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Cell Death Targets and Potential Modulators in Alzheimer’s Disease
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Abstract: Apoptosis is now recognized as a normal feature in the development of the nervous system and may also play a role in neu-
rodegenerative disorders, such as Alzheimer’s disease. Cell surface receptors, caspases, mitochondrial factors or p53 participate in the
modulation and execution of cell death. Therefore, the ability to understand and manipulate the cell death machinery is an obvious goal of
medical research. Potential therapeutic approaches to modulate disease by regulating apoptosis are being tested, and include the tradi-
tional use of small molecules to target specific players in the apoptosis cascade. As our understanding of apoptosis increases, further op-
portunities will arise for more specific therapies that will result in improved efficacy. This review focuses on molecular mechanisms of
apoptosis in Alzheimer’s disease and highlights the potential use of small molecule modulators to treat neurodegenerative disorders.
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INTRODUCTION

The tight balance between cell death and proliferation repre-
sents one of the most critical factors regulating tissue and organ
homeostasis. During development, apoptosis plays a key role in
controlling the final numbers of neuronal and glial cells in both the
central and peripheral nervous system. However, in the adult nerv-
ous system, neurons are terminally differentiated, postmitotic cells.
Therefore, it is not surprising that apoptosis is often associated with
physiological aging and several neurodegenerative disorders. Still,
the exact role of apoptosis in neurodegenerative diseases remains
scattered. Events such as synaptic loss or disruption of neuronal
signaling are often considered hallmarks of many neurodegenera-
tive diseases. Yet, they may precede or be a consequence of initial
neurodegenerative processes. In addition, several insults including
misfolded proteins, reactive oxygen species (ROS), excitotoxicity,
trophic-factor withdrawal, among others, have been shown to trig-
ger neuronal apoptosis. Therefore, the development of new thera-
peutic strategies for the treatment of neurodegenerative diseases
would benefit from a better understanding of the molecular mecha-
nisms underlying neuronal apoptosis.

In this review, we will summarize the most current knowledge
on the mechanisms of cell death in the brain and its relevance for
neurodegenerative diseases, particularly Alzheimer’s disease (AD).
Current and prospective small molecule strategies that target modu-
lation of apoptotic pathways involved in neurodegeneration will be
specifically addressed.

1. Basic Principles of Apoptosis

Cellular division and migration are crucial events during the
normal development and homeostasis of multicellular organisms. In
addition, animals often need to get rid of cells that are in excess or
became potentially dangerous. Programmed cell death (PCD) is a
mechanism that controls cell number and tissue size, while protect-
ing the organism against harmful cells that threaten homeostasis
[1]. Apoptosis is the classical type of PCD, characterized by mor-
phological features such as nuclear pyknosis, chromatin condensa-
tion, membrane blebbing, and the formation of apoptotic bodies,
which represent the package and removal of dying neighboring
cells, without activating the immune system. Such controlled
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demolition of the cell is orchestrated by apoptotic modulators that
act in synergy to drive cell death in a regulated fashion. The main
modulators of apoptosis are caspases and the Bcl-2 family of pro-
teins [2]. In fact, the morphological and histochemical changes
associated with apoptosis are largely the result of activation of
caspases, cysteine proteases that cleave the peptide bond C-terminal
to aspartic acid residues [3]. The Bcl-2 family is a group of pro- and
anti-apoptotic molecules, which converge at the mitochondrial
membrane to regulate apoptosis [4].

There are two well-characterized apoptotic pathways in mam-
malian cells: the extrinsic and the intrinsic pathways (Fig. 1). The
extrinsic, or death-receptor pathway, is initiated by ligand-induced
activation of death receptors at the plasma membrane, resulting in
activation of caspase-8 or -10. The intrinsic, or mitochondrial path-
way, responds to internal signals, and involves the mitochondrial
release of cytochrome c, leading to caspase-9 activation [5]. Cross-
talk and integration between death-receptor and mitochondrial
pathways is provided by Bid, a pro-apoptotic Bcl-2 family member.
Upon caspase-8-mediated cleavage, Bid greatly increases its pro-
death activity after translocation to mitochondria, where it promotes
cytochrome c release.

2. Cell Death in the Central Nervous System

Natural neuronal death is thought to mold the cellular structure
and function of the nervous system. In fact, the physiological role
of apoptosis in the nervous system is critical during development,
when an excessive number of neuronal cells are produced. Almost
one half of these neurons undergo apoptosis during the reshaping of
the nervous system, a process which is highly conserved throughout
most species [6]. It has been suggested that the developing brain
overproduces neuronal cells to ensure that a correct and sufficient
number of synaptic connections are formed. Neurons that fail to
make those connections are removed by apoptosis [7]. Similarly,
glial cells are also produced in high levels during development, and
the excess number is removed by apoptosis [8]. In the rat brain,
apoptosis has been shown to occur between postnatal day P7 and
P9, in the cortex [9], hippocampus [10], and cerebellum [11]. This
naturally occurring apoptosis is accompanied by decreased Bcl-2 to
Bax ratio and increased expression of active caspase-3. In addition,
cytochrome ¢ and Apaf-1 are also required for the mitochondrial
pathway of apoptosis during brain development [12, 13]. Interest-
ingly enough, most pro-apoptotic proteins, including Apaf-1,
caspase-3 and Bim, become dramatically downregulated after P10
in the mouse brain, possibly as part of a mechanism to protect the
adult brain tissue from the loss of irreplaceable cells [14]. However,
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Fig. (1). Schematic overview of typical receptor- and mitochondria-mediated apoptosis. In the death receptor pathway, the interaction between the receptor
and its cognate ligand results in recruitment of Fas-associated protein with death domain (FADD) and initiator procaspase-8, leading to caspase activation.
Active initiator caspases then act on procaspase-3, which becomes functional and cleaves key substrates in the cell to execute apoptosis. In the mitochondrial
pathway, death stimuli target mitochondria either directly or through transduction by pro-apoptotic members of the Bcl-2 family, such as Bax. In turn, Bax
may be specifically activated by p53, transcribed upon DNA damage, or inhibited by action of Bcl-2 family anti-apoptotic members, such as Bcl-2 and Bcl-x,.
Upon targeting, mitochondria may then release cytochrome ¢, Smac/DIABLO, AlF, and EndoG. Cytochrome c induces oligomerization of Apaf-1, which
recruits and activates procaspase-9. Caspase-9 then activates procaspase-3 to induce apoptosis. Smac/DIABLO functions to antagonize the action of inhibitors
of apoptosis proteins (IAPs), which will liberate caspase inhibition and consequently cause apoptosis. Finally, mitochondrial regulators of caspase-independent
cell death AIF and EndoG are translocated to the nucleus, inducing DNA degradation and, ultimately, apoptosis. Crosstalk between both pathways of apopto-

