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Abstract Alzheimer disease (AD) is an age-related neuro-
degenerative disorder, characterized histopathologically by
the presence of senile plaques (SP), neurofibrillary tangles
and synapse loss in selected brain regions. Positron
emission tomography (PET) studies of glucose metabolism
revealed decreased energetics in brain of subjects with AD
and arguably its earliest form, mild cognitive impairment
(MCI), and this decrease correlated with brain structural
studies using MRI. The main component of senile
plaques is amyloid beta-peptide (Aβ), a 40–42 amino acid
peptide that as oligomers is capable of inducing oxidative
stress under both in vitro and in vivo conditions and is
neurotoxic. In the mitochondria isolated from AD brain,
Aβ oligomers that correlated with the reported increased
oxidative stress markers in AD have been reported. The
markers of oxidative stress have been localized in the brain
regions of AD and MCI that show pathological hallmarks
of this disease, suggesting the possible role of Aβ in the
initiation of the free-radical mediated process and conse-
quently to the build up oxidative stress and AD pathogen-
esis. Using redox proteomics our laboratory found a
number of oxidatively modified brain proteins that are
directly in or are associated with the mitochondrial
proteome, consistent with a possible involvement of the

mitochondrial targeted oxidatively modified proteins in AD
progression or pathogenesis. The precise mechanistic link
between mitochondrial oxidative damage and role of
oligomeric Aβ has not been explicated. In this review, we
discuss the role of the oxidation of mitochondria-relevant
brain proteins to the pathogenesis and progression of AD.
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Introduction

Alzheimer’s disease (AD) is an age-related neurodegener-
ative disorder, characterized clinically by the impairment of
cognitive functions and behavioral alterations (Katzman
and Saitoh 1991; Salmon et al. 2002). AD is histopatho-
logically characterized by the presence of senile plaques
(SP), neurofibrillary tangles and synapse loss in selected
brain regions that are responsible for learning, memory
processing, and executive functioning. The main compo-
nent of senile plaques is amyloid beta-peptide (Aβ), a 40–
42 amino acid peptide that is derived by proteolytic
cleavage of amyloid precursor protein (APP) by the action
of beta- and gamma- secretases, and SP are extra cellular in
localization (Zhang and Xu 2007).

Role of Aβ(1-42) in oxidative stress in brain of subject
with AD and MCI

A number of in vitro and in vivo studies showed that Aβ(1-
42) is a neurotoxic peptide that exists in various forms, e.g.,
soluble (monomers, oligomers, and protofibrils) and insol-
uble (fibrils) forms. Recent studies suggest that the small

R. Sultana :D. A. Butterfield (*)
Department of Chemistry, University of Kentucky,
Lexington, KY 40506-0055, USA
e-mail: dabcns@uky.edu

R. Sultana :D. A. Butterfield
Center of Membrane Sciences, University of Kentucky,
Lexington, KY 40506-0059, USA

R. Sultana :D. A. Butterfield
Sanders-Brown Center on Aging, University of Kentucky,
Lexington, KY 40536, USA

J Bioenerg Biomembr (2009) 41:441–446
DOI 10.1007/s10863-009-9241-7



oligomers of Aβ are the actual toxic species of this peptide
rather than Aβ fibrils (Drake et al. 2003; Lambert et al.
2001; Oda et al. 1995; Walsh et al. 1999). The most
concrete evidence suggesting the role of Aβ in AD
pathogenesis comes from the genetic observations from
familial Alzheimer disease [FAD] (Hardy and Selkoe 2002)
that showed that mutations of the genes of amyloid
precursor protein (Goate et al. 1991), presenilin-1 and
presenilin-2 (Cruts et al. 1998) leads to increased accumu-
lation of fibrillar Aβ in the brain (Hardy and Selkoe 2002;
Saido 2003) of FAD subjects.

