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Abstract
We investigated oxidative stress in human postmortem frontal cortex from individuals characterized
as mild-cognitive impairment (n = 8), mild/moderate Alzheimer disease (AD) (n = 4), and late stage
AD (n = 9). Samples from subjects with no cognitive impairment (n = 10) that were age- and
postmortem interval-matched with these cases were used as controls. The short postmortem interval
brain samples were processed for postmitochondrial supernatant (PMS), non-synaptic mitochondria,
and synaptosome fractions. Samples were analyzed for several antioxidants (glutathione [GSH],
glutathione peroxidase [GPx], glutathione reductase, glutathione-S-transferase [GST] glucose-6-
phosphate dehydrogenase, superoxide dismutase [SOD], catalase) and the oxidative marker,
thiobarbituric acid reactive substances. The tissue was also analyzed for possible changes in protein
damage using neurochemical markers for protein carbonyls, 3-nitrotyrosine, 4-hydroxynonenal, and
acrolein. All 3 neuropil fractions (PMS, mitochondrial, and synaptosomal) demonstrated significant
disease-dependent increases in oxidative markers. The highest changes were observed in the
synaptosomal fraction. Both mitochondrial and synaptosomal fractions had significant declines in
antioxidants (GSH, GPx, GST, and SOD). Levels of oxidative markers significantly correlated with
Mini-Mental Status Examination scores. Oxidative stress was more localized to the synapses, with
levels increasing in a disease-dependent fashion. These correlations implicate an involvement of
oxidative stress in AD-related synaptic loss.
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INTRODUCTION
Oxidative stress is defined as a marked imbalance between the reactive oxygen species (ROS)
and its removal by antioxidant system. This may originate from an overproduction of ROS or
from a reduction in antioxidant defenses (1,2). Brain tissue has multiple potential sources of
ROS (3) and a large oxidative capacity, but its ability to combat oxidative stress is limited
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(4). Increasing evidence suggests that oxidative stress that is normally associated with aging
is a prominent and early feature of Alzheimer disease (AD) and plays a role in its pathogenesis
(5–7).

Glutathione (GSH) is a well-known antioxidant that is synthesized in the cytoplasm and is
present in higher concentrations in the mitochondrial matrix. Since the majority of oxidized
GSH (GSSG) forms are under oxidative stress (8), several different enzymes are necessary to
reduce GSSG to maintain the GSH/GSSG ratio. Under severe conditions of oxidative stress,
cells are not able to maintain the appropriate GSH/GSSG ratio, causing an accumulation of
GSSG and resulting in protein modifications. The level of GSSG is a key factor in determining
neuronal susceptibility to ROS/reactive nitrogen species (RNS)-mediated neuronal injury (9–
11). The cytosolic GSH pool is critical for maintaining plasma membrane integrity and
adenosine triphosphate (ATP) levels in synaptosomes (12).

The widespread occurrence of protein nitration in neurons is due to increased oxidative stress
(13–15). Lipid peroxidation (LPO) generates various reactive aldehydes, such as acrolein,
which rapidly incorporates into proteins to generate carbonyl derivatives. Protein-bound
acrolein is a powerful marker of oxidative protein damage that plays an important role in the
formation of neurofibrillary tangles (NFTs) in AD (16). Both acrolein and 4-hydroxynonenal
(4-HNE), another product of LPO, can alter phospholipid asymmetry of membrane lipid
bilayer, initiating apoptotic neuronal loss in mild cognitive impairment (MCI) and AD (17).
The reactivity of LPO with key mitochondrial enzymes (18) increases free radical release into
the cytoplasm (19), resulting in elevated oxidative stress that can affect synaptic function and
neuronal death in AD (20,21).

It is now clear that there are regional variations in the levels of oxidative stress in AD brain
resulting from differences in the levels of antioxidant defenses and rates of oxygen
consumption (22–25). Higher levels of oxidative DNA damage in mitochondria of the frontal,
parietal, and temporal lobes suggests that mitochondrial oxidative stress may be an important
contributor to the pathogenesis of AD (25). Transient or sustained mitochondrial dysfunction
can deplete ATP levels, increase ROS generation, and initiate apoptosis leading to
neurodegeneration (22,26).

