodegenerative
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model of RD. This hypothesis is supported by the fact that
antiapoptotic HIV-TAT BH4 protein, that inhibits MOMP and hence
blocks the release of both cytochrome c and AIF (Cao et al., 2002;
Shimizu et al., 2000), successfully reduced photoreceptor apoptosis
after RD. Furthermore, administration of HIV-TAT BH4 protein had
additive protective effects on Hq/Y mouse where it decreased the
activation of caspase-9.

In conclusion, we propose the concept to target mitochondria,
especially MMP, to block the release of multiple proapoptotic proteins
and simultaneously protect energy metabolism for optimal neuro-
protection. Furthermore, we believe that it is worthwhile to assess
combination therapies in which growth factors, Bcl-2 family protein
overexpression, BH4 mimetics, and HIV protease inhibitors are
evaluated together for their neuroprotective action.

Acknowledgments

GK is supported by the Ligue Nationale contre le Cancer (Equipe
labellisée), European Commission (Active p53, Apo-Sys, RIGHT,
TransDeath, ChemoRes, DeathTrain), Cancéropôle Ile-de-France, Fon-
dation de France, and Fondation pour la Recherche Médicale.

References

Acehan, D., Jiang, X., Morgan, D.G., Heuser, J.E., Wang, X., Akey, C.W., 2002.
Three-dimensional structure of the apoptosome: implications for assembly,
procaspase-9 binding, and activation. Mol. Cell 9, 423–432.

Adams, J.M., Cory, S., 2007. The Bcl-2 apoptotic switch in cancer development and
therapy. Oncogene 26, 1324–1337.

Altar, C.A., Boylan, C.B., Jackson, C., Hershenson, S., Miller, J., Wiegand, S.J., Lindsay, R.M.,
Hyman, C., 1992. Brain-derived neurotrophic factor augments rotational behavior
and nigrostriatal dopamine turnover in vivo. Proc. Natl. Acad. Sci. U. S. A. 89,
11347–11351.

Asoh, S., Ohsawa, I., Mori, T., Katsura, K., Hiraide, T., Katayama, Y., Kimura, M., Ozaki, D.,
Yamagata, K., Ohta, S., 2002. Protection against ischemic brain injury by protein
therapeutics. Proc. Natl. Acad. Sci. U. S. A. 99, 17107–17112.

Badley, A.D., 2005. In vitro and in vivo effects of HIV protease inhibitors on apoptosis.
Cell Death Differ. 12, 924–931.

Baines, C.P., Kaiser, R.A., Purcell, N.H., Blair, N.S., Osinska, H., Hambleton, M.A., Brunskill,
E.W., Sayen, M.R., Gottlieb, R.A., Dorn, G.W., Robbins, J., Molkentin, J.D., Nakagawa,
T., Shimizu, S., Watanabe, T., Yamaguchi, O., Otsu, K., Yamagata, H., Inohara, H., Kubo,
T., Tsujimoto, Y., 2005. Loss of cyclophilin D reveals a critical role for mitochondrial
permeability transition in cell death cyclophilin D-dependent mitochondrial
permeability transition regulates some necrotic but not apoptotic cell death.
Nature 434, 658–662.

Bao, Q., Shi, Y., 2007. Apoptosome: a platform for the activation of initiator caspases. Cell
Death Differ. 14, 56–65.

Bao, Q., Riedl, S.J., Shi, Y., 2005. Structure of Apaf-1 in the auto-inhibited form: a critical
role for ADP. Cell Cycle 4, 1001–1003.

Barber, B.R., 1971. Research news. Mouse News Lett. 45, 34–35.
Bogaerts, V., Theuns, J., van Broeckhoven, C., 2008. Genetic findings in Parkinson's

disease and translation into treatment: a leading role for mitochondria? Genes
Brain Behav. 7, 129–151 (Electronic publication 2007 Aug 3).

Boise, L.H., Gonzalez-Garcia, M., Postema, C.E., Ding, L., Lindsten, T., Turka, L.A., Mao, X.,
Nunez, G., Thompson, C.B., 1993. bcl-x, a bcl-2-related gene that functions as a
dominant regulator of apoptotic cell death. Cell 74, 597–608.

Borner, C., 2003. The Bcl-2 protein family: sensors and checkpoints for life-or-death
decisions. Mol. Immunol. 39, 615–647.

