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1. ABSTRACT

Diminished metabolism and excessive oxidative
stress occur in the brains of patients with Alzheimer's
Disease (AD). These abnormalities in oxidative processes
occur in the brain in early stages of AD, which suggests
that the deficits are not just secondary to the neuro-
degeneration. Alterations in oxidative processes also occur
in early stages of AD in non-neuronal tissues including
fluids (e.g., cerebrospinal fluid, plasma and urine), cell like
particles (e.g., red blood cells and platelets) and cells (e.g.,
lymphocytes). AD-related abnormalities also persist in
cultured cells such as fibroblasts, which indicates that the
AD-related changes are not secondary to pathology, and
reflect inherent properties of AD cells. These measures of
abnormalities in oxidative processes in peripheral cells
from AD patients have the potential to be useful as
diagnostic markers, as indicators of the progression of the
disease, as a tool to develop therapeutic approaches and as
monitors of therapeutic efficacy. The periphera cells are
also useful for discovering mechanisms that underlie the
multiple changes in cell signaling pathways that accom-
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pany AD. Several experimental approaches suggest that
oxidative stress is a convergence factor that leads to many
other AD-related changes. This review focuses on the
considerable recent progress in the quest for markers of
metabolism/oxidative stress in periphera tissues from AD
patients, and on experiments to test their pathophysiol-
ogical importance.

2. INTRODUCTION

2.1. Abnormalities in metabolism and oxidative stress as
early indicators of AD

Oxidative stress and abnormalities in glucose
metabolism likely have a mgjor role in the pathogenesis of
Alzheimer's disease (AD). Studies in brain provide
overwhelming evidence that glucose metabolism by the
brains of AD patients is diminished, and that the brains of
AD patients are undergoing excessive oxidative stress.
These changes have been reviewed extensively (1-6).
Whether these abnormalities cause, or result from, the
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Table 1. Peripheral tissues that have been used to examine
the role of abnormalities in metabolism and oxidative stress
in AD
Fluids
- CSF
- Serum
- Plasma
- Urine
“Cell like’ components
- Platelets
- Red blood cells
Cybrids
Célls
- Lymphocytes
- Transformed lymphocytes (i.e., lymphaoblasts)
- Fibroblasts

pathology is not practica to decipher in human brain
because of the difficulty of evaluating temporal changes of
critical variables in living patients. Although temporal
changes in metabolism in human brain can be accurately
assessed, sequential evaluations of brain pathology or
oxidative stress is not possible. Nevertheless, recent results
provide strong evidence that altered metabolism and
oxidative stress precede the clinical symptoms and the
development of pathology.

Recent studies demonstrate that deficits in
glucose metabolism and abnormalities in oxidative stress
occur in early stages of AD. Glucose utilization, as
determined by 2-(*®F)fluoro-2-deoxy-d-glucose/positron-
emission tomography, was diminished in 25% of a healthy,
elderly population. In this population, reductions in glucose
utilization in the entorhinal cortex predict subsegquent
involvement of the hippocampus and neocortex, and
accurately predict the conversion from normal cognition to
“mildly cognitively impaired”. Among those subjects who
decline, apolipoprotein E4 carriers, a known risk factor for
non-genetic forms of AD, show marked longitudinal
reductions in temporal neocortex. Thus, a decline in
glucose metabolism in norma elderly predicts future
reductions in cognition and brain metabolism (7). A second
study examined the relation of oxidative stress to the
pathology of AD in transgenic mice. These experiments
utilized transgenic mice, because making temporal
measures of pathology and oxidative stress in humans is
not feasible. The results demonstrate that measures of
oxidative stress in the periphery precede the formation of
plaqgues in the brain, a hallmark of AD. Isoprostanes, a
common measure of oxidative stress, increase in the urine
and plasma before plagues occur in the brains of these
transgenic mice. This provides strong evidence that
oxidative stress is an early event in AD, and that changes
occur in the peripheral tissues as well as in the brain.
Peripheral measures, unlike those in brain can be monitored
to determine the extent of the disease and perhaps to
monitor therapeutic efficacy (8).