sis is mediated by Bid, which is truncated and activated by caspase-8.

this mechanism seems to be insufficient to compensate for all types
of injury. Additional evidence from studies in primary cultures, cell
lines and transgenic animals, further established the need for a
proper balance between pro- and anti-apoptotic factors for both the
normal development of the nervous system and its homeostasis in
adults. In that sense, an increased anti- to pro-apoptotic protein ratio
may also lead to several brain abnormalities, including nervous
system hypertrophy and aberrant structural organization. In turn, a
decreased ratio leads to reduced neuronal survival or exacerbation
of apoptosis [15]. This is the case of neurodegenerative conditions,
where death of neurons occurs through apoptosis or a closely re-
lated mechanism.

A number of distinct programmed cell death pathways have
been proposed in neuronal cells, including apoptosis and auto-
phagy, as well as atypical forms of cell death such as paraptosis,
oncosis, calcium-mediated cell death, among others. These are
usually distinguished based on morphological aspects, as well as
their triggers and mediators, although it is still not clear if the speci-
ficity is determined by the stimulus, cell type, or both. Many cell
death stimuli can induce more than one mode of cell death depend-

ing on the intensity and duration of the stress signal, as well as on
the cell energy status. In fact, the crosstalk between different
mechanisms of cell death in the nervous system is evident; 6-
hydroxydopamine for instance, a mimetic of Parkinson’s disease
(PD), has been shown to induce both apoptosis and necrosis in vitro
[16]. Recently, the crosstalk between apoptosis and autophagy and,
particularly, endoplasmic reticulum (ER) stress-induced cell death
have been shown to play a significant role in neurodegenerative
diseases [17].

Classical apoptosis is the most studied form of PCD in the
brain. This is not surprising, as it represents the prevalent form of
cell death during developmental neurogenesis and in many acute
and chronic pathologic conditions, including neurodegenerative and
other chronic age-related disorders. Several specific stimuli for
neuronal apoptosis have been largely described and include depri-
vation of neurotrophic factors, such as the nerve growth factor
(NGF), basic fibroblast growth factor (bFGF), and brain-derived
neurotrophic factor (BDNF), or even glutamate, nitric oxide, among
others [18]. Nevertheless, the observation that common morpho-
logical and biochemical alterations occur independently of the
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event that triggers apoptosis suggests that most apoptotic pathways
converge on a restricted number of common effector pathways [19].
In fact, the biochemical alterations that occur during early stages of
neuronal apoptosis usually induce mitochondrial or ER dysfunction.
In addition, neuronal apoptosis may also occur through the death-
receptor pathway of apoptosis [20]. Of note, p53 appears to be
essential for apoptosis progression in the mature nervous system, as
it is deregulated in several neurodegenerative disorders. Parallel to
its transcriptional activation of pro-apoptotic genes, p53 may more
directly trigger apoptosis by acting at the level of the mitochondria,
a process known to occur in synapses [21].

3. Modulation of Apoptosis in Alzheimer’s Disease

Neurodegenerative diseases include a variety of progressive
disorders that result in cognitive and/or motor deterioration. Inter-
estingly, neuronal loss alone does not always fully explain the
neurological deficits. In fact, decreased cell body size, atrophy of
dendrites, and reductions in axonal terminal fields are also promi-
nent features of neurodegenerative diseases. It is thought that a
combination of progressive neuronal loss and neuronal dysfunction
underlies neurodegeneration [22]. Furthermore, some neurons
appear to compensate for the global neuronal loss by expanding
their connective interactions and functional capacities [23]. This
may explain the fact that neurological deficits are only clinically
detectable when ~ 50 to 70% of neurons are lost in a given popula-
tion. Therefore, strategies aimed at inhibiting neuronal death should
be employed as early as possible.

The study of apoptosis in neurodegenerative diseases remains a
challenging task. For years, the question on whether or not apopto-
sis occurs and plays a key role as the major form of cell death in
neurodegenerative diseases has been largely discussed, especially
because synaptic loss and electrophysiological abnormalities typi-
cally precede cell loss. In addition, given the slow progression of
most neurodegenerative diseases, in contrast with the rapid progres-
sion of a cell through apoptosis, only a few cells exhibiting apop-
totic features are found in postmortem human brain tissue. There-
fore, the synchronous detection of a substantial number of apoptotic
neurons at any given time point is, indeed, unlikely. In turn, apop-
totic processes may be terminated or not yet begun by the time the
tissue is available for examination. In fact, the collected tissue is
usually representative of the end-stage disease, being removed
much later than it would be ideal to treat patients and prevent neu-
ronal cell death. Finally, the criteria used to classify the type of cell
death as apoptosis is often based solely on morphological assess-
ment and biochemical assays, which may also account for other
forms of PCD. For example, the terminal transferase dUTP nick-
end labeling (TUNEL) assay is usually used as a marker of apopto-
sis in human brain tissue. However, TUNEL can also label necrotic
cells, which is why more than one assay should be considered when
determining the type of cell death experimentally [24].