Bouchier-Hayes, L., Lartigue, L., Newmeyer, D.D., 2005. Mitochondria: pharmacological
manipulation of cell death. J. Clin. Invest. 115, 2640–2647.

Broekemeier, K.M., Dempsey, M.E., Pfeiffer, D.R., 1989. Cyclosporin A is a potent inhibitor
of the inner membrane permeability transition in liver mitochondria. J. Biol. Chem.
264, 7826–7830.

Cande, C., Vahsen, N., Kouranti, I., Schmitt, E., Daugas, E., Spahr, C., Luban, J., Kroemer, R.T.,
Giordanetto, F., Garrido, C., Penninger, J.M., Kroemer, G., 2004. AIF and cyclophilin A
cooperate in apoptosis-associated chromatinolysis. Oncogene 23, 1514–1521.

Cao, G., Pei, W., Ge, H., Liang, Q., Luo, Y., Sharp, F.R., Lu, A., Ran, R., Graham, S.H., Chen, J.,
2002. In vivo delivery of a Bcl-xL fusion protein containing the TAT protein
transduction domain protects against ischemic brain injury and neuronal apoptosis.
J. Neurosci. 22, 5423–5431.

Chaum, E., 2003. Retinal neuroprotection by growth factors: a mechanistic perspective.
J. Cell. Biochem. 88, 57–75.

Chu, C.T., Zhu, J.H., Cao, G., Signore, A., Wang, S., Chen, J., 2005. Apoptosis inducing factor
mediates caspase-independent 1-methyl-4-phenylpyridinium toxicity in dopami-
nergic cells. J. Neurochem. 94, 1685–1695.

Culmsee, C., Zhu, C., Landshamer, S., Becattini, B., Wagner, E., Pellecchia, M., Blomgren,
K., Plesnila, N., 2005. Apoptosis-inducing factor triggered by poly(ADP-ribose)
polymerase and Bid mediates neuronal cell death after oxygen–glucose deprivation
and focal cerebral ischemia. J. Neurosci. 25, 10262–10272.
Daugas, E., Susin, S.A., Zamzami, N., Ferri, K.F., Irinopoulou, T., Larochette, N., Prevost,
M.C., Leber, B., Andrews, D., Penninger, J., Kroemer, G., 2000. Mitochondrio-nuclear
translocation of AIF in apoptosis and necrosis. FASEB J. 14, 729–739.

Deeks, S.G., Grant, R.M., 1999. Sustained CD4 responses after virological failure of
protease inhibitor-containing therapy. Antivir. Ther. 4, 7–11.

Dietz, G.P., Kilic, E., Bahr, M., 2002. Inhibition of neuronal apoptosis in vitro and in vivo
using TAT-mediated protein transduction. Mol. Cell. Neurosci. 21, 29–37.

Estaquier, J., Lelievre, J.D., Petit, F., Brunner, T., Moutouh-De Parseval, L., Richman, D.D.,
Ameisen, J.C., Corbeil, J., 2002. Effects of antiretroviral drugs on human immuno-
deficiency virus type 1-induced CD4(+) T-cell death. J. Virol. 76, 5966–5973.

Ferri, K.F., Kroemer, G., 2001. Mitochondria—the suicide organelles. Bioessays 23,
111–115.

Frim, D.M., Uhler, T.A., Galpern, W.R., Beal, M.F., Breakefield, X.O., Isacson, O., 1994.
Implanted fibroblasts genetically engineered to produce brain-derived neuro-
trophic factor prevent 1-methyl-4-phenylpyridinium toxicity to dopaminergic
neurons in the rat. Proc. Natl. Acad. Sci. U. S. A. 91, 5104–5108.

Gaedicke, S., Firat-Geier, E., Constantiniu, O., Lucchiari-Hartz, M., Freudenberg, M.,
Galanos, C., Niedermann, G., 2002. Antitumor effect of the human immunodefi-
ciency virus protease inhibitor ritonavir: induction of tumor-cell apoptosis
associatedwith perturbation of proteasomal proteolysis. Cancer Res. 62, 6901–6908.

Galluzzi, L., Vitale, I., Kepp, O., Seror, C., Hangen, E., Perfettini, J.L., Modjtahedi, N.,
Kroemer, G., 2008. Methods to dissect mitochondrial membrane permeabilization
in the course of apoptosis. Methods Enzymol. 442, 355–374.

