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Introduction

The mitochondrion is an extraordinary organelle that
not only produces life-giving energy to the healthy cell,
but is also now known to mediate the release of death-
inducing proteins that initiate death processes in the dys-
phoric cell (1, 2). Considerable attention is now being
devoted to understanding the molecular mechanisms of
mitochondria-dependent cell death in the hopes of identi-
fying targeted pharmaceuticals that might turn on cell
death for the treatment of cancer, or inhibit mitochondria-
dependent cell death in degenerative disorders.  This
brief review is focused primarily on a discussion of tar-
geted therapeutics for neurodegenerative disorders; dis-
cussions on mitochondria-targeted therapeutics for  can-
cer are reviewed elsewhere (3-6).

Mitochondria-dependent cell death

The mechanisms causing a mammalian cell to die are
not simple, whether it be cell death during development,
disease or aging (7-9). Necrosis and apoptosis are the
two broadly defined categories of cell death (10).
Necrosis occurs from the “outside in” in response to over-
whelming stress from oxygen-glucose deprivation (OGD),
ischemia, glutamate excitotoxicity, reactive oxygen
species (ROS) and environmental toxins. Apoptosis, or
programmed cell death, can be initiated by the same
stressors, but occurs in response to more subtle pertur-
bations in OGD and ROS, or through signal transduction
pathways (11-13). An example of this latter extrinsic path-
way is apoptosis resulting from activation of “death recep-
tors”, e.g., the tumor necrosis factor-α receptor (TNFR) or
the p75 neurotrophin receptor; signal transduction can
cause activation of caspase-8, initiating a cascade of acti-
vation of effector caspases, e.g., caspase-3 and -7, that
target the nucleus and kill the cell (14, 15). ROS can ini-
tiate apoptosis through an intrinsic pathway that acts
directly on the mitochondria by involving proteins of the
Bcl-2 family (12). The actual processes of cell death that
occur are hypothesized to be determined by the energy
status of a cell (16), and have been categorized in terms
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Abstract

Mitochondria-dependent cell death is a primary
mechanism of cell death in both acute and chronic
neurodegenerative disorders, e.g., stroke and
Alzheimer’s disease. Ischemia, glutamate excitotoxici-
ty and reactive oxygen species (ROS) all target the
mitochondria. In response to these lethal stimuli, the
mitochondria release death factors, primarily
cytochrome c (Cyt c), initiating the apoptotic cascade.
Cyt c release occurs by at least two mechanisms, i.e.,
mitochondrial permeability transition (mPT) and mito-
chondrial outer membrane permeabilization (MOMP)
through a Bax channel. Blocking the release of Cyt c
may have therapeutic potential in neurodegenerative
disorders. Roche has described compounds that tar-
get the voltage-dependent anion channel component
of the mPT. 2-Aminoethoxydiphenyl borate is able to
inhibit Ca2+-induced Ca2+ release, and tricyclic antide-
pressants can inhibit mPT. Substituted carbazoles
from Serono are capable of blocking Bax channel for-
mation and the release of Cyt c from isolated mito-
chondria. At MGI PHARMA, GPI-19410 was discov-
ered to have a complex effect in blocking
mitochondria-dependent cell death: it prevented mito-
chondrial depolarization in response to Ca2+, blocked
Ca2+-induced mitochondrial swelling and Cyt c
release, and blocked t-Bid-induced Cyt c release in a
manner distinct from cyclosporin.
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i.e., the permeability transition. There is a loss of mito-
chondrial membrane potential (∆ψ), and depletion of ade-
nine nucleotides and respiratory substrates. The mito-
chondrial matrix osmotically accumulates water, resulting
in mitotochondrial swelling that results in rupture of the
OMM, release of Cyt c into the cytoplasm and activation
of the apoptosome (2, 46-49).  

The exact nature of the mPT remains obscure,
despite detailed characterization of the molecular compo-
nents. These components are believed to include the
voltage-dependent anion channel (VDAC), an OMM pro-
tein, the IMM protein adenine nucleotide translocase
(ANT) and cyclophilin D (Cyp-D) at outer and inner mem-
brane contact sites (47, 50). Upon activation of the mPT,
these proteins are thought to form an mPT pore now per-
meable to solutes with masses around 1,500 Da.  

