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INTRODUCTION

Advances in our understanding of the etiologies and pathogenesis of Alzheimer’s disease (AD)
highlight arole for free radical-mediated injury to brain regions from early stages of this illness.
Here we will review the evidence from transgenic mouse models of AD, autopsy samples, and
human biofluids obtained during life paying particular attention to the stage of disease. In
addition, we will review the epidemiologic literature that addresses the potential of anti-
oxidants to prevent incident dementia from AD, and the clinical trial literature that addresses
anti-oxidant preventative or therapeutic strategies for different stage of AD. Future efforts in
preclinical models and ultimately clinical trials are needed to define optimally effective agents
and combinations, doses, and timing to suppress safely this facet of AD.

I. Alzheimer’s disease and its forms and stages

What is commonly referred to as Alzheimer’s disease (AD) is really a syndrome, a common
clinico-pathological entity with multiple causes. Rare early-onset forms of this syndrome are
caused by highly penetrant autosomal dominant mutations in one of three different genes:
amyloid precursor protein (APP) gene, presenilin (PS) 1 gene, or presenilin 2 gene [1]. In
addition, apparently similar processes afflict adults with trisomy 21 or Down’s syndrome.
However, it is late-onset AD (LOAD) that represents a significant and growing public health
burden, currently affecting between 2.5 and 4 million people in the U.S., and more than 10
million individuals worldwide [2]. The causes of LOAD are not yet clarified, but several
environmental and genetic risk factors have been identified; the most potent of these, other
than age, is the &4 allele of the apolipoprotein (apo) E gene (APOE) [3]. LOAD is projected to
grow to staggering prevalence in the next generation with an estimated 8 to 12 million patients
by the year 2050 in the U.S. alone [4]. In addition to causing untold suffering by patients and
their families, LOAD is the third most costly medical condition in the U.S. [5-7]. As the number
of patients afflicted continues to mount, the need for safe and effective therapy to delay or avert
LOAD will become imperative [8]. In the following we will use AD to refer to this disease in
general terms, and use LOAD or other designations to refer to specific forms.

Pathologic processes of AD precede clinically diagnosed dementia by as much as 2 or 3
decades. Indeed, as early as 1976, Katzman proposed a chronic disease model for AD, including
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a latent stage during which some structural damage accrues but there is no functional or
behavioral change, followed by a prodromal stage during which more structural damage
accrues and mild functional and behavioral changes first become evident, and ultimately by a
clinical stage with substantial irreversible damage and behavioral abnormalities that manifest
as the dementia syndrome [9]. Identification of individuals with latent and prodromal AD is
an area of active investigation. Mild cognitive impairment (MCI) is defined by clinical criteria
that identify a subset of individuals enriched for those with prodromal AD (reviewed in [10]).
Data supporting the existence of latent AD are extensive and derive from pathologic,
neuroimaging, and biomarker studies that all have shown AD-type neurodegenerative changes
in a substantial subset of older individuals rigorously demonstrated to be cognitively normal
[11-39]. Importantly, these concepts of latent and prodromal AD imply an opportunity to
intervene early and prevent the clinical expression of dementia. Key to successful intervention
will be knowledge of the critical pathogenic events at early stages of AD progression.

Abundant in vitro and in vivo data now support the proposal that accumulation of amyloid (A)
B-containing senile plaques and paired helical filament tau-containing neurofibrillary tangles
(NFTSs) in brain regions in AD lie distal in a complex pathogenic cascade that includes earlier
formation of abnormal AB aggregates. This somehow sets in motion a series of partially
overlapping events including disturbed cell signaling, innate immune activation, mitochondrial
dysfunction, excitotoxicity, abnormal glycation, and altered metabolism of metal ions, among
others (reviewed in [40]). Several of these pathogenic processes can produce free radical stress
[41] which in turn can promote further Ap aggregation and thereby potentially propagate the
pathogenic cascade [42] from reversible loss of synapses to death of neurons [43]. However,
it is important to stress that the associations between these hallmark structures of AD and
markers of free radical damage are complex [44].

Here we will review the evidence for increased free radical-mediated damage to brain in
transgenic models of AD, autopsy samples, and human biofluids obtained during life paying
particular attention to the stage of LOAD. In addition, we will review the epidemiologic
literature that addresses the potential of anti-oxidants to prevent incident dementia from LOAD,
and the clinical trial literature that addresses anti-oxidant preventative or therapeutic strategies
for MCI or the dementia stage of LOAD. These epidemiologic studies and clinical trials
typically rely on the concept of “probable” AD as a consensus designation for the highest
clinical certainty that the dementia suffered by an individual derives from AD; “definite” AD
requires autopsy confirmation [45]. The sensitivity and specificity of a clinical diagnosis of
probable AD, compared against neuropathologic examination, has been determined in referral
centers where clinical diagnoses generally achieve a sensitivity of approximately 90 to 95%
but a specificity of only 50 to 60% because co-morbid conditions can contribute to cognitive
impairment and dementia but are difficult to distinguish from AD by current clinical criteria.

Il. Markers of free radical-mediated damage

Free radical-mediated stress is met by anti-oxidant defenses that, when overwhelmed or
exhausted, result in damage to tissue. Free radical stress can be assessed by measuring the
reserve in anti-oxidant defenses or increased expression of anti-oxidant enzymes. Free radical-
mediated damage to brain typically is assayed by measuring oxidative modifications to lipids,
proteins, or nucleic acids.

Peroxidation of polyunsaturated fatty acids, or lipid peroxidation, is especially important
because it is a self-propagating reaction that will continue until terminated by defenses or until
substrate is exhausted. Attack of polyunsaturated fatty acids by free radicals leads to structural
damage to membranes and the generation of several aldehyde by-products including
malondialdehyde and C3 — Cy¢ straight chain aldehydes as well as o,B-unsaturated aldehydes
including 4-hydroxy-2-nonenal (HNE) and acrolein. The a,p-unsaturated aldehydes in
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particular may be primary effectors of tissue damage since they show high reactivity with
nucleophiles including sulfhydryl groups of cysteine, histidine, and lysine [46], and impair key
neuronal processes [47,48]. Lipid peroxidation also produces oxidized and endocyclized
products of arachidonic acid (F,-isoprostanes or F»-1soPs) or docosohexaenoic acid (F4-
neuroprostanes or F4-NeuroPs) that are quantitative in vivo biomarkers of free radical damage
[49,50].

