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Abstract

Mitochondria from persons with Alzheimer’s disease (AD) differ from those of age-matched,
control subjects. Differences in mitochondrial morphology and function are well-documented, and
are not brain-limited. Some of these differences are present during all stages of AD, and are even
seen in individuals who are without AD symptoms and signs but who have an increased risk of
developing AD. This chapter considers the status of mitochondria in AD subjects, the potential
basis for AD subject mitochondrial perturbations, and the implications of these perturbations. Data
from multiple lines of investigation, including epidemiologic, biochemical, molecular, and
cytoplasmic hybrid studies are reviewed. The possibility that mitochondria could potentially
constitute a reasonable AD therapeutic target is discussed, as are several potential mitochondrial
medicine treatment strategies.
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[. Introduction

Alzheimer’s disease (AD) is the most prevalent form of dementia. In the United States, it is
estimated that one out of every eight persons over the age of 65 suffers from AD, and almost
half of those over the age of 85 are affected (Evans et al., 1989; Thies & Bleiler, 2011). It
has also been recognized for some time, as Alois Alzheimer’s first reports were presented
and published at the start of the 201 century (Alzheimer, 1907, 1911; Alzheimer et al.,
1995). Many academic clinicians and scientists focus on AD, and industry maintains active
AD drug development and testing programs.
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All this helps create the false impression that we truly understand what AD is, what causes
it, and how to effectively treat it. On the contrary, how we even define the disease is
somewhat arbitrary, and this really has been the case since the term “Alzheimer’s disease”
was first proposed.

By the late 19tcentury it was recognized that with advancing age, the brain cortex of some
animal species develop extracellular protein accumulations called plaques (Blocq &
Marinesco, 1892). During the first decade of the 20tcentury this phenomenon was also
noted to occur in the brains of elderly humans, and that this histological change often
associated with dementia, a clinical syndrome characterized by declining cognitive function
(Fischer, 1907; Redlich, 1898). At this same time Alois Alzheimer reported the brains of
several relatively young, or “presenile”, demented individuals also developed plaque
deposits (Alzheimer, 1907, 1911). Alzheimer further described intracellular protein
aggregations which he called tangles. Because dementia was relatively common in those
reaching old age, affected persons were not felt to have an actual disease, even when plaques
and tangles were present (Kraepelin, 1910). Such persons were simply felt to have a senile
dementia syndrome that frequently accompanies old age. It was only those with presenile
dementia, plaques, and tangles who actually qualified for an AD diagnosis.

Over the next 100 years, much was learned about the structural basis of the plaques and
tangles. The major protein in the plaques is folded in an amyloid configuration (Divry,
1927), and is called beta amyloid (AB) (Glenner & Wong, 1984). Ap arises as a degradation
product of a larger protein called the amyloid precursor protein (APP) (Kang et al., 1987).
The tangles contain aggregated assemblies of a protein called tau, and tau protein in tangles
is heavily phosphorylated (Grundke-Igbal et al., 1986).

During the 2" half of the 20 " century the clinical definition underwent significant revision.
The distinction between when a demented person with plaques and tangles was young
enough to have AD or old enough to have age-associated senile dementia had always been
somewhat arbitrary (Swerdlow, 2007a). To minimize the impact of this distinction
(Katzman, 1976), the original AD subjects were stated to have presenile dementia of the
Alzheimer’s type, while the elderly subjects were said to have senile dementia of the
Alzheimer’s type. However, the age boundary between the presenile and senile conditions
was still arbitrary, and most reverted to simply calling the clinical syndrome AD, regardless
of age.

In the early 1990’s it was shown that mutations in the APP gene, which resides on
chromosome 21, cause brain disease in general and can also cause an AD presentation
characterized by progressive dementia, plaques, and tangles (Goate et al., 1991; Levy et al.,
1990). This discovery gave rise to a hypothesis, the amyloid cascade hypothesis, that posited
AD was itself induced by the presence of AB-containing amyloid plaques (Hardy & Allsop,
1991).

It was subsequently discovered that mutations in two other genes, the presenilin 1 (PS1) and
presenilin 2 (PS2) genes, caused an AD presentation and that the presenilin proteins
contributed to APP processing (Kimberly et al., 2000; Levy-Lahad et al., 1995; Sherrington
et al., 1995; Wolfe et al., 1999). Ap was found to be toxic under cell culture conditions
(YYankner et al., 1989), and although belief that plaques drove AD neurodysfunction and
neurodegeneration gradually fell out of favor, modified versions of the amyloid cascade
hypothesis in which different pre-plaque AB configurations were deemed the critical toxic
moiety increasingly came to dominate the field (Hardy & Selkoe, 2002; Walsh & Selkoe,
2007). Consistent with this view, transgenic mouse models that developed cortical plaques
were created and became the mainstay of preclinical AD research (Hsiao et al., 1996).
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Along the way, clinically-based AD concepts began to clash with the amyloid cascade
hypothesis. The most important discrepancy arose from the fact that plaques are often
observed in the brains of the non-demented elderly, a finding not entirely consistent with the
idea that Ap is the primary disease mediator (Swerdlow, 2011a). Recently, this has been
administratively addressed by expanding the definition of AD to include anyone with brain
plaques, regardless of clinical status. Those with plaques and dementia are now said to have
AD, while those with plaques and no clinical signs can be diagnosed with “preclinical AD”
(Sperling et al., 2011).

So, despite the fact that many people are diagnosed with it, many investigators study it, and
much has been written about it, what we now call AD remains a somewhat arbitrary
construct whose definition is subject to change. In essence, the same controversies that were
identified over 100 years ago remain. We still don’t know whether AD is a single
homogeneous entity or a collection of clinically and histologically overlapping conditions.
The relationship between brain aging and AD is unclear. Whether A truly induces a
disease-driving cascade in all or even some patients remains unproven. To date, a number of
therapeutic interventions that benefit AD transgenic mice have been shown not to benefit
affected patients, which raises the question of how well this model models human AD
(Holmes et al., 2008; Swerdlow, 2007a). With this in mind, this chapter will now address the
role of mitochondria in AD and the possibility that mitochondria might offer a potential AD
therapeutic target.

[l. Mitochondrial Function in AD

A. Brain

AD is usually thought of as a disease of the brain. Biochemical changes, though, are
certainly not brain-limited (Swerdlow, 2011b). Systemic mitochondrial changes between the
mitochondria of AD and age-matched control subjects have been observed.

1. Morphology—Many of the changes typical of compromised mitochondria are seen in
the AD brain. For example, disruption of mitochondrial cristae and intra-mitochondrial
accumulations of osmiophilic material are prevalent in AD brains compared to controls
(Baloyannis, 2006, 2011; Saraiva et al., 1985). There is an increased range of mitochondrial
sizes, with more enlarged mitochondria but also elevated numbers of exceptionally small
mitochondria (Hirai et al., 2001). Overall, the average size of AD neuron mitochondria is
smaller than it is in control brain neurons (Baloyannis, 2006; Hirai et al., 2001).

2. Mass—How mitochondrial mass changes in AD brains is not straightforward. Using
PCR-based approaches to quantify mitochondrial DNA (mtDNA) reveals that AD subject
brain cortices contain lesser amounts of amplifiable mtDNA (Brown et al., 2001; de la
Monte et al., 2000). The simplest explanation for this is that AD brains have reduced
amounts of mtDNA, and by extension a reduced mitochondrial mass. However, in a study in
which a labeled oligonucleotide probe was used to detect mtDNA in hippocampal neurons, a
complex picture emerged (Hirai et al., 2001). When only mtDNA within normal-appearing
mitochondria were considered, less mtDNA was revealed. A large number of mitochondria
were also found within phagosomes, and these degrading mitochondria also hybridized the
mtDNA oligonucleotide probe. When this additional mtDNA was taken into account, the
AD hippocampal neurons actually contained more mtDNA.