Despite these limitations, there is now a consensus for a major
role of apoptosis in human neuronal cell death and neurodegenera-
tive processes. Studies on the pathological mechanisms underlying
neuronal apoptosis in hereditary forms of neurodegenerative dis-
eases have provided important clues, by linking neuronal apoptosis
with oxidative stress and mitochondrial dysfunction. Nevertheless,
the most prominent facts underlying the role of apoptosis in neu-
rodegenerative diseases came from studies using either in vitro cell
culture systems or in vivo models of disease. Although with inher-
ent limitations, as these models tend to examine the effect of only
one toxin or genetic defect, usually involving acute exposure to
neurological insults, they have greatly increased our fundamental
knowledge. This knowledge may now be used for the development
of new drugs that interfere with the apoptotic cascade in human
neurodegenerative diseases.

AD is the most common form of dementia among the elderly
population. It represents the fourth cause of death in industrialized
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countries and it is estimated that, by 2050, more than 100 million
people worldwide will suffer from AD [25]. AD is characterized by
a progressive impairment of cognitive functions and its hallmark
pathological features consist of external amyloid plaques and inter-
nal neurofibrillary tangles (NFTs), which are composed primarily
of amyloid B (AB) and tau proteins, respectively [26]. In parallel
with these characteristic histological changes, decreased synaptic
density and loss of neurons in the basal forebrain, hippocampus and
cortex, are hallmarks of AD. In fact, it has been suggested that
progressive loss of synapses and neurons in limbic and cortical
areas is critical in leading to the manifestations of the clinical symp-
toms of AD. Nevertheless, this process of cell loss may start up to
40 years before the manifestation of the first symptoms [27].

In most cases, the causes of AD remain unclear. However, it is
generally accepted that AD is a complex multifactorial disease in
which both genetic and environmental factors are responsible for
initiating and modulating the progression of the disease. Familial
AD is caused by mutations in amyloid precursor protein (APP) or
presenilin-1 or -2 [28]. These mutations are ultimately responsible
for the deposition and oligomerization of altered AP peptides,
forming plaques and fibrils [26]. Environmental factors may in-
clude head trauma or high calorie diet [29, 30].

Despite the various genetic and environmental factors that may
lead to the manifestation of AD, several features of the neurodegen-
erative process are common to different experimental models,
including increased levels of oxidative stress, metabolic compro-
mise, perturbed calcium regulation, ER stress, mitochondrial dys-
function, DNA damage, activation of apoptotic biochemical cas-
cades, autophagy and abnormalities in protein processing and deg-
radation (Fig. 2) [31]. Interestingly, both synaptic loss and neuritic
dystrophy are affected early in AD, with no apparent cell loss.
Although these events precede extensive neuronal loss, it is un-
known whether the corresponding neuronal cell bodies are truly
healthy. Conversely, it is also unclear whether early dendritic and
axonal defects Kill the corresponding neurons, or whether dendritic,
axonal and neuronal deaths are each direct consequences of ex-
tracellular AB. Nevertheless, the pathogenic cascade of AD finally
results in neuronal cell and synapse loss.

Discussion on the nature of neuronal loss in AD remains con-
troversial. Although autophagy has been suggested to play a central
role in AD neurodegeneration [32], it is still not clear whether it
does play a causative role or, inversely, a protective role, or if itis a
consequence of the disease process itself [33]. In contrast, the de-
tection of cleaved caspases and the accumulation of their cleaved
substrates in post-mortem AD brain tissue, represent a small part of
the whole frame supporting the hypothesis that apoptosis plays a
key role in AD [28]. In addition, biochemical and morphological
hallmarks of apoptosis have been associated with neuropathological
features found in AD brain tissue, including NFTs and amyloid
plaques. This further underlies the role of neuronal apoptosis in the
progression of the disease [31].

Finally, there is increasing evidence for a pivotal role of ER
stress in AD-associated cell death. During ER stress, perturbed
calcium homeostasis or altered protein processing leads to the
accumulation of unfolded proteins in the ER, which activate the
unfolded protein response (UPR). In turn, the UPR activates tran-
scription factor C/EBP homologous protein (CHOP), which may
induce apoptosis. In fact, CHOP has been suggested as the link
between ER and mitochondria during apoptotic cell death induced
by the AP peptide [34].

3.1. Caspases

Substantial evidence demonstrates that multiple caspases are
detected in brains of patients with AD. In fact, caspases-1, -2, -3, -
5, -6, -7, -8 and -9 have all been found to be transcriptionally in-
creased in AD [35].
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Fig. (2). Mechanisms linking AD pathogenesis to apoptosis. Sequential cleavage of APP generates Ap, AICD and N-APP, among others. Of these, Af is a
main player in inducing apoptosis. It enhances calcium (Ca®") influx into the cell by the formation and/or stimulation of Ca?"-permeable channels. In addition,
Ap acts at the mitochondria and ER to further deregulate Ca®* levels, ultimately resulting in opening of the mitochondrial permeability transition pore (MPTP)
and activation of the UPR, including JNK and CHOP activation, respectively. Consequently, apoptosis occurs as a result of caspase activation. In particular,
caspase-3 and -9 may also directly cleave APP originating a strong C-terminal pro-apoptotic peptide, C31. AR is also responsible for inducing ROS produc-
tion, which exacerbates the apoptotic process, by mediating DNA damage and activating PARP-1 and p53. AICD may be translocated to the nucleus, where it
also interacts with p53 and enhances its transcriptional and pro-apoptotic functions. Finally, by binding to DR6, N-APP was recently shown to activate a self-
destruction program in neurons dependent on caspase-3/-6, thus contributing to AD.