Garrido, C., Galluzzi, L., Brunet, M., Puig, P.E., Didelot, C., Kroemer, G., 2006. Mechanisms
of cytochrome c release from mitochondria. Cell Death Differ. 13, 1423–1433
(Electronic publication 2006 May 5).

Ghibelli, L., Mengoni, F., Lichtner, M., Coppola, S., De Nicola, M., Bergamaschi, A.,
Mastroianni, C., Vullo, V., 2003. Anti-apoptotic effect of HIV protease inhibitors via
direct inhibition of calpain. Biochem. Pharmacol. 66, 1505–1512.

Gibson, L., Holmgreen, S.P., Huang, D.C., Bernard, O., Copeland, N.G., Jenkins, N.A.,
Sutherland, G.R., Baker, E., Adams, J.M., Cory, S., 1996. bcl-w, a novel member of the
bcl-2 family, promotes cell survival. Oncogene 13, 665–675.

Green, D.R., Kroemer, G., 2004. The pathophysiology of mitochondrial cell death.
Science 305, 626–629.

Green, D.R., Kroemer, G., 2005. Pharmacological manipulation of cell death: clinical
applications in sight? J. Clin. Invest. 115, 2610–2617.

Green, D.R., Reed, J.C., 1998. Mitochondria and apoptosis. Science 281, 1309–1312.
Harris, B.S., Franz, T., Ullrich, S., Cook, S., Bronson, R.T., Davisson, M.T., 1997. Forebrain

overgrowth (fog): a newmutation in themouse affecting neural tube development.
Teratology 55, 231–240.

Hengartner, M.O., 2000. The biochemistry of apoptosis. Nature 407, 770–776.
Hisatomi, T., Sakamoto, T., Murata, T., Yamanaka, I., Oshima, Y., Hata, Y., Ishibashi, T.,

Inomata, H., Susin, S.A., Kroemer, G., 2001. Relocalization of apoptosis-inducing
factor in photoreceptor apoptosis induced by retinal detachment in vivo. Am. J.
Pathol. 158, 1271–1278.

Hisatomi, T., Sakamoto, T., Goto, Y., Yamanaka, I., Oshima, Y., Hata, Y., Ishibashi, T.,
Inomata, H., Susin, S.A., Kroemer, G., 2002. Critical role of photoreceptor apoptosis
in functional damage after retinal detachment. Curr. Eye Res. 24, 161–172.

Hisatomi, T., Sakamoto, T., Sonoda, K.H., Tsutsumi, C., Qiao, H., Enaida, H., Yamanaka, I.,
Kubota, T., Ishibashi, T., Kura, S., Susin, S.A., Kroemer, G., 2003. Clearance of
apoptotic photoreceptors: elimination of apoptotic debris into the subretinal space
and macrophage-mediated phagocytosis via phosphatidylserine receptor and
integrin alphavbeta3. Am. J. Pathol. 162, 1869–1879.

Hisatomi, T., Nakazawa, T., Noda, K., Almulki, L., Miyahara, S., Nakao, S., Ito, Y., She, H.,
Kohno, R., Michaud, N., Ishibashi, T., Hafezi-Moghadam, A., Badley, A.D., Kroemer,
G., Miller, J.W., 2008. HIV protease inhibitors provide neuroprotection through
inhibition of mitochondrial apoptosis in mice. J. Clin. Invest. 118, 2025–2038.

Honarpour, N., Gilbert, S.L., Lahn, B.T., Wang, X., Herz, J., 2001. Apaf-1 deficiency and
neural tube closure defects are found in fog mice. Proc. Natl. Acad. Sci. U. S. A. 98,
9683–9687.

Hotchkiss, R.S., McConnell, K.W., Bullok, K., Davis, C.G., Chang, K.C., Schwulst, S.J.,
Dunne, J.C., Dietz, G.P., Bahr, M., McDunn, J.E., Karl, I.E., Wagner, T.H., Cobb, J.P.,
Coopersmith, C.M., Piwnica-Worms, D., 2006. TAT-BH4 and TAT-Bcl-xL peptides
protect against sepsis-induced lymphocyte apoptosis in vivo. J. Immunol. 176,
5471–5477.

Inohara, N., Ding, L., Chen, S., Nunez, G., 1997. harakiri, a novel regulator of cell death,
encodes a protein that activates apoptosis and interacts selectively with survival-
promoting proteins Bcl-2 and Bcl-X(L). EMBO J. 16, 1686–1694.