Free radicals, particularly the hydroxyl radical, also attack nucleic acids leading to strand
breaks, cross linking, and base modifications that may contribute to alterations in protein
production and propagate neuron dysfunction and death. Mitochondrial DNA (mtDNA) is
more susceptible to free radical-mediated damage than nuclear DNA (nDNA) because of its
proximity to the site of production of reactive oxygen species (ROS), and because of its lack
of protective histones, limited repair capacity, and lack of significant noncoding sequences.
As reviewed by Dizdaroglu et al. [51], ROS attack of DNA can lead to the generation of more
than 20 oxidized base adducts, the most prominent being 8-hydroxydeoxyguanine (8-OHdG)
because of guanine’s relatively low oxidation potential [51]. In addition to direct oxidation by
ROS, DNA can also be modified by a,B-unsaturated aldehyde by-products of lipid peroxidation
through an initial Michael addition of the exocyclic amino group followed by ring closure of
N-1 onto the aldehyde group to generate a bulky exocyclic 1-N2-propanodeoxyguanosine
adduct [52]. These adducts are potentially biologically relevant because they may promote
DNA-DNA and DNA-protein cross-linking that can limit transcription [53].

While protein oxidation is as biochemically complex as peroxidation of lipids and oxidation
of nucleic acids, assays for protein oxidation are dominated by a relatively simple global
assessment of protein carbonyls. The widely used spectrophotomertic assay for protein
carbonyls detects primarily glutamic semialdehyde, an oxidation product of arginine and
proline, or aminoadipic semialdehyde, an oxidation product of lysine. Like products of lipid
peroxidation, there is overwhelming evidence from many experimental perspectives that
protein oxidation is an effector of cellular dysfunction and not simply a reflection of damaged
tissue [54].

lll. Transgenic mice

Transgenic mice that reproduce selected facets of AD pathogenesis have been created, and
many of these have been investigated for associations with free radical-mediated damage. All
of the transgenic mouse models reviewed below are in fact models of dominantly inherited
forms of AD or related neurodegenerative diseases, so that extrapolations to LOAD should be
made with caution. Some strains of transgenic mice develop Ap plaques, some accumulate
NFTs, and some do both. The age of onset and the magnitude of pathologic change also vary
across mouse strains. Mice expressing mutant human amyloid precursor protein (APP) develop
AP plaques at about 10-12 months of life, but do not develop NFTs. Mice that express both
mutant APP and mutant human presenilin-1 (APP-PS1) accumulate AP plaques at a younger
age, but still do not develop NFTs. The onset of plaque pathology can also be accelerated by
expressing two different mutant APP genes in a single mouse, again with no NFT formation.
Accumulation of NFTs is achieved in mice carrying mutant human tau genes that are associated
with frontotemporal dementia, a relatively uncommon neurodegenerative disease
characterized by NFT formation but not senile plaques. Predictably, these mice do not develop
AP plaques. The development of both AB plaques and NFTs has been achieved recently in a
“triple transgenic” mouse expressing APP, PS1, and the mutant tau protein, and also with
conditional expression neuronal expression of SV40 T antigen [55].

The role of oxidative damage in each of these transgenic mouse models has been examined to
varying extents. These studies are summarized in Table 1. Since the transgenic mouse strains
vary in both transgene and genetic background, we will consider the published findings for

Free Radic Biol Med. Author manuscript; available in PMC 2009 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sonnen et al.

Page 4

each strain in turn. It is also important to realize that AD pathologic changes often occupy less
than 5% of cortical or hippocampal volume in some strains, so that measurements using
homogenates may “dilute” small amounts of damaged tissue with larger amounts of unaffected
tissue. Histochemical techniques permit greater distinction of localized changes, but are not
robustly quantitative. Consequently, measurements using homogenates and histochemical
findings should be viewed as complementary.

Most of the animal studies of oxidative damage associated with AD pathology have used the
Tg2576 strain, which expresses mutant human APP containing the “Swedish” mutation
associated with autosomal dominant AD. These mice express the transgene from the time of
birth, and begin to develop both AB plaques and spatial memory impairment at 10-12 months
of age [56]. Several studies have examined the role of oxidative damage in this murine model
of AD using F,-IsoPs. A study examining serial brain, plasma, and urine Fo-1soPs by the
“modified method” (see Section V for description of F,-IsoP methods) found elevation in all
three at 8 months of age, before to the appearance of plaque pathology, with further marked
increases at 12 and 18 months of age, correlating with the onset and progression of AB plaque
accumulation [57]. However, other investigators comparing 14-20 month old Ap plaque-
bearing Tg2576 mice with age-matched wild type (wt) mice have repeatedly found no increase
in cerebral cortical F,-IsoPs (“original method”) or F4-Neuroprostanes (NeuroPs)[58,59].
Moreover, massive acute cerebral oxidative damage from status epilepticus induced in rats by
kainate exposure fails to result in elevated plasma or urine F»-1soPs, seriously challenging the
idea that these markers in peripheral biofluids reflect neurochemical changes in brain.[60] An
immunohistochemical study of HNE-protein adducts in Tg2576 mice showed increased
immunoreactive labeling in dystrophic neurites adjacent to plaques [61]; although we could
not replicate this finding using polyclonal antiserum that identified HNE-protein adducts in
sections from patients who died from LOAD [62,63]. Elevated brain levels of a cholesterol
oxidation product have been reported in Tg2576 mice compared to wt mice [64]. Cole and
colleagues have repeatedly reported increased hippocampal protein carbonyls in Tg2576 mice
using a Western blot method [65,66], and have observed that this outcome can be profoundly
influenced by concentration of anti-oxidant in diet. Another report found no increase in cerebral
cortical protein carbonyls (measured by ELISA) in Tg2576 compared to wild type mice, even
though the carbonyl measurement was sensitive to the effects of treatment [67]. Other evidence
suggests free radical stress in brains of Tg2576 mice is expression of compensatory antioxidant
enzymes. Immunohistochemical studies have localized superoxide dismutase and heme
oxygenase in the immediate vicinity of AB plaques [61]. The deposition of AB plaques at 10—
12 months of age also is temporally associated with an increase in cortical superoxide dismutase
and glutathione peroxidase [68].

