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Summary
Protein kinase B, also known as Akt, is a serine/threonine kinase and plays a critical role in the
modulation of cell development, growth, and survival. Interestingly, Akt is ubiquitously expressed
throughout the body, but its expression in the nervous system is substantially up-regulated during
cellular stress, suggesting a more expansive role for Akt in the nervous system that may involve
cellular protection. In this regard, a body of recent work has identified a robust capacity for Akt and
its downstream substrates to foster both neuronal and vascular survival during apoptotic injury. Cell
survival by Akt is driven by the modulation of both intrinsic cellular pathways that oversee genomic
DNA integrity and extrinsic mechanisms that control inflammatory microglial activation. A series
of distinct pathways are regulated by Akt that include the Forkhead family of transcription factors,
GSK-3ß, ß-catenin, c-Jun, CREB, Bad, IKK, and p53. Culminating below these substrates of Akt
are the control of caspase mediated pathways that promote genomic integrity as well as prevent
inflammatory cell demise. With further levels of progress in defining the cellular role of Akt, the
attractiveness of Akt as a vital and broad cytoprotectant for both neuronal and vascular cell
populations should continue to escalate.
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Protein kinase B (Akt) as a molecular therapeutic target
Protein kinase B (PKB), also known as Akt, is ubiquitously expressed in mammals, but is
initially present at low levels in the adult brain. However, expression of Akt in both neurons
and vascular cells increases dramatically during cellular stress or injury, suggesting a
prominent role for Akt during the maintenance of cell integrity and survival. Activation of Akt
occurs through its phosphorylation that is dependent upon the signaling pathways of
phosphoinositide 3 kinase (PI 3-K). Subsequently, the biological activity of Akt can be
controlled through mechanisms that involve lipid phosphatases, proteins such as carboxyl-
terminal modulator protein (CTMP), and heat shock proteins. Cytoprotection by Akt is
considered to be broad in nature and applicable to a host of central nervous system (CNS)
injuries that range form cerebral ischemia to Alzheimer's disease. Preservation of cell survival
by Akt is driven by the modulation of both intrinsic cellular pathways that maintain genomic
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DNA integrity as well as extrinsic mechanisms that pertain directly to inflammatory cell
activation. In this review, we will focus on the role of Akt in primarily neuronal and vascular
cells in the CNS as a potential therapeutic molecular agent directed against neurodegenerative
disorders.

Phosphorylation and activity of Akt originates with phosphoinositide 3
kinase

In mammals, three family members of the serine/threonine kinase protein kinase B (PKB), or
Akt named after the oncogene v-Akt, have been identified. They are PKBα or Akt1, PKBß or
Akt2, and PKBγ or Akt3. Akt belongs to the AGC (cAMP-dependent kinase/protein kinase G/
protein kinase C) superfamily of protein kinases and consists of three functional domains (Fig.
1). The N-terminal pleckstrin homology (PH) domain provides binding sites for membrane
phospholipids, which is involved in the recruitment of Akt to the plasma membrane. The
catalytic domain of Akt has specificity for serine or threonine residues of proteins that are
substrates for Akt. The C-terminal hydrophobic motif (HM) functions to provide a docking
site for the activation of kinases.

Activation of Akt is dependent upon PI 3-K (Fig. 1). The activation of the receptor tyrosine
kinase (RTK) and the G protein-coupled receptor (CPCR) are required to activate PI 3-K. PI
3-K is composed of a catalytic p110 subunit and a regulatory p85 subunit. Survival factors,
such as trophic factors or cytokines, can stimulate the recruitment of PI 3-K to the plasma
membrane. PI 3-K preferentially phosphorylates the D3 position of the inositol ring of
phosphoinositides. Following activation, PI 3-K phosphorylates membrane
glycerophospholipid phosphatidylinositol 4,5-bisphosphate [PI (4,5)P2] resulting in the
production of phosphatidylinositol 3,4, 5 trisphosphate (PIP3) and phosphatidylinositol 3,4
bisphosphate (PIP2). Both PIP2 and PIP3 are required for Akt activation. The critical step for
activation of Akt is its transition from the cytosol to the plasma membrane, which is
accomplished by the binding of Akt to PIP2 and PIP3 through its PH domain (Stephens et al.,
1998). As a result of this sequence of events, Akt becomes available for phosphorylation by
several upstream kinases.

The phosphorylation of two major residues, Thr308 and Ser473, are considered necessary for
the activation of Akt. The site of Thr308 is located within the activation T-loop of Akt1. For
Akt2 and Akt3, the equivalent residues are Thr309 and Thr305 respectively (Walker et al.,
1998). These phosphorylation sites are believed to be critical for the activation of Akt. Yet, the
phosphorylation of Ser473 at the C-terminal HM domain also is necessary for the complete
activation of Akt (Bellacosa et al., 1998).

The phosphorylation of Thr308 is dependent upon its upstream kinase, 3-phosphoinositide-
dependent kinase-1 (PDK1) (Wick et al., 2000). PDK1 contains a C-terminal PH domain by
which PDK1 is recruited by PIP3 to the cell membrane, and to a lesser extend by PIP2. Similar
to other AGC kinases, the C-terminal HM domain of Akt provides a docking site for PDK1,
which is essential for the activation of the T-loop (Frodin et al., 2002). Moreover, the HM
domain also can stabilize the N-lobe of PDK1 by association with the protein kinase C-related
kinase-2 interacting fragment (PIF) and thus increase the activity of PDK1 by 10 fold
(Balendran et al., 1999). Phosphorylation of Thr308 results in conformation change in PIF to
allow it to become more suitable for HM binding. PDK1 cannot directly phosphorylate
Ser473, but a distinct phosphoinositide-dependent kinase PDK2 (Ser473 kinase) has been
postulated to promote Akt phosphorylation on Ser473. The existence of PDK2 is pending further
confirmation.
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The “brakes and gas” for Akt activity
A number of pathways can function to either block Akt activity or enhance the biological
activity of Akt. Some lipid phosphatases have been shown to negatively modulate the activity
of Akt. The phosphatase and tensin homolog deleted from chromosome 10 (PTEN) appears to
be a critical regulator of PI 3-K signaling (Fig.1). The PTEN gene was originally identified as
a tumor suppressor gene and is a common mutant gene in various human cancers. The PTEN
protein has a C2 domain which functions to regulate the membrane affinity of the protein to
membrane phospholipids. A phosphatase domain also exists that can interact with either lipids
or proteins (Lee et al., 1999). PTEN can dephosphorylate tyrosine-, serine-, and threonine-
phosphorylated peptides (Lee et al., 1999). PTEN negatively regulates PI 3-K pathways by
specifically dephosphorylating PIP2 and PIP3 at the D3 position (Maehama and Dixon,
1998). As a result, a reduction in the membrane phospholipid pool that is necessary for the
recruitment of Akt can ensue during PTEN activity.

Other lipid phosphatases, such as SHIP (SH2 domain- containing inositol phosphatase), can
regulate Akt activity (Fig. 1). SHIP is an inositol 5' phosphatase that dephosphorylates
inositides and phosphoinositides on the 5'-position resulting in the transformation of PIP3 into
PIP2. Interestingly, the SHIP2 gene appears to modulate insulin signaling, since targeted
disruption of this gene leads to increased insulin sensitivity that occurs as a result of enhanced
phosphorylation of Akt2 at the plasma membrane (Sasaoka et al., 2004). In other cell systems
that involve hematopoietic proliferation, SHIP also functions to block activation of Akt (Carver
et al., 2000). The Src homology domain 2 (SH2)-containing tyrosine phosphatases (SHP) also
have been implicated in the control of the Akt pathway. In regards to SHP1 and SHP2, SHP1
is predominantly expressed in hematopoietic cells, but SHP2 is more ubiquitously expressed
and occurs in the nervous system (Chong et al., 2003e). Through the activation of Akt, SHP1
can selectively bind and dephosphorylate PTEN to reduce the stability of this protein (Lu et
al., 2003). SHP2 also appears to be required for the activation of Akt (Ivins Zito et al., 2004)
and prevent cellular death from apoptosis through inhibition of either caspase 1 or 3-like
activities (Chong et al., 2003e;Ivins Zito et al., 2004).