Joza, N., Oudit, G.Y., Brown, D., Benit, P., Kassiri, Z., Vahsen, N., Benoit, L., Patel, M.M.,
Nowikovsky, K., Vassault, A., Backx, P.H., Wada, T., Kroemer, G., Rustin, P., Penninger,
J.M., 2005. Muscle-specific loss of apoptosis-inducing factor leads to mitochondrial
dysfunction, skeletal muscle atrophy, and dilated cardiomyopathy. Mol. Cell. Biol.
25, 10261–10272.

Katoh, I., Sato, S., Fukunishi, N., Yoshida, H., Imai, T., Kurata, S., 2008. Apaf-1-deficient fog
mouse cell apoptosis involves hypo-polarization of the mitochondrial inner
membrane, ATP depletion and citrate accumulation. Cell Res. 18, 1210–1219.

Klein, J.A., Longo-Guess, C.M., Rossmann, M.P., Seburn, K.L., Hurd, R.E., Frankel, W.N.,
Bronson, R.T., Ackerman, S.L., 2002. The harlequin mouse mutation downregulates
apoptosis-inducing factor. Nature 419, 367–374.

Kroemer, G., Reed, J.C., 2000. Mitochondrial control of cell death. Nat. Med. 6, 513–519.
Kroemer, G., Zamzami, N., Susin, S.A.,1997. Mitochondrial control of apoptosis. Immunol

Today 18, 44–51.
Kroemer, G., Galluzzi, L., Brenner, C., 2007. Mitochondrial membrane permeabilization

in cell death. Physiol. Rev. 87, 99–163.
Lee, T.H., Yang, J.T., Ko, Y.S., Kato, H., Itoyama, Y., Kogure, K., 2008. Influence of ischemic

preconditioning on levels of nerve growth factor, brain-derived neurotrophic factor



352 T. Hisatomi et al. / Experimental Neurology 218 (2009) 347–352
and their high-affinity receptors in hippocampus following forebrain ischemia.
Brain Res. 1187, 1–11 (Electronic publication 2007 Oct 6).

Li, L.Y., Luo, X., Wang, X., 2001. Endonuclease G is an apoptotic DNase when released
from mitochondria. Nature 412, 95–99.

Lorenzo, H.K., Susin, S.A., Penninger, J., Kroemer, G., 1999. Apoptosis inducing factor
(AIF): a phylogenetically old, caspase-independent effector of cell death. Cell Death
Differ. 6, 516–524.

Marzo, I., Brenner, C., Zamzami, N., Susin, S.A., Beutner, G., Brdiczka, D., Remy, R., Xie, Z.H.,
Reed, J.C., Kroemer, G., 1998a. The permeability transition pore complex: a target for
apoptosis regulation by caspases and bcl-2-related proteins. J. Exp. Med. 187,
1261–1271.

Marzo, I., Susin, S.A., Petit, P.X., Ravagnan, L., Brenner, C., Larochette, N., Zamzami, N.,
Kroemer, G., 1998b. Caspases disrupt mitochondrial membrane barrier function.
FEBS Lett. 427, 198–202.

Matarrese, P., Gambardella, L., Cassone, A., Vella, S., Cauda, R., Malorni, W., 2003.
Mitochondrial membrane hyperpolarization hijacks activated T lymphocytes
toward the apoptotic-prone phenotype: homeostatic mechanisms of HIV protease
inhibitors. J. Immunol. 170, 6006–6015.

Mehta, S.L., Manhas, N., Raghubir, R., 2007. Molecular targets in cerebral ischemia for
developing novel therapeutics. Brain Res. Rev. 54, 34–66 (Electronic publication
2007 Jan 12).

Murakami, Y., Ikeda, Y., Yonemitsu, Y., Onimaru, M., Nakagawa, K., Kohno, R., Miyazaki,
M., Hisatomi, T., Nakamura, M., Yabe, T., Hasegawa, M., Ishibashi, T., Sueishi, K.,
2008. Inhibition of nuclear translocation of apoptosis-inducing factor is an essential
mechanism of the neuroprotective activity of pigment epithelium-derived factor in
a rat model of retinal degeneration. Am. J. Pathol. 173, 1326–1338 (Electronic
publication 2008 Oct 9).

Nakagawa, T., Shimizu, S., Watanabe, T., Yamaguchi, O., Otsu, K., Yamagata, H., Inohara,
H., Kubo, T., Tsujimoto, Y., 2005. Cyclophilin D-dependent mitochondrial perme-
ability transition regulates some necrotic but not apoptotic cell death. Nature 434,
652–658.