Fewer investigations of free radical-mediated injury have been conducted for the other
transgenic mouse models of AD. In general, oxidative damage is greater in mice with single
APP or PS1 mutations than in wild type animals, and higher still in doubly transgenic mice
expressing the combination of mutant APP and mutant PS1 (APP-PS1) [69]. Cortical
homogenates from these same mice have elevated protein carbonyls and HNE when compared
to wild type. The role of oxidative damage in NFT accumulation has been examined to a limited
extent. In mice that express a wild-type human tau isoform and develop insoluble tau
aggregates, cerebral cortical protein carbonyl levels are increased when measured by Western
blot [70]. Oxidative damage to nucleic acids is also increased in these mice, as measured by
immunohistochemistry for 8-OHdG. Levels of oxidative damage in CNS tissue have not yet
been reported for a P301 tau transgenic mouse that develops NFTs primarily in spinal cord
[71], nor for a model of P301 tau conditional expression that develops NFTs in forebrain
[72]. A transgenic mouse expressing mutant APP, PS1, and tau recently has been developed
as amore "complete” model of AD pathologic changes, developing both AB plaques and NFTs
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[73,74]. However, we are unaware of any study of this strain that has examined the role of
oxidative damage.

As shown in Table 1, the evidence for increased free radical-mediated damage in cerebral
cortex and hippocampus (HP) of the most widely used transgenic model of AD, the Tg2576
mouse, is variable, and suggests that local factors such as inbred substrains or diet may be as
important as transgene expression in producing oxidative damage in these mice. Studies of
oxidative damage in other transgenic mouse models are fewer but appear to show more
consistently increased free radical damage to cerebral cortex, especially APP-PS1 models.

Several of the laboratories that regularly observe free radical-mediated damage in the cerebral
cortex or HP of aged Tg2576 mice have explored cause-and-effect relationships by treating
these mice with a variety of antioxidants (Table 2) Although some investigators have expressed
disappointment with a-tocopherol in these experiments, [75], others have shown that vitamin
E (isoforms not specified) can attenuate both oxidative damage and AB plaque accumulation
if it is initiated early in life [76]. The hypothesis that oxidative stress promotes Ap deposition
is strengthened further by a study that crossed Tg2576 mice with mice deficient in a-tocopherol
transfer protein, finding that these double mutants have increased cerebral oxidative damage
and accelerated Ap deposition [77]. Mice expressing a human tau gene have also been treated
with a-tocopherol, resulting in decreased brain protein carbonyls, 8OHdG, and tau pathology
[70]. While a-tocopherol is the dominant isoform in synthetic vitamin E supplements, y-
tocopherol is the dominant isoform from food. Most transgenic mouse studies and, to date, all
clinical trials, have used a-tocopherol, even though peripherally administered y-tocopherol is
at least as effective as a-tocopherol in suppressing cerebral F,-1soP and F4-NeuroP formation
after intra-cerebroventricular kainate injection, a model of excitotoxic neurodegeneration
[78], as well as suppressing striatal dopaminergic toxicity from methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [79].

A readily available antioxidant with great promise based on transgenic mouse models of AD
is curcumin, a component of the curry spice turmeric. Orally administered curcumin reduces
brain protein carbonyls and Ap burden in Tg2576 mice [80], even when initiated after the age
of plaque formation [81]. Another readily available and non-toxic antioxidant is melatonin. As
with vitamin E, melatonin treatment of Tg2576 mice early in life attenuates Ap deposition
[82], but initiation after the age of plaque formation does not alter Af} burden[83]. Yet another
well tolerated antioxidant, a-lipoic acid, improves hippocampal-dependent memory in Tg2576
mice but has no effect on cerebral lipid peroxidation or Ap plaque burden [59]. Similarly,
pyrrolidine dithiocarbamate, a clinically tolerated metal chelator, potent antioxidant, and
inhibitor of nuclear factor kB, improves spatial learning in APP-PS1 mice but has no effect on
AP burden [84]. Finally, coenzyme Q supplementation protects mutant APP transgenic mice
from vulnerability to ischemia [85], but has not been shown to affect Af deposition.

Numerous autopsy studies have evaluated free radical-mediated damage in tissue obtained
from individuals who were diagnosed at death with MCI or dementia from LOAD (Table 3).
Excellent reviews are available on regionally increased oxidative damage to lipids in diseased
regions of brain from patients with MCI or LOAD [86,87]. Studies of lipid peroxidation in
LOAD are more numerous than studies of other markers, and have been reviewed thoroughly
elsewhere [88,89]. Importantly, the levels of markers of lipid peroxidation in brain regions
from patients with MCI are comparable to those observed in patients with LOAD.

Multiple studies report increased protein carbonyls in diseased regions of brain from patients
with LOAD (reviewed by [87,90]), and again patients with MCI have been observed to have
comparable levels [91]. Using redox proteomics, one group has identified a small number of
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specific proteins targeted by carbonyl formation as well as other oxidative modifications. Their
results have focused on about 15 proteins that have broad cellular functions and are distributed
across several different organelles or cellular compartments. This work has been reviewed
recently in this journal [92]. Notably, there is at least partial overlap in the oxidized proteins
identified by this approach in tissue from patients with MCI or LOAD.