A third protein, CTMP, also can negatively regulate the activity of Akt. CTMP is a 27 kDa
protein that binds specifically to the carboxyl-terminal regulatory domain of Akt1 at the plasma
membrane (Maira et al., 2001). The binding of CTMP to Akt1 decreases the activity of Akt1
by inhibiting the phosphorylation of Akt1 on Ser473 and Thr308 (Maira et al., 2001).

Alternate cellular systems are responsible for the enhancement of Akt activity. The T cell
leukemia/lymphoma 1 (TCL1) protein functions as a co-activator of Akt (Fig. 1). The TCL1
gene at chromosome 14q32.1 is associated with the development of human mature T cell
leukemia. In addition, TCL1 can stabilize mitochondrial membrane potential and promote cell
proliferation and survival (Laine et al., 2000). TCL1 binds to Akt1 and increases Akt1 kinase
activity to promote its nuclear translocation (Pekarsky et al., 2000). Further studies indicate
that TCL1 binds to the PH domain of Akt and the formation of TCL1 trimers facilitates the
formation of the Akt/TCL1 complex. Within this complex, Akt is phosphorylated and activated
in vivo (Laine et al., 2000).

Akt activity also can be facilitated by a 90 kDa heat shock protein (Hsp90). Hsps are
characterized by their mass in kilodaltons, are induced in response to heat in essentially all
organisms, and are highly conserved between different species. Hsps, such as Hsp90 can be
cytoprotective, such as preventing cell injury against heat thermal stress (Latchman, 2004).
Akt binds to Hsp90 through its 229-309 residues resulting in stabilization of the phosphorylated
Akt (Fig. 1). Interestingly, inhibition of Akt binding to Hsp90 leads to dephosphorylation of
Akt by protein phosphatase 2A (PP2A) and induction of apoptosis (Sato et al., 2000). More
recent investigations indicate that intracellular Akt can become complexed with Hsp90 and
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Cdc37. As a result of this association, increased Akt activity is present, but is closely dependent
upon the presence of Hsp90 in the complex (Basso et al., 2002).

Akt is expressed in a variety of tissues and is intimately bound to cellular
injury

Akt is expressed in mammals, but can vary in the level of expression in a variety of tissues and
cells. Akt1 is the most highly expressed isoform. Although Akt2 is expressed at a lower level
than Akt1, significant expression of Akt2 occurs in insulin-responsive tissues, such as skeletal
muscle, liver, heart, kidney, and adipose tissue (Altomare et al., 1995). This distribution for
Akt2 expression may suggest a critical role for this protein in insulin signaling pathways. In
the central nervous system, the expression of Akt1 and Akt2 can be observed at increased levels
during development, but is gradually decreased during postnatal development (Owada et al.,
1997). Yet, in the adult brain, expression of Akt1 and Akt2 is initially weak with a dramatic
increase in the expression of Akt1 mRNA and Akt1 protein in cells that are subjected to injury
(Owada et al., 1997; Kang et al., 2003; Chong et al., 2005), suggesting that Akt may play an
important role during paradigms that involve cell injury. Different from Akt1 and Akt2, Akt3
is only expressed in a limited number of tissues, such as in the brain and testes, with lower
expression evident in skeletal muscle, pancreas, heart, and kidney (Nakatani et al., 1999).

Akt is a critical survival factor that can modulate cellular pathways involved in programmed
cell death (PCD), also known as apoptosis. Early studies have demonstrated that over-
expression of Akt in cerebellar granule neurons prevents apoptosis during growth factor
withdrawal (Dudek et al., 1997). In contrast, the expression of a dominant-negative Akt or
inhibition of PI 3-K attenuates cell survival normally supported by growth factors (Chong et
al., 2002b; Maiese et al., 2004). Subsequent work has illustrated an important role for Akt for
the survival of various cell types during injury paradigms. Akt promotes cell survival during
free radical exposure in primary hippocampal neurons (Matsuzaki et al., 1999; Chong et al.,
2003b), neuronal cell lines (Kang et al., 2003a,b), and cerebral vascular endothelial cells (ECs)
(Chong, 2005). Enhanced Akt activity can foster cell survival against several other toxic insults
that include matrix detachment (Rytomaa et al., 2000), DNA damage (Chong, 2002, 2005;
Kang, 2003; Henry, 2001), anti-Fas antibody administration (Suhara et al., 2001), oxidative
stress (Chong, 2005; Kang, 2003), and transforming growth factor-ß (TGF-ß) application
(Conery et al., 2004).

As a result of the broad protective nature of Akt, many agents or growth factors appear to
prevent apoptotic cellular injury through Akt activation. In the vascular system, angiopoietin-1
is an endothelium-specific ligand essential for embryonic vascular stabilization, branching,
morphogenesis, and post-natal angiogenesis. Angiopoietin-1 also supports endothelial cell
survival and prevents apoptosis through the activation of Akt that requires a PI 3-K dependent
pathway (Papapetropoulos et al., 2000). Furthermore, in the cardiovascular system, myocardial
protection by insulin during myocardial ischemia/reperfusion is abolished by PI 3-K inhibition,
suggesting that cardioprotection of insulin is mediated by Akt activation (Jonassen et al.,
2001). The involvement of the PI 3-K/Akt pathway also has been demonstrated during the
protection of retinal ganglion cells from axotomy (Kermer et al., 2000).

Interestingly, a number of trophic factors and cytokines, such as erythropoietin (EPO), may
depend upon Akt to offer cellular protection (Maiese et al., 2003). For example, EPO can
phosphorylate Akt and is dependent upon the activation of PI 3-K and Janus Kinase 2 (Jak2)
(Witthuhn et al., 1993; Chong et al., 2002b). Activation of Jak2 promotes the phosphorylation
of tyrosine residues in the intracellular portion of the EPO receptor (Witthuhn et al., 1993).
Phosphorylation of the last tyrosine of the EPO receptor initiates binding of the 85 kDa
regulatory subunit of PI 3-K, a heterodimer consisting of a 110 kDa catalytic subunit and an
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85 kDa regulatory subunit. As a result of the binding of the 85 kDa regulatory subunit, the 110
kDa catalytic subunit becomes active and leads to the phosphorylation of Akt.

Central to the ability of EPO to prevent cellular apoptosis is the activation of Akt by EPO.
During anoxia or free radical exposure, expression of the active form of Akt (phospho-Akt) is
increased (Kang et al., 2003b; Kang et al., 2003a). EPO can significantly enhance the activity
of Akt during oxidative stress and prevent inflammatory activation of microglia (Chong et al.,
2003a,b,d). This up-regulation of Akt activity during injury paradigms appears to be vital for
EPO protection, since prevention of Akt phosphorylation blocks cellular protection by EPO
(Chong et al., 2003a,b,d). Through the regulation of the PI 3-K/Akt dependent pathway, EPO
can prevent cellular apoptosis following N-methyl-D-aspartate toxicity, neuronal axotomy,
hypoxia, and oxidative stress (Maiese et al., 2003, 2004).

