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Oxidative stress, manifested by protein oxidation, lipid
peroxidation, DNA oxidation and 3-nitrotyrosine for-
mation, among other indices, is observed in Alzheimer’s
disease (AD) brain. Amyloid b-peptide (1–42) [Ab(1–42)]
may be central to the pathogenesis of AD. Our laboratory
and others have implicated Ab(1–42)-induced free radical
oxidative stress in the neurodegeneration observed in AD
brain. This paper reviews some of these studies from our
laboratory.

Recently, we showed both in-vitro and in-vivo that
methionine residue 35 (Met-35) of Ab(1–42) was critical to
its oxidative stress and neurotoxic properties. Because the
C-terminal region of Ab(1–42) is helical, and invoking the
i 1 4 rule of helices, we hypothesized that the carboxyl
oxygen of lle-31, known to be within a van der Waals
distance of the S atom of Met-35, would interact with the
latter. This interaction could alter the susceptibility for
oxidation of Met-35, i.e. free radical formation. Consistent
with this hypothesis, substitution of lle-31 by the helix-
breaking amino acid, proline, completely abrogated the
oxidative stress and neurotoxic properties of Ab(1–42).
Removal of the Met-35 residue from the lipid bilayer by
substitution of the negatively charged Asp for Gly-37
abrogated oxidative stress and neurotoxic properties of
Ab(1–42).

The free radical scavenger vitamin E prevented Ab
(1–42)-induced ROS formation, protein oxidation, lipid
peroxidation, and neurotoxicity in hippocampal neurons,
consistent with our model for Ab-associated free radical
oxidative stress induced neurodegeneration in AD.

ApoE, allele 4, is a risk factor for AD. Synaptosomes
from apoE knock-out mice are more vulnerable to Ab-
induced oxidative stress (protein oxidation, lipid peroxi-
dation, and ROS generation) than are those from wild-type
mice. We also studied synaptosomes from allele-specific
human apoE knock-in mice. Brain membranes from

human apoE4 mice have greater vulnerability to
Ab(1–42)-induced oxidative stress than brain membranes
from apoE2 or E3, assessed by the same indices, consistent
with the notion of a coupling of the oxidative environment
in AD brain and increased risk of developing this disorder.

Using immunoprecipitation of proteins from AD and
control brain obtained no longer than 4 h PMI, selective
oxidized proteins were identified in the AD brain. Creatine
kinase (CK) and b-actin have increased carbonyl groups,
an index of protein oxidation, and Glt-1, the principal
glutamate transporter, has increased binding of the lipid
peroxidation product, 4-hydroxy-2-nonenal (HNE). Ab
inhibits CK and causes lipid peroxidation, leading to HNE
formation. Implications of these findings relate to
decreased energy utilization, altered assembly of cyto-
skeletal proteins, and increased excitotoxicity to neurons
by glutamate, all reported for AD. Other oxidatively
modified proteins have been identified in AD brain by
proteomics analysis, and these oxidatively-modified
proteins may be related to increased excitotoxicity
(glutamine synthetase), aberrant proteasomal degradation
of damaged or aggregated proteins (ubiquitin C-terminal
hydrolase L-1), altered energy production (a-enolase), and
diminished growth cone elongation and directionality
(dihydropyrimindase-related protein 2). Taken together,
these studies outlined above suggest that Met-35 is key to
the oxidative stress and neurotoxic properties of Ab(1–42)
and may help explain the apoE allele dependence on risk
for AD, some of the functional and structural alterations
in AD brain, and strongly support a causative role of
Ab(1–42)-induced oxidative stress and neurodegeneration
in AD.
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INTRODUCTION

Alzheimer’s disease (AD) brain is under intense
oxidative stress, manifested by increased protein
oxidation, lipid peroxidation, free radical formation,
DNA/RNA oxidation, nitrotyrosine levels, and
advanced glycation end products (recently reviewed
in Refs. [1,2]). Further, based mostly on genetic
grounds, the 42-amino acid peptide, amyloid
b-peptide (1–42) [Ab(1–42), Fig. 1], may be central
to the pathogenesis of the disease.[3] Our laboratory
combined these two concepts into a comprehensive
model for neurodegeneration in AD brain based on
the free radical oxidative stress associated with the
peptide.[1,2,4 – 6] This brief review outlines some of the
evidence to support this model.