Caspase-9 activity has been specifically implicated in the pa-
thology of AD. It was demonstrated that neurons and dystrophic
neuritis within plaque regions of AD hippocampal brain sections,
display strong activation of caspase-9. Importantly, these studies
suggest that caspase-9 activation precedes NFT formation [36].
Caspase-9 was also shown to directly cleave APP, originating the
strong pro-apoptotic peptide C31 [37]. Finally, it appears that
caspase-9 may induce apoptosis in AD brains independently of
caspase-3 or Apaf-1. This would represent an alternative circuit to
the classical intrinsic pathway of apoptosis in AD [7].

Active caspase-3 has been detected in neurons of AD brains,
with a high degree of colocalization with NFTs and senile plaques
[38]. It has recently been shown that caspase-3 is increased and
preferentially located in the postsynaptic density fractions in AD,
suggesting an important role for caspase-3 in synapse degeneration
during disease progression [39]. In fact, in parallel with its role in
apoptosis, caspase-3 may be also important in AD pathogenesis by
cleaving tau in its C-terminal region; in AD brains, caspase-3-
cleaved tau colocalizes with both intracellular Ap and activated
caspase-3, mainly in tangle bearing neurons. Finally, different
caspases, including caspase-3, have also been shown to cleave APP,
generating Ap-containing peptides [40, 41], while amyloid plaques
are enriched in caspase-cleaved APP [40]. This suggests that AB
plaque formation and toxicity is likely amplified in a caspase-
dependent manner. Nevertheless, by cleaving APP and presenilins,
caspase-3 may give rise to C31, which induces cell death through a

caspase-independent process and triggers selective increase of Apl-
42 in vitro [42].

Caspase-6 is also capable of cleaving tau, thereby promoting its
aggregation in NFTs [43]. Importantly, APP and death receptor 6
(DR6/TNFRSF21) were recently shown to activate a widespread
caspase-6-dependent self-destruction program in neurons [44].
Specifically, a cleaved amino-terminal fragment of APP (N-APP)
binds DR6 and triggers neurodegeneration through caspase-6, thus
contributing to AD.

Altogether, caspases play an active role at distinct levels of Ap-
induced neurotoxicity and AD. Apart from representing a terminal
event in apoptosis associated with AD, activation of caspases ap-
pears to constitute also a proximal event that promotes the pathol-
ogy underlying the disease. Nevertheless, caspase-independent
pathways of apoptosis may be relevant to certain neurodegenerative
diseases. Such pathways are mediated through the mitochondrial
release of apoptosis-inducing factor (AIF) and/or endonuclease G
(EndoG). AIF is normally confined to the mitochondrial intermem-
brane space, but translocates to the cytosol and to the nucleus after
apoptotic insults. In particular, AIF has been associated with neu-
ronal death in AD [45].

Ursodeoxycholic acid (UDCA), an endogenous bile acid, and
its taurine conjugate tauroursodeoxycholic acid (TUDCA) are
potent modulators of apoptosis [46, 47]. TUDCA inhibits apoptosis
induced by several stimuli in neuronal cells both in vitro and in
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vivo, acting as a pleiotropic agent, particularly in AD-related mod-
els [26]. In fact, TUDCA inhibits caspase-2 and -6 activities in AD
mutant neuroblastoma cells [48], as well as caspase-3 activation in
both primary cortical neurons [49] and PC12 cells [50] incubated
with AB. Thus, therapeutics aimed at preventing the activation and
execution of apoptosis through caspases may provide effective
means of treating AD, and neurodegenerative diseases in general.

Caspase Inhibitors as Therapeutic Agents

Caspases represent one of the most specific protease families
yet described, since they have an almost absolute requirement for
an aspartic acid residue in the P, position of their substrate [51, 52].
A typical caspase inhibitor can be divided into three structural
components: the warhead, the P; aspartic acid and the P,-P, pepti-
domimetic [53]. The warhead targets the active cysteine residue of
the caspase and depends on its substituents that lead either to re-
versible or irreversible caspase inhibitors. Although all caspases
have a common stringent requirement for Asp in position Py, their
extended specificities are distinct. Group | (caspase-1, -4, and -5),
group Il (caspase-2, -3, and -7) and group Il1 (caspase-6, -8, -9, and
-10) prefer the sequences WEHD, DEXD and (LV)EXD, respec-
tively [54].

The search for effective caspase inhibitors as possible therapeu-
tic agents is an important area for the treatment of neurodegenera-
tive disorders [55, 56]. The first caspase inhibitors developed were
directed for interleukin-1f converting enzyme (ICE/caspase-1) and
were based on the tetrapeptide Ac-TyrValAlaAsp-CHO. Reversible
inhibitors such as peptidic aldehydes 1 and ketones 2, and irreversi-
ble inhibitors such as peptidic acyloxy- 3, aryloxy- 4, pyrazoloxy-
5, tetronoyloxy- 6, and phosphinyloxy-methyl ketones 7 have been
described as substrate based caspase-1 inhibitors (Fig. 3) [57-63].

Since peptide-based ICE inhibitors were likely to suffer from
poor oral bioavailability and rapid clearance, several single amino-
acid inhibitors 8-9 [64-68], non-peptide inhibitors lacking an aspar-
tic acid residue 10 [69] and peptidomimetic 11-16 caspase-1 inhibi-
tors were developed (Fig. 4) [70-78].

After the initial studies for caspase-1, several peptidic inhibitors
were designed to target effector caspases, in particular, caspase-3
[79-93]. A class of NO donors, N-nitrosoaniline derivatives 17-18
(Fig. 5), were shown to inhibit caspase-3 by S-nitrosylation of the
enzyme [94]. Several non-peptide inhibitors 19-21 were also devel-
oped to inhibit caspases [95-103] (Fig. 5). In particular, isatin sul-
fonamides inhibitors 19 were shown to inhibit selectively caspase-3
and -7 by interacting primarily with the S, subsite, without bind in
the caspase primary aspartic acid binding pocket (S;) [95, 96].
More recently, caspase inhibitors based on Michael acceptor scaf-
folds, such as aza-peptide and sulfonamide isatin Michael acceptors
22-23 were described as potent irreversible and selective caspase
inhibitors (Fig. 5) [104-108].