Cyclosporin (1) is an historically important drug used
to pharmacologically characterize the mPT. Cyclosporin
is a potent immunosuppressive drug that binds to the
peptidylprolyl isomerase cyclophilin A (Cyp-A); the
cyclosporin-cyclophilin complex is a potent inhibitor of the
phosphatase calcineurin.  In the mitochondria,
cyclosporin targets Cyp-D (51). The classic mPT is
defined by the ability of cyclosporin to block the mito-
chondrial swelling and depolarization response to Ca2+

overload (51, 52). Analogues of cyclosporin which lack
the ability to inhibit calcineurin but retain the ability to bind

of being mitochondria- and caspase-dependent or -inde-
pendent (1, 7, 13, 17).  

Mitochondria-dependent cell death is believed to
underlie the death and degeneration of tissues in a vari-
ety of human disorders ranging from diseased liver (18,
19) and ischemic heart disease (20), to schizophrenia,
stroke and Huntington’s, Parkinson’s and Alzheimer’s dis-
eases (12, 21-28). In the nervous system, cell death in
both acute and chronic degenerative disorders, e.g.,
stroke and Alzheimer’s disease, is believed to result from
three primary factors: 1) loss of oxidative substrates, i.e.,
OGD; 2) glutamate excitotoxicity with co-incident calcium
overload; and 3) ROS, e.g., superoxide radical, hydrogen
peroxide and peroxynitrite. A target common to these
stressors is the mitochondria. In response to lethal stim-
uli, the mitochondria will release mitochondrial death fac-
tors, including cytochrome c (Cyt c), second mitochon-
dria-derived activator of caspases/direct IAP-binding
protein with low pI (Smac/DIABLO), apoptosis-inducing
factor (AIF) and endonuclease G (1, 12, 25-32).    

The molecular mechanisms that regulate the signaling
and release of these mitochondria-derived death proteins
are elusive, and the subject of large debate and definition
(2, 7, 11, 33-35). What is clear, however, is that once
these death proteins are released, particularly Cyt c, a
complex cascade of events is initiated that results in cell
death (1, 12). Cytoplasmic Cyt c triggers the oligomeriza-
tion of apoptosis-activating factor-1 (Apaf-1), which
recruits procaspase-9 and -3 into a complex known as the
apoptosome. Active caspase-9 and -3 (and caspase-7)
emerge to activate other proteases and nucleases, which
kill the cell by degrading nuclear molecules critical to the
survival of the cell (1, 2, 31, 36-38). Clearly, blocking the
release of mitochondrial death factors, and particularly
Cyt c, could have therapeutic potential for acute and
chronic degenerative disorders.

Mechanisms of Cyt c release

Cyt c is normally bound to the inner mitochondrial
membrane (IMM) by an association with cardiolipin (39).
In the nervous system, initiating signals of cell death due
to excitotoxicity, ischemia and neurotrophic factor with-
drawal are believed to create an environment of oxidative
stress and Ca2+ overload (40-43). In response to such
stress, Cyt c must dissociate from cardiolipin in the IMM
and be released through the outer mitochondrial mem-
brane (OMM). Cyt c release from mitochondria is thought
to be mediated by at least two mechanisms: 1) mitochon-
drial permeability transition (mPT; Fig. 1A); and 2) mito-
chondrial outer membrane permeabilization (MOMP; Fig.
1B) (1, 44-46).