Several studies now have also demonstrated significantly elevated 8-OHdG as well as other
oxidatively modified bases in nDNA and mtDNA from diseased regions of brain from patients
with MCI or LOAD (reviewed in [86,93]). As with lipid peroxidation and protein carbonyl
markers, levels of 8-OHdAG and other oxidized DNA bases in MCI are comparable to those
observed in LOAD brain. Again, consistent with mtDNA’s proximity to ROS generation in
the mitochondria and the relatively limited DNA repair capacity in mitochondria the extent of
oxidation in mtDNA is approximately 10-fold greater than in nDNA [94,95]. There have been
a few studies of lipid peroxidation-derived aldehyde-DNA adducts. One of these showed an
approximately 2-fold increased in acrolein-guanosine adducts in nDNA isolated from HP of
LOAD patients compared to controls [96]; however, HNE-guanosine adduct concentrations in
nDNA from parietal lobe (PL) and HP of LOAD subjects were found not to be significantly
different from controls [52]. These findings are consistent with earlier studies of Gotz et al.
[97], who showed no significant differences in HNE-guanosine adducts using 32P post-labeling
of deoxyguanosine adducts from DNA isolated from HP, PL, and cerebellum (CBLM) of
LOAD subjects compared to controls. One group studied the cellular distribution of DNA
adducts by immunohistochemistry and observed more pronounced immunoreactivity in LOAD
subjects compared to age-matched control subjects. This immunoreactivity was not restricted
to NFT-bearing neurons or to cells closely localized to senile plaques [98].

Increased oxidative RNA damage has been reported in a variety of neurological disorders
including LOAD (reviewed in [99]). Increased RNA oxidation has also been observed in a
presymptomatic subject who inherited a familial AD mutation [100] and in Down syndrome
subjects with AD pathologic changes [99]. More recently, Ding et al. [101] showed
significantly elevated 8-OHG in PL but not CBLM of MCI patients that correlated with
decreased ribosomal and transfer RNA and decreased protein synthesis capacity. Using
immunohistochemistry and an 8-OHG antibody, Lovell and Markesbery [102] showed
significantly increased RNA oxidation in degenerating hippocampal neurons in MCI and
LOAD patients compared to age-matched controls.

Overall, the studies described above underscore that free radical-mediated damage to human
brain from the processes of AD appears to be focused largely in neurons but is otherwise a
largely indiscriminant process that damages many different cellular components. Data from
lipid peroxidation, protein oxidation, nDNA oxidation, mtDNA oxidation, and RNA oxidation
all show comparable increases in brain regions from patients with MCI and LOAD, indicating
advanced free radical-mediated damage at this pre-dementia stage.

V. Biofluid studies

Much of the work on biomarkers of oxidative damage in AD has focused on F»-1soPs. For that
reason, a brief overview of the different approaches to quantifying unesterified F»-1soPs in
biofluids is in order. Since F,-1soPs are a mixture are comprised of 4 regioisomers each of
which are theoretically comprised of 8 racemic diastereomers, different isomers have been
measured to reflect overall levels of lipid peroxidation. In studies of neurodegeneration, F»-
IsoPs have been quantified by one of four different methods: commercially available enzyme-
linked immunosorbent assays (ELISAS) [103], two different gas chromatography- (GC-) mass
spectrometry (MS) stable isotope dilution methods that we refer to as the “original

method” [104] or “modified method” [105], and most recently by liquid chromatography-
(LC-) MS [106]. The two GC-MS methods are similar, and quantify subsets of F»-1soPs that
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co-elute with the deuterated internal standards used; this will be key to comparing studies
presented below. The original GC-MS method used a deuterated 8-iso-PGF,,, internal standard
(also known as iPF,, -111) and quantified those F,-1soPs in the peak that co-migrated with this
standard [107]; this peak not only contains 8-iso-PGF,,, but also other F,-1soPs [107]. For this
reason the subset quantified by the original GC-MS method is conservatively referred to as
“Fo-1soPs”. The modified GC-MS method uses a different GC protocol and different deuterated
internal standards, iPF,,-VI and 8-,12-is0-iPF,,-VI [105,108]. This assay quantifies the peak
that co-migrates with each deuterated standard and refers to what is quantified as iPFo,-111,
iPFy,-VI, or 8-,12-is0-iPFy,-VI.

Cerebrospinal fluid (CSF) derives in part from a transudate of plasma at the choroids plexus
and in part from the extracellular fluid of brain; it is this latter feature that motivates many
neurochemical studies of brain metabolism by sampling and analyzing CSF. CSF obtained
from the lateral ventricles at autopsy has been assayed for Fo-1soPs. These studies represent a
bridge between post mortem tissue studies (vide supra) and the analysis of CSF from the lumbar
cistern of living patients described below. Using either the original or modified methods, the
concentrations of F,-I1soPs in ventricular CSF are elevated on average between 56 and 168%
in patients with mild to moderate dementia from LOAD compared with age-matched controls
by both the original and modified methods [109,110]. In addition, ventricular CSF F-IsoP
concentrations in patients with LOAD are significantly correlated with histologic indices of
neurodegeneration [111].

The first study of probable AD patients showed that Fo-1soPs are significantly elevated by
approximately 60% in lumbar CSF of patients with early dementia as contrasted with fluid
from age-matched hospitalized patients without neurologic disease [112]. This same result was
replicated in additional groups of probable AD patients and controls using both the original
method [113-115] and the modified method [108], although the latter showed an average
increase in LOAD exceeding 200%. In distinction to autopsy studies where tissue oxidative
damage markers were equivalent in brains of patients with MCI and LOAD, lumbar CSF F,-
IsoPs concentrations from MCI patients were intermediate between those from controls and
patients with probable AD [116].