Of these inhibitors, only a few have entered preclinical studies
with animal models of human diseases and their major disadvantage
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Fig. (3). Peptidic caspase-1 inhibitors.
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is the lack of selectivity. Up to now, only VVX-740 (Pralnacasan) 24,
VX-765 25, IDN-6556 26 and LB-84451 have reached clinical
trials (Fig. 6) [109, 110]. LB84451 is a pan-caspase inhibitor cur-
rently being evaluated in a Phase Il clinical trial in patients chroni-
cally infected with the hepatitis C virus. IDN-6556, an oxamyl
dipeptide irreversible and pan caspase inhibitor [111-113] was
apparently discontinued in phase Il clinical trials for the treatment
of liver disease [126]. VX-765, a prodrug that requires esterase
cleavage to yield the aldehyde functionality, has entered a phase Il
clinical study targeting psoriasis. Pralnacasan, a reversible ICE
inhibitor [73], progressed into clinical trials for the potential treat-
ment of inflammatory diseases [114], but the phase 1l program was
discontinued due to liver abnormalities in dogs after a nine-month
exposure to a high dose of Pralnacasan. The non-peptide VRT-
018858 27, active metabolite of the pro-drug pralnacasan, was
shown to be neuroprotective, which confirms that caspase-1 is an
important target for intervention in acute central nervous system
injury [115]. Also, the reduction of ischemic brain injury by Z-
VAD-fmk, Ac-YVAD-cmk, Z-DEVD-fmk in mice [116], and Z-
VAD-DCB in rats indicates that caspase inhibitors should provide a
potential therapy for the treatment of neurodegenerative disorders.
For example, M826, a small reversible inhibitor of caspase-3,
shown to be neuroprotective, was 50-1000-fold more potent than
the peptide-based caspase-3 inhibitors Z-DEVD-fmk, Z-VAD-fmk
and Boc-D-fmk, in an enzyme assay system with brain tissue
lysates [117, 118].

3.2. Bcl-2 Family Members

Apart from caspases, several other molecules involved in the
apoptotic cascade have also been linked to AD. It has been shown,
for instance, that Bcl-2 family members Bax and Bcl-2 co-localize
in the frontal cortex of AD patients [119]. In hippocampal tissue,
apoptotic proteins c-Fos, c-Jun, and Bak were shown to be in-
creased [120]. In vitro, Ap induces expression of pro-apoptotic Bcl-
2 proteins, including Bax, and down regulation of anti-apoptotic
members such as Bcl-2, Bcl-x. and Bcel-w [121]. Increased Bax
expression has also been associated with senile plaques in AD
hippocampal brain tissue and neurons with tau-positive NFTs [122].
Consistently, A fails to induce apoptosis in Bax-deficient neurons
[123], whereas overexpression of Bcl-x, and Bcl-2 attenuates Ap-
induced apoptosis [124, 125]. AB also induces Bim in cultured
hippocampal and cortical neurons. Moreover, Bim was found to be
up-regulated in entorhinal cortical neurons of postmortem AD
human brains [126].

Bcl-2 Family Members as Therapeutic Targets

A successful therapeutic intervention would seem to entail an
anti-apoptotic gain of function and/or a pro-apoptotic loss of func-
tion to promote mitochondrial function stabilization [127]. There-
fore, Bax and Bcl-2 homology 3 (BH3) only proteins inhibitors can
represent potential targets for therapeutic intervention in AD and
other neurodegenerative disorders. However, while several small
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molecule inhibitors of anti-apoptotic members of the Bcl-2 family
have been reported [128], only a few inhibitors of pro-apoptotic
members are described.

Bombrun et al. described molecules that inhibit cytochrome ¢
release from mitochondria and suggested that this action was medi-
ated by inhibition of Bax channel-forming activity (Bax channel
blockers) [129]. They synthesized and evaluated a series of 3,6-
dibromocarbazole piperazine derivatives of 2-propanol, starting
with compound 28 (Fig. 7). It was found that both enantiomers of
compound 28 have the same activity. Modifications in the 2-

propanol spacer by substituting the hydroxyl group by a pure hy-
drogen bond acceptor (keto) or donor (amino), as well as
monofluoro and difluoro groups, resulted in a decrease of activity.
The structure-activity relationship (SAR) studies also suggested the
importance of the piperazine basic nitrogen; therefore, introduction
of an aliphatic group on the piperazine showed good activity. Simi-
lar activity was also found when aromatic groups, particularly those
bearing small substituents with little lipophilic and electronic ef-
fects, were connected to the piperazine by a methyl group.
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Fig. (7). Chemical structures of Bax inhibitors and Bid inhibitors.

Hetz et al. later described and evaluated two novel Bax channel
inhibitors, Bcil 29 and Bci2 30 (Fig. 7) [130]. It was demonstrated
that these compounds prevent activation of mitochondria-induced
apoptosis, augmenting protection against ischemia-induced tissue
damage. Becattini et al. [131], using nuclear magnetic ressonance
(NMR) based strategies, designed a series of 4-phenylsulfanyl-
phenylamine derivatives that bind and suppress the BH3-only pro-
tein Bid. Eight compounds were synthesized, and BI-6C9 31 (Fig.
7) was found to be the strongest Bid binder. The compound occu-
pies a hydrophobic crevice on the surface of Bid or truncated Bid
(tBid) and, as a result, the authors speculated that it either interferes
with exposure of the BH3 domain or blocks tBid insertion into
membranes by maintaining Bid in an inactive conformation.