Mitochondrial mass has been assessed using alternative approaches, including an
immunochemical quantification of mitochondrial-localized proteins. In one study, an
antibody probe to an mtDNA-encoded cytochrome oxidase (COX) subunit, COX1, was
found to be increased in AD brain hippocampal neurons (Hirai et al., 2001). In a different
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study, tangle-free hippocampal neurons showed more COX1 and COX4 staining, while
staining was markedly reduced in tangle-bearing neurons (Nagy et al., 1999). Other authors
reported cytochrome COX protein in general was reduced in AD brain homogenates (Kish et
al., 1999).

Although it could only be used as a very indirect index of mitochondrial mass, mtDNA
expression in the form of mitochondrial RNA has also been evaluated. Northern blot-based
studies found some, but not all, mitochondrial RNA transcripts were reduced
(Chandrasekaran et al., 1994). Nuclear-encoded oxidative phosphorylation subunit
expression similarly is reduced (Liang et al., 2008). Findings from other studies, though,
suggest a more complex picture. For example, Manczak et al. reported COX subunit
expression was actually increased in at least some AD brain neurons (Manczak et al., 2004).
The authors concluded this upregulation might represent a compensatory response to
perturbed COX function.

Electron microscopy (EM) has been used to quantify AD neuron mitochondria. Several
studies have reported the number of normal appearing mitochondria was decreased
(Baloyannis, 2006; Hirai et al., 2001). In one study there was a concomitant increase in
mitochondria located within phagosomes (Hirai et al., 2001).

The aggregate of these studies suggest that within the brain the number of normal-appearing
mitochondria is diminished. Whether this reflects increased turnover, decreased synthesis, or
both is not entirely clear. Potentially pertinent to this question, two relatively recent studies
measured protein levels of peroxisome-proliferator activated receptor gamma coactivator
1a(PGC1a), a transcriptional co-activator that serves as a master regulator of mitochondrial
mass (Qin et al., 2009; Sheng et al., 2012). Both of these studies found PGCl1a levels were
reduced in AD brains.

3. Enzymes—In the AD brain, particular enzymes that mediate glucose metabolism may
have either altered amounts or altered Vmax activities. For example, the neuronal enolase is
more highly expressed, and also shows a high degree of oxidative modification (Butterfield
& Lange, 2009).

Within the mitochondria themselves, the measured activities of pyruvate dehydrogenase
complex (PDHC) and the Krebs cycle enzyme a-ketoglutarate dehydrogenase complex
(KDHC), are reduced (Gibson et al., 1998). The KDHC activity reduction is likely a
consequence of post-translational modification due to oxidative stress (Shi et al., 2011). The
activity of isocitrate dehydrogenase, another proximal Krebs cycle enzyme, is reduced.
Activities of enzymes in the distal Krebs cycle, including succinate dehydrogenase and
malate dehydrogenase, are increased (Gibson et al., 2010).

Regarding the electron transport chain (ETC), COX activity has consistently been observed
to be lower in AD subject brains than it is in control subject brains (Swerdlow, 2011b;
Swerdlow & Kish, 2002). Histochemical approaches reveal AD brain hippocampi contain
higher numbers of COX-activity deficient neurons (Cottrell et al., 2001). Some studies have
suggested neuroanatomically limited reductions and are consistent with the possibility that
the COX activity deficit is due to reduced synaptic activity (Simonian & Hyman, 1993).
Other studies have utilized spectrophotometric Vmax measurements from brain
homogenates (Swerdlow & Kish, 2002). In one study, dividing the COX Vmax to the
density of a COX protein subunit on a Western blot rendered the activity comparable to that
of the corrected control group activity (Kish et al., 1999). The authors concluded reduced
COX in AD brains is a consequence of reduced COX enzyme. Another study, though, found
that COX activity, when divided by the amount of spectrally determined COX was still low
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(Parker & Parks, 1995). It was further demonstrated that COX kinetics were altered, and that
the holoenzyme’s low Km binding site was absent. These data argue that COX is
structurally altered in the AD brain.

4. mtDNA—As discussed under the mitochondrial mass section, the case has been
alternatively made that the amount of mtDNA in AD neurons is decreased or increased.
These findings are not as diametrically opposed as it may seem. The amount of mtDNA may
vary from neuron to neuron, and may further associate with the health of the neuron.
Healthier neurons may have an increased amount of mtDNA, while more affected neurons
may have decreased amounts. Certainly, in AD brain hippocampi the number of neurons that
show succinate dehydrogenase activity but which lack COX activity is increased (Cottrell et
al., 2001). Because succinate dehydrogenase is entirely encoded by nuclear genes while
COX contains mtDNA-encoded subunits, this suggests AD neurons have abnormally high
levels of perturbed or mutated mtDNA, or else a severe state of mtDNA depletion.

In addition to changes in the quantity of mtDNA, differences in the quality of mtDNA have
been reported. A probe specific to mtDNA containing the 5 kDa common deletion found AD
brain hippocampal neurons contained markedly increased amounts of this deletion (Hirai et
al., 2001). Other studies using different approaches have also found that relative to control
brains, AD brains contain increased amounts of the 5 kDa deletion (Corral-Debrinski et al.,
1994; Hamblet & Castora, 1997).

Oxidative modifications of the mtDNA are increased in AD brains, as evidenced by higher
levels of 8-hydroxy-2-deoxyguanosine (2DG) (Mecocci et al., 1994). Oxidation-related
nucleotide modifications can induce replication errors and an accumulation of somatic
mutations. Some AD brain studies that surveyed mtDNA protein coding genes have reported
a quantitative increase in the number of these mutations, although others have not (Chang et
al., 2000; Lin et al., 2002). Another study determined levels of low-abundance
heteroplasmic mutations in the mtDNA D-loop control region. Specific mutations were
found in AD brains that were not present in control brains, and the overall burden of control
region mutations was markedly increased in the AD brains (Coskun et al., 2004). This study
also reported reductions in an mtDNA-derived transcript, as well as a decreased mtDNA to
nuclear DNA ratio.

While some have focused on characterizing presumably somatic, acquired mutations, others
have probed whether inherited mtDNA sequences and mutations are present. To date,
particular homoplasmic mtDNA mutations have been reported in AD subjects, but the
causality of these mutations has been virtually impossible to prove (Swerdlow, 2011b). In
any event, inherited homoplasmic mtDNA mutations are at most an extremely rare cause of
AD.

MtDNA sequences between individuals are extremely variable to begin with (Lu et al.,
2010), and series of linked sequence deviations that can vary between populations and
members of populations have been used to define mtDNA haplogroups (Torroni et al.,
1996). Haplogroup sequence changes present in blood are also present in the brains of those
who carry them, and haplogroups are amenable to association studies. A number of mtDNA
hapolgroup studies have reported associations between particular mtDNA haplogroups and
AD (Swerdlow, 2011b). Some studies have found certain haplogroups associate with an
increased risk of AD, while other studies have found that other haplogroups associate with a
decreased risk of AD. Although findings from some populations have also been found in
others, the results of haplogroup association studies in AD have generally been inconsistent.
To summarize, the presence of at least a small effect of mtDNA haplogroups on AD risk
remains a possibility.
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5. Fission/Fusion—Impaired mitochondrial dynamics have been widely implicated in
neurodegenerative disorders such as AD (Chan, 2006a; Su et al., 2010). Mitochondria can
undergo consecutive cycles of fusion, in which physically separate mitochondria link to
produce a single organelle. This is counterbalanced by the process of fission, which features
the breakdown of a single mitochondrion into smaller mitochondria (Detmer & Chan, 2007).
These phenomena rely on a large group of conserved proteins, the dynamin-related
GTPases.

Mitochondrial fission is crucial for mitochondrial renewal, redistribution, and proliferation
within synapses, whereas mitochondrial fusion facilitates mitochondrial movement and
distribution across axons and to the synapses themselves (Chen et al., 2007; Hoppins et al.,
2007; Santos et al., 2010). A balance between these two events is crucial to maintain
mitochondrial functional integrity, especially in neurons where mitochondrial fission and
fusion are mandatory for the formation of synapses and dendritic spines (Arduino et al.,
2011). Fusion is orchestrated by the mitofusins Mfn1 and Mfn2, which are responsible for
outer membrane fusion, and Opal, which participates in the fusion of outer and inner
membranes. Fission requires Drpl in mitochondria, and membrane constriction is facilitated
by Fis1 (Chan, 2006b; Yoon et al., 2003).