Akt can play a decisive role during several disease states that involve
apoptosis

Given the intimate association between Akt and cytoprotective agents, Akt may be viewed as
an essential target for therapeutic strategies against a number of diseases that involve apoptotic
cell death. Although necessary for tissue re-modeling during development, apoptosis is
recognized as a central pathway that can lead to a cell's demise in a variety of tissues and has
recently been identified in organisms as diverse as plants (Hatsugai et al., 2004). Apoptotic
injury is believed to contribute significantly to a variety of disease states that especially involve
the nervous system such as ischemic stroke, Alzheimer's disease, Parkinson's disease, and
spinal cord injury (Maiese, 2004; Chong, 2005). Outside of the nervous system, such as during
cardiovascular injury, PCD also may be a significant precipitant of cell death. For example,
ischemic-reperfusion injury can lead to apoptosis in cardiomyocytes (Cai et al., 2003).

Apoptotic cellular injury consists of two independent processes that involve membrane
phosphatidylserine (PS) exposure and DNA fragmentation. The biological role of membrane
PS externalization can vary in different cell populations. In many cell systems, membrane PS
externalization can become a signal for the phagocytosis of cells (Li, 2004; Chong, 2005 ). In
the nervous system, cells expressing externalized PS may be removed by microglia. An
additional role for membrane PS externalization in the vascular cell system is the activation of
coagulation cascades. The externalization of membrane PS residues in ECs can promote the
formation of a procoagulant surface (Chong, 2005).

In contrast to the early externalization of membrane PS residues, the cleavage of genomic DNA
into fragments is a delayed event that occurs late during apoptosis (Maiese and Vincent,
2000; Jessel et al., 2002). Several enzymes responsible for DNA degradation have been
differentiated based on their ionic sensitivities to zinc and magnesium (Li, 2004; Chong, 2005).
DNA degradation can proceed through mechanisms that involve calcium/magnesium -
dependent endonucleases such as DNase I, the acidic, cation independent endonuclease (DNase
II), cyclophilins, and the 97 kDa magnesium - dependent endonuclease. Modulation of
endonuclease activity can influence cell survival in both vascular systems and the nervous
system. For example, three separate endonuclease activities are present in neurons. They are
a constitutive acidic cation-independent endonuclease, a constitutive calcium/magnesium-
dependent endonuclease, and an inducible magnesium dependent endonuclease (Vincent and
Maiese, 1999). The inducible magnesium-dependent endonuclease may be unique for the
nervous system (Vincent and Maiese, 1999). The physiologic characteristics of the magnesium
dependent endonuclease, such as a pH range of 7.4-8.0, a dependence on magnesium, and a
molecular weight of 95-108 kDa, are consistent with a constitutive 97 kDa endonuclease in
non-neuronal tissues, but the endonuclease in the nervous system is believed to be inducible
rather than constitutive in nature.
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Akt possesses the ability to offer a broad level of cytoprotection in cells through both intrinsic
cell mechanisms that involve the maintenance of genomic DNA and the exposure of membrane
PS residues. Through the over-expression of a myristoylated (active) forms of Akt and a kinase-
deficient dominant-negative Akt, recent work has shown that Akt is both necessary and
sufficient to protect cells, such as neurons and ECs from injury associated with oxidative stress
(Kang, 2003; Chong, 2005). Over-expression of myr-Akt significantly protects cells from free
radical injury and prevents degradation of genomic DNA. Yet, cells with a dominant-negative
over-expression that lack kinase activity suffer a significant loss in cell survival during
oxidative stress. Interestingly, through the inhibition of PI 3-K phosphorylation of Akt or
through the over-expression of a kinase-deficient dominant-negative Akt, endogenous cellular
reserves of Akt also can provide an additional level of protection during cell injury that can
function in concert with the exogenous activation of Akt to achieve increased cellular
protection (Kang, 2003; Chong, 2005). It is important to note that activation of Akt is not
always desirable under certain conditions, such as that involve the control of neoplasms. Recent
work has identified Akt as a potential target to block during the treatment of nonsmall cell lung
cancers that contain mutations in the epidermal growth factor (Sordella et al., 2004).

Akt is a critical modulator of inflammatory cell injury
In disease states in areas of the body such as the CNS, modulation of extrinsic cell homeostasis
through microglial activation is as vital to cellular survival as the maintenance of cellular DNA
integrity. The analysis of brain tissue in patients has supported the premise that microglia may
lead to the progression of some neurodegenerative disorders. In Huntington's disease and
amyotrophic lateral sclerosis, significant microglial activation has been reported in regions of
the nervous system that are specific for these disease entities (Singhrao et al., 1999; Obal et
al., 2001). During cerebral ischemia, activation of microglia can parallel the induction of
cellular apoptosis and correlate well with the severity of the ischemic insult (Chong, 2005). In
patients with Alzheimer's disease, microglial cells co-localize with the perivascular deposits
of ß-amyloid (Aß). In addition, microglial activation has been observed to occur in concert
with the evolution of amyloid plaques (Maiese and Chong, 2004). The generation of oxidative
stress by microglia during Aß deposition further suggests that microglia may play an important
role in the pathogenesis of Alzheimer's disease.

As a result, oxidative stress generated by microglia can be responsible for cellular injury.
Activated microglia up-regulate a variety of surface receptors and yield significant pro-
inflammatory and toxic factors. These can include nitric oxide, superoxide, and fatty acid
metabolites such as eicosanoids that can precipitate cell death (Chong et al., 2004b; Li et al.,
2004; Maiese and Chong, 2004). The secretion of cytokines by microglia also may represent
another source of cytotoxicity for microglia. Microglia produce a variety of cytokines in
response to toxic stimulation, such as interleukins and tumor necrosis factor (TNF). TNF-α
production by microglia may be linked to neurodegeneration by increasing the sensitivity of
neurons to free radical exposure (Chong et al., 2004b; Maiese and Chong, 2004).

During microglia activation, the phagocytic removal of apoptotic cells within the CNS play an
important role during development, tissue homeostasis, and host defense. Several potential
mechanisms regulate the phagocytosis of cells that have become injured and may be destined
to die. Secreted factors by either apoptotic or phagocytic cells, such as milk fat globule-EGF-
factor 8, fractalkine, and lipid lysophosphosphatidylcholine also have been shown to assist
with the phagocytic removal of injured cells (Chong et al., 2004; Li et al., 2004). Yet, a common
denominator that appears to be critical for the removal of apoptotic cells is the translocation
of membrane PS residues from the inner cellular membrane to the outer surface. During normal
cellular function, the phospholipids of the plasma membrane are asymmetrical with the outer
leaflet of the plasma membrane consisting primarily of choline-containing lipids, such as
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phosphatidylcholine and sphingomyelin, and the inner leaflets consisting of
aminophospholipids that include phosphatidylethanolamine and PS. The disruption of
membrane phospholipid asymmetry leads to the externalization of membrane PS residues and
serves to identify cells for phagocytosis (Chong et al., 2004b; Li et al., 2004; Maiese et al.,
2004).

Expression of the phosphatidylserine receptor (PSR) on microglia works in concert with
cellular membrane PS externalization. Cells exposed to oxidative stress can lead to the
induction of both microglial activation and microglial PSR expression. Treatment with an anti-
PS receptor neutralizing antibody in microglia prevents this microglial activation (Chong et
al., 2003b; Kang et al., 2003a). In addition, application of PS can directly result in microglial
activation that is blocked by a PSR neutralizing antibody (Chong et al., 2003b; Kang et al.,
2003b), suggesting that both PS exposure in target cells and PSR expression in microglia are
necessary for microglial recognition of apoptotic cells. Recognition of cellular membrane PS
by the PS-specific receptors on microglia may require cofactors, such as Gas6. In addition,
microglia recognition of injured cells through membrane PS mediated mechanisms also may
involve other agents, such as integrin and lectin (Chong et al., 2004b; Li et al., 2004; Maiese
et al., 2004).