When neuronal DNA damage resulting from oxidative stress is not completely repaired, it can
cause accumulated synaptic protein alterations (27,28). Postsynaptic regions are subjected to
particularly high levels of calcium influx and oxidative stress as a result of local activation of
glutamate receptors; therefore, they are likely sites at which neurodegenerative processes are
initiated in AD (29). Increased oxidative stress precedes the loss of several synaptic proteins
(10,30) and this may contribute to synaptic degeneration (31). It is well known that synaptic
mitochondria differ enzymatically (32,33) and may be more sensitive to ROS than nonsynaptic
mitochondria (34,35). Defects in synaptic mitochondria can alter synaptic functions, leading
to alterations in cognitive function. It is unclear whether levels of oxidative stress are high in
mitochondria as a function of disease progression and whether or not the levels are similar to
those observed in synaptic terminals.

AD is a progressive dementing disorder characterized by both a loss of working and episodic
memory. Although senile plaques and NFTs are considered hallmarks of the disease, many
non-demented elderly individuals have these lesions, often at levels suggestive of early AD
(36–38). There are also elderly individuals who manifest some cognitive deficits that are greater
than expected of those observed in normal aging but are not clinically demented. These
individuals are thought to be in a transitional stage between normal aging and dementia and
have been termed MCI (39–41). The conversion rate from MCI to mild AD (mAD) is 10% to
15% per year (42).
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Here, we analyzed multiple biochemical markers of oxidative stress and antioxidant defenses
in postmitochondrial supernatant (PMS), mitochondrial, and synaptic fractions in age-matched
noncognitively impaired (NCI), MCI, mAD, and AD subjects in the frontal cortex (FC), a
cortical region known to be involved in AD.

MATERIALS AND METHODS
Reagents

All chemicals and reagents used were purchased from Sigma (St. Louis, MO) unless stated
otherwise.

Subjects
Frozen FC samples from NCI (n = 10), MCI (n = 8), mAD (n = 4), and AD (n = 9) subjects
were obtained from the University of Kentucky Alzheimer's Disease Center (UKADC) Rapid
Autopsy Program. The diagnosis of probable AD was made according to criteria developed by
the National Institute of Neurological and Communicative Disorders and Stroke and the
Alzheimer's Disease and Related Disorders Association (43). The diagnosis of MCI was
identical to that used previously (44). The Human Investigations Committee of the University
of Kentucky College of Medicine approved the studies. Individuals included in these studies
agreed to an annual clinical evaluation and brain donation at the time of death. NCI subjects
were without history of dementia or other neurological disorders and underwent annual mental
status testing and semiannual physical and neurological exams as part of the UKADC normal
volunteer longitudinal aging study (38). Additional demographic parameters of NCI, MCI,
mAD, and AD patients available from medical records are provided in the Table. When
selecting subjects, agonal state prior to death was taken into consideration. Standard criteria
for exclusion were the presence of 1) significant cerebral stroke regardless of antemortem date,
2) large cortical infarcts identified in the postmortem neuropathological evaluation, 3)
significant head trauma within 12 months prior autopsy, and 4) individuals on a respirator
longer than 12 hours prior to death, 5) individuals in coma longer than 12 hours immediately
prior to death, 6) individuals that had been under excessive medication for periods longer than
6 months prior to death, or 7) individuals currently undergoing radiation therapy for CNS
tumor. As part of the rapid autopsy protocol we ask the individuals who inform us of a subject’s
death what the conditions were for the 24 hours preceding death and if any significant events
may have dramatically influenced the process. Questionable tissue was not included in the
study.