Mitochondrial permeability transition (mPT)

The classic mPT is the mitochondrial response to
oxidative stress and/or Ca2+ overload. The IMM normally
has a low permeability to ions and solutes. In response to
stress, the IMM becomes permeable to 1,500-Da solutes,
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tioning mPT pore (54, 55). Four laboratories have report-
ed a significant effect upon deleting Cyp-D (56-59).
Mitochondria from these KO animals are significantly less
sensitive to Ca2+, and although much higher concentra-
tions of Ca2+ can still induce an mPT, the pore opening is
insensitive to cyclosporin, indicating that Cyp-D is also a
regulator, but not a key structural component, of the mPT
pore (46-48). Although cells from the Cyp-D KO animals
were still sensitive to apoptosis induced by staurosporine
and etoposide, similar to wild-type animals, they were
resistant to H2O2. Furthermore, in vivo, the Cyp-D KO
mice were resistant to tissue injury induced by brain or
cardiac ischemia. This implicates Cyp-D in necrotic cell
death pathways induced by oxidative stress. However, in
several apoptotic paradigms, cyclosporin can inhibit
apoptotic cell death (46, 48). Similarly, fluoxetine, a volt-

to Cyp-A and Cyp-D also block mPT. Thus, N-methyl-4-
isoleucine-cyclosporin A (NIM-811; 2) blocks calcium-
induced mPT (53). Such nonimmunosuppressive
cyclosporin analogues have been useful for distinguish-
ing between mPT- and calcineurin-mediated effects.
Much of the pathophysiological involvement of mPT is
inferred by the protective efficacy of cyclosporin (47).

Further understanding of the molecular nature of the
mPT has come from studies using transgenic mice.
Transgenic gene depletion experiments have examined
the effect of deleting ANT, VDAC and  Cyp-D on the mPT.
Deletion or knockout (KO) of ANT or VDAC1 has little or
no effect on Ca2+-induced, cyclosporin-inhibitable mPT,
i.e., the response of the KO mice was similar to wild-type
animals, indicating that although they may have a regula-
tory role, ANT and VDAC1 are not required for a func-
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Fig. 1. Mechanisms of Cyt c release. A. Mitochondrial permeability transition (mPT). In response to stress, the inner mitochondrial mem-
brane (IMM) becomes permeable to 1,500-Da solutes. There is a loss of ∆ψ, and depletion of adenine nucleotides and respiratory sub-
strates. The mitochondrial matrix osmotically accumulates water, resulting in mitochondrial swelling, which results in rupture of the outer
mitochondrial membrane (OMM) and release of Cyt c into the cytoplasm. IMS: intermembrane space; VDAC: voltage-dependent anion
channel; ANT: adenine nucleotide translocase; Cyp-D: cyclophilin-D; CL: cardiolipin; Cyt c: cytochrome c; ROS: reactive oxygen species.
Modified from Ref. 44. B. Mitochondrial outer membrane permeabilization. Permeability results from formation of a proteolipid pore con-
trolled by members of the Bcl-2 family of proteins. Upon initiation of the extrinsic apoptotic cascade, initiator caspase-8 cleaves Bid to 
t-Bid. t-Bid activates the translocation and/or oligomerization of Bax (with Bak) to the OMM. This protein complex forms a channel or pore
permeable to Cyt, resulting in a massive release of Cyt c into the cytosol and activating the formation of the apoptosome. Binding of Cyt
c with dATP to APAF-1 triggers recruitment of procaspase-9 and procaspase-3 into the formation of the apoptosome oligomer. Activated
caspase-3 is released, activating the subsequent processes of cell death (44).  



induction, indicating a complexity in the regulation of
release of these two proteins.

Mitochondria-dependent cell death in acute
disorders

Much evidence supports a role for mitochondria/Cyt
c/caspase-dependent cell death in models of focal
ischemic stroke (28, 30, 75). Cerebral ischemia causes
mitochondrial dysfunction immediately due to OGD. Both
necrotic and apoptotic processes are activated (76). In
the infarct core, the tissue dies due to lack of energy and
collapse of cell membranes and ionic gradients. Although
mitochondrial function can be restored in the partially per-
fused penumbra or reperfused lesion with re-supply of
substrates, there is clear evidence of a secondary,
delayed mitochondrial dysfunction, called secondary
energy failure, which is believed to underlie a delayed
apoptotic cell death following cerebral ischemia.
Mitochondrial swelling is observed, Cyt c is released into
the cytoplasm, caspases are activated and brain tissue
dies (28, 43, 77-82). 