We stress that increased lumbar CSF F,-I1soPs are not specific to probable AD but have been
observed in patients with Huntington’s disease (HD), as well as acute brain injury from either
stroke or closed head trauma [117]. Nevertheless, lumbar CSF F,-IsoPs can provide useful
diagnostic insight in the appropriate context. We quantified lumbar CSF F,-IsoPs, CSF
A4, and CSF total tau levels in patients with probable AD, dementias other than AD, and
age-matched controls [115]. Individuals were classified as AD or non-AD by a commercially
available test using CSF Ay, and tau levels (95% sensitivity, 50% specificity), by CSF F,-
IsoP and APg2 levels (90% sensitivity, 83% specificity), and by combined analysis using CSF
Fo-1soP, AB42, and tau levels (84% sensitivity, 89% specificity). In a longitudinal study of 17
individuals followed over 4 years, others reported that elevated CSF F,-1soPs have 100%
accuracy in identifying those who later progressed to either MCI or dementia [118].

Lumbar CSF F»-1soPs can also provide an objective measure of AD progression and response
to antioxidant therapeutics [119,120]. We pursued a longitudinal assessment of lumbar CSF
Fo-1soPs in a group of patients with mild probable AD followed for 1 year [119]. The percent
change in CSF F»-1soPs observed in these 40 AD patients was stratified for dietary antioxidant
supplementation with a-tocopherol, either alone or in combination with ascorbate (no one took
ascorbate alone). Patients without supplementation showed an approximately 50% increase in
CSF F»-1soPs over the 1 year period. Consonant with recently reported epidemiologic
observations on the apparent mitigation in risk of incident AD with combined use of
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supplemental tocopherols and ascorbate [121], we observed a significant pharmacologic effect
only in the group that supplemented their diets with both a-tocopherol and ascorbate [119].

Although obtaining CSF from the lumbar cistern has no significant risks when performed by
experienced physicians, even in the elderly, [122], spinal taps can be stressful and are not easily
obtained in most clinics. For these reasons, several investigators have pursued quantification
of F,-IsoPs in plasma or urine — even though rat models of massive acute oxidative damage to
brain do not lead to elevations in plasma or urine F,-I1soPs [123]. Until recently, the literature
on plasma and urine F»-1soPs has been confusing, with different assays giving different
outcomes in samples from patients with LOAD or MCI. This has led to speculation of major
differences between the original and modified GC-MS assays despite their very close
quantitative agreement in CSF. We have reviewed this topic in detail previously [124] and find
that two studies are important in untangling these conflicting studies. An investigation of
peripheral Fo-1soPs in LOAD with a new LC-MS-MS method sensitively quantified the four
classes of Fp-1soPs in urine: iPFy-111, iPFo-1V, iPF,,-V, and iPF,,-V1 [106]; yet, these
investigators were unable to detect a significant difference in urine iPFy, concentrations
between AD patients and controls. Most importantly, the same investigator who repeatedly
reported increased plasma F»-IsoPs in MCI and LOAD by the modified GC-MS method
recently reported that no increase was seen in a separate set of samples [125].

We conclude that multiple analytical methods show that CSF F»-1soPs are increased in CSF
of patients with early dementia from LOAD and, although less robustly demonstrated, from
individuals with MCI. Despite a conflicting past literature, all methodologies including the
modified GC-MS method using 8-,12-is0-iPF,4-VI, now agree that peripheral F,-1soPs are not
reproducibly increased in patients with MCI or LOAD.

VI. Epidemiologic studies

As is true in transgenic animal models, the only definitive evidence of a therapeutic or
preventive effect of an intervention strategy in humans comes from experimentation, i.e., from
randomized controlled trials. A number of trials are described in the following section. Trials
are costly and time-consuming, however, and there are many questions that they cannot answer
practically (e.g., long-term effects of interventions). For these reasons, trials are often preceded
by observational studies of associations between antecedent “exposures” to a putative risk
factor or intervention strategy and an alteration in the subsequent expression of the disease in
question. Observational studies can never provide proof of causality, but increasing
sophistication in their theory and conduct over the past two decades has resulted in more reliable
results. It is now unusual that a finding reported in multiple well-designed epidemiological
studies is later refuted by trial data. [126] When this does happen, the explanation is often that,
inadvertently, the observational and the trial data really addressed different questions, or at
least different facets of the same question. [127] For example, at least two prevention strategies
— use of non-steroidal anti-inflammatory drugs (NSAIDs) and post-menopausal hormone
replacement therapy — appear to have quite different effects depending on the stage of AD
pathogenesis at which individuals are exposed, with the suggestion that both may be effective
during latency but not later stages [127-129].

Human dietary patterns have been associated with a varying degree of risk for cognitive decline
and dementia. One of the first such studies showed that people who ate fish at least once a
week had a 60% lower risk of developing AD [130] and a slower rate of cognitive decline
[131]. The relationship between fat intake (both saturated and trans-unsaturated fat) and
cognitive decline also appears to be linear [132], and a high intake of copper with a diet
abundant in saturated and trans fats may predict an increased rate of cognitive decline [133].
By contrast, total intake of n-3 polyunsaturated fatty acids may be associated with a reduced
risk of AD [130]. These findings are congruent with data from animal models showing that fat
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intake may be related not only to vascular risks but also to a direct effect of polyunsaturated
fatty acids on Ap accumulation [134]. Other evidence suggests that the “Mediterranean diet”
is associated with a lower risk for AD [135] and a lower mortality once AD is established
[136]. One hypothesis to explain this relationship is that the Mediterranean diet reduces
vascular risks; however, a recent analysis suggests this is not the case [137]. The inclusion of
vascular risks in multiple logistic regression models suggests independent effects of vascular
risk factors (viz., presence of hypertension, diabetes, stroke, heart disease, elevated lipid levels)
and other relevant covariates (caloric intake, smoking, and body mass index) on the magnitude
of association between the Mediterranean diet and risk for AD. The authors hypothesized that
other biological factors (e.g., oxidative stress, immune activation) are likely responsible, but
acknowledged that there could be error in measuring vascular risk in such a study. Further
exploration of this issue is needed.