2.2. Theuse of peripheral tissuesin the study of AD
Considerable evidence suggests that AD may not
simply be a brain disease, but that changes occur in
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peripheral tissues as well. The presence of replicable, AD-
specific changes in non-CNS tissues would be important
for understanding the mechanism(s) leading to the disease
and for the development of new therapeutic approaches.
The changes in periphera tissues that mimic those in the
CNS would suggest that the aterations in brain are not
secondary to neurodegeneration, but reflect inherent
abnormalities in the cells that may lead to the neuro-
degeneration. The changes in peripheral tissues could be
used to diagnose the disease, to determine the precise
nature of the oxidative damage (i.e., the nature of the
radicals), to study the origin of these species, and to
develop therapeutic approaches. The development of
efficient methods for examining a large number of genes
has created another potentially valuable use of peripheral
cells in AD research. Since these cell populations are
homogeneous compared to brain, it is possible to screen
them for unknown gene defects that are altered (or induced)
by AD (9). Although several measures of oxidative stress
and metabolism have been reported in the periphery, none
has proven to be diagnostic, and few have been replicated
in multiple laboratories. This review updates our previous
overview on changes in oxidative processes and metab-
olism in non-neurona tissues of AD patients (10). In
general, the state of the field at the time of the previous
review (10) is presented, and new findings that were
reported in 2001 are reviewed in detail.

2.3. Comparison of tissues to test for non-neuronal
changesin AD

A variety of tissues have been used to test for
AD-related changes in metabolism and oxidative stress
(Table 1). Cerebrospinal fluid (CSF) bathes the brain, so it
likely reflects the changes in the brain better than other
tissues. CSF samples a so reflect changes in the spina cord.
However, the movement of CSF from brain to site of
sampling requires considerable time, and samples of CSF
are relatively difficult to obtain. On the other hand,
plasmal/serum, urine, platelets and red blood cells are
readily accessible. However, the changes in these tissues
also reflect the patients’ diet and/or drugs, and cannot be
used to study cell properties. Abnormalities can reflect
either acute (e.g., the presence of drugs) or chronic changes
(e.g., changes in membranes due to diet) in oxidation.
Platelets can either be studied directly or by transferring
mitochondrial DNA from the platelets of the living patients
into neuroblastoma cells to create cybrids. The disad-
vantage of cybrids is that the cells have a different nuclear
genetic background than the patients, and the phenotypes
return to normal across time. Lymphocytes have the
advantage that they are cells, so that cellular signaling
properties and the interaction of the patients' genome with
mitochondria and oxidative stress can be assessed.
However, lymphocytes reflect the patients' diets and drugs,
because they are generally used immediately after isolation
from the patient. Lymphoblasts have the advantage that the
effects of the patients' drugs and diets have little influence
because the cells are maintained in culture. However,
lymphoblasts are transformed cells, which have many
abnormal cellular properties. Fibroblasts are non-
transformed cells with the advantages of being maintained
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Table 2. Important properties that may compromise the use

or interpretation of periphera tissues in the study of

abnormal metabolism or oxidative stress

- Accessibility

- Presence of the patients' mitochondria

- Presence of patients' nuclear genome

- Non-transformed cells

- Minimization of drug or diet effects

- Ability (and possibility) to reproduce measures between
|aboratories

in culture. No marker of AD-related abnormalities in
oxidative stress has been identified in all of these tissues.
The qualities that are desirable in tissues that will be used
to examine periphera markers are summarized in Table 2.
A marker in the body fluids that is disease specific would
obviously be helpful. However, cells (or platelets) that
actually contain mitochondria are more helpful for
mechanistic studies, and for the development of therapeutic
regimens related to changes in oxidative processes.