Analyses of AD brains show down regulation of the Mnf1, Mnf2, and Opal fusion genes
and increased expression of the Fisl fission gene (Manczak et al., 2011a; Wang et al., 2009).
The status of the other fission-mediating protein, Drp1, is less clear as levels have been
reported to be both reduced and increased (Manczak et al., 2011b; Wang et al., 2009).
Regardless, Drp1 activity is inactivated by S-nitrosylation (SNO-Drp1l), and Cho and
colleagues reported high levels of SNO-Drp1l in brain biopsies from AD subjects (Cho et al.,
2009). Perturbed Drpl function could lead to the production of functionally impaired
mitochondria, and ultimately reduce synapse energy supplies (Barsoum et al., 2006).

Drpl, Opal, Mfnl, Mfn2, andFis1 proteins re -distribute so that they accumulate in the cell
soma. Neuronal processes are therefore depleted of these fission-fusion proteins (Wang et
al., 2009). The authors of this study also manipulated mitochondrial fission-fusion proteins
in M17 cells and hippocampal primary neurons, and found this affected intracellular
mitochondrial distributions. They concluded that altered mitochondrial fission-fusion protein
dynamics may play an important role in mitochondrial distribution and, consequently,
synaptic dysfunction in AD neurons.

When primary cortical neuron cultures are exposed to S-nitrosocysteine (SNOC), a nitric
oxide (NO)donor, uncontrolled fission occurs and this appears to represent an upstream and
early event in neuronal cell death (Barsoum et al., 2006). Further, when mitochondrial
fission is blocked by expression of the dominant negative Drp1K38A, cell death is reduced.
In a similar type of study, when cultured cerebrocortical neurons were exposed to Ap, S-
nitrosylation of Drpl occurred and resulted in the formation of SNO-Drpl dimers
(Westermann, 2009). This pattern is similar to what is found in the brains of human AD
patients (Cho et al., 2009).

6. Transport—The delivery of mitochondria to regions of the neuron with high
bioenergetic demand is required for proper neuron function (Hollenbeck & Saxton, 2005; Li
et al., 2004; MacAskill et al., 2010; Mattson et al., 2008). This mitochondrial transport is
impaired in a number of neurodegenerative disorders. For example, it has been reported that
mutant huntingtin protein in Huntington’s disease (HD) enhances mitochondrial Drpl
activity, disrupts mitochondrial trafficking, and induces mitochondrial fission (Reddy &
Shirendeb, 2011; Shirendeb et al., 2012). Anterograde mitochondrial transport is
significantly reduced in neuronal cultures of SOD1-mutant mice, suggesting that impaired
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mitochondrial trafficking is an early event in amyotrophic lateral sclerosis (ALS) (De Vos et
al., 2007). Additionally, mitochondrial transport is impaired in dopaminergic neurons from a
Parkinson’s disease (PD) mouse model (Sterky et al., 2011). Given the prevalence of altered
mitochondrial transport in other neurodegenerative diseases, it is likely that this critical
phenomenon is also impaired in AD.

Indeed, mitochondrial distribution is abnormal in AD brains (Wang et al., 2009). One study
showed that mitochondrial transport in AD patient brains is significantly decreased
compared to control brains (Dai et al., 2002). In an elegant study by Trimmer and Borland,
fluorescently-labeled mitochondria in differentiated cytoplasmic hybrid (cybrid) cell lines
generated from AD patients displayed reduced trafficking to neurite-like processes
compared to control cybrid lines (Trimmer & Borland, 2005). This study provides further
evidence that mitochondrial transport may be impaired in AD. Additionally, this study
suggests that impaired mitochondrial transport in AD is mediated by mitochondrial function
itself and ultimately by mtDNA. Other studies suggest that mitochondrial transport is altered
in cell cultures treated with Ap (Calkins & Reddy, 2011; Wang et al., 2009) and in mouse
models of AD (Calkins et al., 2011; Massaad et al., 2010; Pigino et al., 2003).

In general, it appears that Drpl abnormalities may impair mitochondrial transport by
perturbing a functional relationship that exists between Drpl and the dynein-dynactin
transport complex (Ishihara et al., 2009; Varadi et al., 2004; Wang et al., 2009). For
example, in AD subject fibroblasts Drpl expression is significantly lower than in control
fibroblasts (Wang et al., 2008a). This Drp1 down-regulation occurs in conjunction with an
abnormal mitochondrial distribution, and restoring normal Drpl levels to AD fibroblasts
repairs their mitochondrial transport defect. Therefore, although mitochondrial transport is
certainly difficult to study in the autopsy brain, data suggest that in AD perturbed
mitochondrial fission-fusion dynamics may contribute to the apparent presence of impaired
mitochondrial transport.

7. Oxidative stress—Reactive oxygen species (ROS) are a frequent by-product of
electron leakage from the inner mitochondrial membrane during mitochondrial oxidative
phosphorylation. It is estimated that up to 4% of O,used by mitochondria is converted to
superoxide radical (Hansford et al., 1997; Inoue et al., 2003; Markesbery & Lovell, 1998;
Morten et al., 2006; Turrens & Boveris, 1980), and that approximately 10%o 101! ROS are
produced per cell per day (Bonda et al., 2010; Feinendegen, 2002; Ji, 1999; Petersen et al.,
2007). Under normal conditions, ROS are rapidly cleared to increasingly lesser reactive
species by enzymes such as SOD1, SOD2, catalase, and glutathione peroxidase (GPx).
When mitochondria are perturbed, however, ROS production may exceed the cell’s ability
to neutralize them, resulting in oxidative damage to the cell (Smith et al., 2000). Aging itself
is associated with elevated ROS production by mitochondria (Ames et al., 1995; Shigenaga
et al., 1994), and accumulation of oxidative damage over time may contribute to the noted
association between advancing age and AD.

Oxidative stress is thought to be an early manifestation of AD(Nunomura et al., 2001).
Studies of post-mortem AD brains indicate widespread oxidative damage. Four-
hydroxynonenal and acrolein, which are aldehydes produced by lipid peroxidation, and
isoprostanes, which are pro-inflammatory products of arachidonic acid peroxidation, are
significantly elevated in hippocampi from AD brains (Markesbery& Lovell, 1998; Pratico et
al., 1998; Sayre et al., 1997; Singh et al., 2010). This indicates that excessive lipid oxidation
occurs in the AD brain. In AD brains both nuclear and mitochondrial DNA and RNA also
display evidence of oxidative damage (Gabbita et al., 1998; Mecocci et al., 1994; Nunomura
et al., 1999). Brains from individuals affected with AD further display increased protein
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oxidation, as evidenced by carbonyl-alterations of specific proteins (Castegna et al., 2002a;
Castegna et al., 2002b; Smith et al., 1991; Sultana et al., 2010).

Many studies suggest that oxidative damage is also present in individuals with mild
cognitive impairment (MCI), a syndromic state that in many cases represents a very early
AD clinical stage (Aluise et al., 2011; Butterfield et al., 2006b; Butterfield et al., 2007;
Keller et al., 2005; Lovell & Markesbery, 2008; Markesbery & Lovell, 2007; Pratico et al.,
2002). In fact, studies suggest that levels of oxidative markers directly correlate with
severity of cognitive impairment as well as symptomatic progression from MCI to AD
(Ansari & Scheff, 2010; Keller et al., 2005).

Extensive oxidative damage in AD brains likely has significant consequences for neurons, as
oxidative modification of proteins and other molecular components can alter cell function
(Butterfield et al., 1997; Lauderback et al., 2001; Subramaniam et al., 1997; Sultana &
Butterfield, 2009). As a major source of ROS production, mitochondria are themselves at
risk of acquiring oxidative damage. As discussed earlier, the activities of certain
mitochondrial enzymes including isocitrate dehydrogenase, PDHC, KDHC, and COX are
significantly reduced in the AD brain (Aksenov et al., 1999; Bubber et al., 2005; Butterfield
et al., 2006a; Gibson et al., 1998; Manczak et al., 2004; Yates et al., 1990). These enzyme
impairments may represent a consequence or cause of ROS production, or both. For
instance, COX dysfunction might further elevate ROS production by stalling electron
transfer (Barrett et al., 2004; Skulachev, 1996; Sullivan & Brown, 2005; Sullivan et al.,
2004). Thus, dysfunctional mitochondria in AD may give rise to and perpetuate a vicious
cycle of oxidant production in which impairment of one mitochondrial enzyme elevates
ROS production, which in turn impairs the function of other mitochondrial enzymes, which
in turn further increases ROS production (Bonda et al., 2010; Zhu et al., 2004).