Akt prevents inflammatory cell demise through extrinsic cellular mechanisms that involve
membrane PS exposure and the subsequent activation of microglia. Enhanced Akt activity can
prevent cellular membrane PS externalization in both neurons and ECs during a variety of
insults that involve anoxia, free radical exposure, and oxygen-glucose deprivation (Chong et
al., 2004b; Li et al., 2004; Maiese et al., 2004). In addition, Akt appears to employ the
modulation of membrane PS externalization to prevent microglial activation (Kang et al.,
2003b). Activation of Akt can prevent membrane PS exposure on injured cells and block the
activation of microglia that are exposed to media taken from cells that over-express active,
phosphorylated Akt during cellular injury (Kang et al., 2003a,b). Cytoprotective agents, such
as nicotinamide and EPO, also employ mechanisms that involve Akt to regulate microglial
activation and proliferation (Maiese and Chong, 2003; Li et al., 2004; Maiese et al., 2004).
These protective agents block membrane PS exposure on cells and possibly prevent the
shedding of membrane PS residues that is known to occur during apoptosis (Simak et al.,
2002). In addition to targeting the activity of membrane PS exposure and microglial activation,
Akt also may directly address cellular inflammation by inhibiting several pro-inflammatory
cytokines, such as TNF-α (Fontaine et al., 2002).

Akt is dependent upon the intimate modulation of its downstream cellular
pathways

Investigations into the cellular pathways of Akt have begun to identify pathways that provide
us with a clearer understanding of the significant role that Akt plays during cellular
development, function, and survival. In the following sections, we discuss novel cellular
pathways that originate from substrates of Akt that include the Forkhead family of transcription
factors and the glycogen synthase kinase-3ß (GSK-3ß) and depend upon downstream
mechanisms that involve ß-catenin, the translation initiation factor 2B (eIF2B), c-Jun, the
cAMP-response element-binding protein (CREB), Bad, IkB kinase (IKK), p53, and c-Jun N-
terminal kinase (JNK) interacting proteins (JIPs) (Fig. 2).

Akt and the Forkhead transcription factors
Three members of the mammalian Forkhead family have been identified and consist of the
Forkhead in rhabdomyosarcoma (FKHR, also named as FOXO1), the FKHRL-like 1
(FKHRL1, FOXO3a), and the acute-lymphocytic-leukemia-1 fused gene from chromosome X
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(AFX, also named as FOXO 4). The Forkhead family is characterized by the forkhead box or
winged helix that contains a 110 amino acid binding domain. Upon activation such as during
oxidative stress, the Forkhead family members are translocated to the nucleus (Fig. 3). They
function as transcription factors by preferentially binding to the core consensus DNA sequence
5'-TTGTTTAG-3', the Forkhead response element. The cellular function of Forkhead family
is broad in nature and is involved in cell processes such as apoptotic injury (Gilley et al.,
2003), cell cycle progression (Schmidt et al., 2002), oxidative stress (Kops et al., 2002), and
the longevity of an organism (Taub et al., 1999).

Modulation of activity of the Forkhead family has been closely associated with Akt. Following
activation, Akt can phosphorylate all three members of the Forkhead family resulting in their
retention in the cytosol of cells and the subsequent blockade of their transcriptional activities.
Three phosphorylation sites for Akt have been identified in all three members of Forkhead
family. In FOXO1, the phosphorylation sites reside at Thr24, Ser256, and Ser319. In FOXO4,
the sites include Thr28, Ser128, and Ser258. Among the three phosphorylation sites for FOXO3a
that include Thr32, Ser253, and Ser315, Akt preferentially phosphorylates Ser253 (Brunet et al.,
1999). Mutation of the Akt phosphoacceptor sites to alanine residues on FOXO can enhance
the transcriptional activity of FOXO and render it resistant to Akt inhibition, suggesting that
Akt requires these sites of phosphorylation to modulate the transcriptional activity of FOXO
(Tang et al., 1999).

The phosphorylation of the FOXO proteins results in their inactivation through cytoplasmic
retention. In the absence of Akt activity or following the mutation of the FOXO
phosphorylation sites, FOXO is exclusively localized to the nucleus. Translocation of FOXO
also can occur during a cellular insult, such as in the presence of oxygen-glucose deprivation
(Fig. 3). Following Akt activation, Akt translocates to the nucleus in which Akt phosphorylates
the FOXO transcription factor resulting in the export of FOXO into the cytosol. This
translocation of FOXO by Akt is associated with protein 14-3-3. The 14-3-3 family of proteins
function through binding to their protein ligands in a phosphorylation-dependent manner (Rena
et al., 2001). Two binding motifs of 14-3-3 proteins have been identified, namely RSXpSXP
and RXY/FXpSXP (Yaffe et al., 1997), which are present in nearly all known 14-3-3 proteins.
The phosphorylation of FOXO transcription factors by Akt leads to the generation of consensus
binding sites for the 14-3-3 protein and the subsequent export of FOXO from the nucleus. For
example, the phosphorylation of FOXO3a promotes the interaction of FOXO3a with the 14-3-3
protein and results in retention of the phosphorylated form of FOXO3a in the cytoplasm (Brunet
et al., 1999).

The transcriptional activity of the FOXO family is closely related to the induction of apoptosis.
In the nucleus, FOXO can bind to specific DNA sequences and mediate the activation of
transcription that plays essential roles in the regulation of cell survival. Expression of an Akt-
resistant mutant of FOXO that promotes the activity of FOXO can lead to apoptosis (Tang et
al., 1999). On the other hand, activation of Akt can lead to the inhibition of FOXO-dependent
transcription and block of apoptosis (Brunet et al., 1999). FOXO3a can result in PCD in cerebral
granule neurons, sympathetic neurons, and a variety of other cell types in a transcription-
dependent manner following its translocation to the nucleus (Brunet et al., 1999; Dijkers et al.,
2002; Gilley et al., 2003). Further work has demonstrated that activation of FOXO3a can
disrupt mitochondrial membrane potential and result in cytochrome c release (Dijkers et al.,
2002).

Several transcriptional targets of FOXO in mammalian cells that are necessary for the induction
of apoptosis have been identified. The death receptor Fas ligand appears to be an important
target of FOXO. For example, a Forkhead binding sequence is present in the regulatory region
of the Fas ligand gene, suggesting that FOXO may control the expression of the endogenous
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Fas ligand gene. In addition, FOXO3a can activate a Fas ligand promoter-driven reporter and
result in apoptosis in cerebellar neurons, fibroblasts, and Jurkat cells (Brunet et al., 1999). Yet,
induction of apoptosis by a FOXO3a mutant that cannot be phosphorylated by Akt and would
normally lead to cell injury can be blocked when expressed in Fas mutant or FADD (Fas-
associated protein with death domain) mutant cells (Brunet et al., 1999), further suggesting
that FOXO3a is dependent upon the Fas ligand for the generation of apoptosis.

FOXO also may promote apoptotic injury through the regulation of Bim. Bim, a BH3-only
family member, functions upstream of Bax-mediated cytochrome c release from the
mitochondria. Over-expression of FOXO3a has been reported to enhance Bim expression
during cell stress such as trophic factor withdrawal and lead to PCD that requires Bim activity
(Gilley et al., 2003). In addition, FOXO3a can activate the Bim promoter through two
conserved FOXO binding sites. Mutation of these sites blocks Bim promoter activation (Gilley
et al., 2003).