Oxidative stress in AD brain is manifested by elevated
lipid peroxidation (Butterfield et al. 2001; Butterfield and
Lauderback 2002; Montine et al. 2002; Sayre et al. 1997),
protein oxidation (Butterfield and Stadtman 1997; Good et
al. 1996; Hensley et al. 1995; Smith et al. 1997), advanced
glycation end products (Vitek et al. 1994), and oxidation of
nucleic acids (Gabbita et al. 1998; Lovell and Markesbery
2001; Mecocci et al. 1994; Nunomura et al. 1999, 2001).
Further, the markers of oxidative stress have been localized
to the regions of the AD brain that have pathological
hallmarks of this dementing disorder (Hensley et al. 1995),
consistent with a role of Aβ in the initiation of the free-
radical mediated process and consequently to the build up
oxidative stress and AD pathogenesis.

In addition to the observation of increased levels of
oxidative stress in AD brain, studies from our laboratory
and other have shown increase levels of oxidative stress in
brain of subjects with mild cognitive impairment brain
(MCI), a transition stage between AD and normal aging,
that shows neuropathological hallmarks similar to AD such
as temporal lobe atrophy, low CSF Aβ levels (Chertkow et
al. 2001), but different cognitive effects, e.g., mild current
memory loss without dementia or significant impairment of
other cognitive functions (Morris and Cummings 2005;
Petersen et al. 1999). Like AD, brain from MCI subjects
also showed increased levels of oxidative stress markers for
protein oxidation [indexed by protein carbonyls and 3-
ntirotyrosine (3-NT)], lipid peroxidation [indexed by
protein bound-4-hydroxy-2-nonenal (HNE), isoprostanes,
and neuroprostanes], and nucleic acid oxidation [indexed
by 2,6-diamino-4-hydroxy-5-formamidopyrimidine (fapy-
guanine), 8-hydroxyadenine, 4,6-diamino-5-formamidopyr-
imidine (fapyadenine) and 5-hydroxycytosine] (Bader
Lange et al. 2008; Butterfield et al. 2006a, b; Keller et al.
2005; Markesbery et al. 2005; Migliore et al. 2005; Wang et
al. 2006; Williams et al. 2006). Our laboratory is the first to
show that protein-bound HNE levels, and 3-NT are elevated
in the MCI brain compared to control IPL and hippocampus
(Butterfield et al. 2006a, 2007a; Keller et al. 2005). These
results suggest the accumulation of oxidative stress markers
(Butterfield et al. 2006b; Ding et al. 2006; Keller et al.
2005) in MCI brain, and are consistent with the notion that

oxidative stress could be an early event in the progression
of MCI to AD.

A number of studies provided evidence of increased
oxidative stress in AD pathogenesis, which could initiate
from mitochondria, cytoplasm, and also outside the cells
(Butterfield and Lauderback 2002; Cross et al. 1987;
Markesbery 1997; Smith et al. 1995). Mitochondria use a
major part of oxygen in the electron transport system,
during which superoxide radicals are produced, one-five
percent of which leak out from mitochondria. Superoxide
radicals, in turn, can lead to increased production of highly
reactive hydroxyl radicals, peroxynitrite, etc., that can
contribute to oxidation of proteins, lipids, carbohydrates
and nucleic acids (Butterfield and Stadtman 1997).

Recent studies showed the presence of Aβ(1-42) mono-
mers and oligomers in the mitochondrial membranes
isolated from the AD brain and brain of animal models of
AD (Caspersen et al. 2005; Crouch et al. 2007; Manczak et
al. 2006), which suggest possible alterations in mitochon-
drial structure and function as one of the mechanism(s) of
AD pathogenesis.

Previous studies from our laboratory and others have
shown that Aβ has a critical methionine residue at position
35, which is believed to be associated with the toxicity of
Aβ peptide (Boyd-Kimball et al. 2004, 2005; Butterfield
and Boyd-Kimball 2005; Clementi et al. 2006; Crouch et al.
2006; Kanski et al. 2002; Murray et al. 2005). The
substitution of Met by norleucine diminishes the toxic
effect of the Aβ that clearly documented the importance of
Aβ peptide in AD pathogenesis (Butterfield and Kanski
2002; Kanski et al. 2002).