Isolation of Tissue Fractions
Subcellular fractions (synaptosome, mitochondria, and PMS) were isolated from FC using
standard procedures with some modifications (45). Briefly, the brain tissue was gently
homogenized with a Wheaton tissue homogenizer in ice-cold sucrose isolation buffer (250 mM
sucrose, 10 mM Hepes, 1.0 mM EDTA, pH 7.2, 4.0 µg/ml leupeptin, 4.0 µg/ml pepstatin, 5.0
µg/ml aprotinin, 20.0 µg/ml trypsin inhibitor). The homogenates were subjected to
centrifugation for 5 minutes at 1,330 g at 4°C. The collected supernatants were spun at 21,200
g at 4°C for 10 minutes. The PMS fraction was collected. Pellets were resuspended and layered
over a discontinuous sucrose gradient (1.0 M, pH 8.0; and 1.18 M, pH 8.5) and spun at 85,500
g for 1 hour at 4°C. The purified synaptosomes were collected from the sucrose gradient
interface and mitochondrial fraction collected from the bottom layer. Synaptosomes and
mitochondrial fractions were diluted with isolation buffer and centrifuged at 32,000 g for 20
minutes and the collected pellet used for the analysis.
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Antioxidants
Determination of antioxidants and associated enzymes were performed as described previously
(9,10,30). For GSH and GSSG, changes in fluorescence at emission 420 nm were recorded by
excitation at 350 nm. For the estimation of GPx, glutathione reductase (GR) enzyme activity,
the disappearance of nicotinamide adenosine dinucleotide phosphate (NADPH) and glucose-6-
phosphate dehydrogenase (G-6PD) activity with formation of NADPH at 340 nm was recorded
at room temperature (RT). The enzyme activity was calculated as nmol NADPH oxidized/min/
mg protein, using a molar extinction coefficient of 6.22 × 1.03 M−1 cm−1. Glutathione-S-
transferase (GST) (EC 2.5.1.18) activity was measured by the method as previously described
(10,30). The reaction mixture consisted of 0.1 M phosphate buffer (pH 6.5), 1.0 mM reduced
GSH, 1.0 mM CDNB, and 0.03 ml above mentioned sample in a final volume of 0.3 ml. The
changes in absorbance were recorded at 340 nm and the enzyme activity calculated as nmol 1-
chloro-2,4-dinitrobenzene conjugate formed/min/mg protein, using a molar extinction
coefficient of 9.6×103M−1cm−1. For GST activity, the changes in absorbance were recorded
at 340 nm and the enzyme activity calculated as nmol 1-chloro-2,4-dinitrobenzene conjugate
formed/minutes/mg protein, using a molar extinction coefficient of 9.6 × 103 M−1 cm−1.

Superoxide Dismutase and Catalase Activity
SOD (EC 1.15.1.1) and catalase (CAT) activities were measured as previously described (10,
30,46). Briefly, for SOD, triethylenetetramine was used as a copper/zinc (Cu/Zn)-SOD
inhibitor to measure manganese-SOD activity. The absorbance was monitored for 5 minutes
at 480 nm and activity calculated using a molar extinction coefficient of 4.02 × 103 M−1

cm−1 expressed as nmol of epinephrine protected from oxidation/min/mg protein. For CAT,
changes in absorbance were recorded at 240 nm and activity was calculated in terms of nmol
H2O2 consumed/min/mg protein, using a molar extinction coefficient of 43.6 M−1 cm−1.

Thiobarbituric Acid Reactive Substances
The estimation of thiobarbituric acid reactive substances (TBARS) was performed as described
previously (30,46). The rate of LPO was expressed as nmol of TBARS formed/30 min/mg
protein, using a molar extinction coefficient of 1.56 × 105 M−1 cm−1.