8. Apoptosis—AD brains experience significant neuron loss, which likely contributes to
an affected person’s cognitive decline (Shimohama, 2000; Terry et al., 1991). While some
neuron loss is due to necrosis, the rest is likely due to or else invokes aspects of apoptosis, a
tightly-regulated form of programmed cell death (Barinaga, 1998).

DNA fragmentation, as assessed by TUNEL staining, is a common hallmark of apoptosis.
Neurons in AD brains display increased DNA fragmentation compared to control brains
(Anderson et al., 1996; Broe et al., 2001; Colurso et al., 2003; Lassmann et al., 1995; Li et
al., 1997; Smale et al., 1995; Su et al., 1994; Troncoso et al., 1996). Many of these studies
also reveal morphologic changes associated with apoptosis including abnormal chromatin,
an absence of nucleoli, and shrunken or irregular cell shapes (Shimohama, 2000). Other
studies note an increased proportion of apoptotic to normal neurons (Broe et al., 2001). In
AD cell death surveys, DNA fragmentation also associates with expression of ¢c-Jun, which
is typical of apoptotic neurons (Behl, 2000), and caspase proteins (Masliah et al., 1998).
These studies suggest apoptosis pathways are activated in the AD brain.

Correspondingly, AD brains express significantly higher levels of the pro-apoptotic proteins
Bak and Bad (Kitamura et al., 1998; Shimohama, 2000). Other studies suggest that AD
brains display elevated pro-apoptotic Bax (Su et al., 1997). Caspases 3 and 6, which are
apoptosis “executioner” caspases, are increased in AD brains (Avila, 2010; Guo et al., 2004;
Masliah et al., 1998; Rohn et al., 2001b; Selznick et al., 1999; Stadelmann et al., 1999), as
are the initiator caspases 8 and 9 (Albrecht et al., 2007; Rohn & Head, 2009; Rohn et al.,
2001a; Rohn et al., 2002).

Further evidence that apoptotic events are more frequent in AD brains than in age -matched
controls comes from experiments evaluating the presence of the cytoskeletal spectrin protein
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fodrin, which is cleaved early in the apoptotic cascade by caspases (Cribbs et al., 2004).
Brains from AD patients display increased amounts of fodrin cleavage products (Ayala-
Grosso et al., 2006; Masliah et al., 1991; Masliah et al., 1990).

Interestingly, evidence suggests that the pro-apoptotic shifts seen in AD subjects are not
brain-limited. One study found that lymphocytes from AD patients were pre-disposed to
apoptosis (Eckert et al., 2001). Another study reported increased fodrin cleavage in
fibroblasts from AD patients (Peterson et al., 1991).

In summary, substantial data suggest that apoptosis is elevated in AD. This is not surprising
given the other molecular and biochemical perturbations observed in this disease. For
example, oxidative stress can predispose cells to apoptosis (Buttke & Sandstrom, 1994; Ray
etal., 2012; Sandstrom et al., 1994). The prolific oxidative damage present in AD may,
therefore, contribute to increased apoptosis.

1. Enzymes—Reduced platelet COX activity is observed in subjects with AD and with
MCI (Cardoso et al., 2004; Parker et al., 1990; Valla et al., 2006). MClI is considered a
transitional state between normal aging and AD (Morris et al., 2001; Padurariu et al., 2010).
The platelet COX activity reduction is apparent in the setting of preserved COX subunit
levels (Cardoso et al., 2004). One study has also reported COX activity is reduced in AD
subject fibroblasts (Curti et al., 1997).

KDHC catalyses a critical reaction in the Krebs cycle and is also important in glutamate
metabolism (Blass et al., 1997). Its activity is reduced in AD brains. Cultured skin
fibroblasts from sporadic AD subjects and AD subjects with PS1 mutations also show
reduced KDHC activity (Blass et al., 1997; Sheu et al., 1994). In contradistinction to this,
despite the fact that PDHC activity is reduced in AD brains, non-brain tissues do not show
reduced activity (Gibson et al., 1998).

ROS can modify the structure and function of cell proteins, lipids, and DNA (Facchinetti et
al., 1998). ROS levels are controlled through the action of antioxidant enzymes, such as
SOD1, SOD2, GPx, and catalase. It has been reported that MCI and AD subjects have lower
plasma SOD and GPx activities than control subjects (Padurariu et al., 2010; Rinaldi et al.,
2003). In erythrocytes from AD subjects, however, catalase and GPx activity were elevated.
The activity of another antioxidant enzyme, glutathione reductase (GR), was reduced in both
MCI and AD subjects(Torres et al., 2011).

2. mtDNA—EXxcess deletion mutations have not been demonstrated in AD subject
peripheral tissues. However, it is important to note that in general, deletions are uncommon
in some peripheral tissues, such as blood, which are commonly studied because they are
easy to collect. An increase in control region point mutations was reported in AD subject
lymphocytes (Coskun et al., 2010). Interestingly, mtDNA haplogroup studies have utilized
mtDNA from blood samples, and many of these studies have reported associations between
haplogroups (Swerdlow, 2011b).

Studies using cybrid cell lines consistently suggest that if mtDNA does in fact differ
between AD and control subjects, then these differences are not brain-limited (Swerdlow,
2011b). Cybrid studies are performed by transferring mitochondria from a particular cell
population to cell lines depleted of endogenous mtDNA. These mtDNA-depleted cell lines,
referred to as pO cell lines, do not have a functional oxidative phosphorylation apparatus
because they lack 13 crucial mtDNA-encoded proteins (7 from complex I, 1 from complex
I11, 3 from complex 1V, and 2 from complex V). MtDNA contained within the transferred
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mitochondria populates the cell lines and restores their aerobic competence. The resulting
unique cell lines are true cytoplasmic hybrids because they contain cytosolic components
from two sources, the original p0 cell line and the cells that provided their functional
mitochondria (Figure 1). Biochemical differences, although often subtle, are demonstrable
between cybrid cell lines whose mtDNA is reconstituted from different sources. Because
different cybrid cell lines prepared using the same parent p0 line have identical nuclear
DNA genes, and because cell lines are expanded and maintained under identical conditions,
these biochemical differences presumably reflect and arise from differences in their mtDNA.

When COX activities between AD cybrid line series are compared to those of control cybrid
cell line series, although considerable overlap between individual lines from each group are
seen the mean COX activity is characteristically lower in the AD cybrid cell lines
(Swerdlow, 2007b, 2011b). This has been reported in multiple studies that have used p0
cells prepared from SH-SY5Y neuroblastoma and NT2 teratocarcinoma cell lines. In these
studies, the mtDNA used to restore mtDNA to the pO cells came from platelets obtained
from human AD and control subjects. If these mean differences in fact derive from mtDNA,
it would indicate that mtDNA between age-matched individuals with and without AD does
differ. It would further indicate that this mtDNA difference is not brain-limited, and extends
at least to platelets and the megakaryocytes from which it derives.

Additional indirect support for systemic mtDNA differences between AD and non-AD
individuals comes from AD endophenotype studies. An endophenotype is a partial or limited
manifestation of a condition that is not sufficient to render a diagnosis of that condition. The
presence of an endophenotype state does not necessarily indicate the affected individual will
acquire the condition, although it does infer the carrier individual has an increased risk of
developing the condition.

In recent years numerous studies have reported AD-consistent endophenotypes can be
demonstrated in the asymptomatic, middle-aged children of AD subjects. Interestingly, these
endophenotypes are more profound in the children of AD mothers than they are in the
children of AD fathers (Swerdlow, 2011b). This suggests that although both parents
contribute to AD risk, AD mothers contribute to a greater extent. This, in turn, implies that a
maternally -inherited genetic factor influences the development of AD (Mosconi et al.,
2010a).