Of particular interest are dietary content or nutritional “supplements” containing antioxidant
vitamins C and E. There are a few points to keep in mind when considering these associative
studies. Diets high in antioxidants will also be high in other micronutrients that may work in
concert or independently of the subset of antioxidant micronutrients that are focus of dietary
questionnaires. Supplements provide a more controlled exposure but lack other possibly
beneficial micronutrients that accompany a diet high in antioxidants. As noted above with the
transgenic mouse studies, the form of vitamin E contained in most supplements (a-tocopherol)
is different from the major form consumed in Western diets (y-tocopherol), and while these
different isomers of vitamin E have complementary biological activities [138], both can act as
effective antioxidants in the CNS following peripheral injection [78]. Finally, none of the
studies described in the remainder of this section included autopsy validation of the diagnostic
accuracy of the possible or probable AD endpoints.

Two prospective observational studies have reported lower risks of dementia or AD in
participants consuming increased amounts of antioxidants in food [139,140] while other
research groups have failed to observe such an association [141,142]. One of these groups has
extended their analysis and observed that a— and y-tocopherol taken in food had independent
but equivalent reduction in risk for AD [143].

Observational studies of supplement use are also noteworthy. An early study of 633 participants
found no incident AD cases over four years among individuals who reported use of vitamin E
or C supplements at baseline [19], while an investigation of 3,385 men found reduced
prevalence of vascular and mixed dementias, but not AD, among users of both vitamin E and
C supplements [144]. These results contrast with one of the above-cited studies that showed
no association between AD and antioxidant vitamin consumption in either dietary or
supplement form [141]. A possible explanation for some of the discord in the above
observations may be found in a study of 3,227 seniors of both sexes who showed significantly
reduced prevalence and incidence of AD in participants who used both vitamin E and C
supplements, but not either one alone [121] —a finding that echoes the study relating CSF F»-
IsoP levels to antioxidant supplement use in patients with mild AD described above [119]. The
benefits of combined water-soluble (e.g., ascorbate) and lipid-soluble (e.g., tocopherol
isoforms) antioxidant interventions warrants further investigation.

A few epidemiologic studies have also observed an association between antioxidant vitamin
consumption and better cognitive test performance in individuals who are not demented. One
observed that supplemental vitamin E or vitamin C was associated with better cognitive test
performance [145]. Other investigators recently have made a similar observation in participants
in the Cache County study [146], and in the Chicago Health and Aging Project where again
both a- and y-tocopherol from food had protective associations [143].
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While these epidemiologic studies of antioxidant consumption and the risk of incident dementia
are difficult to summarize neatly, it seems likely that a diet rich in tocopherols and ascorbate
can lower the risk for incident AD. Moreover, it seems likely that these vitamins, especially in
combination, may be effective at partially blocking or slowing age-related cognitive decline,
a presumed harbinger of incident AD and perhaps vascular dementia.

VII. Clinical trials of antioxidants

There have been few major clinical trials using antioxidants alone to treat AD. As far as we
are aware, none has incorporated a measure of oxidative injury and so it is unclear whether the
regimen used in the trial actually had the presumed pharmacologic effect. This is a very
important point to consider in light of recent analysis suggesting that previous null trials of
anti-oxidant supplements to prevent cardiovascular disease might have used ineffective doses;
indeed, there is no reason to expect a therapeutic effect without a pharmacologic effect [147].

Sano et al [148] conducted a double-blind, placebo-controlled, randomized multicenter trial
that used a factorial design to test effects of a-tocopherol (2000 1U daily), the monoamine
oxidase-(MAO) B inhibitor selegiline (10 mg daily), or both in combination vs. placebo in 341
moderately severe AD patients followed for two years. The primary outcome was the time to
occurrence of any of the following: death, institutionalization, loss of basic activities of daily
living (ADLS), or severe dementia. The study revealed mild slowing of disease progression in
the a-tocopherol, selegiline, and combination groups compared to the placebo group.
Unexpectedly, a-tocopherol appeared to be slightly superior to selegiline or combination
therapy in delaying the time to primary outcome. There was a significant difference in falls,
syncopal episodes, and dental treatments in the treated groups, but no significant differences
between groups in adverse effects after adjustment for multiple comparisons.

Petersen et al [149] conducted a randomized, double-blind, placebo-controlled three-arm study
of the effect of 2,000 IU of “synthetic” a-tocopherol or 10 mg of the cholinesterase inhibitor
donepezil daily vs. placebo for three years in patients with amnestic MCI. The primary outcome
was development of clinically possible or probable AD by standard diagnostic criteria. A total
of 769 patients were enrolled but 239 dropped out during the follow-up phase. By the end of
the observation period, a-tocopherol showed no benefit, although donepezil therapy was
associated with a lower rate of progression to AD during the first 12 months of therapy. Major
adverse events were judged to be inconsequential. The implications of this study are not clear
in relation to the study by Sano et al [150] that showed slight slowing of progress of AD by
a-tocopherol in more advanced patients.

The Women’s Health Study (WHS) [151] added a placebo-controlled, double-blind end-of-
study trial using 600 IU of a-tocopherol every other day starting 5.6 years after initiation of
the WHS and running for four years’ duration. The initial trial enrolled 6,377 women, of whom
5,073 had mental status follow-up. No difference in decline in global cognition was observed
between the a-tocopherol and placebo groups. However, there was an encouraging trend for
partial protection of a composite verbal memory measure in the a-tocopherol group. Because
memory decline is a hallmark of early AD, this trend might have proven more promising in a
longer trial.