Protein Carbonyls, 3-Nitrotyrosine, 4-Hydroxynonenal, and Acrolein
Protein carbonyls (PCs), 3-nitrotyrosine (3-NT), 4-HNE, and acrolein were assessed by
following a standard previously described protocol (9,10). For PC, 5 µl samples (normalized
to 4 mg/ml) were incubated for 20 minutes at RT with 5 µl of 12% sodium dodecyl sulfate
(SDS) and 10 µl of 20 mM 2,4-dinitrophenyl hydrazine, and neutralized with 7.5 µl
neutralization solution (2 M Tris in 30% glycerol). For 3-NT, 4-HNE and acrolein 5 µl samples
were incubated for 20 minutes at RT with 5 µl of 12% SDS and 5 µl of modified Laemmli
buffer containing 0.125 M Tris base, pH 6.8, 4% (v/v) SDS, and 20% (v/v) glycerol. Each
sample (250 ng) was loaded into a well on a nitrocellulose membrane in a slot-blot apparatus
under vacuum. The membrane was blocked in buffer (3% bovine serum albumin) in PBS/
Tween for 1 hour and incubated with a 1:100 anti-DNP, 1:2000 anti-3-NT, 1:5000 anti-4-HNE
dilution of polyclonal antibody, and 1:5000 monoclonal ant-acrolein in PBS/Tween for 90
minutes. The membrane was washed in PBS/Tween for 5 minutes 3 times after incubation.
The membrane was incubated for 1 hour after washing with an anti-rabbit, anti-Goat, and anti-
mouse IgG alkaline phosphatase secondary antibody diluted 1:8,000 in PBS/Tween. The
membrane was washed X3 in PBS/Tween for 5 minutes and developed in Sigma Fast tablets.
Blots were dried, scanned with Adobe PhotoShop, and quantified with Scion Image as above.
No nonspecific binding of antibody to the membrane was observed.
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Protein Estimation
Total protein concentrations were measured using the Pierce BCA method (Sigma).

Ultrastructural Analysis of Mitochondrial Preparations
Random samples of both synaptosomal and non-synaptic mitochondrial preparations were
analyzed with ultrastructural techniques to verify the relative purity of the preparations.
Mitochondrial samples were fixed with 1% glutaraldehyde/4% paraformaldehyde in 0.1M
sodium phosphate buffer (pH 7.4). Samples were postfixed in 1% osmium tetroxide (OsO4),
stained en block with 0.5% uranyl acetate, dehydrated in a graded series of ethanol, treated
with propylene oxide and embed in epoxy resin as previously described (44). Cured blocks
were sectioned with an ultramicrotome and imaged with a Zeiss 902 electron microscope.
Pictures were taken at an initial magnification of 4,400× and photographically enlarged to
approximately 18,000×. Random pictures (n = 5) were taken from each preparation.

Statistical Analysis
Enzymatic and nonenzymatic oxidative stress markers are reported as group mean ± SD. Group
means were evaluated with a one-way ANOVA coupled with a Student Newman-Keuls post-
hoc test. Correlations were calculated using the Pearson product-moment correlation
coefficient test (StatView 5.0, SAS Institute). For significance, alpha was set at 0.05.

RESULTS
Subject Demographics

The Table shows the characteristics of the sample population by diagnostic group. The NCI,
MCI, mAD, and AD groups were similar in age, gender, brain weight, and PMI; they did not
show any significant differences (p > 0.05) for any of these variables. An ANOVA revealed a
significant difference in the MMSE between groups (F [3,27] = 61.922, p < 0.0001). Post hoc
analysis revealed a statistically significant change between NCI and MCI and between MCI
and AD but not with mAD. AD and mAD were also significantly different. The AD group had
the highest incidence of Braak stage VI subjects. Subjects in all groups were highly educated
with a mean education level of 16 ± 3 years and failed to reveal a significant difference between
groups (F [3,27] = 2.277, p > 0.1).

Mitochondrial Preparations
As shown in Figure 1, the synaptosomal preparation contained primarily synaptosomes and
the non-synaptic fraction contained primarily mitochondria and no synaptosomes. No precise
quantitative measurements were made on either preparation or grading of relative purity was
attempted. All assessments were qualitative.

Glutathione Levels
The level of internal antioxidant tri-peptide molecule GSH was measured in the PMS,
mitochondrial, and synaptosomal fractions of the FC in NCI, MCI, mAD, and AD subjects.
GSH levels demonstrated a significant change in the PMS (F [3, 27] = 6.335, p < 0.005),
mitochondria (F [3, 27] = 7.761, p < 0.001), and synaptosome (F [3, 27] = 12.935, p < 0.0001)
fractions. In all fractions, levels decreased with decline in cognitive status. The greatest change
was observed in the synaptosomal fraction (MCI, 77.7%; mAD, 51.3%; AD, 51.2%) compared
to NCI (Fig. 2A). Both AD groups were significantly lower (p < 0.05) than the MCI group but
not significantly different from each other. While a similar trend was observed in the PMS and
mitochondrial fractions, the cognitively impaired groups were not significantly (p > 0.05)
different from each other. These results indicate that GSH decline is an early event in the
progression of the disease. There was a significant correlation (p < 0.0005) between the
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subjects’ MMSE and the GSH levels in all 3 fractions (data not shown). Thus, with lower
MMSE scores had lower levels of GSH.