Oltvai, Z.N., Milliman, C.L., Korsmeyer, S.J., 1993. Bcl-2 heterodimerizes in vivo with a
conserved homolog, Bax, that accelerates programmed cell death. Cell 74, 609–619.

Phenix, B.N., Lum, J.J., Nie, Z., Sanchez-Dardon, J., Badley, A.D., 2001. Antiapoptotic
mechanism of HIV protease inhibitors: preventing mitochondrial transmembrane
potential loss. Blood 98, 1078–1085.

Phenix, B.N., Cooper, C., Owen, C., Badley, A.D., 2002. Modulation of apoptosis by HIV
protease inhibitors. Apoptosis 7, 295–312.

Riedl, S.J., Shi, Y., 2004. Molecular mechanisms of caspase regulation during apoptosis.
Nat. Rev., Mol. Cell. Biol. 5, 897–907.

Sanges, D., Comitato, A., Tammaro, R., Marigo, V., 2006. Apoptosis in retinal
degeneration involves cross-talk between apoptosis-inducing factor (AIF) and
caspase-12 and is blocked by calpain inhibitors. Proc. Natl. Acad. Sci. U. S. A. 103,
17366–17371.

Schwarze, S.R., Ho, A., Vocero-Akbani, A., Dowdy, S.F., 1999. In vivo protein transduction:
delivery of a biologically active protein into the mouse. Science 285, 1569–1572.

Shimizu, S., Konishi, A., Kodama, T., Tsujimoto, Y., 2000. BH4 domain of antiapoptotic
Bcl-2 family members closes voltage-dependent anion channel and inhibits
apoptotic mitochondrial changes and cell death. Proc. Natl. Acad. Sci. U. S. A. 97,
3100–3105.

Slemmer, J.E., Zhu, C., Landshamer, S., Trabold, R., Grohm, J., Ardeshiri, A., Wagner, E.,
Sweeney, M.I., Blomgren, K., Culmsee, C., Weber, J.T., Plesnila, N., 2008. Causal role of
apoptosis-inducing factor for neuronal cell death following traumatic brain injury.
Am. J. Pathol. 173, 1795–1805 (Electronic publication 2008 Nov 6).

Sloand, E.M., Kumar, P.N., Kim, S., Chaudhuri, A., Weichold, F.F., Young, N.S.,1999. Human
immunodeficiency virus type 1 protease inhibitor modulates activation of
peripheral blood CD4(+) T cells and decreases their susceptibility to apoptosis in
vitro and in vivo. Blood 94, 1021–1027.

Staszewski, S., Morales-Ramirez, J., Tashima, K.T., Rachlis, A., Skiest, D., Stanford, J.,
Stryker, R., Johnson, P., Labriola, D.F., Farina, D., Manion, D.J., Ruiz, N.M., 1999.
Efavirenz plus zidovudine and lamivudine, efavirenz plus indinavir, and indinavir
plus zidovudine and lamivudine in the treatment of HIV-1 infection in adults. Study
006 Team. N. Engl. J. Med. 341, 1865–1873.

Sugioka, R., Shimizu, S., Funatsu, T., Tamagawa, H., Sawa, Y., Kawakami, T., Tsujimoto, Y.,
2003. BH4-domain peptide from Bcl-xL exerts anti-apoptotic activity in vivo.
Oncogene 22, 8432–8440.

Susin, S.A., Zamzami, N., Castedo, M., Daugas, E., Wang, H.G., Geley, S., Fassy, F., Reed, J.C.,
Kroemer, G., 1997. The central executioner of apoptosis: multiple connections
between protease activation and mitochondria in Fas/APO-1/CD95- and ceramide-
induced apoptosis. J. Exp. Med. 186, 25–37.

Susin, S.A., Lorenzo, H.K., Zamzami, N., Marzo, I., Snow, B.E., Brothers, G.M., Mangion, J.,
Jacotot, E., Costantini, P., Loeffler, M., Larochette, N., Goodlett, D.R., Aebersold, R.,
Siderovski, D.P., Penninger, J.M., Kroemer, G., 1999. Molecular characterization of
mitochondrial apoptosis-inducing factor. Nature 397, 441–446.

Tsukahara, T., Yonekawa, Y., Tanaka, K., Ohara, O., Wantanabe, S., Kimura, T., Nishijima,
T., Taniguchi, T., 1994. The role of brain-derived neurotrophic factor in transient
forebrain ischemia in the rat brain. Neurosurgery 34, 323–331 discussion 331.