The neuroprotection afforded by the antioxidants
ebselen and NXY-059 correlates with a reduction in Cyt c
release in the area at risk (83-85). Drugs that are known
to block the mPT have been shown to reduce infarct vol-
ume and improve neurological outcome in rodent models
of stroke. Wieloch and Siesjo have reported the protec-
tive effects of cyclosporin (86-89). However, the clinical
application of cyclosporin is limited by its very poor brain
penetration after systemic administration (90). In a defin-
itive study, a nonimmunosuppressive analogue of
cyclosporin was shown to reduce infarct size (91). Uchino
et al. have recently reported the efficacy of a new Cyp-D
inhibitor, FR-901495, which blocks mPT and tissue injury
due to forebrain ischemia (88). Andrabi et al. reported
that the antiapoptotic effects of melatonin in vivo were
mediated by direct inhibition of the mPT (92). Another
group reported a very complete analysis of heterocyclic
drugs, exemplified by promethazine, in their potency to
block the mPT, protect against OGD in culture and
reduce infarct volume in a rodent model of stroke (24).

Mitochondria-dependent cell death in chronic 
disorders

Alzheimer’s disease (AD) is a serious age-associated
dementia, the diagnosis of which is still confirmed only by
post mortem histological observation of extraordinary
brain accumulation of amyloid plaques, the defining
pathology of the dementia (93-95). Despite the genetic
linkage to mutations in the amyloid precursor protein
(APP) in a minority of cases (96), the cause(s) of nonfa-
milial, sporadic, senile dementia of the Alzheimer’s type
(SDAT) is unknown (97). Extensive study on the effects of
the Aβ peptide precursor of AD plaque indicates that a
primary mechanism of Aβ toxicity is the induction of ROS
(98-102). In fact, chronic oxidative stress and glutamate
excitotoxicity are hypothesized to underlie the apoptotic

age sensitizer of VDAC, is reported to decrease VDAC
conductance, inhibit opening of the mPT pore and
release of Cyt c, and protect against staurosporine-
induced apoptotic cell death (60). Thus, several investi-
gators caution that it is still premature to absolutely con-
clude that Cyp-D and mPT are involved in only necrotic
death pathways and not apoptotic pathways  (46-48).

Mitochondrial outer membrane permeabilization (MOMP)

MOMP is the result of the formation of a proteolipid
pore controlled by members of the Bcl-2 family of proteins
(11). Upon initiation of the extrinsic apoptotic cascade
(13), initiator caspase-8 activates a cytoplasmic protein
called Bid to a truncated form, i.e., t-Bid. t-Bid activates
the translocation and/or oligomerization of Bax (with Bak)
to the OMM. This protein complex forms a channel or
pore permeable to Cyt c (and possibly Smac/DIABLO and
AIF), resulting in a massive release of Cyt c into the
cytosol and activation of the apoptosome.  

Again, the molecular structures underlying the MOMP
remain obscure.  In the absence of Bax and Bak, MOMP
does not occur (1, 35, 61-63). A Cyt c-permeable pore
can be constructed in liposomes by oligomers of recom-
binant Bax (64). Translocation of cytosolic Bax to the
mitochondria and/or oligomerization of Bax associated
with mitochondria is induced by interaction with t-Bid (62,
65, 66). Dejean et al. (35) define the pore as a mitochon-
drial apoptosis-induced channel (MAC), a hetero-
geneous, high-conductance channel detected by patch
clamping of mitochondria during t-Bid-induced release of
Cyt c (35).  

Although mPT and MOMP are largely considered to
be independent, there is evidence of overlap between
these molecular events. Bax is reported to affect VDAC or
ANT function, influencing Cyt c release (67-70). When
Bax and Bak are depleted by genetic knockout, the mito-
chondria from HCT 116 cells are reported to exhibit a
Ca2+-induced mPT, indicating that Bax has no major role
in the mPT (71). However, in primary cerebellar granule
neurons, when mitochondria-dependent apoptosis is initi-
ated by trophic factor withdrawal, mPT, as indicated by
mitochondrial swelling and loss of ∆ψ, is an early event,
followed by translocation of Bax to mitochondria and
induction of MOMP; the phenomena, including Bax
translocation, are blocked by cyclosporin (72). 