Oxidized Glutathione Levels
Analysis of GSSG levels in the PMS, mitochondrial, and synaptosomal fractions demonstrated
significant differences between the NCI, MCI, mAD, and AD groups (Fig. 2B). GSSG
increased significantly in the PMS (F [3, 27] = 33.736, p < 0.0001), mitochondrial (F [3, 27]
= 34.544, p < 0.0001) and synaptosomal (F [3, 27] = 10.622, p < 0.0001) fractions. In all
fractions, the levels of GSSG increased with increased cognitive impairment; AD subjects had
significantly higher levels than the MCI and mAD groups (p < 0.05) in the PMS and
mitochondrial fractions. The greatest change was observed in the synaptosomes with increases
correlating with decreased cognitive status: 257% (MCI), 343% (mAD), and 366% (AD).

Glutathione/Oxidized Glutathione Ratios
GSH/GSSG ratios significantly declined in the PMS (F [3, 27] = 69.409, p < 0.0001),
mitochondrial (F [3, 27] = 48.169, p < 0.0001), and synaptosomal (F [3, 27] = 32.125, p <
0.0001) fractions compared to the NCI group (Fig. 2C). In the PMS and mitochondrial
fractions, the levels of the AD group were significantly lower than MCI (p < 0.01) and mAD
(p < 0.05) groups. The synaptosomal fraction was significantly decreased to about the same
level in all cognitively impaired groups. These data suggest that a decline in antioxidants occurs
early in the progression of the disease and that the free radical burden continues to increase
with a decline in cognitive status. There was a significant correlation (p < 0.0001) between the
subjects; MMSE and GSSG ratios in all 3 fractions (not shown), i.e. individuals with lower
MMSE scores had lower GSH/GSSR ratios.

Glutathione Peroxidase
The activity of GPx in the mitochondrial fraction was significantly (F [3, 27] = 5.164, p < 0.01)
altered only in the mAD (61%) and AD (57%) groups. While in synaptosomes, it was
significantly (F [3, 27] = 6.342, p < 0.005) depleted in MCI (70%), mAD (58.39%), and AD
(58%) compared to the NCI group. The PMS fraction (F [3, 27] = 0.769. p > 0.1) failed to show
any significant change in GPx activity (Fig. 3A). The mAD group had levels equivalent to that
seen in the more advanced AD group in the mitochondrial, synaptosomal, and PMS fractions.

Glutathione Reductase
GR reduces GSSG into GSH to continue the antioxidant cycle during detoxification of oxidants.
The activity of GR in synaptosomes was significantly (F [3, 27] = 7.126, p < 0.001) depleted
in the MCI (66%), mAD (63.71%), and AD (60%) groups compared to the NCI cohort. These
cognitively impaired groups were not significantly different from each other. The PMS (F [3,7]
= 0.781, p > 0.1) and mitochondrial (F [3,27] = 2.030, p > 0.1) fractions failed to show any
significant change in GR activity (Fig. 3B).

Glutathione-S-Transferase
GST is used for detoxification of external or internal toxicants. The activity of GST was
significantly lower in the mitochondrial (F [3,27] = 4.868, p < 0.01), and synaptosomal (F [3,
27] = 12.760, p < 0.0001) fractions, but failed to reach significance in the PMS fraction (F
[3,27] = 2.810, p > 0.1). The MCI group was only significantly different from the NCI group
in the synaptosomal fraction (p < 0.01), whereas the AD groups were significantly lower in
the mitochondrial and synaptosomal fractions (Fig. 3C). The mAD and AD groups
demonstrated similar degrees of decline.
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Glucose-6-Phosphate Dehydrogenase
G-6PD provides electrons for the reduction of oxidized nicotinamide adenine dinucleotides
(NAD+/NADP+). The activity of G-6PD in synaptosomes was significantly (F [3, 27] = 5.297,
p < 0.01) depleted in the MCI (67%), mAD (59%), and AD (65%) groups compared to the NCI
subjects and these groups were not significantly different from each other. PMS fractions of
the MCI, mAD and AD groups failed to show any significant (F [3,27] = 0.899, p > 0.1) change
in G-6PD activity (Fig. 3D).