Ab(1–42) INDUCES OXIDATIVE STRESS AND
NEUROTOXICITY

Ab(1–42) Causes Protein Oxidation in and Death to
Hippocampal Neurons

Addition of Ab(1–42) to neurons leads to increased
protein carbonyls and decreased cell survival
compared to controls[5,7 – 11] (Fig. 2). Vitamin E
inhibits both these effects,[11] expected for a free
radical process (Fig. 2). Protein oxidation is increased
in AD brain in regions rich in Ab(1–42).[12,13]

Ab(1–42) Causes Lipid Peroxidation in Brain
Membranes

Following our initial finding that a short fragment of
Ab(1 –42), the 11-mer Ab(25–35), caused lipid
peroxidation in brain membranes,[14] many labora-
tories have reported Ab-induced lipid peroxi-
dation.[15 – 23] More recently, Ab(1–42) addition to
neuronal cultures or synaptosomal membranes was
shown to lead to the formation of 4-hydroxy-2-
nonenal (HNE) or isoprostanes, both products of lipid

peroxidation.[17,19,22] Vitamin E[23] and numerous
other antioxidants inhibited Ab-induced lipid per-
oxidation (reviewed in Refs. [1,2,4]. Lipid peroxi-
dation is increased in AD brain as assessed by
increased levels of thiobarbituric acid reactive
substances (TBARS), isoprostanes and neuropros-
tanes, HNE, and acrolein (reviewed in Refs. [1,2,4,24].

Ab(1–42) Induces Reactive Oxygen Species (ROS)
Formation

ROS, assessed by increased fluorescence of dichloro-
fluoroscein previously loaded into neurons, were
elevated following treatment with Ab(1–42), and
vitamin E was effective in limiting this ROS
formation.[11] The latter result is, once again, what
one would expect for a free radical process. The
inhibition of Ab(1–42)-induce ROS formation in
neurons is not due to the inhibition of fibrils by the
peptide, as fibrils that appear to be the same as
those of native peptide are found in the presence
of vitamin E.[11]

THE SINGLE METHIONINE OF Ab(1–42) AT
RESIDUE 35 IS IMPORTANT FOR THE
OXIDATIVE STRESS AND NEUROTOXIC
PROPERTIES OF THE PEPTIDE

Substitution for Met of Ab(1–42) Inhibits the
Oxidative Stress and Neurotoxic Properties of the
Peptide

In contrast to native Ab(1–42), substitution of the
S atom of the single methionine residue at position 35
by a methylene group [CH2, making norleucine
the amino acid at residue 35] completely abolished

FIGURE 1 Sequence of Ab(1–42) with the side chain of
methionine residue 35 indicated. FIGURE 2 Protein oxidation (black columns) and cell

survivability (hatched columns) after treatment of cultured
hippocampal neurons with Ab(1–42) or modified peptide. (1)
Ab(1 – 42); (2) Ab(1 – 42) plus vitamin E; (3) Ab(1 –
42)M35Norleucine; (4) Ab(1–42)l31P; and (5) Ab(1–42)G37D.
Statistically significant increases ðp , 0:01Þ in protein oxidation
and decreased cell survivability were found with native Ab(1–42)
but not with the other modified peptides or with use of the
antioxidant vitamin E.
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the oxidative and neurotoxic properties of the
peptide when added to cultured neurons.[7] Further,
if in place of methionine, the oxidized form of this
amino acid [methionine sulfoxide] is substituted into
Ab(1–42), again no protein oxidation nor cell death
occurred.[10] That is, if the S atom of methionine is
already oxidized, then addition of this modified
Ab(1–42) to cultured neurons is not toxic nor
oxidative. Likewise, in vivo studies of Ab(1–42)-
induced oxidative stress showed that transgenic
C. elegans, in which human Ab(1–42) is produced,
had increased protein oxidation, but if the codon for
methionine in Ab(1–42) were substituted by the
codon for a different amino acid no increased protein
oxidation was found in vivo.[7]

In both the case of oxidized methionine and of the
norleucine derivative of Ab(1 – 42) apparently
normal-looking fibrils are formed, consistent with
the notion that fibrils, per se, are not necessary
toxic.[10] Rather, our results are consistent with
growing evidence that suggests small aggregates of
Ab(1–42) are the toxic species of this peptide.[25 – 29]

In marked contrast to large fibrillar structures, such
small aggregates, being hydrophobic, could insert
into the neuronal lipid bilayer to induce lipid
peroxidation with subsequent HNE formation.