Closely linked to cell survival and longevity is the control of the cell cycle by FOXO. FOXO
controls the cell cycle through the increased expression of p27KIP1 (Medema et al., 2000)
which can ultimately lead to PCD. p27KIP1 has been suggested to be critical in the regulation
of cell survival, since even ectopic expression of p27KIP1 is sufficient to result in cellular
apoptosis (Dijkers et al., 2000). p27KIP1 triggers apoptosis in several different human cancer
cell lines. In human prostate carcinoma cells, a recombinant adenovirus expression of p27KIP1
is associated with the induction of apoptosis (Katner et al., 2002). In cholangiocarcinoma cell
lines, over-expression of p27KIP1 leads to apoptosis that can be completely prevented by the
neutralizing antibody of Fas ligand, suggesting that p27KIP1 induces apoptosis through Fas
mediated pathways (Yamamoto et al., 2003). Furthermore, transfection of the full-length
human p27 cDNA results in apoptotic cell death in retinoblastoma protein (Rb) expressing
cells, but not in cells which do not express Rb, suggesting that some level of Rb expression is
required for the induction of apoptosis by p27 (Naruse et al., 2000). FOXO3a results in a
striking increase in p27KIP1 promoter activity with the induction of the apoptosis (Dijkers et
al., 2000). Interestingly, new work has suggested that in cases in which the Sir2 homolog SIRT1
can form a complex with FOXO3 during oxidative stress, cell longevity is fostered rather than
inhibited by promoting cell cycle arrest and preventing apoptosis (Brunet et al., 2004).

Akt, GSK-3ß, and apoptotic neurovascular cell injury
Glycogen synthase kinase-3 is a serine/threonine kinase that also is a substrate of Akt (Fig. 2).
In mammalian cells, there are two GSK-3 isoforms termed GSK-3α and GSK-3ß, which have
a mass of 51 kDa and 47 kD respectively. Of the two isoforms of GSK-3, GSK-3ß is specifically
expressed in the CNS. GSK-3 is a constitutively active kinase in cells and is primarily regulated
through inhibition of its activity. Akt can phosphorylate GSK-3ß at Ser9 and inactivate the
enzyme (Shaw et al., 1997). In contrast, phosphorylation of GSK-3ß at Thr216 results in an
enhanced activity of the enzyme, which can occur during neuronal degeneration (Bhat et al.,
2000).

GSK-3ß plays a significant role in the regulation of apoptosis. Apoptotic injury is enhanced
by the over-expression of GSK-3ß, suggesting that the activity of GSK-3ß contributes to
cellular injury (Crowder and Freeman, 2000). During oxidative stress, GSK-3ß can lead to
caspase 3 activation and cytochrome c release (Koh et al., 2003). In erythroid progenitors, the
expression of a constitutively active mutant of GSK-3ß during serum deprivation promotes
cellular PCD (Somervaille et al., 2001). GSK-3ß also can lead to apoptotic injury in vascular
smooth muscle cells (Loberg et al., 2002) and cardiomyocytes (Yin et al., 2004). Yet, the
inactivation of GSK-3ß can result in the prevention or reduction in apoptotic injury in neurons
(Alvarez et al., 1999), vascular smooth muscle cells (Loberg et al., 2002), and cardiomyocytes
(Yin et al., 2004).
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GSK-3ß is involved in the pathological process of neurodegenerative disorders, such as
Alzheimer's disease (Jope and Johnson, 2004; Maiese and Chong, 2004). In Alzheimer's
patients, GSK-3ß expression is present in the cytoplasm of pretangle neurons and its expression
coincides with the development of neurofibrillary changes (Pei et al., 1999). On a cellular level,
Aß exposure in cultured hippocampal neurons can activate GSK-3ß (Li et al., 2004; Maiese
and Chong, 2004). In addition, application of antisense oligonucleotides against GSK-3ß or
the GSK-3ß inhibitor, lithium, can prevent cellular injury mediated by Aß (Li et al., 2004;
Maiese and Chong, 2004).

GSK-3ß also can regulate amyloid precursor protein (APP) processing and the phosphorylation
of tau. GSK-3ß facilitates Aß release by increasing the cellular maturation of APP (Maiese and
Chong, 2004). GSK-3ß is also one of the protein kinase candidates that can phosphorylate the
tau protein. Hyperphosphorylated tau is the major component of neurofibrillary tangles that
consist of paired helical filaments. GSK-3ß can be necessary for sequential phosphorylation
of tau at sites that are required for the formation of a paired-helical-filaments (Zheng-
Fischhofer et al., 1998). Over-expression of GSK-3ß in transgenic mice results in the
hyperphosphorylation of tau in hippocampal neurons and pre-tangle-like somatodendritic
localization of tau (Lucas et al., 2001). If one removes GSK-3ß activity through the inhibitor
lithium, hyperphosphorylation of tau is blocked and tau binding to microtubules is promoted
to yield microtubule assembly (Hong et al., 1997).

Point mutations in the presenilin-1 (PS1) gene and its gene product also have been tied to tau
phosphorylation and GSK-3ß activity. Mutations in PS1 account for approximately fifty
percent of all cases of familial Alzheimer's disease. PS1 is a 43-48 kDa membrane bound
protein with 6-8 membrane-spanning domains and is expressed in neurons throughout the brain
(Maiese and Chong, 2004). Presenilin proteins that are mutated in Alzheimer's disease are
believed to accelerate the production of amyloid plaques as well as possibly activate apoptotic
genes. In addition, mutations in PS1 are thought to promote the phosphorylation of tau through
GSK-3ß mediated pathways. PS1 can bind GSK-3ß and tau at the same region of residues
250-298 on the PS1 protein. Through this binding, PS1 may regulate the interaction of GSK-3ß
with tau by bringing them into close proximity (Takashima et al., 1998). Point mutations of
PS1 also have been shown to enhance the binding of PS1 to GSK-3ß and result in increased
phosphorylation of tau (Takashima et al., 1998).

GSK-3ß and the substrates ß-catenin, eIF2B, c-Jun, CREB
GSK-3ß mediates cellular survival through the regulation of its multiple substrates. ß-catenin
appears to one of its important targets and may be relevant during both neuronal and vascular
injury models (Fig. 2). For example, in many cell systems that include ECs and cancer cells,
inhibition of apoptosis has been suggested to be regulated through the stabilization and
activation of ß-catenin (Chen et al., 2001;Wu et al., 2003). It has been demonstrated that loss
of ß-catenin signaling in neurons increases their vulnerability to apoptotic injury in the presence
of Aß (Zhang et al., 1998). Furthermore, GSK-3ß and PS1 may have an additional relationship
through ß-catenin. PS1 can promote the stability of ß-catenin, a substrate of GSK-3ß. GSK-3ß
negatively regulates ß-catenin through phosphorylation and degradation. In the PS1
hydrophilic loop domain, three GSK-3ß consensus phosphorylation sites are present that
phosphorylate PS1 to abolish the ability of PS1 to stabilize and prevent the degradation of ß-
catenin (Kirschenbaum et al., 2001).

ß-catenin also is a critical component of the Wnt signaling pathway (Chong and Maiese,
2004). Wnt can block the activity of GSK-3ß by binding to the transmembrane receptor Frizzled
and the co-receptor lipoprotein related protein 5 and 6 (LRP-5/6) that leads to the recruitment
of disheveled, a cytoplasmic bridging molecule (Wehrli et al., 2000). In the absence of Wnt
activity, GSK-3ß phosphorylates ß-catenin at serine or threonine residues of the N-terminal
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region to predispose degradation of ß-catenin through ubiquination. GSK-3ß dependent
phosphorylation of ß-catenin can be promoted through phosphorylation of Axin, a negative
regulator of Wnt (Yamamoto et al., 1999).