Superoxide Dismutase
SOD is an important enzyme that reduces the superoxide burden in tissue. Analysis of the SOD
activity in the PMS (F [3, 27] = 4.927, p < 0.01), mitochondria (F [3, 27] = 5.322, p < 0.01),
and synaptosomal (F [3, 27] = 5.612, p < 0.005) fractions demonstrated a significant decline
in FC (Fig. 4A). The activity of SOD in PMS was significantly depleted in the mAD (62%),
and AD (59%) groups compared to NCI. Analysis of the synaptosomal fraction revealed that
SOD activity was significantly depleted in the MCI (70%), mAD (66%), and AD (61%) groups
compared to the NCI subjects. The activity of manganese-SOD in the mitochondrial fraction
was also significantly (F [3, 27] = 5.243, p < 0.01) reduced in the MCI (74%), mAD (65%),
and AD (63%) groups compared to the NCI cohorts. In all fractions, the MCI, mAD, and AD
cases were not significantly different from each other (p > 0.1). There was a significant
correlation (p < 0.005) between the subjects’ MMSE and SOD levels in all 3 fractions (not
shown), i.e. individuals with lower MMSE scores had lower levels of SOD.

Catalase
CAT is an important enzyme that breaks down H2O2 into H2O and O2. Analysis of
synaptosomes revealed a significant decline in CAT activity (F [3, 27] = 13.652, p < 0.0001)
(Fig. 4B). The decline mirrored the change in cognitive status with the MCI group (68%)
demonstrating a loss in activity that was not as severe as that observed in the mAD (44%), and
AD (29%) groups. The mAD and AD group were not significantly different. The PMS fraction
also showed significant depletion in CAT activity (F [3,27] = 30.792, p < 0.0001) with the loss
in the AD group (31%) significantly greater (p < 0.01) compared to MCI (69%) and mAD
(66%) subjects. CAT levels in the PMS and synaptosomal fractions revealed a significant (p
< 0.0001) correlation with the subjects’ MMSE scores (not shown), i.e. lower levels of CAT
were associated with lower MMSE scores.

Thiobarbituric Acid Reactive Substances
TBARS levels were evaluated as a measure of total LPO. The analysis demonstrated a
significant increase in TBARS in the PMS (F [3, 27] = 21.067, p < 0.0001), mitochondria (F
[3, 27] = 8.657, p < 0.0005), and synaptosomes (F [3, 27] = 19.038, p < 0.0001) fractions. In
all fractions, the MCI, mAD, and AD groups were significantly elevated (p < 0.01) compared
to NCI subjects. In the PMS and synaptosome fractions, the AD group showed the highest
TBARS value and was significantly elevated compared to both the MCI and mAD groups. In
the mitochondrial fraction, all 3 cognitively impaired groups showed similar increases
compared to the NCI cohorts (Fig. 5). The subjects’ MMSE and TBARS levels were
significantly correlated (p < 0.0001) in all 3 fractions (data not shown), i.e. individuals with
lower MMSE scores had higher TBARS levels. Furthermore, when the subjects were grouped
according to Braak scores (I-II, III-IV, V-VI), individuals with the highest scores showed the
highest levels of TBARS in both the synaptosomal and PMS fractions (p < 0.05). The
mitochondrial fraction did not show this relationship.
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Protein Oxidation, Nitration, and Lipid Peroxidation Levels
Levels of protein oxidation and nitration products (PC and 3-NT) were evaluated using slot
blots (Fig. 6). PCs demonstrated a significant increase in the PMS (F [3, 27] = 10.356, p <
0.0005), mitochondria (F [3, 27] = 8.261, p < 0.0005), and synaptosomal (F [3, 27] = 9.738, p
< 0.0005) fractions (Fig. 7A). Although the PC values were significantly elevated in all
fractions as a function of the degree of cognitive impairment, there were no significant
differences between the cognitively impaired groups, suggesting that PC formation is an early
event in the disease process.