One difficulty that has slowed the use of per-
ipheral tissues in AD research is the lack of reproducibility
between laboratories. Determining the same measure on the
same sample assures that a technical difference does not
account for different reports on various patient populations.
However, repeat measures on some tissues such as CSF
from a single patient is difficult because of the sample
availability. Cultured cells such as lymphoblasts or fibro-
blasts are particularly advantageous in this regard because
they can be produced in large quantities, stored in liquid
nitrogen, and then shipped to laboratories all over the
world. This provides a large supply of essentially identical
cells that can be studied in multiple laboratories.

3. MEASURESIN CSF ASMARKERS OF AD-RELA-
TED CHANGES IN METABOLISM AND OXIDAT-
IVE STRESS

Measurements in the CSF support the suggestion
that the AD brain is undergoing considerable oxidative
stress. Previous results on CSF suggest that the levels of
antioxidants are lower in CSF of AD subjects, and that
proteins, nucleic acids and lipids show evidence of ongoing
oxidative stress (10). New results confirm and extend those
findings. For example, concentrations of melatonin, a
potent antioxidant, decreases in CSF of AD patients (11).
Previously reported measures of oxidative stress in CSF of
AD patients overlapped with that from control subjects.
The ratio of 8-hydroxyguanine (8-OHG) levels in intact
DNA to free 8-OHG in the ventricular CSF of patients
provides a sensitive measure of DNA oxidation. Recent
results suggest a statistically significant 108-fold increase
in the ratio of 8-OHG in intact DNA to free 8-OHG in
patients with AD. The lowest AD ratio is 3.5 times higher
than the highest control ratio and the two populations do
not overlap. Thus, the ratio of 8-OHG intact in DNA to free
8-OHG delineates between patients with AD and control
subjects, and may be useful as a marker of disease
progression or the efficacy of therapeutic antioxidant
intervention (12). Not only nucleic acids but also lipids
show evidence of oxidative damage |soprostanes,
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prostaglandin isomers formed by peroxidation of polyun-
saturated fatty acids, are elevated in CSF of AD patients
(13). The increase in isoprostanes is correlated to the sev-
erity of the dementia, to increases in CSF tau and the
decrease in CSF amyloid beta peptidel-42 (13). Changesin
the level of an early glycation product in CSF were studied
with ageing and in late-onset AD. The level of CSF
glycation product is 1.7-fold higher in AD patients as
compared with non-demented age-matched control group.
An increased accumulation of glycation products is found
in al major proteins of CSF of AD including albumin,
apolipoprotein E and transthyretin. The increased early
glycation of CSF proteins in the AD patients may stimulate
the formation and the consequent deposition of advanced
glycation end products as well as oxidative stress in the
brain (14). Together these new results enhance the
conclusion that during AD, oxidative stress damages
macromolecules in the CSF, and that the ability to remove
reactive oxygen species (ROS) (i.e., antioxidant capacity) is
diminished.

Activation of microglia and astrocytes can also
lead to oxidative stress in brain. To test whether
compounds in the CSF from AD patients can activate these
cells, CSF from AD patients was added to rat microglia and
astrocytes. The concentration of nitric oxide or interleukin-
6 (i.e., two measures of activation) is not increased by CSF
from AD patients. Whether other proinflammatory cyto-
kines are activated is unknown. These findings suggest that
the stimuli for inflammatory activation of gliain brain are
quite localized, and are not present in sufficient concen-
trationsin the CSF of affected patients (15).

4. AD-RELATED CHANGES IN PLASMA/SERUM
AS MARKERS OF ALTERED METABOLISM AND
INCREASED OXIDATIVE STRESS

Plasma provides a readily accessible tissue to
monitor the response to oxidative stress. Plasma reflects
multiple aspects of al of the organs of the body: nutrition,
drugs, stress, time of day that samples are taken, time after
eating, etc. This may explain why the results on measures
of oxidative stressmetabolism in plasma are highly
variable between laboratories. No reports exist in which
multiple groups have examined the same samples to
determine if apparent discrepancies are technical, or true
differences between patient populations. In general,
previous studies show that in AD plasma concentrations of
antioxidants are diminished while oxidized species increase
(20).