Another approach to pro-apoptotic multidomain proteins sup-
pression entails the identification of compounds that mimic the
peptides designed from the Ku70 Bax-inhibiting domain. Ku70 is a
70 kDa subunit of the Ku complex, which has an important role in
DNA double-strand break repair in the nucleus and interacts with
pro-apoptotic protein Bax in the cytosol preventing its mitochon-
drial translocation, thus inhibiting Bax-mediated apoptosis [132].
Sawada et al. [133] developed pentapeptides from the Bax-binding
domain of Ku70, designated Bax-inhibiting peptides (BIP), such as
VPMLK (V5) and PMLKE (P5) that inhibit Bax mediated apopto-
sis. Interestingly, TUDCA was also shown to inhibit translocation
of Bax to the mitochondria in isolated cortical neurons incubated
with AP [49], as well as Bax expression in PC12 cells challenged
with AB [50]. Dibucaine, a local anesthetic, and propranolol, a B-

1

adrenergic blocking agent, are amphiphilic membrane-active cati-
onic drugs and inhibit Bax-induced cytochrome c release down-
stream of Bax mitochondrial insertion, likely through a direct inter-
action with the lipid membrane, blocking Bax-induced changes in
lipid structure [134].

Humanin (HN), an endogenous peptide of 26 amino-acids
length, and HN derivatives, possess neuroprotective activity and
play an important role against AD-related neuronal cell death [135].
Although its mechanism of action is not completely elucidated,
some studies report that HN inhibits Bax translocation to mitochon-
dria by binding to the inactive form of Bax in the cytosol. This
prevents activation from BH3-only proteins, contributing at least
partially to its neuroprotective effect [136]. Compounds that mimic
the HN peptide would be of therapeutic relevance.

BH1-4 proteins Bcl-2 and Bcl-x, inhibit mitochondrial perme-
ability transition and strengthen antioxidant defenses [137]. There-
fore, they are also attractive targets for neuroprotection. Delivery of
Bcl-x, directly to the brain was already accomplished by creating a
fusion protein containing a protein transduction domain derived
from the human immunodeficiency TAT protein [138]. Finally,
naphtho[2,3-d]isoxazole-4,9-dione-3-carboxylates 32 [139] exert a
general potent protective role against apoptotic cell death (Fig. 8).
They significantly increase cell viability, while reducing nuclear
fragmentation, caspase-3, -8 and -9 activation, and cytochrome ¢
release induced by camptothecin in primary rat hepatocytes. In
addition, compounds 32 up-regulate Bcl-x,.. Importantly, similar
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protective effects were seen in HuH-7 and PC12 cells incubated
with distinct apoptotic stimuli, such as camptothecin, TGF-B1, or
rotenone [140].

A further optimization of the compounds cited above may
provide a starting point for development of potential drug candi-
dates for human illnesses associated with uncontrolled cell death
like neurodegenerative disorders, in particular AD. However, the
requirement of some Bcl-2 family proteins for normal tissue ho-
meostasis raises concerns about potential cancer development upon
chronic suppression of these anti-apoptotic proteins, and might limit
their use to acute situations [141].

3.3. Mitochondria

Mitochondrial function is compromised in brain cells of AD
patients. Impairment of tricarboxylic acid (TCA) cycle enzymes of
mitochondria was found to correlate with the clinical state of AD
[142]. Recently, it was demonstrated that A induces apoptosis in
primary hippocampal neurons, which derives, at least in part, from
mitochondria dysfunction, as assessed by depolarized membrane
potential, decreased cytochrome ¢ oxidase activity and ATP levels,
and cytochrome c release [143]. These results indicate that Ap
induces neuronal death by activating an apoptotic pathway involv-
ing impaired mitochondria function and cellular homeostasis. A is
also involved in the disruption of calcium homeostasis, through ER-
mediated stress, thereby inducing mitochondrial dysfunction [144].
Furthermore, Ap-mediated mitochondrial dysfunction also en-
hances generation of ROS. In addition to membrane lipid or protein
damage, ROS can mediate DNA damage, which activates fatal
apoptotic signaling through the tumor suppressor p53 and
poly(ADP-ribose) polymerase (PARP) [31]. Interestingly, UDCA
and, more efficiently, TUDCA, have also been shown to inhibit AB-
induced mitochondrial membrane permeabilization and subsequent
cytochrome c release in isolated neuronal mitochondria [145], as
well as Ap-driven modifications in mitochondrial membrane redox
status, lipid polarity and protein order [146].
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34 R=CPP (cell penetrating peptide)
35 R=COCH,NHCOCH,NHCOCH,PC (PC=polymeric carrier)

Fig. (9). Peptoids that inhibit the apoptosome-mediated activation of procaspase-9.
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Modulators of the Apoptosome as Therapeutic Agents

The apoptosome links mitochondrial disfunction with activation
of effector caspases and, therefore, is of great interest for the devel-
opment of apoptotic modulators. Perez-Paya et al. [147] identified
compounds that inhibit the apoptosome-mediated activation of
procaspase-9, from the screening of a diversity-oriented chemical
library of N-alkylglycines (oligomers of N-alkylglycines, known as
peptoids) (Fig. 9). These non-natural molecules are attractive for
the drug discovery process due to their broad variety of biological
activities and proteolytic stability. The active compounds rescued
from the library were chemically optimized to obtain molecules that
bind to both recombinant and human endogenous Apaf-1, and
decrease the apoptotic phenotype in mitochondrial-mediated mod-
els of cellular apoptosis. Peptoid 33 is the most active compound
and directly binds to Apaf-1 and induces a nonactive apoptosome
complex.

Despite its potency, 33 exhibited low membrane permeability
and modest efficacy in arresting cellular apoptosis. Therefore, this
new first-in-class apoptosome inhibitor has been further improved
by modifications directed to enhance its cellular penetration by
conjugation with known cell penetrating peptides, such as pene-
tratin (PEN), yielding PEN-1 34 (Fig. 9). Enhanced efficacy was
probably related to an efficient lysosomotropic drug release in the
cytosol, when a polymeric carrier was combined with 33 to yield
compounds that decrease cell death, like PGA-1 35. In addition,
restriction of the conformational mobility of peptoid 33 through
backbone cyclization (compound 36) decreased the unspecific
toxicity of 33 and increased its anti-apoptotic activity [148].