These AD endophenotype studies have been conducted using metabolic, structural, and
biochemical approaches. 2-deoxy-2 [F-18]fluoro -D-glucose positron emission tomography
(FDG PET) studies show the children of AD mothers, but not the children of AD fathers,
have patterns of reduced glucose utilization that resembles patterns observed in AD subjects
themselves (Mosconi et al., 2007; Mosconi et al., 2009). MRI studies show increased brain
atrophy and rates of brain atrophy in the children of AD mothers as compared to the children
of AD fathers (Berti et al., 2011; Honea et al., 2011; Honea et al., 2010). Oxidative stress
and Ap changes can be observed in the children of AD mothers (Mosconi et al., 2010b). As
they age, the children of AD mothers accumulate greater amounts of A in their brain
parenchyma than do the children of AD fathers (Mosconi et al., 2010c). In persons at risk for
mid-life cognitive softening due to the possession of an APOE4 allele, those with an AD
mother perform less well on memory tests (Debette et al., 2009). Finally, platelet COX
activity is lower in the children of AD mothers than it is in the children of AD fathers
(Mosconi et al., 2011). Collectively, these findings suggest a maternally-inherited genetic
factor influences AD risk, and that this maternally-inherited genetic factor is more likely to
be mtDNA than an epigenetic or sex-linked factor (Table 1).
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3. Fission/Fusion—Fission/fusion dynamics are also altered in at least one non-brain
tissue of AD patients (Wang et al., 2008a). Potential mechanisms that may underlie this
phenomenon have been proposed and evaluated.

In one experiment, fibroblasts from non-AD subjects were treated with hydrogen peroxide
(H202) in order to simulate a state of oxidative stress. This caused levels of the
mitochondrial fission-promoting Drpl protein to fall. Drp1 protein reduction, in turn,
associated with a redistribution of mitochondria, and recapitulated changes observed in
sporadic AD fibroblasts (Wang et al., 2008a).

M17 cell lines that over-express APP show mitochondrial fragmentation and redistribution
of their mitochondria (Wang et al., 2008b). Similarly, fibroblasts that over-express wild type
or mutant APP show a reduction in Drpl and altered mitochondrial trafficking (Wang et al.,
2008b). In both sporadic AD fibroblasts and in M17 cells over-expressing APP,
mitochondria cluster in the perinuclear region while the number of mitochondria in the cell
periphery falls. Whether perturbed mitochondrial fission and fusion dynamics in sporadic
AD subject fibroblasts is truly caused by Ap overproduction is unclear, but the simple fact
that mitochondrial fusion-fission dynamics are altered outside the brains of sporadic AD
subjects contributes to the increasing realization that at biochemical and molecular levels,
AD is not a brain-limited disease.

4. Oxidative stress—As previously discussed, brains from individuals with AD undergo
extensive oxidative damage throughout the disease process. Significant evidence suggests
that oxidative damage in AD is not brain-limited, but is also present systemically in AD
patients (Burns et al., 2009).

One study evaluated the presence of oxidative stress in platelets and erythrocytes from
normal controls and AD patients. This study found elevated oxidative stress markers in AD
patients in the form of thiobarbituric acid-reactive substances, nitric oxide synthase activity,
and Na, K-ATPase activity, suggesting that oxidative stress is present systemically in AD
(Kawamoto et al., 2005). Another study found that reactive oxygen species are elevated in
circulating neutrophils from AD patients (Vitte et al., 2004). Plasma from AD subjects
shows significantly decreased levels of the antioxidants lycopene, lutein, and carotene when
compared to plasma from control subjects, and leukocytes from AD patients display
elevated levels of oxidized DNA (Mecocci et al., 2002; Mecocci et al., 1998; Migliore et al.,
2005; Morocz et al., 2002).

Oxidative stress is also ubiquitous in patients with MCI, suggesting that the oxidative
damage seen in AD is a continuation of the stress that is also present during MCI.
Interestingly, many studies further suggest that between MCI and AD subjects, no major
differences in oxidative stress markers such as malondialdehyde and oxidized glutathione
exist (Baldeiras et al., 2008; Bermejo et al., 2008; Padurariu et al., 2010). Rather, these
studies propose that the primary biochemical differences between MCI and AD lie in the
levels and activity of antioxidants such as superoxide dismutase, glutathione peroxidase, and
vitamin E. This suggests that a loss of one’s ability to compensate for oxidative stress may
underlie or else serve as a marker of MCI-to-AD progression.

Additional evidence suggests that oxidative stress markers may correlate with disease
progression and severity in AD patients. Torres et al. recently found that plasma levels of
malondialdehyde, a lipid peroxidation product, directly associate with impaired cognitive
function in AD patients. The authors also found that the ratio of GR activity to GPx activity,
which provides an indication of a cell’s antioxidant capacity, associates with cognitive
function (Torres et al., 2011). It has also been reported that in individual AD subjects, serum
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levels of vitamin E, a dietary antioxidant, relate to cognitive status (Baldeiras et al., 2008;
Panza et al., 2010).

Data such as these have encouraged investigators to attempt to develop peripheral AD
diagnostic and biomarker tests (Burns et al., 2009; Pratico, 2005). While a definitive
biomarker with adequate sensitivity and specificity remains to be identified, a plethora of
data suggests that at least on a biochemical and molecular level, AD is a systemic disorder.

lll. Mitochondria as a Therapeutic Target in AD

A. Overview

Accumulating data suggest mitochondrial function, if not changes in cell bioenergetics or
the pathways that regulate cell bioenergetics, are perturbed early in the course of AD. In this
respect it is possible that at the commencement of AD itself mitochondria are altered by a
more upstream process. If so, then treating mitochondrial abnormalities may benefit affected
patients to some degree. It may also be the case that mitochondrial or bioenergetic
dysfunction may actually constitute the primary, etiologic cause of AD (Swerdlow et al.,
2010). If so, then therapies directed towards the mitochondria or cell bioenergetics could,
should they target and remediate the primary problem, prove clinically transformative
(Swerdlow, 2009; Swerdlow, 2011c). To date, several clinical trials have evaluated agents
intended to target mitochondria or the consequences of mitochondrial dysfunction.

of Mitochondrial Medicine

1. Historical perspective—Mitochondrial medicine can be defined as any therapeutic
intervention that specifically targets mitochondria themselves or specific consequences of
mitochondrial dysfunction (Swerdlow, 2009). Mitochondrial medicine approaches were
pioneered in rare diseases characterized by mitochondrial dysfunction and, in some cases, in
rare diseases arising from identified mtDNA mutations (Luft, 1994).

For example, it has seemed obvious for some time that enhancing overall mitochondrial
function might benefit patients with mtDNA diseases (Swerdlow, 2007c). Small studies
have evaluated the effects of supplementing electron acceptor and donor molecules, such as
coenzyme Q and menadione. The intent of such treatments has been to increase the passage
of electrons through the ETC, or increase the COX-mediated delivery of electrons to
molecular oxygen by bypassing upstream bottlenecks. Others have attempted to increase the
flow of pyruvate-derived carbon into the Krebs cycle by activating PDHC. To accomplish
this, investigators have administered drugs such as dichloroacetate that inhibit the PDHC
kinase, which is an upstream inhibitor of PDHC. Other approaches have included raising the
levels of PDHC cofactors, such as thiamine and lipoic acid (Swerdlow; Swerdlow, 2007c;
Swerdlow, 2009; Swerdlow, 2011c).

Other classic mitochondrial medicine approaches intended to help maintain cell ATP levels
have been tried in various degenerative mitochondriopathies. Creatine within cells binds
high energy phosphate groups, initially generated by the mitochondrial ATP synthase
(complex V), to form phosphocreatine. It has been postulated that increasing cell creatine
levels will increase levels of cell phosphocreatine, and that in the event that cell ATP levels
are expended then the high-energy phosphocreatine phosphate group might be used to
regenerate ATP. This has been tried in some neurodegenerative diseases including HD, PD,
and ALS but these trials have failed to show a meaningful benefit (Swerdlow, 2007c;
Swerdlow, 2009; Swerdlow, 2011c).