Between laboratory discrepancies persist in
recently published results. One study compares markers of
oxidative stress in carefully characterized control and AD
populations. Both groups include normally nourished
elderly people living a home, free from disease and not
undergoing any treatment that influences oxidative stress
markers or antioxidant defense systems. The groups are
similar in age, body mass index, dietary record and serum
albumin concentration. After adjustment for age, sex and
cardiovascular co-morbidity, mean plasma concentrations
of aphatocopherol and retinol are about 20% lower in AD
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subjects than in controls. On the other hand, the mean
concentration of free plasma malondialdehyde in this same
population is about 40% higher in subjects with AD. In AD
patients, free plasma malondialdehyde concentrations
correlate inversely with levels of alphatocopherol and
retinol. The lower plasma concentrations of apha
tocopherol and retinol in the AD patients suggest that these
antioxidant vitamins had been consumed as a result of
excessive production of free radicals (16). A second study
of a carefully selected population reports no differences in
malondialdehyde (17). However, in this population another
oxidized species, 4-hydroxynonena (4-HNE), is about 2.5
times higher in plasma from AD patients compared to
controls, and levels of ascorbate are reduced by more than
half in the AD group. In this population, the levels of 4-
HNE in AD patients are inversely related to ascorbate and
to the Folstein Mini-Mental State Examination. The
concentration of protein sulphydryls, which are free-radical
scavengers, are also directly related to the Mini-Mental
State Examination scores. (17). Another study reports that
isoprostanes, prostaglandin isomers formed by free radical
peroxidation of polyunsaturated fatty acids, are elevated in
plasma (13). Thus, recent studies in plasma confirm that the
concentrations of antioxidants are lower, and compounds
produced by ROS are increased. However, which com-
pounds are found to be altered varies between laboratories.

Plasma measures are more reliable in transgenic
mice because animals' diets. Drugs and behavior are well
controlled. Plasma levels of isoprostanes (i.e., 8,12-iso-
iPF(2alpha)-VI) are elevated as early as 8 months of age in
transgenic animal models of plaque formation. In these
same mice, amyloid-3 peptide deposits do not occur until
12 months of age (13). These studies suggest that oxidative
stress in plasma precedes plaque formation in brain in AD
patients, and that the changes in plasma isoprostanes could
be used as an endpoint to monitor therapeutic efficacy.

5. MEASUREMENTS IN URINE AS EVIDENCE OF
AD-RELATED OXIDATIVE STRESS

Oxidized metabolites can be readily measured in
urine, and these are elevated in AD patients compared to
controls. Increases in the isoprostane iPF(2alpha)-I11 in the
urine of patients with mild to moderate dementia are
associated with probable AD compared to non-demented
subjects (13,18). 2,3-Dinor thromboxane B(2) (dinor
TXB(2)), a urinary metabolite of TXB(2), an indicator of
the enzymatic transformation of a product of arachidonic
acid, is also elevated in AD patients with dementia and
probable AD as compared to the non- demented subjects.
Values of iPF(2alpha)-11l1 and dinor TXB obtained for
demented and non-demented patients overlap (2). Increases
in urine prostanes also precede plague formation in the
brain in transgenic animal models of plague formation.
Levels of urinary 8,12-is0-iPF(2alpha)-V1 increase in urine
months before plagues are formed in the brain (8). These
results suggest that 8,12-iso-iPF2alpha-VI is a useful
biomarker of oxidative damagein AD (8,13).

Glucocorticoids can promote cell death. Gluco-
corticoid production is nearly three times higher in AD
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versus healthy elderly control subjects. The elevated
concentration is related to an increase in glucocorticoid
production, which is an early feature of AD (19).