The translation initiation factor 2B (eIF2B) is another phosphorylation target of GSK-3ß that
is associated with regulation of cell survival. Expression of eIF2B mutants in cells that lack
GSK-3ß phosphorylation or priming sites is sufficient to prevent apoptosis during GSK-3ß
over-expression, PI 3-K inhibition, or growth factor deprivation (Pap and Cooper, 2002). These
mutations in eIF2B also can prevent cytochrome c release resulting from PI 3-K inhibition
(Pap and Cooper, 2002), suggesting that eIF2B protects cells by functioning upstream of
mitochondrial cytochrome c release.

GSK-3 can lead to cell death through the expression of the c-Jun protein. c-Jun is a critical
transcription factor in response to cellular stress. For example, in neurons, c-Jun triggers
apoptosis through transcription activation of some pro-apoptotic genes, such as Bim (Whitfield
et al., 2001). An increase in c-Jun expression occurs during trophic factor withdrawal (Hongisto
et al., 2003), administration of DNA damaging agents (Besirli and Johnson, 2003), or in the
presence of low potassium (Yamagishi et al., 2003). Genetic deletion of c-Jun or application
of neutralizing antibodies against c-Jun results in the resistance of neurons to apoptotic stimuli
(Watson et al., 1998; Behrens et al., 1999), suggesting that c-Jun plays an important role in the
generation of apoptosis. In vascular ECs, specific expression of c-Jun is sufficient for induction
of apoptosis in ECs. Yet, over-expression of a dominant-negative mutant of c-Jun will attenuate
hydrogen peroxide cell injury in ECs (Wang et al., 1999), indicating that c-Jun also is an
important cell survival regulator in ECs.

Given the roles that c-Jun plays in apoptosis, recent work has suggested that GSK-3 mediates
PCD through the modulation of c-Jun activity. Application of indirubin, an inhibitor of GSK-3,
can reduce c-Jun expression during trophic factor deprivation in cerebellar granule neurons.
Similarly, the physiological inhibitor of GSK-3ß, FRAT1 (frequently rearranged in advanced
T-cell lymphoma type 1) also prevents c-Jun activity and blocks neuronal injury during trophic
factor deprivation (Hongisto et al., 2003). The more specific inhibitor of GSK-3ß, lithium, also
has been shown to prevent both cJun expression and neuronal injury, suggesting that c-Jun is
one of the executioners of GSK-3ß to lead to apoptotic injury.

In addition to ß-catenin, eIF2B, and c-Jun, the cAMP-response element-binding protein
(CREB) also emerges as a transcriptional target of GSK-3ß for the regulation of apoptosis.
GSK-3ß phosphorylates CREB at serine133 and serine129 to lead to CREB transcription and
activation (Salas et al., 2003). CREB appears to have a dual role in the regulation of apoptosis.
The involvement of CREB as a protectant against PCD has been well documented in a variety
of cell systems. In neurons, staurosporine induced apoptosis in neuroblastoma cells is
accompanied by reduced levels of CREB (Francois et al., 2000). In contrast, over-expression
of CREB can protect cell lines from okadaic acid-induced apoptosis (Walton et al., 1999). In
addition, some growth factors can prevent neuronal apoptosis through CREB activation and
the subsequent increase in Bcl-2 expression (Pugazhenthi et al., 1999). In vascular ECs, CREB
also has been demonstrated to promote expression of human heme oxygenase-1, which is a
potent regulator of inflammation and can protect cells from oxidative stress (Kronke et al.,
2003).

On the other hand, CREB has been reported to promote apoptotic injury. In some cell systems
and under specific experimental conditions, activation of CREB promotes the development of
apoptosis. For example, CREB activation functioned to foster apoptotic injury in human
microvascular ECs during 2,2'4,6,6'-pentachlorobiphenyl administration (Lee et al., 2003).
Furthermore, additional studies with human amnion FL cells, simian COS-7 cells, and Chinese
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hamster ovary cells illustrate that CREB over-expression can act to enhance apoptotic cell
death (Saeki et al., 1999).

Akt and Bad
Akt also can inactivate Bad, a pro-apoptotic Bcl-2 family member, through phosphorylation
of its serine residues. Bad is a Bcl-2 homology 3 (BH3)-only subfamily member of Bcl-2
proteins that are associated with the regulation of PCD. The activity of Bad is mediated through
phosphorylation on its serine residues. Three phosphorylated serine sites have been identified
on Bad, including serine112, serine136, and serine155. Serine112 can be phosphorylated by a
number of kinases such as mitogen-activated protein kinase-activated protein kinase 1
(MAPKAP-K1), protein kinase A (PKA), and p21-activated kinase. Serine155 is
phosphorylated by PKA while Akt preferentially phosphorylates the residue serine136 of Bad.
A fourth phosphorylation site of Bad has recently been identified at serine170 that also results
in the blockade of pro-apoptotic activity of Bad (Dramsi et al., 2002). The endogenous de-
phosphorylated Bad is localized in the outer mitochondrial membrane and binds to the anti-
apoptotic Bcl-2 family member Bcl-xL through its BH3 domain. Subsequent phosphorylation
of Bad by Akt leads to the binding of Bad with the cytosolic protein 14-3-3 to release Bcl-xL
and allows it to block PCD (Li et al., 2001). Bcl-2 and Bcl-xL prevent Bax translocation to the
mitochondria, maintain the mitochondrial membrane potential, and prevent the release of
cytochrome c from the mitochondria (Putcha et al., 1999; Chong et al., 2003a).

Akt promotes cellular survival in many injury systems through its phosphorylation and
inhibition of Bad (Fig. 2). Akt can block neuronal apoptosis that is mediated through the
phosphorylation of Bad at serine136 (Datta et al., 1997). In addition, ectopic over-expression
of constitutively active Akt increases the survival of adult rat ventricular myocytes during
hypoxia with reoxygenation and leads to the phosphorylation of Bad, suggesting that Akt
phosphorylation of Bad is involved in cell survival mechanisms (Uchiyama et al., 2004).
During hypoxia, activation of platelet-derived growth factor ß in the dorsocaudal brain stem
also has been shown to block apoptosis through Akt activation and the subsequent
phosphorylation of Bad (Simakajornboon et al., 2001). The complement complex C5b-9
consisting of C5b, C6, C7, C8, and C9 proteins, which play a significant role in the pathogenesis
of neurodegenerative diseases, can protect oligodendrocytes from mitochondrial dysfunction,
cytochrome c release, and caspase 3 activation (Soane et al., 2001). This protective capacity
of C5b-9 is controlled through the combined activation of Akt with the phosphorylation of
Bad, resulting in dissociation of Bad from the Bad/Bcl-xL complex (Soane et al., 2001). In the
vascular system, the protection of ECs during growth factor deprivation or oxidative stress by
some agents also can fostered by activation of Akt and the direct inactivation of Bad (Chong
et al., 2003b;Chen et al., 2004). In cell systems that have examined neoplastic growth, estradiol
has been shown to prevent apoptosis in breast cancer cells through phosphorylation of Bad that
is linked to Akt activation (Fernando and Wimalasena, 2004).

Akt and IκB kinase
IκB kinase (IKK) is another downstream target of Akt that is intimately associated with cell
survival (Fig. 2). IKKα and IKKß are catalytic subunits of IKK that possess serine/threonine
kinase activity. IKKγ is a regulatory unit that is essential for IKK function. Akt can target
IKKα activity and modulate NF-κB function. Akt appears to require IKK to efficiently
stimulate the transactivation domain of the p65 subunit of NF-κB.