Some mitochondrial medicine approaches have targeted the replacement of specific missing

or depleted mitochondrial molecules, to some cases with great effect. Carnitine
supplementation can prove transformative in cases of carnitine deficiency, just as coenzyme
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Q supplementation can greatly improve the clinical status of persons with coenzyme Q
deficiency (Quinzii et al., 2007).

Although it is often not considered a “mitochondrial medicine” approach per se,
interventions that target potential downstream effects of mitochondrial dysfunction have
been tried in a variety of conditions. The most common of these targets has included the
reduction of oxidative stress. While antioxidant clinical trials to date have not proved
transformative in any trial, some trials have concluded particular antioxidant interventions
may possibly confer, in some cases, a very limited therapeutic effect (Swerdlow, 2007c).

2. Newer strategies—Recently, attempts have been made to make relatively non-specific
interventions more specific. For example, it has been posited that the failure of antioxidant
therapies to truly benefit persons with mitochondrial disorders may relate to the fact that
most antioxidants do not target free radicals within mitochondria themselves. This has
justified the creation of mitochondrially-targeted antioxidant molecules (Reddy, 2008;
Reddy et al., 2011).

Other recently promoted strategies have sought to take advantage of drugs that have more
general effects on mitochondrial physiology. Mitochondrial “stabilization” is one such
effect. Under /n vitro conditions, mitochondrial stabilization is typically defined as an
induced perpetuation of the mitochondrial membrane potential under stress conditions, or as
a preservation of mitochondrial size under stress conditions. Mitochondrial stabilization has
been attempted in ALS. Development of the mitochondrial stabilizer minocycline, which
interferes with mitochondrial permeability pore function, was terminated after trial results
indicated accelerated decline in treated subjects (Gordon et al., 2007). Another
mitochondrial stabilizer, R-pramipexole, suggested a therapeutic benefit and more definitive
trials are now underway (Cudkowicz et al., 2011).

For cases in which mtDNA may initiate dysfunction, attempts have been made to
manipulate mtDNA itself. Although protein nucleic acids (PNAs) were reported years ago to
have the ability to strategically influence mtDNA replication under /n vitro conditions
(Taylor et al., 1997), this approach has had problems under more physiologic conditions.
The feasibility of delivering mitochondrial targeted restriction enzymes that degrade specific
mtDNA sequences has also been shown in a number of studies (Wenz et al., 2010). One
group has been working towards the development of mtDNA delivery systems that can
deposit exogenous mtDNA payloads to mitochondrial matrices (Khan & Bennett, 2004).

Induction of mitochondrial biogenesis has been proposed for the enhancement of
mitochondria function in conditions in which mitochondrial mass is reduced (Ghosh et al.,
2007; Swerdlow, 2007c). Advocated strategies include increasing activity or levels of the
transcription factor of the mitochondria (TFAM) or PGC1a (Swerdlow, 2009; Swerdlow,
2011c).

B. Track Record of Mitochondrial Medicine for AD

1. Oxidative stress—Perturbed mitochondrial function can be associated with increased
ROS production. Electrons that enter the ETC, when not added to molecular oxygen by
COX to form water, can react with molecular oxygen in a less controlled fashion to produce
the superoxide anion. The superoxide anion, in turn, can be converted to H202 and from
there into other ROS species (Balaban et al., 2005; Fukui & Moraes, 2008). Some degree of
physiologic ROS production occurs as a byproduct of cell respiration, and in AD the rate of
ROS production appears to be increased(Lin & Beal, 2006; Shi et al., 2008). Because of this,
a number of investigators have proposed using approaches intended to decrease oxidative
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stress, such as the administration of antioxidant compounds (Aliev et al., 2009; Moreira et
al., 2009).

Although several antioxidants have been tested in AD subjects, none have shown a robust
effect (Swerdlow, 2011c). Discouragingly, successes obtained in studies of animal models
tend not to be reflected in human trials. For example, administering vitamin E to Tg2576
mice before AP plaque deposition occurred suppressed brain lipid peroxidation and A
plaque deposition (Sung et al., 2004), which suggests vitamin E supplementation could
potentially benefit AD pathology. Although a large human AD study that evaluated Vitamin
E at doses of 2000 IU per day did report a possible slowing of clinical progression, this was
only evident after the data were mathematically adjusted to account for the fact that at the
start of the study the treatment and placebo groups were not identical in terms of their
cognitive abilities (Sano et al., 1997). Without this correction, no difference was observed.
Although for some time after this trial high dose vitamin E was commonly offered to AD
patients, a re-assessment of vitamin E therapy concluded the adverse effects of this approach
might outweigh its very limited (if any) benefits (Bjelakovic et al., 2007; Miller et al., 2005).
Subsequently, it has become uncommon to prescribe high doses of vitamin E to AD patients.

Lipoic acid (LA), in addition to serving as a coenzyme for the mitochondrial pyruvate and
a-ketoglutarate dehydrogenase complexes, has robust antioxidant properties (Moreira et al.,
2009). Some clinical studies have reported AD subjects treated with LA showed a slowed
rate of decline (Hager et al., 2007; Hager et al., 2001), but this finding has yet to be
replicated in a large-scale trial.

Idebenone, a water-soluble synthetic analogue of CoQ10, has been evaluated in AD subjects
(Chaturvedi & Beal, 2008; Senin et al., 1992). A 6 month placebo-controlled trial reported
idebenone-treated subjects showed less decline on the Alzheimer’s Disease Assessment
Scale (ADAS), a test of cognitive performance (Weyer et al., 1997). In another study
performed by the Alzheimer’s Disease Cooperative Study (ADCS) group, idebenone
appeared to slow decline on the ADAS, but did not meaningfully benefit global function
(Thal et al., 2003). The ADCS group idebenone trial was therefore interpreted as a negative
trial.

The failure of antioxidants to clearly benefit AD patients may be due to several factors. One
possibility is that in the human clinical trials, treatment was initiated too late in the course of
the disease (Conte et al., 2004; Kamat et al., 2008; Sung et al., 2004). Other possibilities are
that the compounds tested to date may have had limited brain penetration, or may have
failed to reach mitochondria, the likely source of increased ROS production in AD
(Manczak et al., 2010). To circumvent this, mitochondria-targeted antioxidants have now
been developed. The most studied mitochondria-targeted antioxidant is MitoQ, which is
generated through the covalent binding of ubiquinone, an antioxidant, to the
triphenylphosphonium (TPP *) cation. This compound rapidly crosses the blood-brain
barrier (BBB) and accesses neuron mitochondria (Bolognesi et al., 2009; McManus et al.,
2011). In animal models MitoQ has been shown to effectively reduce Ap-induced oxidative
stress and AP toxicity in neuron cultures, where it promotes neurite outgrowth and synaptic
connectivity (Manczak et al., 2010). It has been shown to prevent cognitive decline in 3xTg-
AD mice(McManus et al., 2011). MitoQ has been evaluated in a phase Il trial of another
neurodegenerative disease, PD, but the results of that trial were not encouraging.

Of course, another potential explanation for the failure of antioxidants thus far to
demonstrate efficacy in AD is that oxidative stress may not be a major driver of
neurodysfunction and degeneration in AD. If oxidative stress is a downstream consequence
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of mitochondrial dysfunction, removing it might do little to repair the underlying, more
critical mitochondrial lesion.

2. Electron transport—Small studies have evaluated the effects of thiamine and lipoic
acid in AD subjects. In some cases these cofactors have been used as part of a “cocktail”
with other cofactors and vitamins (Blass & Gibson, 2006). Encouraging preliminary results
have been reported using this strategy, but results from more conclusive studies have yet to
appear. Some agents that may serve as ETC-associated electron donors and acceptors have
undergone early-stage testing in humans, such as a methylene blue derivative (Wischik et
al., 2008). In developing methylene blue for the treatment of AD the responsible
investigators have not identified the mitochondria as a potential target, but nevertheless
under in vitro conditions methylene blue does appear to affect ETC electron transport
(Atamna & Kumar, 2010; Atamna et al., 2008; Callaway et al., 2004).