The reactive alkenals HNE and acrolein, increased
in AD CNS,[30,31] can react by Michael addition with
adjacent transmembrane proteins,[32,33] covalently
modifying their structure and disrupting their
function. For example, increased HNE binding
to the glial glutamate transporter GLT-1 [EAAT2] is
observed in AD brain,[22] probably explaining the loss
of function of this transporter.[34] Further, addi-
tion of Ab(1–42) to synapstomal preparations
leads to increased HNE binding to GLT-1,[22]

suggesting that this is one cause of the oxidative
modification of this transporter in AD brain.[4]

Coupled to the loss of activity of glutamine
synthetase (GS) in AD brain[12] and loss of activity
induced by Ab,[27,35,36] then two means of
removing potentially excitotoxic glutamate from
the external portion of neurons are dysfunctional,
leading to increased possibility that glutamate-
stimulated excitotoxic mechanisms could cause
neurodegeneration in AD brain.[37] Incubation of
neurons with Ab(1–42) leads to formation of
HNE,[17,22] and several transmembrane proteins are
functionally and structurally modified by Ab, HNE
or acrolein.[4,8,9,17,18,38 – 41]

Disruption of the Alpha-helical Structure of the
C-terminus of Ab(1–42 ) Abolishes the Oxidative
Stress and Neurotoxic Properties of the Peptide

NMR studies of monomeric Ab(1–42) or Ab(1–40)
suggest that the C-terminal region of the peptide
encompassing residues 28–42 has helical secondary

structure.[42,43] Like any helix, a prediction is that
every residue interacts with the residue four units
away. Indeed, NMR studies showed that the peptide
carbonyl of lle-31 was within a van der Waals
distance of the S atom of methionine residue 35
(Met-35) of Ab(1–42).[42,43] This interaction could
increase the susceptibility for oxidation of the S atom
of Met-35 in Ab(1–42) leading to the presumed
reactive species, the sulfuramyl free radical.[10] To
test this idea, we substituted the helical-breaking
amino acid proline for lle-31, reasoning that breaking
the helical interactions of residue-31 with the Met-35
S atom would preclude this “priming potential for
oxidation” present in the native peptide. Addition of
Ab(1–42)l31P to hippocampal neurons, in sharp
contrast to the native peptide, led to no oxida-
tive stress nor neurotoxicity[44] (Fig. 2), consistent
with the notion that the secondary structure of
Ab(1–42) coupled to the chemistry of thioethers like
methionine is important in the oxidative stress and
neurotoxic properties of the peptide.

Removal of Methionine in Ab(1–42) from its
Presumed Lipid Bilayer-resident Location Leads to
a Non-oxidative and Non-neurotoxic Peptide

As noted above, we believe that small aggregates of
Ab(1–42) insert into the lipid bilayer to induce lipid
peroxidation in a free radical-dependent mechanism
that involves the Met-35 residue of the peptide. This
would suggest that the Met-35 residue is inserted
into the hydrophobic region of the neuronal
membrane bilayer, where the unsaturated sites on
the phospholipid acyl chains are located. Hydrogen
atoms on lipid carbon atoms adjacent to these sites
are the most vulnerable to free radical attack, leading
to a chain reaction of radical processes and
subsequent membrane damage.[45] Molecular model-
ing and physical studies of Ab suggest that Met is
indeed located in the lipid bilayer of neurons.[46] If
lipid peroxidation, induced by free radical processes
involving Met-35, is an early event in the oxidative
stress and neurotoxic properties of Ab(1–42), then
removal of the methionine residue from the bilayer is
predicted to abrogate these properties. To test this
idea, we substituted aspartic acid for glycine-37,
reasoning that the negative charge on residue 37 of
Ab(1–42) would drag the methionine residue out of
the bilayer and away from C–H bonds on carbon
atoms adjacent to the unsaturated lipid sites that are
vulnerable to free radical attack. All the chemistry of
thioethers (such as methionine) and the structural
aspects of monomeric Ab(1–42) presumably would
still be present, but the targets for Ab(1–42)-induced
free radical attack on the lipids would not be
available to the methionine. Consistent with this
prediction, Ab(1–42)G37D is no longer oxidative nor
neurotoxic, in marked contrast to the native
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peptide[47] (Fig. 2). This result supports the notion
that lipid peroxidation is an early event in the
neurotoxic properties of Ab(1–42) and is consistent
with the observation that vitamin E, a hydrophobic
chain-breaking antioxidant, is able to protect
neurons against the oxidative stress and neurotoxi-
city associated with Ab(1–42).[11]