NF-κB is activated in response to cytokines and cellular stress (Chong et al., 2002c, 2003c).
In resting cells, NF-κB is held captive by proteins of the IκB family and sequestered in the
cytoplasm. Stimulation by TNF-α or oxidative stress results in the activation of the IKK
complex, which phosphorylate IκB, ensuring that it is ubiquitinated by the addition of a
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ubiquitin group, degraded, and has released the bound NF-κB. The liberated NF-κB can then
translocate to the nucleus and transcriptionally activate target genes (Chen et al., 1996).

Akt-transformed cells have been shown to be subsequently dependent upon NF-κB to suppress
apoptosis during cell injury (Madrid et al., 2000). NF-κB functions as an anti-apoptotic factor
through its induction of genes that inhibit PCD. NF-κB has been shown to induce the expression
of the inhibitor of apoptosis (IAP) protein family (c-IAP1, c-IAP2, and x-chromosome-linked
IAP (xIAP)). These proteins inhibit caspase 3, caspase 7, and caspase 9 activities (Chong et
al., 2002c, 2003c). Induction of c-IAP1 and c-IAP2 activity by NF-κB also suppresses TNF-
α initiated apoptosis through the inhibition of caspase 8 activity (Wang et al., 1998) as well as
through the Gadd45ß protein (De Smaele et al., 2001). NF-κB also may prevent apoptosis
through the direct activation of Bcl-XL (Chen et al., 2000).

Akt and caspase activation
Caspases are a family of cysteine proteases that are initially synthesized as inactive zymogens.
These proteins are then proteolytically cleaved into subunits at the onset of PCD and function
as active caspases after reconstitution to molecular heterodimers. Caspases are composed of
three domains including an N-terminal prodomain, a large subunit, and a small subunit. The
apoptotic-associated caspases include initiator caspases, such as caspase 2, 8, 9, and 10, that
activate downstream executioner caspases, resulting in an amplification of cascade activity.
The initiator caspases consist of long N-terminal prodomains that contain caspase recruitment
domains (CARDs) in caspase 2 and caspase 9, or death effector domains (DEDs) in caspase 8
and caspase 10. Another set of caspases, termed the executioner caspases, consist of caspase
3, 6, and 7 that function to directly cleave crucial cellular protein substrates that result in cell
destruction. The executioner caspases contain short prodomains or have no prodomains (Li et
al., 2004; Maiese and Chong, 2004).

Activation of caspases proceeds through an extrinsic pathway and an intrinsic pathway. The
extrinsic pathway is initiated by death receptor activation at the cell surface, resulting in the
recruitment and activation of the initiator caspase 8 upon apoptotic stimuli (Ashkenazi and
Dixit, 1998). The intracellular death domain of death receptors, such as the TNF superfamily,
CD95/Fas/Apo-1, and the death receptor 3 (DR3), undergoes conformational change upon
binding to extracellular ligands and forms an intracellular death-inducing signaling complex
(DISC) following recruitment of adaptor molecules, such as the Fas associated death domain
(FADD). FADD recruits caspase 8 through its DED domain and leads to caspase 8 activation
(Juo et al., 1998). Caspase 8 can subsequently activate caspase 3. In addition, caspase 8
activation also may result in the cleavage of Bid, a pro-apoptotic member of Bcl-2 family,
allowing the truncated Bid (tBid) to translocate to the mitochondria. This leads to cytochrome
c release through Bax resulting in the subsequent activation of executioner caspases.

The intrinsic caspase pathway involves mitochondrial dysfunction. The mitochondrial pathway
is associated with the release of cytochrome c and subsequent activation of caspase 9 followed
by activation of caspase 3 (Liu et al., 1996). The process is regulated by the Bcl-2 subfamily
BH3-only proteins, which are normally located in cellular compartments other than
mitochondria, but translocate to the mitochondria in response to apoptotic stimuli (Cosulich
et al., 1997). The translocation of these proteins delivers an apoptotic signal to mitochondria
through the interaction with Bax to induce the release of cytochrome c that then binds to
apoptotic protease activating factor-1 (Apaf-1). Apaf-1 consists of three different domains that
include a CARD, repeats of tryptophan and aspartate residues (WD-40 repeats), and a
nucleotide-binding domain CED-4. Binding of cytochrome c to Apaf-1 results in the removal
of the WD-40 domain, masking the CED-4 and CARD domains, and leads to the
oligomerization of Apaf-1 under the assistance of dATP/ATP (Hu et al., 1999). The
oligomerization of Apaf-1 promotes the allosteric activation of caspase 9 by forming the Apaf-1
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apoptosome (Li et al., 1997). Caspase 9 can subsequently activate caspase 3 as well as caspase
1 through the intermediary caspase 8. Together, caspase 1 and caspase 3 lead to both DNA
fragmentation and membrane PS exposure (Li et al., 1997; Maiese and Vincent, 2000; Chong
et al., 2002b).

Akt may prevent the induction of caspase activity in the CNS either through direct inhibition
or through the modulation of its substrates (Fig. 2). In neuronal cell populations, Akt1 can
maintain nuclear DNA integrity and membrane PS exposure through the specific inhibition of
caspase 3-, 8-, and 9-like activities (Kang et al., 2003a,b). Furthermore, Akt can directly
modulate the activity of caspase 9. Akt phosphorylates caspase 9 on its serine196 residue and
inhibits its protease activity (Chong, 2005). Over-expression of Akt has been shown to block
microglial activation and proliferation that requires the inhibition of caspase 9 (Kang et al.,
2003a). In addition, Akt enhances cell survival in neurons or ECs through modulation of
caspase 9 during oxidative stress (Kang, 2003; Chong, 2004, 2005). Insulin also has been
demonstrated to protect ECs against TNF-α injury as a result of Akt activation and the
subsequent phosphorylation of caspase 9 (Hermann et al., 2000).

Through its substrate FOXO, Akt can indirectly control cell survival through the modulation
of caspases. Fas-associated death domain-like interleukins 1ß-converting enzyme (FLICE)-
like inhibitory protein (FLIP) is a homolog of caspase 8 and functions as a dominant-negative
inhibitor of caspase 8. A recent study has demonstrated that transduction of active FOXO3a
can result in the down-regulation of FLIP, an increase of caspase 8 activity, and the promotion
of apoptosis in ECs (Skurk et al., 2004). In contrast, over-expression of a dominant-negative
FOXO3a increased FLIP expression, down-regulated caspase 8 activity, and blocked apoptosis
during serum deprivation (Skurk et al., 2004).

Interestingly, caspase 3 also may be responsible for the degradation of FOXO3a. The integrity
of FOXO may function as a significant precipitant of cell injury. During periods of oxidative
stress in the nervous system, an initial inhibitory phosphorylation of FOXO3a at the regulatory
phosphorylation sites (Thr32 and Ser253) can occur (Chong, 2005). However, loss of
phosphorylated FOXO3a expression appears to subsequently result over a twelve hour period,
possibly by caspase 3 cleavage, which potentially can enhance the vulnerability of cells to
apoptotic injury (Chong, 2005). FOXO3a proteolysis occurs during cell injury yielding an
amino-terminal (Nt) fragment that can become biologically active (Charvet et al., 2003).
During cell injury and caspase-dependent cleavage of FOXO3a, it is the activation of FOXO3a
Nt fragments that become available and result in apoptotic cellular injury.

Akt and the tumor suppressor protein p53
Modulation of cell function, integrity and survival can be dependent upon the activation of Akt
and the control of the tumor suppressor protein p53 (Fig. 2). The protein p53 plays an important
role in the induction of apoptosis that is precipitated by DNA damage. In several cell
populations, studies suggest that p53 can directly lead to PCD. For example, over-expression
of p53 can lead to widespread neuronal cell death through apoptosis (Jordan et al., 1997). The
induction of spinal motor neuronal apoptosis following nerve avulsion also is triggered by p53
activation (Martin and Liu, 2002). In vascular ECs, over-expression of p53 also induces
apoptosis in normoxic condition and accelerates apoptosis during hypoxia (Stempien-Otero et
al., 1999).