Another approach for enhancing mitochondrial oxidative phosphorylation includes using
ketone bodies such as beta-hydroxybutyrate (Swerdlow et al., 1989). The rationale
underlying this approach is based on the observations that glucose utilization is reduced in
the AD brain, and that ketone bodies constitute an alternative carbon source that can be used
to support oxidative phosphorylation (Swerdlow, 2011c). More recently, a medium chain
triglyceride (MCT) supplement has been marketed for the treatment of AD. As is the case
with other MCTs, it is converted by the liver to beta-hydroxybutyrate and this elevates
plasma beta-hydoxybutyrate levels. This strategy has been tested in humans with AD. While
not conclusive, reported data do not exclude the possibility that some subjects benefit from
this treatment (Henderson et al., 2009).

3. Membrane stabilization—Latrepirdine (dimebon) is an antihistamine that was
subsequently shown, under /n vitro conditions, to have mitochondrial membrane
stabilization properties (Bachurin et al., 2003; Zhang et al., 2010). Dimebon was studied in
AD subjects. Although a phase 1 trial reported promising results (Doody et al., 2008),
follow-up phase Il studies did not replicate that finding and dimebon development efforts
were terminated. Very recently, another mitochondrial membrane stabilizing agent, R-
pramipexole, entered into an AD clinical trial.

C. Anticipated Mitochondrial Medicine Strategies

Some of the more recent mitochondrial medicine approaches listed above have been
advocated and, in some cases, even attempted. Other very unique mitochondrial medicine
approaches have also been proposed and are being evaluated under pre-clinical conditions
(Figure 2).

1. Mitochondrial mass manipulation—Increasing mitochondrial mass for the treatment
of AD was first proposed in 2007 (Ghosh et al., 2007; Swerdlow, 2007c). A rudimentary
attempt to increase mitochondrial mass was previously attempted using the
thiazolidinedione drugs rosiglitazone and pioglitazone. Although these drugs were originally
considered for AD treatment based largely on their demonstrated anti-inflammatory effects,
these drugs, which are used to treat type 11 diabetes, were subsequently shown to activate
mitochondrial biogenesis signaling under pre-clinical testing paradigms. However, it is
doubtful that they can reach levels within the brain that are high enough to activate
mitochondrial biogenesis. Although the thiazolidinedione clinical trial data to date have not
been uniformly negative, the overall impression these data give is that pioglitazone and
rosiglitazone will provide no measurable benefit or, at best, an extremely small benefit
(Geldmacher et al., 2011; Gold et al., 2010; Risner et al., 2006). In the meantime, other ways
to manipulate mitochondrial mass are in various stages of development.
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2. Redox state manipulation—In this section, redox state refers to a cell’s electron
balance as defined by ratios of electron donor and acceptor molecule pairs. In this respect,
an important indicator of a cell’s bioenergetic state is the ratio defined by amounts of
nicotinamide adenine dinucleotide’s oxidized (NAD+) and reduced (NADH) derivatives.

While bioenergetics help determine a cell’s redox state, a cell’s redox state can also
influence its bioenergetic function. Data demonstrating this latter point comes from multiple
lines of investigation. Caloric restriction shifts the liver’s redox balance towards a more
oxidized state, and this is associated with mitochondrial biogenesis at least in the liver
(Civitarese et al., 2007; Lambert et al., 2004; Lopez-Lluch et al., 2006)and also perhaps in
the brain (Nisoli et al., 2005). Physical exercise, which should shift the muscle redox
balance towards a more oxidized state, induces muscle mitochondrial biogenesis (Baar et al.,
2002; Holloszy & Coyle, 1984; Hood, 2009).

Theoretically, enzymes that depend on NAD+ levels, such as SIRT1, should activate in the
setting of increased NAD+ (Guarente, 2007; Haigis & Guarente, 2006). SIRT1 activation
has been advocated for the treatment of several diseases, including AD (Anekonda & Reddy,
2006; Guarente, 2007; Haigis & Guarente, 2006). Polyphenol compounds are believed to
work as sirtuin activators (Baur, 2010; Lagouge et al., 2006). An AD clinical that will
evaluate the effects of resveratrol, a polyphenol, on AD clinical status is scheduled to be
performed.

3. Cytoskeletal manipulation—Mitochondrial dysfunction can induce cytoskeletal
perturbations (Cardoso et al., 2010; Moreira et al., 2006). In the AD brain, reduced ATP
levels may deregulate cytoskeleton homeostasis and microtubule integrity. Due to several
unique neuron morphologic features such as extended axons, branched dendritic arbors, and
synaptic connections both communication and continuity between a neuron’s cell body and
its distal regions must be adequately maintained. In this regard it is well known that neurons
are highly sensitive to disturbances in microtubule -dependent transport (Trimmer &
Borland, 2005).

AD neurons show cytoskeletal changes. Compared to brains from control subjects,
microtubule assemblies are reduced (Cash et al., 2003; Santa-Maria et al., 2005). Surveys of
AD brain pyramidal neurons suggest that changes in microtubule homeostasis precede
neurofibrillary tangle (NFT) formation (Cash et al., 2003). NFTs consist of the microtubule-
associated protein (MAP) tau, which plays a role in microtubule function, neurite growth,
and cytoskeleton maintenance (Stamer et al., 2002). Although a number of tau residues are
phosphorylated under physiological conditions, in AD tau phosphorylation increases 3 to 4-
fold. Other studies show that tau over-expression alters cell shape, leads to a loss of
polarization, and slows cell growth. This is accompanied by a change in mitochondrial
distribution ; this change is characterized by organelle clustering (Ebneth et al., 1998).

The associated microtubule perturbations are accompanied by changes in the autophagic-
lysosomal pathway (ALP), or autophagy. Autophagy is a tightly regulated process that plays
an important role in cellular maintenance. It ensures adequate levels of essential cell
intermediates are maintained (Cuervo, 2004). The process begins with the regulated
formation of a cytosolic membrane that encapsulates a region of the cytoplasm and its
organelles within a double membrane called an autophagic vacuole (AV), or
autophagosome(Levine & Kroemer, 2008). APP, which is a transmembrane protein, can be
processed by the endosomal-lysosomal pathway which initiates when material internalized
by endocytosis or pinocytosis is sorted into endosomes (Nixon, 2007). Data suggest that a
change in the rate of autophagy, or the factors which cause autophagic vacuoles to
accumulate, may contribute to Ap over production in AD (Levine & Kroemer, 2008; Yu et
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al., 2004). Indeed, evidence from AD subject brains shows massive AV accumulation within
dystrophic neurites occurs (Nixon et al., 2005; Yu et al., 2005).

Autophagy may therefore be simultaneously impaired and induced in AD. One potential
explanation for this is that mitochondrial dysfunction may disrupt the microtubule
cytoskeleton, and lead to impaired AV retrograde transport towards the cell body where
lysosomes are located. In support of this, it has been shown that microtubule depolymerizing
agents disrupt vesicular transport and induce rapid AV accumulation(Kochl et al., 2006).
Vinblastine, which inhibits microtubule assembly, leads to microtubule depolymerization
and prevents AV-lysosome fusion (Boland et al., 2008; Xie et al., 2010).

Recently, Miyasaka and colleagues (Miyasaka et al., 2010)reported that tau
hyperphosphorylation is more likely a consequence, as opposed to a cause, of microtubule
disruption. This is consistent with the view that when the microtubule network is disrupted,
tau dissociates from microtubules and becomes accessible to the kinases that promote its
hyperphosphorylation (Silva et al., 2011a). For this reason, it was postulated that
microtubule stabilizing agents could potentially reduce neuronal dystrophy (Lee et al., 1994;
Silva et al., 2011b).