6. ABNORMALITIES IN METABOLISM AND
OXIDATIVE STRESS IN PLATELETS FROM AD
PATIENTS

Metabolic changes in platelets are well known,
and current studies focus on the role of oxidative stress or
altered metabolism on the processing of amyloid precursor
protein (APP). Cytochrome c oxidase, but not complex Il
(ubiquinol:cytochrome ¢ oxidoreductase) or complex Il
(succinic dehydrogenase), is reduced in platelets from
patients with AD (20). Platelets and neurons both contain
large quantities of two carboxyl-truncated 120 to 130 and
110 kDa APPs. Platelets from AD patients contain a
reduced ratio of these APPs. The accuracy of the ratio to
identify AD is high. Decreased values are found throughout
the course of AD, and are associated with severity of
symptoms. Some results suggest that platelet APP ratiois a
potential clinical marker because the ratio patterns become
more control like with effective treatments (21,22). The
release of secreted beta-amyloid precursor protein
(AbetaPPs) in response to thrombin stimulation in platelets
is sengitive to oxidative stress and/or altered metabolism.
Thrombin produces a concentration-dependent release of
AbetaPPs with a concomitant reduction in the AbetaPP
remaining in the platelet lysates. The response to thrombin
is not affected by pretreatment with hydrogen peroxide. In
contrast, pretreatment with azide, which blocks cyto-
chrome oxidase, or 4-HNE reduces the responses of Abeta
PP to thrombin (23). Thus, platelets can be used to test the
interaction of oxidative processes with amyloid processing.

Calcium homeostasis is atered in platelets from
AD patients, has been implicated in the neuropathogenesis
of AD, and is sensitive to oxidative stress and altered
metabolism. Whether changes in cytosolic calcium level
([Ca™7;) are the result or the cause of pathogenic effects is
not clear. The basal values of [Ca?']; in the absence of
extracellular Ca?* are significantly lower in platelets of
patients with early stages of AD than controls. The addition
of calcium to the incubation medium markedly increases
[Ca®]; in platelets of AD patients compared to controls.
The results suggest that the disturbed calcium homeostasis
in AD is an "early defect." (24). Calcium responses are
sensitive to metabolic inhibitors such as azide, which im-
pairs the respiratory chain, and increases ROS production.
Azide reduces the Ca®" response to serotonin without a
corresponding reduction in the responses to thrombin or
beta-amyloid(25-35). In contrast, the effect of azide upon
the response to serotonin is not blocked by glutathione or
dithiothreitol. The Ca?* response to thrombin is greatly
reduced by azide, but not by 4-HNE (25).

7. RED BLOOD CELLS AND AD-RELATED
CHANGESIN METABOLISM/OXIDATIVE STRESS

Reports on changes in oxidants/metabolism in red
blood cells are variable. They demonstrate that changes in
oxidative processes can be measured in red blood cells, but
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which variable changes in which direction varies between
laboratories and/or patient populations, and none of the
variables are diagnostic for AD. For example, one study
suggests that erythrocyte levels of antioxidant vitamins
(alpha-tocopherol, retinol) and erythrocyte enzymatic
activities of glutathione peroxidase and copper-zinc
superoxide dismutase are similar in the AD and control
groups (16). On the other hand, a second report suggests
that superoxide dismutase activities are higher in AD
patients than controls, while catalase, glutathione and
thiobarbituric acid reactive substances are similar in the
two groups (26).

8. RESULTS WITH CYBRIDS REVEAL A RELATION
OF OXIDATIVE STRESSMETABOLISM TO AD

Transferring mitochondria from platelets ob-
tained from disease and control donors into mitochondrial
DNA-depleted recipient neuron-based cells (rho 0 cells)
creates cytoplasmic hybrid (cybrid) cells where the mito-
chondrial DNA (mtDNA) from the donor is expressed in
the nuclear and cellular background of the host rho 0 cell.
Any differences reflect the mitochondrial DNA of platelets
from the patients. Previous reports indicate that cybrids
from AD patients have reduced activity of complex 1V, as
well as atered homeostasis of calcium and ROS. Recent
studies indicate that AD cybrids are more sensitive to
apoptotic oxidative stress (H,O,) and have dysfunctional
nerve growth factor metabolism (27). Furthermore, the
average velocity of mitochondrial movement is reduced
about 25% in AD cybrids. The AD cybrids also have fewer
and more elongated mitochondria than controls (28).