Identification of oxidatively modified brain proteins in
subjects with AD and MCI

Our laboratory is the first to use redox proteomics
approaches to identify oxidatively modified proteins
in brain of subjects with AD and MCI. Employing
redox proteomics we identified a large number of
oxidatively modified proteins in AD and MCI brain that
play key roles in various cellular functions. Many of the
proteomics-identified brain proteins belong to energy
metabolism pathways. Oxidative modification of the
proteins alters conformation and function of proteins
(Lauderback et al. 2001a; Subramaniam et al. 1997).
Previous studies in AD brain showed that HNE modifica-
tion of the glutamate transporter (Glt-1 or EAAT),
glutathione-S-transferase (GST), and multi-drug resistant
protein (MRP-1) (Lauderback et al. 2001a; Sultana and
Butterfield 2004) leads to decrease function of these
proteins and consequently lead to excitotoxic cell death
owing to the decrease clearance of glutamate or increased

442 J Bioenerg Biomembr (2009) 41:441–446



accumulation of HNE, a highly reactive product of lipid
peroxidation.

Alterations of mitochondrial function in AD and MCI

AD brain shows abnormal mitochondrial morphology, and
impaired mitochondrial energy metabolism has been well-
documented in AD (Atamna and Frey 2007; Caspersen et
al. 2005; Crouch et al. 2007, 2008). A large number of
studies suggest that the rate of cerebral metabolism is
reduced in AD. This decreased cerebral metabolism has
been also found in pre-AD stages, i.e., MCI and early AD
(EAD), as revealed by PET studies (Dimou et al. 2009).
The decrease in the cerebral energy correlated with the
altered expression and decreased activity of mitochondrial
energy related proteins such as pyruvate dehydrogenase
complex (PDHC), alpha-ketoglutarate dehydrogenase com-
plex (KGDHC), isocitrate dehydrogenase (Bubber et al.
2005). In contrast, succinate dehydrogenase (SD) and
malate dehydrogenase (MDH) activities were found to be
significantly increased in AD brain (Bubber et al. 2005).
Further, in vitro studies showed that incubation of isolated
mitochondria with Aβ peptides decreased the activity of
KGDHC and PDHC (Casley et al. 2002). Most oxidatively
modified brain enzymes have decreased activity (Butterfield
et al. 2006a), and it is not clear why certain enzymes show
an increased activity upon oxidation. The alteration in the
enzyme activity can be explained based on protein expres-
sion differences or the oxidation of the proteins, which
expose more hydrophobic sites to the aqueous environment
with subsequent changes in conformation and aggregation
(Butterfield and Stadtman 1997). Depending on the site
where an oxidative modification occurs the activity of a
particular enzyme may be down regulated or upregulated,
and we speculate that the increased MDH and SD activity in
AD result from oxidative modification-mediated changes in
the active site. This speculation is based on our finding of
increased MDH activity in MCI brain (Reed et al. 2008).
Further, decreased glucose utilization has been reported in
skin fibroblasts of AD patients (Sims 1990).

Oxidatively modified brain mitochondrial
proteins in AD

As noted above, a large number of brain proteins were
identified as oxidatively modified in AD. Among these brain
proteins, GAPDH, aconitase, VDAC, ATP synthase-alpha
chain, lactate dehydrogenase (LDH), beta-actin, and alpha-
tubulin, are either mitochondrial proteins or are known to
interact with mitochondria (Aksenov et al. 2000; Castegna
et al. 2002, 2003; Reed et al. 2008; Sultana et al. 2006a, b).