Data consistent with this view come from experiments using taxol (paclitaxel), a
microtubule polymerizing agent that has been shown to mitigate AD-associated pathology in
AD model systems. In rats, taxol was found to protect cortical neurons from AB2s_3s5
toxicity, decrease calpain activation, and decrease cdk5/p25 complex formation (Li et al.,
2003). In other models, taxol pretreatment prevented tau hyperphosphorylation and reduced
AP -induced apoptosis (Michaelis et al., 2002). In a hippocampal slice model of lysosomal
dysfunction. it was found that pretreatment with TX67, an analogue of taxol, restored pre
and post synaptic proteins levels and reduced synapse damage (Butler et al., 2007).

Recently, Silva and co-workers demonstrated that in SH-SY5Y cells exposed to AB1_4», the
resultant mitochondrial dysfunction perturbs AV transport via a microtubule-dependent
mechanism(Silva et al., 2011a). Taxol prevents Ap1_42-induced disorganization of the
tubulin cytoskeleton, which secondarily reduces both cytosolic and mitochondrial A
content by enhancing ALP function.

Taxol, though, does not robustly access the central nervous system (CNS) (Liu et al., 2002).
A drug with taxol-like properties, NAP (davunetide), an eight amino acid peptide derived
from the activity-dependent neuroprotective protein (ADNP), was recently shown to cross
the blood brain barrier after systemic or intranasal administration(Gozes et al., 2005).
Although NAP was first described as an antioxidant, it is now recognized that following cell
internalization NAP interacts with the microtubule cytoskeleton (Divinski et al., 2004;
Gozes & Divinski, 2007). NAP has been shown to reduce tau hyperphosphorylation and A
accumulation in both /in vitroand in vivo AD models, and also benefit cognitive test
performance in some of these models (Gozes & Divinski, 2004; Matsuoka et al., 2007;
Matsuoka et al., 2008; Shiryaev et al., 2009; Vulih-Shultzman et al., 2007). Although its
biological effects remain to be fully investigated (Shiryaev et al., 2011), based on
encouraging preclinical data and an apparent lack of toxicity NAP is now being tested in
persons with AD and other disorders of the CNS (Greggio et al., 2011; ldan-Feldman et al.,
2011; Javitt et al., 2011). A recent phase Ila clinical study reported that intranasal NAP
improved memory performance in patients with an amnestic MCI syndrome, a frequent an
AD precursor state (Gozes et al., 2009).
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V. Conclusion

Many key questions about AD remain unresolved. There is no uniform agreement over
whether AD is a homogeneous or a heterogeneous entity, how it relates to brain aging, or
even what causes most of the cases. It is clear that from a population perspective,
mitochondria and mitochondria-related phenomena differ between those who do and do not
have this disease. The importance of these mitochondrial and bioenergetic differences to
AD, however it is defined, has been variably considered to be irrelevant or epiphenomenal, a
mediator of disease pathology, a major mediator of disease pathology, or the actual initiating
cause of the disease. This latter view is based on observations that distinct mitochondrial
parameters are observed in subjects at all stages of AD, in persons at increased risk for
developing AD, and that these differences are not brain-limited.

Unless mitochondrial changes turn out to be so far downstream of another critical disease-
driving process that they are inconsequential to the condition, mitochondria and cell
bioenergetics should constitute reasonable therapeutic targets. Some rudimentary attempts at

mitochondrial medicine have been attempted in AD, with clinical results to date showing
either no or perhaps minor beneficial effects. In the meantime, a more sophisticated and
integrated view of how mitochondrial function, maintenance, and biogenesis play out in
cells and relate to other aspects of cell function is emerging. Advances along this line will
help to guide and refine the development of future mitochondrial medicine approaches. In
coming years or perhaps decades, it will be interesting to see how mitochondria and cell

bioenergetics-targeted interventions affect persons with AD.
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Non-standard abbreviations

2DG
AB
AD
ADAS
ADCS
ADNP
ALP
ALS
APOE
APP
AV
BBB
CSF
CNS
CoQ

8-hydroxy-2-deoxyguanosine

beta amyloid

Alzheimer’s disease

Alzheimer’s Disease Assessment Scale
Alzheimer’s Disease Cooperative Study
activity dependent neuroprotective protein
autophagic lysosomal pathway
amyotrophic lateral sclerosis
apolipoprotein E gene

amyloid precursor protein

autophagic vacuole

blood-brain barrier

cerebrospinal fluid

central nervous system

coenzyme Q
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COX
Cybrid
Drp
ELISA
EM
EtBr
ETC
FDG PET
Fisl
GPx
GR
H202
HD
KDHC
LA
MAP
MCI
MCT
Mfn
MtDNA
NAD
NFT
NO
Opal
PD
PDHC
PIB
PGC1la
PNA
PS
ROS
SIRT1
SNO
SNOC

TFAM

cytochrome oxidase

cytoplasmic hybrid

dynamin related protein

enzyme-linked immunosorbent assay
electron microscopy

ethidium bromide

electron transport chain

2-deoxy-2 [F-18]fluoro -D-glucose positron emission tomography
fission 1

glutathione peroxidase

glutathione reductase

hydrogen peroxide

Huntinton’s disease

a-ketoglutarate dehydrogenase complex
lipoic acid

microtubule associated protein

mild cognitive impairment

medium chain triglyceride

mitofusin

mitochondrial DNA

nicotinamide adenine dinucleotide
neurofibrillary tangle

nitric oxide

optic atrophy 1

Parkinson’s disease

pyruvate dehydrogenase complex
Pittsburgh Compound B

peroxisome proliferator activated receptor gamma coactivator 1a
protein nucleic acid

presenilin

reactive oxygen species

silent mating type information regulation 2 homologl
S-nitrosylation

S-nitrosocysteine

Superoxide dismutase

transcription factor A of the mitochondria
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TPP+ triphenylphosphonium cation
TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling
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FIGURE 1. Cytoplasmic hybrids

pO0 cell lines are generated by chronically treating an established cell line with ethidium
bromide (EtBr). This blocks mtDNA replication and leads to its total depletion from the
EtBr-treated cells. Due to a lack of mtDNA-encoded oxidative phosphorylation complex
subunits, the resultant cell lines are unable to complete electron transport chain transport and
oxidative phosphorylation. The p0 cells can then be fused with platelets isolated from
patient blood samples to generate cytoplasmic hybrid (cybrid) cell lines. Cybrid lines
contain mtDNA from the platelet donors, and nuclear DNA from the p0 cell line. This
relationship lets investigators study how specific mtDNA sequences affect cell
bioenergetics, and how these effects influence downstream cell biochemical, molecular, and
physiologic parameters.
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FIGURE 2. Current and anticipated mitochondrial medicine strategies

Dysfunctional mitochondria in AD result in reduced ATP availability (A), which promotes
microtubule network breakdown (B), jeopardizing the transport of molecules and organelles
along the cell. Further, it promotes tau dissociation from microtubules and its consequent
hyperphosphorylation (C). These events compromise synapse energy supplies (D), and the
transport of AVs towards the cell body (where lysosomes are located) is impeded (E). This
promotes accumulation of Ap aggregates, which may be formed by APP cleavage at AV
membranes (F). Microtubule network stabilization may be improve ALP function, promote
transport along axons, and reduce AP production. Increasing mitochondrial mass may
compensate for declines in mitochondrial function and their overall functional capacity.
Shifting the cell redox balance to a more oxidized state may cause the cell bioenergetic
infrastructure to function more efficiently, promote mitochondrial biogenesis, and activate
pathways that allow cells to tolerate stress conditions.
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Table 1

Effect of maternal influence on non-demented subject AD endophenotypes

Endophenotype Parameter ~ Evaluated by

Change

Brain glucose utilization

Brain Volume

Brain AB

CSF AB

CSF Isoprostanes
Memory performance

COX activity

FDG PET

MRI with voxel-based
morphometry

PET PIB

CSF ELISA

Mass spectrometry
Cognitive evaluation

Platelet mitochondria COX V ax
assay

Reduced glucose utilization and more rapid glucose utilization decline
rate in regions commonly affected in AD subjects

More atrophy and higher rates of atrophy in AD-affected regions

Decreased brain parenchyma Ap levels
AB42/ABA4O ratio decreased

Isoprostanes elevated

Among APOEA4 carriers, lower memory test scores

Reduced COX activity
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