9. LYMPHOCYTES REFLECT ABNORMALITIES
IN OXIDATIVE STRESS'METABOLISM IN AD

Previous studies of lymphocytes demonstrate that
elevated oxidative stress occurs in cells from patients with
AD, and that AD cells are more senditive to irradiation-
induced damage. Recent studies focus on the functional
implication of those changes. Apoptotic cell death is often
considered to be a likely mechanism of cell death in AD.
The vulnerability of lymphocytes from AD patients to
undergo apoptosis is increased compared to non-demented
elderly controls and relative to patients with subcortical
vascular encephalopathy as another, but demented, control
group. Quiescent 'native’ and ‘activated' lymphocytes from
AD patients, which were predisposed to commit apoptotic
cell death by priming the cells with interleukin-2,
accumulate apoptosing cells to a higher extent in spon-
taneous and in oxidative stress-induced in vitro apoptosis.
The comparable findings of a higher extent of apoptotic
features in neurons and in peripheral blood cells of AD
patients suggest a rather general modulation of apoptotic
mechanisms by the disease (29). Lymphocytes from PS1
mutant transgenic mice show a similar hypersensitivity to
cell death as do peripheral cells from AD patients and
severa cell culture systems expressing PS1 mutations. The
enhancement of cell death by PS-1 mutation is associated
with increased production of ROS and altered calcium
regulation, but not with changes in mitochondrial
cytochrome ¢ (30). Thus, severd lines of evidence suggest
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that lymphocytes from AD patients have abnormalities in
their ability to handle oxidative stress and this promotes
apoptosis.

10. CHANGES IN LYMPHOBLASTS THAT SUGGEST
OXIDATIVE ABNORMALITIESACCOMPANY AD

Studies of lymphoblasts, immortalized lympho-
cytes, support the suggestion that an altered ability to
handle oxidative stress is an inherent property of cells from
patients with AD. The use of these cultured cells has the
advantage that any effect is not secondary to the patients’
diet or drugs. Previous studies with lymphoblasts found
AD-related differences in glutathione metabolism, and a
diminished ability to repair DNA, but none of the
differences were diagnostic for AD. The development of
efficient methods for examining a large number of genes
has created another valuable use of peripheral cellsin AD
research. Since these cells are homogeneous compared to
brain, lymphoblasts can be used to screen for unknown
gene defects that ater (or induce) AD (9). Marked
depletion of mRNA of one member of the apoE/low
density lipoprotein receptor family (LR11, SorLA) was
discovered in AD lymphocytes. Subsequent testing in brain
homogenates confirmed that the mRNA is also severely
depleted in brain. The large numbers of genes involved in
oxidative metabolism and the cells ability to handle
oxidative stress have not been studied by this powerful
approach.

11. CHANGES IN FIBROBLASTS SUGGEST THAT
OXIDATIVE STRESS AND ABNORMAL METAB-
OLISM ACCOMPANIESAD

Fibroblasts provide several advantages for testing
whether cells from AD patients have an atered ability to
handle oxidative stress. They have same genetic
background as the patient. They have normal levels of any
mutant protein, and the expression of the mutant protein is
under norma cellular controls. This is important because
the genetic background of cells and level of the protein
alter the effects of AD-producing mutations. Fibroblasts
have not been transformed, which can alter cellular
signaling. Fibroblasts are maintained in culture so that any
contributions from patient’'s blood, nutrition, drugs, stress
or products of neurodegeneration are diluted millions of
times. Any finding can be tested by multiple laboratories
using the same cells, since large quantities of these cells
can be frozen and shipped all over the world (31-34). These
cells can be used for studies on mechanism. Thus, the use
of fibroblasts appears to be a particularly valuable approach
for testing whether oxidative stress is secondary to
neurodegeneration.