ALLELE 4 OF APOLIPOPROTEIN E MAY BE A
RISK FACTOR FOR AD, IN PART, DUE TO ITS
INABILITY TO HANDLE THE OXIDATIVE
STRESS ASSOCIATED WITH Ab(1–42)

Apolipoprotein E, a lipid and cholesterol carrier and
potential chaperone protein,[48] has three principal
alleles, apoE2, apoE3 and apoE4. Many studies
confirm that inheritance of the apoE4 allele confers
a significant risk of developing AD (reviewed in
Ref. [49]. In composition, the only differences at the
protein level in the three alleles of apoE are the
number of cysteine residues in the protein: apoE2
has two cysteines, apoE3 has an arginine substituted
for one of the cysteines, while apoE4 has both
cysteines substituted by arginine residues.

Given the importance of Ab to the pathogenesis of
AD, we performed a series of studies on the
interaction of this peptide with brain membranes
from well-defined apoE mouse populations.[50 – 52]

Synaptosomes from mice in which the gene for apoE
was deleted (knock-out ) had increased basal oxi-
dative stress[50] and were more vulnerable to
Ab(1–40)-induced oxidative stress, including lipid
and protein oxidation.[51] We extended these find-
ings that suggested that endogenous apoE could
serve an antioxidant role to examine the allele-
specific effects of human apoE on Ab(1–42)-induced
oxidative stress. Mice were generated in which the
exons for mouse apoE were substituted by exons for
human apoE2, apoE3 or apoE4 (knock-in ). That is, the
mouse apoE promoter was still present; conse-
quently, the normal amount of apoE was produced in
the mouse and at the correct location, however, the
apoE produced was human and specifically either
apoE2, apoE3 or apoE4 as desired. Cortical synapto-
somes from each knock-in mouse were subjected to
Ab(1–42) addition and oxidative stress parameters
measured.[52] No matter if ROS, lipid peroxidation,
or protein oxidation markers were examined,
synaptosomes from apoE4 mice were most vulner-
able to the oxidative stress associated with Ab(1–42)
relative to those from human apoE2 or apoE3 knock-
in mice.[52] One interpretation of these results is that
the increased risk of developing AD upon inheri-
tance of the apoE4 allele may be due in part to the
inability of this protein, relative to apoE2 or apoE3, to
handle the oxidative stress associated with Ab(1–42)
that is produced in excess in the AD brain.

Continued studies are in progress to explore this
idea.

IDENTIFICATION OF SPECIFICALLY OXIDIZED
PROTEINS IN AD BRAIN

Protein oxidation occurs in AD brain in regions
where Ab(1–42) is present, but not in the cerebellum
that is largely spared the pathology of AD.[12,13] But
which specific proteins are oxidized? An answer to
this question may provide insight into potential
mechanisms for neurodegeneration and synapse loss
in AD brain. To begin to answer this question of the
identity of specific, oxidatively modified proteins,
we initially utilized selective immunochemical
precipitation of oxidized proteins, detected by
reaction with their increased protein carbonyl
functionality, to prove their identify. In this way, we
identified creatine kinase (CK, BB isoform) and
b-actin as specifically oxidized proteins in AD
brain.[53,54] However, this method is laborious,
requires prior knowledge (or a good guess) of the
identity of the oxidized protein in order to use the
correct antibody, and necessitates the availability of
specific antibodies to the proteins thought to be
oxidized. To circumvent these difficulties, we
have used proteomics for the first time to
identify selectively oxidized proteins in AD
brain.[55,56]