Vieira, H.L., Haouzi, D., El Hamel, C., Jacotot, E., Belzacq, A.S., Brenner, C., Kroemer, G.,
2000. Permeabilization of the mitochondrial inner membrane during apoptosis:
impact of the adenine nucleotide translocator. Cell Death Differ. 7, 1146–1154.

Wan, W., DePetrillo, P.B., 2002. Ritonavir protects hippocampal neurons against
oxidative stress-induced apoptosis. Neurotoxicology 23, 301–306.

Wang, H., Shimoji, M., Yu, S.W., Dawson, T.M., Dawson, V.L., 2003. Apoptosis inducing
factor and PARP-mediated injury in the MPTP mouse model of Parkinson's disease.
Ann. N.Y. Acad. Sci. 991, 132–139.

Weaver, J.G., Tarze, A., Moffat, T.C., Lebras, M., Deniaud, A., Brenner, C., Bren, G.D., Morin,
M.Y., Phenix, B.N., Dong, L., Jiang, S.X., Sim, V.L., Zurakowski, B., Lallier, J., Hardin, H.,
Wettstein, P., van Heeswijk, R.P., Douen, A., Kroemer, R.T., Hou, S.T., Bennett, S.A.,
Lynch, D.H., Kroemer, G., Badley, A.D., 2005. Inhibition of adenine nucleotide
translocator pore function and protection against apoptosis in vivo by an HIV
protease inhibitor. J. Clin. Invest. 115, 1828–1838.

Yin, W., Cao, G., Johnnides, M.J., Signore, A.P., Luo, Y., Hickey, R.W., Chen, J., 2006. TAT-
mediated delivery of Bcl-xL protein is neuroprotective against neonatal hypoxic–
ischemic brain injury via inhibition of caspases and AIF. Neurobiol. Dis. 21, 358–371.

Yoshida, H., Kong, Y.Y., Yoshida, R., Elia, A.J., Hakem, A., Hakem, R., Penninger, J.M., Mak,
T.W., 1998. Apaf1 is required for mitochondrial pathways of apoptosis and brain
development. Cell 94, 739–750.

Zamzami, N., Kroemer, G., 2001. The mitochondrion in apoptosis: how Pandora's box
opens. Nat. Rev., Mol. Cell. Biol. 2, 67–71.

Zhao, H., Yenari, M.A., Cheng, D., Sapolsky, R.M., Steinberg, G.K., 2003. Bcl-2
overexpression protects against neuron loss within the ischemic margin following
experimental stroke and inhibits cytochrome c translocation and caspase-3 activity.
J. Neurochem. 85, 1026–1036.

Zhao, H., Yenari, M.A., Cheng, D., Barreto-Chang, O.L., Sapolsky, R.M., Steinberg, G.K.,
2004. Bcl-2 transfection via herpes simplex virus blocks apoptosis-inducing factor
translocation after focal ischemia in the rat. J. Cereb. Blood Flow Metab. 24,
681–692.

Zhu, C., Wang, X., Huang, Z., Qiu, L., Xu, F., Vahsen, N., Nilsson, M., Eriksson, P.S.,
Hagberg, H., Culmsee, C., Plesnila, N., Kroemer, G., Blomgren, K., 2007. Apoptosis-
inducing factor is a major contributor to neuronal loss induced by neonatal
cerebral hypoxia–ischemia. Cell Death Differ. 14, 775–784 (Electronic publication
2006 Oct 13).


	Pharmacological inhibition of mitochondrial membrane permeabilization �for neuroprotection
	Introduction
	Mitochondrial outer membrane permeabilization
	Mitochondrial inner membrane permeabilization
	Importance of caspase-dependent pathways on neurodegenerative disease
	Importance of AIF in caspase-independent pathways on neurodegenerative disease
	Pharmacological targeting of mitochondria for preventing release of proapoptotic molecules via .....
	Growth factor dependent survival of neuronal cells
	Overexpression of Bcl-2 family proteins for inhibiting MOMP for neuroprotection
	A cell-permeable peptide corresponding to the BH-4 domain of Bcl-XL inhibits neuronal apoptosis.....
	A novel mechanism of HIV protease inhibitors for neuroprotection through inhibition of mitochon.....

	Conclusions
	Acknowledgments
	References