A comparison of the ability of control and AD
fibroblasts to respond to oxidative stress provides a test of
whether an altered ability to handle oxidative stress is an
inherent property of AD cells. Basa (-10%) and H,0, (-
16%) stimulated levels of ROS are only dightly lower in
cells from AD subjects than controls. However, treatments
with antioxidants reveal clear differences. Pretreatment
with DMSO, a scavenger of hydroxyl radicals, reduces
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Figure 1. H2O2-induced ROS diminishes KGDHC and

exaggerates bombesin-releasable calcium stores. Fibro-
blasts were treated with various concentrations of H,O, .
The increase in ROS was monitored with cH,DCF. Internal
calcium stores were determined by adding low concen-
trations of bombesin. KGDHC was determined in cell
lysates after treatment with H,O, (35).

basal and H,O,-induced ROS levels significantly more in
cells from controls (-22%, -22%) than in those from AD
subjects (-4%, +14%). On the other hand, pretreatment with
Trolox diminishes H,O,-induced ROS significantly more in
cells from AD (-60%) than control (-39%) subjects. Thus,
cells from AD patients have greater Trolox-sensitive ROS
and less DM SO-sensitive ROS than controls. The results
demonstrate that fibroblasts from AD patients respond to
stress differently than controls, and appear useful for
determining the mechanism underlying the atered redox
metabolism (35).

Fibroblasts from AD patients are more sensitive
than controls to ROS, and ongoing studies are beginning to
define which reactive species may be involved. Fibroblasts
from familial AD patients are more sensitive than control
fibroblasts to oxygen metabolites generated by the enz-
ymatic oxidation of acetaldehyde (36). Iron increases
calcium uptake more in cells from AD patients than in cells
from controls. Pretreatment with U-74500A, or desferox-
amine, prior to exposure to iron, is able to completely
protect control mitochondria, but only partialy protect AD
mitochondria (37). The levels of free radical scavenging
enzymes do not mediate these differences. Fibroblast SOD-
and SOD mRNA levels are significantly higher in AD
patients over 65 years of age, while they are lower in
patients under 65 years (38).

Measures of cell survival and DNA repair in
response to a variety of treatments that generate oxidative
stress also show that fibroblasts from AD patients respond
differently to stress than controls. AD cells, unlike normal
cells, are slow, or fail, to repair DNA damage from
methylmethane sulfonate (39), N-methyl-N'-nitro-N- nitro-
soguanidine (40) or varying concentrations of akylating
agents (41). Fibroblasts from AD patients have abnormal
DNA repair mechanism for damage due to irradiation, beta
cytosine arabinoside or caffeine (42). Taken together the
results suggest that AD cells have an atered ability to
repair DNA following oxidative insults. Trippi et a. (43)
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evaluated spontaneous and chemically-induced cytogenetic
alterations by means of the micronucleus test in skin
fibroblasts of patients with non-genetic or familial AD. The
spontaneous micronucleus frequencies of sporadic and
familial AD patients are nearly three times higher than
those of the control groups. On the other hand, chemical-
induced increases in the spontaneous micronucleus
frequency of somatic cells were less in al AD patients
compared with the control group (43).

Fibroblasts from AD patients are also more
sensitive to inhibition of metabolism. Although aglycemia
reduces SAPP release in the medium of both AD and
control fibroblasts to a similar extent, treatment with azide
under glucose deprivation inhibits SAPP secretion from AD
fibroblasts, but does not affect SAPP secretion from control
fibroblasts (44).