The mPT pore, MOMP and/or MAC are hypothesized
to be mechanisms for the release of other mitochondrial
death factors, e.g., Smac/DIABLO and AIF (12). The tem-
poral coincidence of the release of these factors with Cyt
c is under active investigation, and appears to depend on
the cell type and stressor used to initiate release (27, 30,
34, 73). For example, MEKK1 kinase overexpression in
HEK293 cells induces release of Smac/DIABLO from
mitochondria independent of Cyt c (74). However, in
osteoblastoma cells where staurosporine induces Bax
translocation and coincident release of both Cyt c and
Smac/DIABLO in wild-type cells, genetic depletion of Cyt
c disables Smac/DIABLO release following staurosporine
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ative Ro-68-3406 (6) was prepared and evaluated, and it
too was found to be a potent mPTP inhibitor. A number of 
analogues were subsequently prepared, of which 
Ro-68-3400 (7) was the most potent, with an EC50 of 190
nM. In the same version of the swelling assay,
cyclosporin had an EC50 of 300 nM, indicating that Ro-68-
3400 is one of the most potent mPTP inhibitors
described. The high potency of Ro-68-3400, coupled with
the fact that it contains a reactive moiety (the α,β-unsatu-
rated ketone), made it an attractive candidate for affinity
labeling studies. Accordingly, the Roche group prepared
the tritiated analogue and used it as an affinity probe.
They identified the predominantly labeled 32-kDa protein
to be isoform 1 of VDAC. 

A recent report suggests that fluoxetine (Prozac), a 
5-HT reuptake inhibitor, interacts with VDAC and
decreases its conductance. The drug was shown to inhib-
it the mPT and release of Cyt c, and to protect against
staurosporine-induced apoptotic cell death (60).  

2-Aminoethoxydiphenyl borate

Gary Fiskum and co-workers at the University of
Maryland School of Medicine have extensively studied

neuronal death associated with SDAT, very similar to the
acute stress in ischemic stroke (25, 103, 104). The apop-
totic neuronal death that occurs in AD (99, 105, 106) is
hypothesized to involve mitochondrial dysfunction in the
respiratory chain (107), and to be mediated by the
release of mitochondrial death proteins such as Cyt c (12,
26, 103). Several laboratories are now focused on a mito-
chondrial hypothesis of AD (105, 108-110). Novel phar-
maceutical agents that prevent mitochondrial dysfunction
and/or the release of mitochondrial death proteins are
speculated to slow or prevent the progression of disease
(23, 97, 107).

Discovery and development of molecules that target
mitochondrial permeability

Much of the basic understanding of the mPT and its
role in pathophysiology evolved from work with
cyclosporin. The classic mPT and its involvement in
ischemic and degenerative disorders is defined by the abil-
ity of cyclosporin to block the mPT and inhibit mitochon-
dria-dependent cell death. Other mPT blockers with
inhibitory effects similar to cyclosporin include bongkrekic
acid (3), adenosine diphosphate (ADP), various
ubiquinone analogues (4), and a number of amphipathic
compounds such as spermine and trifluoroperazine.
However, in most cases, these compounds have poor
specificity, and except for bongkrekic acid and ADP, which
are ligands for the ANT, the molecular targets are not well
characterized. Nonetheless, the protective efficacy of
cyclosporin in clinically important paradigms has spurred
recent interest in the discovery of new classes of molecules
which target the mitochondria and block membrane per-
meability and the release of cell death-inducing proteins.

VDAC-targeted agents

A group at Roche recently described compounds that
target the VDAC component of the mPT (55, 111). With
an interest in identifying new inhibitors of the mPT, the
Roche investigators screened a chemical compound
library for the ability to inhibit Ca2+-induced swelling in
energized rat liver mitochondria. Compounds that inhibit-
ed swelling but did not interfere with mitochondrial 
respiration at the concentrations that blocked the mito-
chondrial permeability transition pore (mPTP) were char-
acterized further. Several compounds with a common
core structure, exemplified by Ro-04-2843 (5), inhibited
the mPTP in the low micromolar range. The enone deriv-
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Promethazine was selected for further study as it was
one of the more potent mPT inhibitors identified, and it is
well tolerated at high doses in humans. Promethazine
was  neuroprotective against OGD in vitro and against
middle cerebral artery occlusion (MCAO) in vivo (24). The
protective effect of promethazine and other tricyclic com-
pounds did not correlate with their ability to inhibit either
calcineurin or phospholipase A2. These results support
the therapeutic utility of mPTP blockade for ischemia-
related damage.