3.4. PARP and p53

DNA-damage-induced PARP-1 and p53 have both been impli-
cated in AD [21, 149]. Oxidative stress appears to be the main
responsible for the elevated PARP-1 activity and protein levels
observed in the frontal and temporal lobe of AD patient brains
[150]. Activated PARP-1 may lead to release of AIF from mito-
chondria, and ultimately induce apoptosis in the rat brain [45].
Furthermore, targeting nuclear factor kappaB (NF-xB) dependent
glial activation with pharmacological inhibitors of PARP-1 enzy-
matic activity reduces expression of inflammatory mediators and
APP, thereby reducing the neurotoxic potential of activated glia in
vitro [151]. Therefore, inhibition of PARP-1 may attenuate apop-
totic signaling in AD and simultaneously reduce inflammatory
processes.

Enhanced p53 expression has been detected in damaged neu-
rons of AD patients brain tissue [152], as well as in brains of trans-
genic mice overexpressing Af [153]. In addition, familial AD
mutations increase p53 expression and activity in human brains
[154]. However, most evidences for a critical role of p53 in AD-
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associated neuronal death were provided by data from cell culture
models. In PC12 cells, for instance, exposure to AP resulted in
increased p53 levels, which were sufficient to increase Bax protein
and nuclear fragmentation [50]. Similar results were obtained in
neuroblastoma cells after inducing the endogenous expression of
AP [48]. Interestingly, intracellular AB1-42 may cause p53-
dependent neuronal apoptosis through activation of the p53-
promoter, thus providing an alternative pathway of cell death in AD
[155]. In turn, inhibition of p53 attenuates Ap-induced apoptosis, as
a result of a preserved mitochondrial function and reduced caspase-
3 activation [156]. Finally, upregulation of p53 is also associated
with indirect induction of tau abnormal phosphorylation in
HEK293a cells [157], while p53-dependent mechanisms are in-
volved in apoptosis induced by APP-derived cleavage product
designated amyloid precursor protein intracellular domain (AICD)
[154].

Interestingly, p53 is emerging as a prime target of TUDCA
during modulation of apoptosis [158]. In fact, TUDCA inhibits
E2F-1 induction and p53 stabilization in PC12 cells challenged with
AP and protects against p53- and Bax-dependent apoptosis induced
by E2F-1 and p53 overexpression, respectively [50]. The role of
p53 in mediating the effects of TUDCA was further confirmed
using an in vitro model of familial AD [48]. Although it is still not
clear how TUDCA interferes with p53 expression and activation, it
appears that nuclear steroid receptors may play a role [159]. It was
also recently demonstrated that UDCA reduces p53 transcriptional
activity and its ability to bind DNA in primary rat hepatocytes
[160].

p53 as a Therapeutic Target

In an attempt to demonstrate that p53 suppression can decrease
the side effects of antitumor therapy, pifithrin-a (PFT-a) 37 (Fig.
10), an antihelminthic compound, was identified as a p53 inhibitor
in a screening of 10000 random compounds [161]. Meanwhile, the
implication of p53 in neuronal death suggested that inhibition of
p53 might prove effective in reducing or preventing the neurode-
generative process. Several studies assessed and verified the neu-
ronal protection conferred by PFT-a [162] and PFT-a methyl ana-
logue Z-1-117 38 (Fig. 10) [163].

Ever since PFT-a-mediated p53 inhibition was recognized,
compounds have been developed around the 2-imino-2,3,4,5,6,7-
hexa-hydrobenzothiazole scaffold [164]. Zhu et al. [165] synthe-
sized tetrahydrobenzothiazole analogues, and assessed and con-
firmed their value as neuroprotective agents. SAR studies revealed
the importance of the N-substituent group in the iminothiazole
hetero-cycle for biological activity and that substitution on the aryl
ring influences activity, favoring p-chloro, p-methoxy, or a lack of
substitution. Furthermore, an oxazole instead of a thiazole ring
increases potency. This study opened a new strategy to reduce or
prevent neuronal death via p53-dependent apoptosis, with potential
use in AD and other neurodegenerative disorders.
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38 R1=Me, R?=Me, R3=H

39 R1=H, RZ=0Me, R3=CN
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43 R1=H, RZ=pyrrolidine, R3=H

Fig. (10). Chemical structure of p53 inhibitors.
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Pietrancosta et al. also synthesized PFT-o analogues to evaluate
their capacity as p53 inactivators, and initially found compounds
39-40 (Fig. 10) to be one log more potent than PFT-o [166]. To
unveil its mechanism of action, PFT-a derivatives (opened PFT,
cyclic dehydrated PFT and oxime derivative analogues) were
evaluated in vitro and in vivo [167]. In vitro assays demonstrated
that the tricyclic analogue 40 (Fig. 10) was the most active. SAR
studies revealed the importance of the cyclohexene ring, since the
inhibitory effect was abolished when this ring was substituted with
larger ones. Compound 41 (Fig. 10) showed an inhibitory activity
similar to PFT-a, whereas its oxime derivative was found to be
inactive. In vivo evaluation showed that 41 was 2 log values more
active than PFT-a. The authors concluded that 41 is transformed in
situ into its cyclic form (compound 40) by dehydration, increasing
its inhibition effect. The importance of cyclization in activity was
corroborated by the fact that the noncyclizable oxime analogue of
41 is inactive. The cyclization also occurs in PFT-a, forming PTF-B
42 (Fig. 10) [168]. In addition, the authors established that these
compounds act as p53 posttranscriptional activity inhibitors and are
specific to the p53-dependent pathway.

Barchéchath et al. described analogues to PFT-o and PFT-B
bearing an aryl ring instead of a saturated ring [169]. Only aromatic
analogues of PFT-B were found to possess improved cytoprotective
activity. They described compound 43 and 44 (Fig. 10) as the most
promising protective agents for potential clinical development.
PFT-a and PFT-B inhibit both apoptosis and growth arrest [170].
More recently, a new analogue, PFT-u 45 (Fig. 10), was found to
be a selective inhibitor of the mitochondrial branch of the p53
pathway, not showing activity on p53-dependent transactivation
with important implication in cancer treatment [171].