In this proteomics method, AD or control brain
proteins, separated by 2-dimensional gel electro-
phoresis, are treated with 2,4-dinitrophenylhydra-
zine to form the hydrazone and an antibody to this
protein-bound Schiff base added. Analysis and
comparison of the images of control and AD brain
samples (never more than 4 h post mortem interval)
allows one to select spots on the 2-dimensional
protein map that represent proteins that are more
oxidized in AD brain. These spots are isolated and
digested by trypsin. The digests are subjected to
Matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF) from which
the m/z ratios of peptides generated by trypsin
digestion are determined. The information obtained
is submitted to a protein database (or more than one
database if necessary), from which the identity of the
protein is obtained. Confirmation of the proteins
identified by proteomics can be made using
immunochemical methods if desired. Using this
approach, we identified CK (BB isoform), GS,
ubiquitin C-terminal hydrolase L-1 (UCH), dihydro-
pyrimidinase related protein 2 (CRMP-2), and
a-enolase as specifically oxidized proteins in AD
inferior parietal lobule[55,56] (Table I). Continued
proteomics analysis will lead to further identity of
oxidatively modified proteins in AD brain.

D.A. BUTTERFIELD1310
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Each of these specifically oxidatively-modified
proteins identified by proteomics potentially can, in
plausible mechanisms, be associated with neurode-
generation in AD brain. For example, CK is involved
in ATP production and its activity is decreased in AD
brain.[12] Under oxidative stress, the synaptic regions
of the neurons require ATP to maintain membrane
integrity, ion gradients, and other aspects of the cell.
Yet, CK is unable to produce high-energy phosphate
bonds efficiently due to its oxidative modification,
thereby decreasing the energy availability in AD
brain. Others have shown that energy utilization is
compromised in AD brain,[57] and we showed that
CK is inhibited by Ab in a way that is inhibited by
vitamin E.[58] Likewise, if activity of a-enolase is
decreased as a result of its oxidative modification,
decreased energy utilization would result. As
mentioned above, GS activity is decreased in AD
brain,[12] and Ab inhibits GS activity and alters its
structure.[27,35,36] Also mentioned above, decreased
activity of GS in AD,[12] coupled to the oxidative
modification of GLT-1 in AD brain and by Ab

(1–42)[22] and decreased activity of GLT-1 in AD
brain,[34] suggest that excitotoxic mechanisms of
glutamate may lead to neuronal death. The proteo-
mics results provide the first direct evidence that GS
is oxidatively modified in AD brain. Ubiquitin is
added to proteins that have been damaged or
aggregated as a signal for the 26S proteasome to
degrade these proteins. Yet, there is a fixed pool of
ubiquitin, so UCH is necessary to remove the
protein-bound ubiquitin for recycling to other
damaged or aggregated proteins for subsequent
proteasomal degradation.[59] If UCH function is
compromised in AD brain as a result of its oxidative
modification, then accumulation of damaged or
aggregated proteins is predicted, some of which can
damage the neuron, perhaps even leading to
neuronal death. In AD, of course, one observes the
presence of abnormally aggregated proteins, though
we do not yet know the reason for this accumulation.
Still, it is plausible that diminished UCH activity
could be involved in this observation. Conceivably,
this could also be involved in the compromised
function of the proteasome suggested for AD.[59 – 62]

UCH lacking its catalytic residue in animal models
leads to Ab deposition and neurodegeneration.[63]

Finally, CRMP-2 functions in the elongation and

directionality of the growth cone of neurons.[64]

Should oxidative modification of collapsin lead to
decreased activity, then decreased neurite extension
and decreased neuronal networks would be pre-
dicted. This is precisely what one observes upon
addition of Ab(1–42) to neuronal cultures.[11] Such
shortening of neurite processes would diminish
neuronal contact and compromise interneuronal
communication. One could speculate that decreased
information (memory) processing could result,
which, of course, is a hallmark of AD. Much more
research is needed to flesh out this highly speculative
notion.

CONCLUSIONS

Taken together, the results summarized in this brief
review suggest that the single methionine of Ab

(1–42) at residue 35 is key to the oxidative stress and
neurotoxic properties of this peptide. Further, the
apoE allele dependence on increased risk of
developing AD conceivably could be explained in
part due to the decreased ability of apoE4 to handle
the oxidative stress of Ab(1–42) that accumulates in
AD brain. Lastly, the emerging techniques of
proteomics, applied for the first time to identify
oxidatively modified proteins in AD brain, have
provided plausible mechanisms for neurodegenera-
tion in AD brain based on compromised function of
these specifically oxidatively modified proteins. All
these studies strongly suggest a causative role for
Ab(1–42)-induced oxidative stress in the neurode-
generation and synapse loss observed in AD brain.
Studies to continue these lines of investigation are in
progress.
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