Compounds that block MOMP

Scientists at Serono reported that substituted car-
bazoles were capable of blocking Bax channel formation
and the release of Cyt c from isolated mitochondria (115).
Compounds (Table I; concentrations are 10 µM unless

the mPT characteristics of brain mitochondria (12, 112,
113). Mitochondria from brain are particularly resistant to
Ca2+-induced swelling and are less responsive than mito-
chondria from other tissues to mPT blockade by
cyclosporin. Fiskum’s group has reported that the com-
pound 2-aminoethoxydiphenyl borate (2-APB; 8) is able
to inhibit Ca2+-induced Ca2+ release in rat brain mito-
chondria in the presence of physiological concentrations
of ATP and Mg2+ (114). Cyclosporin did not inhibit mPT
under these conditions. The inhibition of Ca2+-induced
Ca2+ release by 2-APB was concentration-dependent,
and treatment with 2-APB also protected against Ca2+-
induced loss of ∆ψ. Ca2+-induced release of Cyt c, as well
as release of matrix pyridine nucleotides, was likewise
inhibited by 2-APB but not by cyclosporin.

Several classes of compounds structurally related to
2-APB have recently been shown to block mitochondrial
channels. These compounds are discussed in the next
two sections. 

Tricyclic antidepressants and related structures which
block the mPTP and are effective in a stroke model

Kristal and co-workers screened a collection of 1,040
FDA-approved drugs for their ability to inhibit Ca2+-induced
mPT in energized rat liver mitochondria (24). The initial
screen identified roughly two dozen compounds which
afforded moderate protection against Ca2+-induced
swelling. These compounds were either tricyclic antide-
pressants or phenothiazine antipsychotics. Representative
compounds identified are shown in Figure 2. 

Most of the compounds provided statistically signifi-
cant protection at concentrations < 30 µM, and about half
were protective at 3 µM. Representative compounds from
the chemical classes were shown not to alter normal
mitochondrial physiology at relevant concentrations, sug-
gesting that the protective effects were not associated
with mitochondrial toxicity. 
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Table I: Inhibitory potencies of carbazoles in Bax channel liposome assays and in blocking Cyt c release from isolated mitochondria.

Compound IC50 (µM) in Bax assay % Inhibition of Cyt c release (concentration)

0.52 ± 0.21 99 ± 2  (20 µM)
99 ± 4 (10 µM)
77 ± 7 (5 µM)

0.37 ± 0.12 99 ± 2  (20 µM)
82 ± 4 (10 µM)
61 ± 7 (5 µM)

0.48 ± 0.14 65 ± 6

2.38 ± 0.48 15 ± 10

0.29 ± 0.04 71 ± 5

0.96 ± 0.10 71 ± 10
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of the peptidylprolyl isomerase (PPIase; rotamase) activ-
ity of Cyp-A (116). Because of the known role of Cyp-D as
a component of the mPT and the documented mPT-
inhibitory activity of cyclosporin, a plate-reader
absorbance assay which measures the ability of test
compounds to inhibit toxin-induced swelling of mitochon-
dria from rat liver was established as part of Guilford
Pharmaceuticals’ cyclophilin inhibitor program. After eval-
uating a number of cyclophilin rotamase inhibitors as
inhibitors of mitochondrial swelling, it became apparent
that the two activities were not well correlated. 

Compounds were found to separate into three classes
based on their activities as inhibitors of Cyp-D rotamase
activity and their ability to inhibit mitochondrial swelling: 1)
compounds that were potent inhibitors of cyclophilin enzy-
matic activity but were ineffective as swelling inhibitors; 2)
compounds that were equipotent for both activities,
including cyclosporin and several of its analogues; and 3)
compounds that were weak or inactive as rotamase
inhibitors but were highly effective at blocking the mPTP,
such as GPI-15483 (11) and GPI-18297 (12).