12. USE OF PERIPHERAL TISSUES TO STUDY
MECHANISMSAND POTENTIAL THERAPIES

Another related use of peripheral cells is to use
them to discover the mechanisms underlying AD-related
abnormalities that are present in the cells. The advantage of
using peripheral cells to examine mechanisms is that the
studies can be done in the genetic background of the patient
rather than in a cell that has a totally different genetic
background (e.g., cells transfected with AD-causing
mutations). The genetic background does modify the
response of cells that over express the mutant protein.
Fibroblasts from patients with genetic and non-genetic
forms of AD show many abnormalities. These changes
have been reviewed previously (31,32,33). The increased
bombesin-releasable calcium stores (BRCS), diminished
activities of the mitochondrial a-ketoglutarate dehydro-
genase complex (KGDHC), and an abnormal response to
oxidative stress are characteristic of AD cells. The link
between genetic mutations (and the unknown primary event
in non-genetic forms) and these other cellular abnormalities
is unknown. To determine whether oxidative stress could
be a convergence point that produces the other AD-related
changes, experiments tested in fibroblasts the effects of
H,0,, in the presence or absence of select antioxidants, on
BRCS and KGDHC. H,O, concentrations that €elevate
carboxy-dichlorofluorescein (cH,DCF) detectable ROS in-
crease BRCS and decrease KGDHC activity (35). These
changes are in the same direction as those in fibroblasts
from AD patients (Figure 1). In addition, recent studies
indicate that exaggeration of this same calcium pool leads
to over activation of ERK1/2 in AD fibroblasts (45).

Correction of these abnormalities by a com-
pound(s) would suggest the compound(s) could be effective
therapeutic agents. Acute treatments of fibroblasts with the
antioxidants Trolox, or DMSO decrease cH,DCF-detec-
table ROS by about 90%, but exaggerate the H,O,-induced
increases in BRCS by about four-fold, and do not alter the
reduction in KGDHC. Chronic pretreatments with Trolox
more than double the BRCS, triple KGDHC activities, and
reduce the effects of H,O,. Thus, Trolox improves one AD-
like effect induced by oxidative stress, but exaggerates one
of the other effects. Pretreatment with DMSO or N-
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acetylcysteine diminishes the BRCS and either has no
effect, or exaggerates the H,O,-induced changes in these
variables. The results demonstrate that BRCS and KGDHC
are more sensitive to H,O,-derived species than cH,DCF,
and that oxidized derivatives of the antioxidants exaggerate
the actions of H,0,. The findings support the hypothesis
that select abnormalitiesin oxidative processes are a critical
part of a cascade that leads to the cellular abnormalities in
cells from AD patients. They also indicate that common
antioxidants cannot correct AD related abnormalities in
these signals.

Changes in oxidative stress can aso be
convincingly related to formation of plaques and tangles.
Changes in oxidation lead to tau hyperphosphorylation
(46), dimerization, and polymerization into filaments (47),
which are associated with tangle formation. Changes in
oxidation also promote production of amyloid beta-peptide,
which promotes plague formation (48,49). Thus,
considerable data are consistent with the idea that the
ability to handle oxidative stress is the underlying cause of
other abnormalities in AD (i.e.,, a convergence factor).
Thus, appropriate measures of abnormalities in oxidative
processes may be good diagnostic markers.

13. PERSPECTIVE

Overwhelming evidence indicates that brains of
AD patients have reduced metabolism and are experiencing
exaggerated oxidative stress. Measurements in a variety of
non-brain tissues verify that AD patients are undergoing
oxidative stress and dimished metabolism. Severa reports
suggest that these peripheral markers may monitor the
severity of the disease, and can be used as endpoints to
monitor therapeutic efficacy. Experiments on patients’ cells
that are maintained in culture provide a powerful tool to
understand the cause and effect of aterations in oxidative
stress/metabolism. The results from studies of brain and
non-brain tissues strongly suggest that abnormalities in
metabolism and the ability to handle oxidative stress are
inherent properties of cells from patients with AD and not
just secondary to neurodegeneration. Experiments in non-
CNS cells suggest that specific forms of oxidative stress
may cause the AD-related aterations in signal transduction
and metabolism, and that specific antioxidants, or
antioxidant enzymes, may ameliorate the abnormalities.
Since the cells have the patient’s genetic background these
cells may be useful to develop patient specific therapeutic
approaches.
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