PFT-a and related derivatives can be promising drugs to treat
acute conditions like stroke, brain injury, or other conditions char-
acterized by sudden brain trauma. Once safety is established, their
use could be extended for long-term diseases.

3.5. Death Receptors

Key apoptosis regulator Fas ligand (FasL) may participate in
both neuronal and immune cell apoptosis in AD. In fact, Fas-
regulated apoptosis has been linked to neurodegenerative lesions in
the brain of patients with AD [152]. In addition, transgenic mice
overexpressing the wild-type human APP gene display increased
expression of Fas [172]. In particular, FasL appears to play an
important role in AB-mediated neurotoxicity. Exposure of cortical
neurons to AP activates c-Jun N-terminal kinase (JNK). JNK is
required for the activation of the c-Jun transcription factor, which in
turn stimulates the transcription of several key target genes, includ-
ing the death inducer FasL. The binding of FasL to its receptor Fas
then induces a cascade of events, leading to caspase activation and,
ultimately, apoptosis [173]. Disruption of Fas/FasL signaling using
a fusion protein containing the ligand binding domain of Fas and
the Fc domain of IgG (FasFc), has been found to protect primary
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cortical and cerebellar neurons from AB neurotoxicity [174]. Simi-
larly, neuronal cultures derived from mice carrying inactivating
mutations in Fas (Faslpr) or FasL (Fasgld) exhibit protection from
Ap(1-42)-induced cell death [175]. In parallel, tumor necrosis
factor alpha (TNFa), tumor necrosis factor receptor 1 (TNF-R1)
and TNF-R1-associated death domain protein (TRADD) have all
been found to be increased in AD. These changes appear to trans-
late into increased degenerative potential, as the downstream effec-
tor caspase-3 and product of the TNF pathway was also found to be
increased in the same study [176]. In addition, TRAIL was shown
to contribute substantially to AB-induced neurotoxicity in a human
SH-SY5Y neuronal cell line [177].

Modulators of the Death Receptor Pathway

To find specific inhibitors of Fas-mediated apoptosis, Osada et
al. [178] have screened a library of microbial secondary metabo-
lites. This study identified epoxycyclohexenone (ECH) 46 that
selectively inhibited Fas-mediated apoptosis by preventing the
activation of pro-caspase-8 at the death-inducing signaling complex
(DISC). In a later study, the same group designed, synthesized and
performed SAR of several ECH-related molecules, showing that
RKTS-33 47 and RKTS-34 48 exhibited selective inhibitory activ-
ity toward Fas-mediated apoptosis (Fig. 11) [179].

OH OH OH

46 47 48

Fig. (11). ECH derivatives with selective inhibitory activity toward Fas-
mediated apoptosis.

CONCLUDING REMARKS

Although many of the key apoptotic proteins activated during
AD and other neurodegenerative diseases have already been identi-
fied, our understanding of the complex underlying mechanisms
remains scattered. In some circumstances, this is due to the lack of
appropriate models. For AD, animal models available still do not
provide an accurate model of the human disease, and very few of
them display significant levels of cell death.

Targeting the cause of neuronal cell death in different neurode-
generative diseases, by the use of chaperone-related strategies
and/or protein degradation-enhancing drugs represents a challeng-
ing task. In turn, targeting the apoptotic response itself, once the
initiating events in neurodegeneration have been triggered, may
constitute a broader and more consistent approach. In this regard,
the pre-mitochondrial events in the apoptotic cascade constitute the
most desirable targets, as the mitochondrial membrane permeabili-
zation is usually assumed as the “point-of-no-return” during the
intrinsic pathway of apoptosis. Molecules aimed at preventing
mitochondrial dysfunction, particularly Bcl-2 family modulators
are, therefore, excellent candidates for blocking the release of mul-
tiple proapoptotic proteins and simultaneously preserving energy
metabolism for optimal neuroprotection. Nevertheless, interven-
tions that block the post-mitochondrial phase of apoptosis are still
relevant in early phases of neurodegeneration and, more impor-
tantly, within the few hours after neuronal injury by ische-
mia/reperfusion or trauma. Therefore, in particular cases, the inhibi-
tion of caspases and other late apoptotic effectors may also afford
significant neuroprotection.

Inhibition of apoptosis may be effective in the treatment of
neurodegenerative diseases. However, the inhibitors of apoptosis
must be selective enough to avoid blocking normal apoptosis. Much

Castro et al.

still remains to be elucidated about the specific pathways that inter-
vene in neurodegeneration and neuroprotection.
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ABBREVIATIONS

Ac = Acetyl

AD = Alzheimer’s disease

AlF = Apoptosis-inducing factor

AICD = Amyloid precursor protein intracellular domain
APP = Amyloid precursor protein

Ap = Amyloid

BH = Bcl-2 homology

CHOP = Transcription factor C/EBP homologous protein
cmk = Chloromethylketone

DR = Death receptor

EndoG = Endonuclease G

ER = Endoplasmic reticulum

FasL = Fas ligand

fmk = Fluoromethylketone

HN = Humanin

IAP = Inhibitor of apoptosis protein

ICE = Interleukin-1f converting enzyme

IJNK = c-Jun N-terminal kinase

NFT = Neurofibrillary tangle

PARP = Poly(ADP-ribose) polymerase

PCD = Programmed cell death

PD = Parkinson’s disease

PFT = Pifithrin

ROS = Reactive oxygen species

SAR = Structure-activity relationship

tBid = Truncated Bid

UDCA = Ursodeoxycholic acid

UPR = Unfolded protein response

TUDCA = Tauroursodeoxycholic acid

z = Benzyloxycarbonyl
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