None of these studies used vitamin C in combination with a-tocopherol. It has long been known
that vitamin C recycles a-tocopherol and makes it more effective [152] and the Cache County
study (observational) reported an apparent benefit of vitamin C in combination with a-

tocopherol, but not with either alone (vide supra). However, two trials have used combinations
of antioxidants including vitamins E and C, although their focus has not been on AD. In The
UK Heart Protection Study, 20,536 adults (ages 40-80) with coronary disease, other occlusive
arterial disease, or diabetes received 600 mg “synthetic” vitamin E, 250 mg vitamin C, and 20
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mg B-carotene daily, or placebo [153]. Assuming that the large randomized groups were
cognitively equal at baseline, an ancillary study interviewed participants at the final follow-up
using the modified Telephone Interview for Cognitive Status [154,155]. No significant
differences were found in cognitive test scores after 5 years between the treatment and placebo
groups. The Age-Related Eye Disease Study used 400 IU vitamin E, 500 mg vitamin C, 15 mg
jB-carotene, 80 mg zinc 80, and 2 mg cupric oxide daily vs. placebo in 3,640 elderly subjects
[156]. Again assuming treatment group equivalence in cognition at baseline, after a median of
6.9 years of treatment an end-of-trial ancillary study administered a battery of six cognitive
tests to 2,166 subjects. Mean age at this point was 75 years. No significant difference in any
of the six cognitive tests between treatment and placebo groups was observed.

Grodstein et al [157] reported on the effect of 3-carotene on cognition in the Physician’s Health
Study Il (PHS-II), a long-term randomized trial with the primary outcomes of cardiovascular
disease and cancer prevention. Subjects received 50 mg B-carotene on alternate days or placebo.
Some subjects had been randomized to -carotene in the original Physician’s Health Study
(“old recruits”) and had mean treatment exposure of 18 years. The p-carotene arm also included
“new recruits” who had received the treatment for a mean of one year. During the final year
of PHS-11 almost 6,000 men over 65 years old were given a telephone cognitive test battery.
The “old recruits” who had received p-carotene had significantly higher mean global cognitive
scores and verbal memory scores than those on placebo. The trial also provided some evidence
that this apparent effect of B-carotene was not explained by any short-term cognitive effect of
the treatment, since there was no difference in scores between the treated and placebo groups
of “new recruits.” This rather complex end-of-trial study raises the question of whether long-
term exposure to antioxidants may be needed if there is to be an effect on the pathophysiologic
process involved in cognitive decline.

N-acetylcysteine (NAC) has some antioxidant properties, and a brief double-blind, placebo-
controlled, randomized trial of NAC was undertaken in 43 probable AD patients [158].
Participants received placebo or 50 mg/kg/day of NAC in three diluted doses. Primary outcome
measures were 6-month changes in Mini Mental State Examination Scores and ADLSs.
Assignment to NAC failed to produce significant alteration in primary outcome measures but
did result in significant improvement in letter fluency and Wechsler Memory Scale figure
reproduction. No significant adverse effects were reported. Although brief and inadequately
powered, this trial raises the possibility that NAC should be tried in lengthier and more
comprehensive trials.

A 1997 report described a double-blind, placebo-controlled, randomized trial of antioxidant
extracts of Ginkgo biloba leaf in patients with mild to severe AD or multi-infarct dementia
[159]. The study enrolled 309 participants who received either Ginkgo extract (120 mg/day)
or placebo. The active treatment group showed significant improvement on the Alzheimer’s
Disease Assessment Scale, cognitive component (ADAS-cog) and on the Geriatric Evaluation
by a Relative’s Rating Instrument. Twenty-seven percent of treated patients achieved at least
a4 pointimprovement on the ADAS-cog. No significant adverse events were reported. A recent
double-blind, placebo controlled pilot study of 118 cognitively intact individuals 85 years of
age or older demonstrated a small protective effect from Ginko extract on progression to MCl,
and a smaller decline in memory scores when controlled the medication adherence level
[160]. However this same study also had more ischemic strokes and transient ischemic attacks
in the treatment group.

There are currently two ongoing large antioxidant studies aimed at the prevention of AD, but
no data are yet available. The Ginkgo Evaluation of Memory study is an ongoing, double-blind,
placebo controlled, randomized trial designed to determine the efficacy of Ginkgo biloba

extract for prevention of dementia and AD [161]. Subjects receive 240 mg Ginkgo biloba or
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placebo daily. The primary outcome is incidence of all-cause dementia, with emphasis on AD.
The trial has completed recruitment of over 3,000 elderly volunteers. Initially a healthy
volunteer effect produced lower-than-expected incidence rates of dementia [162]. However,
several years into the study, the incidence rate has now increased steadily and approximates
that in many comparable population studies.

The Prevention of Alzheimer’s Disease by Vitamin E and Selenium (PREADVISE) study is
an ancillary study of over 6,600 males, (ages 60 to 89.5 years) enrolled in the Selenium and
Vitamin E Cancer Prevention Trial (SELECT). SELECT is a double-blinded phase 111 2 x 2
factorial double-placebo randomized controlled trial in which participants receive daily doses
of either a-tocopherol (racemic) (400 IU), selenium (200 pg), the two in combination, or
placebo. Individuals entering PREADVISE are cognitively intact. The treatment period will
range from seven to twelve years depending on when the participant entered SELECT. The
outcomes are incidence of MCI, AD, or other dementias. Results are expected in 2012.

In summary, despite promising basic science studies and some epidemiologic findings to
suggest that antioxidants are potentially beneficial in AD, clinical trials to date offer variable
support for such benefit. The lack of efficacy of a — tocopherol in the MCI trial [149] is not
surprising, not only because use of other vitamins such as C was proscribed, but also because
current data indicate that oxidative damage and neuropathological findings of MCI are
equivalent to those in the early dementia stage of the disease.