VDAC is a part of the outer mitochondrial membrane
and a component of the mitochondrial permeability
transition pore (MPTP). VDAC has been shown to conduct
movement of metabolites like ATP in and out of mitochon-
dria by passive diffusion, participate in synaptic communi-
cation, and be involved in the early stages of apoptosis
(Shoshan-Barmatz et al. 2006). ATP production and
mitochondrial calcium buffering are essential for normal
synaptic transmission (Csordas and Hajnoczky 2003;
Mattson and Liu 2002). There are three different forms of
VDAC proteins, i.e., VDAC-1, VDAC-2 and VDAC-3. We
found VDAC-1 protein as an oxidatively modified protein,
and further the levels of VDAC-1 were reported to be
significantly decreased in AD brain (Sultana et al. 2006a,
b). A previous in vitro study demonstrated that VDAC1-
deficient mice show deficits in learning behavior and
synaptic plasticity; hence, oxidation and dysfunction of
this protein correlated well with the impairment of
learning and memory as reported in AD (Weeber et al.
2002). Moreover, VDAC regulates release of several
apoptotic factors such as cytochrome C, apoptosis induc-
ing factor, smac, and caspases from mitochondria; there-
fore, VDAC is essential for regulation of the apoptotic
signals in the cell, and oxidation of VDAC-1 may trigger
apoptosis (Lorenzo et al. 1999; Susin et al. 1999). Taken
together, we propose that oxidation of VDAC-1 protein in
AD brain leads to mitochondrial depolarization and altered
signal transduction pathways, which could be crucial in
synaptic transmission and plasticity. In addition, this
alteration may also induce apoptotic events leading to cell
death observed in AD.

GAPDH is a glycolytic enzyme that catalyzes the
reversible phosphorylation of glyceraldehyde-3-phosphate
to 1,3-bisphosphoglycerate. This enzyme is critical for
generation of energy. In addition, this protein interacts with
other proteins including VDAC-1 (Tarze et al. 2007).
Moreover, decreased activity of GAPDH would lead to
elevation of trioses, such as methylglyoxal, which is more
reactive than HNE and capable of modifying protein.
Studies from our laboratory showed that GAPDH is
oxidatively modified in AD that correlated with the
reported decreased activity of GAPDH (Sultana et al.
2006b). The decreased level of GAPDH correlates well
with the decreased cerebral glucose utilization reported in
AD brain (Reed et al. 2008; Sultana et al. 2006b). Since
GAPDH interacts with VDAC, alterations in the structure
and function of GAPDH may lead to functional impairment
of VDAC that may eventually lead to leakage of calcium
and cytochrome C from the mitochondria and trigger
processes of cell death. Consequently, oxidative modifica-
tion of VDAC and GAPDH may mediate apoptotic
processes and alter mitochondrial and synaptic functions,
all of which are known to be impaired in AD.
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Beta-actin and alpha-tubulin, in addition to their role as
structural proteins, also regulate the function of other
proteins via their interaction with them. Mitochondrial
tubulin has been shown to exist as an alpha-beta dimer
and represents 2.2+−0.5% of total cellular tubulin (Carre et
al. 2002). Further, this group also reported that mitochon-
drial tubulin interacts with VDAC. We found alpha tubulin
as oxidatively modified in AD brain, which suggests that
alteration in the structure and function of this protein could
lead to alteration in the function of membrane permeability
transition pore and hence may play a significant role in
apoptosis. Beta-actin has been reported to localize in the
mitochondrial matrix space and on the internal surface of
the mitochondrial inner membrane and to be important for
mitochondrial organization and morphogenesis (Etoh et al.
1990). Consequently, oxidation of beta-actin may lead to
mitochondrial structural abnormalities that may eventually
lead to malfunction of mitochondria, contributing to the AD
pathogenesis.

ATP synthase α-chain is a part of complex V of the
electron transport chain of mitochondria, involved with
oxidative phosphorylation, localized in the inner mem-
brane, and is important for ATP synthesis and release.
Recent studies showed that both APP and Aβ bind to
ATP synthase and regulates its activity (Schmidt et al.
2008). Thus, such interactions of ATP synthase with AD-
relevant APP and Aβ may play important roles in
regulating ATP levels in the cell. Previous studies from
our laboratory and others have reported a decreased level
of complex V in AD and also oxidative modification of
ATP synthase (Bosetti et al. 2002; Schagger and Ohm
1995; Sultana et al. 2006b), which suggest that the
function of ATP synthase α-chain is altered in AD
degenerating neurons. Since complex V is a key entity in
the conversion of the mitochondrial proton gradient into
chemical energy, such oxidative modification could
contribute to the observed decrease in brain glucose
metabolism in AD and MCI.