The initial screening for mitochondrial channel block-
ers used a deliberately de-energized preparation of rat
liver mitochondria. Swelling was induced by diamide act-
ing synergistically with calcium. This preparation was
used to eliminate, theoretically, false-positive drug effects
on mitochondrial respiration and membrane potential. A
number of compounds were identified that achieved low
nanomolar potency (Table II). Whereas the original leads
(GPI-15483 and GPI-18297) were relatively insoluble
(kinetic aqueous solubilities < 5 µg/ml), incorporation of
the cyanoguanidine moiety into the simple ureas provid-
ed compounds which retained activity as swelling
inhibitors and showed greatly enhanced aqueous solubil-
ity (e.g., GPI-19410, or compound 28 in Table II, with a

otherwise noted) were evaluated for their ability to inhibit
the release of Cyt c from isolated mitochondria in which
Bax proteins were activated by treatment with t-Bid.
Compound S-1 was the most potent in this assay, pro-
ducing nearly total inhibition of Cyt c release at 10 µM.
There was some sensitivity to substitution on the piper-
azine ring with respect to activity; activity decreased when
the 4-amino group was substituted with para-
methoxybenzyl, para-fluorobenzyl and para-fluorophenyl.
Oxidation of the hydroxyl of S-1 (to give S-5) or replace-
ment by amino (S-6) caused modest decreases in activity.

The carbazoles were also tested for their ability to
block formation of Bax channels in a fluorescence-based
liposome assay. Compounds which potently inhibited Cyt
c release from isolated mitochondria (e.g., S-1) were
found to be submicromolar Bax channel formation block-
ers, while compounds which were weak inhibitors of Cyt
c release were less effective in the liposome assay (S-4).
In order to gain insight into the mode of action of the
inhibitors, derivatives of S-1 which incorporated a fluores-
cent moiety attached to the piperazine ring were pre-
pared. HeLa cells were incubated with one of two differ-
ent fluorescent-tagged inhibitors and treated with the
mitochondrial marker Mitotraker. The inhibitors co-local-
ized with the marker, suggesting interaction with mito-
chondrial components as a basis for their action.

Subsequently, the Serono group identified structurally
distinct Bax channel blockers from screening a large
chemical library (63). These compounds, Bci1 (9) and
Bci2 (10), were also shown to inhibit Bax channel forma-
tion in liposomes and prevented Cyt c release from iso-
lated mitochondria. They did not affect VDAC channel
conductance or gating properties. Both compounds pro-
tected HeLa cells against Bax-mediated apoptosis
induced by staurosporine treatment, and were protective
in vivo in a gerbil model of global ischemia.  

Bis-urea and bis-amide modulators of mitochondrial func-
tion: molecules with multiple modes of action 

We have previously published data on the activity of
simple aryl- and bisarylureas and -thioureas as inhibitors
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Table II: Potencies of test compounds for blocking mitochondrial permeability transition (mPT).
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Table II (Cont.): Potencies of test compounds for blocking mitochondrial permeability transition (mPT).

Compound IC50 (µM)

36% inhibition @ 3 µM
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Table II (Cont.): Potencies of test compounds for blocking mitochondrial permeability transition (mPT).

Compound IC50 (µM)

6.22

0.194

0.030

0.150

ity (17-19). Five-membered heterocycles were tolerated
(26, 27). 

The prototype compound is GPI-19410 (28). The pro-
tective properties of this molecule were characterized in
several paradigms. Work by Dubinsky  et al. (117) found
that in nonsynaptosomal brain mitochondria, GPI-19410
had no effect on mitochondrial respiration (state 4, state
3 or uncoupled) with either succinate-glutamate or pyru-
vate-malate as substrates.  However, GPI-19410 pre-
vented mitochondrial depolarization in response to Ca2+

(250 nmoles/mg mitochondrial protein), and blocked
Ca2+-induced mitochondrial swelling (Fig. 3). 