VIII. Conclusion

Transgenic mouse models show that increased oxidative damage is a relatively early event in
the pathogenesis of AD that can be suppressed by antioxidants. Data from autopsies of
individuals who died with MCI and CSF analysis confirm that advanced oxidative damage to
diseased regions of brain occurs early in the pathogenesis of AD, even before the onset of
dementia. Some epidemiologic studies suggest that increased antioxidant consumption from
food or supplements can suppress processes that underlie age-related cognitive decline and
may (perhaps relatedly) reduce the risk of incident AD; however, while these data are hopeful
that partial prevention of AD may be achieved with antioxidants, several epidemiologic studies
do not support this idea. The results of clinical trials so far have been modest at best, but likely
have been undermined by focusing on what are now known to be advanced stages of oxidative
damage. Clinical trials for AD prevention by antioxidants are still in their infancy. The results
of the two largest ongoing trials cited above are eagerly awaited. As suggested by the PHS-II
[157], treatment with antioxidants may require long-term studies, a consideration for planning
future trials. Meanwhile, major efforts should be undertaken to define more effective and safe
antioxidant agents for clinical trials.
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Table 1
Oxidative damage in murine models of AD
Strain Marker of oxidative damage Assay Finding Reference
APP (Tg2576) Lipid peroxidation: F2-1soPs GC/MS (modified method Increased in hippo and in [57,83]
plasma
Lipid peroxidation: F2-1soPs GC/MS (original method) No increase in cortex of aged [58]
animals
Lipid peroxidation: HNE Immunohistochemistry Increased in vicinity of Ap [163]
plagues
Lipid peroxidation: Oxidized Increased in cortex [64]
cholesterol
Oxidized protein: carbonyls “oxy-blot” westerns Increased in cerebral cortex [65]
carbonyls ELISA No increase in Cerebral [67]
cortex of aged animals
Antioxidant enzymes SOD and Immunohistochemistry Increased in vicinity of Ap [163]
HO-1 plagues
Other APP Antioxidant enzymes and HNE Immunohistochemistry Increased HNE; decreased [164]
(give name) SOD in Thy1-APP751 but
not PDGF-APP695
APP-PS1 F2-1soPs GC/MS (original method) Increased in APP-PS1 [165]
Protein carbonyls, HNE Slot-blot assay Both increased [69]
Tau (Human tau Protein carbonyls, 80OHdG Carbonyls by western, Both increased [70]

isoform)

80hdG by
immunohistochemistry
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Table 2
Antioxidant interventions in murine models of AD

Strain Antioxidant intervention Qutcome Reference]

APP (Tg2576) Vitamin E, Isoform not specified| Decreased F,-1soPs in both old and young mice; decreased A only [76]
in young mice

Human tau a-tocopherol Decreased carbonyls, decreased 8-OHdG, decreased tau pathologic [70]
changes

APP (Tg2576) Melatonin Decreased AB burden in young mice [82]

APP (Tg2576) Melatonin No effect on F,-1soPs or AB burden in older plaque-bearing mice [83]

APP (Tg2576) Lipoic acid Improved spatial memory but no change in AR [59]

APP-PS1 pyrrolidine dithiocarbamate Improved spatial memory but no change in AB [84]

APP (Tg2576) Co-enzyme Q Reduced vulnerability to ischemia, effect on AB not assessed [85]

APP (Tg2576) Curcumin Reduced carbonyls and reduced AB burden [80]
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Macromolecular modifications of reactive oxygen species measure in human autopsy tissue from MCI and AD.

MCI

LOAD

Lipid

1 thiobarbituric acid reactive substances and malondialdehyde in|
TL [91]; 1 Fy-IsoP in FL, PL and OL, F,-NeuroP in PL and OL,
[166]; 1 HNE in HP, SMTG and CBLM and acrolein in SMTG
[167]; 1 protein bound HNE in HP and PL [168]; 1 12 (s)-and 15
(s) hydroxyeicosatetraenoic acid a[169]; loss of phosphatidyl
asymmetry in PL. b 1701

1 HNE, acrolein, F,-1soPs, and F4—Neur0PsC (reviewed in [88'
171]); 1 12 (s)-and 15 (s) hydroxyeicosatetraenoic acid a [169]

Protein

1 Protein carbonyls in SMTG [91]; 1 PIN-:B ap-enolase,
glutamine synthetase, and pyruvate kinase ~ in the HP [172];

1 Protein carbonyls in FL and OL [173]; 1DJ-1 [174], Cu-Zn
superoxide dismutase [175] and ubiquitin carboxyl terminal
hydrolase d [176]; tpeptidyl prolyl cis trans isomerase,
phosphoglycerate mutase 1, ubiquitin carboxyl terminal
hydrolase 1, dihydropyrimidinase related protein-2, carbonic
anhydrase |1, triose phosphate isomerase, alpha-enolase and
gamma-SNAP * in HPG and NS difference in oxidatively
modified protein from CBLM [177]; 1 oxidation of cysteine
proteases in LOAD HP [178]; | oxidative modification of
mitochondrial glutamate dehydrogenase and cytosolic malate
dehydrogenase FL [179]

DNA

1 8-OHG in nDNA from FL and TL; 1 5-OHC in nDNA from
FL,PL,and TL;andin mtDNAf of FL; 8-OHA were significantly|
elevated in nDNA of FL, PL, and TL; FapyAdeninef in nNDNA
and mt DNA in FL. PL, and TL [180].

3x18-0OHG in PL in mtDNA but NS in nDNA [181]; 1 8-OHG,
8-OHA, and 5- OHC in total DNA in PL; 1 thymine glycol,
FapyAdenine, FapyGuanine and 5-OHU in multiple brain
regions [182]; reviewed in [86].

RNA

18-OHG in PL, HP and CBLM [101,183] | rRNA and tRNA and]

protein synthesis capacity in PL but NS in CBLM[101]

18-OHG in HP[184]

Abbreviations: 5-OHC - 5-hydroxycytosine; 8-OHA - 8-hydroxyadenine; FapyAdenine -4,6-diamino-5-formamidopyrimidine; 5-OHU - 5-
hydroxyuracil (degradation product of cytosine in various brain regions in AD)

aby—products of 12/15 lipoxygenase peroxidation of arachidonic acid.

bThought to be mediated by HNE.

cValues in MCI and LOAD brain are comparable.

dSpecifically oxidatively modified proteins identified by redox proteomics.

e . . I I .
suggesting attempted correction of oxidative modification of proteins.

Two-way ANOVA showed that 8-OHG (p < 0.04), fapyadenine (p < 0.001) and 5-OHC (p < 0.004) in mtDNA were significantly increased in neocortical
regions compared to CBLM
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