Lactate dehydrogenase is an important enzyme that
carries out the reversible conversion of pyruvate to lactate
under anaerobic conditions. A recent study using a human

astrocyte cell line showed that astrocytes can use lactate to
generate ATP via oxidative phosphorylation (Lemire et al.
2008). Since the energy demand of brain is high, this
process of utilization of lactate to generate energy is critical
to brain function. LDH is also found in the mitochondria
and is important in the utilization of lactate to generate ATP.
Also, LDH is important for the astrocyte-neuron shuttle
and for the effective functioning of neurons (Mangia et al.
2009). Oxidative modification of LDH may impair its
ability to utilize lactate for energy production, which could
contribute to decreased brain energetics reported in AD.

Oxidatively modified brain mitochondrial proteins
in MCI

A number of overlapping mitochondria-relevant proteins
have been found to be common targets of oxidation
between AD and MCI brain, including, ATP synthase
alpha, lactate dehydrogenase and beta-actin (Fig. 1)
(Aksenov et al. 2000; Castegna et al. 2002, 2003; Reed
et al. 2008; Sultana et al. 2006a, b). The significance of
oxidative dysfunction of these brain proteins for dimin-
ished brain function and neuronal loss was discussed
above. In addition to these proteins one other mitochon-
drial protein was identified as oxidatively modified in

Fig. 1 Oxidatively modified mitochondria-relevant proteins in AD
and MCI brain

Fig. 2 Consequence of Aβ(1-42) on mitochondria and AD patho-
genesis. See text. EC extra cellular, IC intracellualr, TM transmem-
brane, ROS reactive oxygen species, RNS reactive nitrogen species
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brain of subjects with MCI, i.e., malate dehydrogenase
(MDH) (Reed et al. 2008). MDH catalyzes the reversible
oxidation of malate to oxaloacetate by NAD+ in the TCA
cycle. The significance of increased activity of MDH in
MCI brain is unclear, but conceivably this observation
may reflect a compensatory response of the brain to
oxidative damage to other key energy-related proteins in
this prodromal stage of AD.

Conclusions

Based on the proteins that were found to oxidatively
modified proteins in AD and MCI, it is possible that the
oxidation of key mitochondrial proteins contributes to the
observed decrease in energetics in the AD and MCI brain
compared to age-matched controls and may also be
participate in the triggering of apoptotic processes that
eventually lead to modification of important cellular
functions vital to neuronal survival, leading to the AD
signs and symptoms.

The precise mechanistic link between mitochondrial
oxidative damage and role of oligomeric Aβ has not been
established. However, based on the above observations, it is
tempting to speculate that Aβ(1-42) is transported to the
mitochondrial membrane as monomeric or oligomeric
forms. Once Aβ(1-42) is inserted into the membrane, it
may initiate the process of lipid peroxidation (Butterfield
and Boyd-Kimball 2005; Butterfield et al. 2007a; Kanski et
al. 2002; Lauderback et al. 2001b; Varadarajan et al. 2001)
that may eventually lead to damage of both mitochondrial
membrane proteins and lipids (Fig. 2). The perturbation in
the mitochondrial membrane due to damage occurring at
protein and lipid levels might lead to the reported
alterations in the electron transport system and alteration
in the mitochondrial membrane fluidity (Aleardi et al.
2005). Moreover, oxidative modification of these proteins
may result in increase leakage of superoxide radicals from
mitochondria, which may eventually lead to increase
production of reactive oxygen and nitrogen species and
consequently to increased oxidative stress and AD patho-
genesis (Fig. 2). Additional studies are necessary to test
these ideas, and our laboratory together with several other
laboratories is working in this direction. Based on the
proteomic studies conducted so far, the notion that
mitochondrial alterations appear to be involved in the AD
pathogenesis and progression of AD seem highly likely,
and, consequently, targeting mitochondria to treat or slow
onset of AD may be a promising therapeutic approach for
this devastating dementing disorder.
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