In mouse liver mitochondria, GPI-19410 blocked
Ca2+-induced swelling and Cyt c release with an IC50 of 

solubility of 40 µg/ml and an IC50 in the swelling assay of
150 nM). The incorporation of a pyridine ring into the urea
structure was also tolerated, providing compounds such
as 22, from which water-soluble salts may be prepared.

In general, substitution of the aryl rings of the ureas
with electron-withdrawing groups was favorable, while
electron-donating groups were deleterious to activity.
Replacement of a halo group with methoxy, for example,
resulted in 5-10-fold loss of activity (compare, for example,
compounds 16 and 20, and 22 and 23). Converting the
phenolic hydroxyl of 25 (IC50 = 6.22 µM) to the strongly
electron-withdrawing triflate group increased potency for
inhibition of mPTP by 40-fold (24; IC50 = 166 nM). Moving
the aryl rings away from the urea moiety decreased activ-
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GPI-19410 protected against 200 mM NMDA-induced
toxicity; cyclosporin had no protective effect in this assay
(Fig. 6). GPI-19410 may act via multiple mechanisms to
block Cyt c release in stressed mitochondria in a manner
distinct from cyclosporin.

1 µM; cyclosporin had an IC50 of 200 nM (Fig. 4). GPI-
19410 also blocked t-Bid-induced Cyt c release in mouse
liver mitochondria with an IC50 of 20 µM; cyclosporin had
no effect on t-Bid-induced Cyt c release (Fig. 5). In tissue
cultures of rat embryonic hippocampal neurons, 

1094 Mitochondrial permeability as a target for neurodegenerative disorders

Fig. 3. GPI-19410 blockade of Ca2+-induced ∆ψ. Mitochondrial
membrane potential (∆ψ) and light scattering were measured
simultaneously in isolated CNS mitochondria at 37 ºC in a con-
tinuously stirred chamber, according to  Dubinsky et al. (118). ∆ψ
was followed by monitoring the distribution of tetraphenylphos-
phonium cation (TPP+) between the external medium and the
mitochondrial matrix with a TPP+-sensitive electrode.
Mitochondrial swelling was measured as the change of light scat-
tering with a photodiode light detector (117).

Fig. 4. GPI-19410 blockade of Ca2+-induced Cyt c release.
Mouse liver mitochondria were used in the primary drug screens.
The Ca2+-induced swelling was assayed in 96-well conical bot-
tom plates in a final volume of 200 µl using a modification of con-
ditions described by Antonsson (119), without Mg2+, which
antagonizes swelling. At the end of the swelling incubation, the
96-well plates were centrifuged and an aliquot of the supernatant
from each well was assayed by HPLC for Cyt c content (120).
Cyclosporin and GPI-19410 blocked swelling and Cyt c release
with IC50 values of 100 mM and 1 µM, respectively.

Fig. 5. GPI-19410 blockade of t-Bid-induced Cyt c release. The
assay was modified from Antonsson (119) using 96-well conical
bottom plates in a final volume of 200 µl. Mouse liver mitochon-
dria co-purify with sufficient Bax to channel the release of Cyt c
upon addition of t-Bid (12). Cyt c release was induced by addi-
tion of 6 nM human recombinant t-Bid. After 30 min at 30 °C, the
plates were centrifuged and an aliquot of the supernatant from
each well was assayed by HPLC for Cyt c content (120). 
GPI-19410 blocked t-Bid-induced Cyt c release with an IC50 of 
20 µM; cyclosporin had no protective effect in this assay.

Fig. 6. GPI-19410 protects against NMDA toxicity in hippocam-
pal cultures. Primary cultures of hippocampal neurons were pre-
pared according to published methods (121). After 5-7 days in
vitro, the media were removed and replaced with 200 µM NMDA
in Hank’s balanced salt solution. Cells were incubated with
NMDA at 37 °C under normal atmospheric conditions for 20 min.
The HBSS was removed and cells were returned to normal cul-
ture conditions. Cell death was analyzed by LDH assay 18-24 h
after NMDA exposure. GPI-19410 blocked NMDA toxicity with an
IC50 of 20 µM; cyclosporin had no protective effect in this assay.
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