Akt can phosphorylate murine double minute (Mdm2), an ubiquitin ligase, to control p53
ubiquitination and degradation. Akt has been demonstrated to phosphorylate Mdm2 at
serine166 and serine186 which increases the nuclear localization of Mdm2 (Zhou et al., 2001).
Mdm2 can prevent PCD by controlling the activity of the pro-apoptotic protein p53. In the
nucleus, Mdm2 targets p53 for ubiquitination resulting in the translocation of p53 to the
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cytoplasm and subsequent degradation of p53. Once activated, Akt places Mdm2 into action
to block p53 dependent apoptosis. Akt may promote cell survival through the inhibition of p53
transcriptional activity (Yamaguchi et al., 2001) that may come under control by the
nicotinamide adenine dinucleotide (NAD+) precursor nicotinamide (Maiese and Chong,
2003; Chong et al., 2004c). Activation of p53 can promote the expression of Bax to result in
apoptotic cell death. Nicotinamide has been shown to either directly limit the expression of
p53 (Sonee et al., 2003) or prevent an NAD-dependent p53 deacetylation induced by Sir2α
(Luo et al., 2001). In addition to nicotinamide, Ras has been suggested to protect sympathetic
neurons by suppressing the p53 apoptotic pathways through activation of PI-3 K/Akt pathway
(Mazzoni et al., 1999).

Akt and JIPs
JIPs, which are also known as islet-brain proteins, are scaffold proteins that are present in the
islets of Langerhans and in the nervous system (Moulin and Widmann, 2004). JIPs control a
host of cellular mechanisms that include the mitogen-activated protein kinase (MAPK)
pathways of JNK and p38. JIPs have been linked to several neurodegenerative processes such
as Alzheimer's disease (Moulin and Widmann, 2004).

In particular, c-Jun N-terminal kinase interacting protein 1 (JIP-1) has been identified as a
target of Akt to regulate apoptotic injury in the nervous system (Fig. 2). JIP-1 can bind to JNK
to upregulate JNK activity that may be detrimental to cells (Whitmarsh et al., 2001). It is Akt1
that preferentially interacts with JIP-1 to prevent the association of JIP-1 with JNK pathways
to block apoptotic injury (Kim et al., 2002). In a number of instances, activation of Akt appears
to temper the actions of JNK. Over-expression of Akt in neuronal cell lines prevents the
induction of JNK activity during insults, such as serum withdrawal or UV irradiation, that is
accompanied by the induction of JIP-1 (Levresse et al., 2000). Yet, it is important to note that
under some conditions, Akt may be ineffective to alter the association between JNK and JIP-1.
Activation of Akt can result in enhanced JIP-1 expression in neurons (Levresse et al., 2000).
In addition, toxic insults that include excitotoxicty have been shown to not only decrease the
association between Akt1 and JIP1, but also increase the formation of JIP1-JNK complexes
that lead to PCD (Kim et al., 2002).

Conclusion
As a potential therapeutic target, Akt as well as its downstream substrates, offer great promise
for the development of therapeutics against a number of neurodegenerative disorders that may
be acute in nature, such as stroke, or more sub-acute in duration, such as Alzheimer's disease.
Initially believed to have cellular functions directed primarily toward cell development and
maintenance, Akt is now seen as a potential broad cytoprotective agent. Akt can offer cellular
protection not only through the repair of apoptotic DNA degradation, but also through the
preservation of membrane PS asymmetry that applies to both vascular thrombosis and cellular
inflammation. Akt drives cellular survival through a series of distinct pathways that involve
the Forkhead family of transcription factors, GSK-3ß, ß-catenin, eIF2B, c-Jun, CREB, Bad,
IKK, p53, and JIPs. Interestingly, both extrinsic and intrinsic caspase pathways are intimately
tied to the protective capacity of Akt to both foster genomic integrity as well as prevent
microglial activation that leads to inflammatory cell demise. Yet, it is evident that further work
that clarifies the cellular environment controlled by Akt will be of exceptional value to refine
our knowledge of Akt and to maximize the potential of this protein as a therapeutic agent.
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Fig. 1.
Controlling the activity of Akt. Following the activation of phosphoinositol-3- kinase (PI 3-
K), PI 3-K phosphorylates membrane glycerophospholipid phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P2) with production of phosphatidylinositol 3,4, 5 trisphosphate (PIP3)
and phosphatidylinositol 3,4 bisphosphate (PIP2), which is required for Akt recruitment to the
cell membrane through its PH domain. The enzyme 3-phosphoinositide-dependent kinase-1
(PDK1) is responsible for phosphorylation of Thr308 (T308) of Akt. The residue Ser473

(S473) cannot directly be phosphorylated by PDK1, but the phosphorylation may be dependent
on the postulated kinase PDK2. Akt activity can be negatively regulated by the phosphatase
and tensin homolog deleted from chromosome 10 (PTEN), SH2 domain-containing inositol
phosphatase (SHIP), and carboxyl-terminal modulator protein (CTMP). In contrast, the T cell
leukemia/lymphoma 1 (TCL1) protein binds to Akt to enhance its activity. A 90 kDa heat shock
protein (Hsp90) complexed with Cdc37 also can enhance Akt activity by inhibition of the
protein phosphatase 2A (PP2A).
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Fig. 2.
Akt provides cellular protection against apoptosis through a series of cellular pathways. Akt
phosphorylates the Forkhead family member FOXO3a to block the induction of the pro-
apoptotic member Bim resulting in inhibition of mitochondrial (Mito) depolarization and Bax-
mediated cytochrome c release. The inactivation of glycogen synthase kinase-3ß (GSK-3ß) by
Akt sends survival signals to block ß-catenin degradation and the subsequent activation of
lymphocyte enhancer factor (Lef) and T cell factor (Tcf) in the nucleus. Akt prevents the
association of the c-Jun N-terminal kinase (JNK) interacting protein 1 (JIP1) with JNK to
prevent cellular demise. Following activation by Akt, IkB kinase (IKK) phosphorylates IkB
allowing NF-kB to activate a host of genes that can block apoptosis. In addition, Akt
phosphorylates murine double minute (Mdm2) to inactivate p53 and prevent cellular injury.
Akt also inactivates Bad, leading to the inhibition of Bax through Bcl-xL and the prevention
of cytochrome c (Cyto c) release. Without cytochrome c release, caspase activity is
subsequently attenuated to prevent both DNA degradation and inflammatory microglial
activation.
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Fig. 3.
FOXO3a translocation in cerebral microvascular endothelial cells (ECs) following oxygen-
glucose deprivation (OGD). Immunohistochemical staining for FOXO3a was obtained in ECs
6 hours following an eight hour period of OGD by using a primary rabbit anti-FOXO3a
antibody with Texas-red avidin. OGD in ECs was performed by replacing media with glucose-
free HBSS containing 116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 1mM NaH2PO4, 0.9 mM
CaCl2, and 10 mg/L phenol red (pH 7.4) and cultures were maintained in an anoxic environment
(95% N2 and 5% CO2) at 37 °C for 8 hours. Cell nuclei were stained with DAPI (4′-6-
diamidino-2-phenylinodole). Representative images illustrate the translocation of FOXO3a
from the cytoplasm (yellow arrows) to the nucleus (white arrows) during OGD, but both
cytoplasmic and nuclear expression of FOXO3a is present without cellular translocation in
control (untreated) ECs.
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