3-NT levels were also significantly elevated in the PMS (F [3, 27] = 8.953, p < 0.0005),
mitochondrial (F [3, 27] = 8.543, p < 0.0005), and synaptosomal fractions (F [3, 27] = 8.123,
p < 0.0005). Changes in individual cognitive groups closely mirrored those observed in the PC
analysis and were not significantly different from each other (Fig. 7B).

Analysis of 4-HNE demonstrated a significant increase in the PMS (F [3, 27] = 11.390, p <
0.0001), mitochondria (F [3, 27] = 5.206, p < 0. 01), and synaptosomes (F [3, 27] = 20.672, p
< 0.0001) fractions (Fig. 7C). Post hoc analysis revealed that for all fractions, the levels of 4-
HNE were significantly elevated in cognitively impaired groups compared to NCI cohorts but
were not significantly different from each other with the exception of the mitochondrial fraction
in the AD group that was significantly higher than the MCI group. Together these data indicate
that the increase in 4-HNE is an early and persistent event.

Significantly increased acrolein levels were also found in the PMS (F [3, 27] = 9.978, p <
0.0001), mitochondria (F [3, 27] = 6.594, p < 0.005), and synaptosomal fractions (F [3, 27] =
28.410, p < 0.0001). Changes as a function of cognitive status mirrored that observed in the 4-
HNE analysis with the greatest increases observed in the AD groups (Fig. 7D). Both the mAD
and AD groups were significantly elevated compared to the MCI group in the synaptosomal
fraction. The levels of protein oxidation, nitration, and LPO in the synaptosomal fraction were
analyzed for possible association with each individual’s MMSE score. There was a significant
positive correlation with PCs (r = .536, p < 0.005), 3-NT (r = 0.560, p < 0.005), 4-HNE (r =
0.675, p < 0.0001) and acrolein (r = 0.786, p < 0.0001) (Fig. 8).

With one exception, no significant relationship between protein oxidation, nitration and LPO
of the PMS, mitochondrial, and synaptosomal fractions with Braak scores was identified (p >
0.05). In the mitochondrial fraction, levels of PCs were significantly elevated in the subjects
with the highest Braak scores (p < 0.05) (not shown).

DISCUSSION
Our results support and extend previous findings of enhanced oxidative stress in MCI and
mAD. Numerous studies have established that MCI is a transition state between normal aging
and dementia (39,40,47). There is also compelling evidence that oxidative stress is elevated in
the brains of individuals with MCI (15,48–51). We analyzed FC samples not only from subjects
with MCI but also mild and late stage AD. For all cellular oxidative markers studied there was
a stepwise increase in each of the subcellular fractions as a function of cognitive change,
reinforcing the idea that oxidative stress is not only an early event but also an active, persistent
process.

Oxidative stress has been implicated in many neurodegenerative disorders, including AD
(24,52–54), and is associated with ROS formation in neurons and synaptosomes (52,55). While
neuronal membranes are rich in polyunsaturated fatty acids (PUFA), a source of LPO reactions,
their ability to combat oxidative stress is limited (4). The cortex from individuals with AD has
increased PUFA oxidation, altered antioxidant defenses, high rates of oxygen consumption,
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and oxidative stress (22) with regional variations (23–25). Levels of oxidative DNA damage
in the brains of individuals with AD are significantly elevated in the mitochondria from frontal,
parietal, and temporal lobes (25). The attention on mitochondria is not only due to its ATP
production, but also because of the many pro- and anti-apoptotic molecules associated with
these organelles (56). Mitochondria regulate intracellular Ca2+ homeostasis and ROS
formation (57,58), and contribute to neurodegeneration (22,25,26).

All samples used were obtained from the superior FC in cases with relatively short postmortem
intervals. Although the AD-related involvement of this region is well documented, the literature
reporting possible oxidative stress is mixed. Early studies reported both significant elevations
in TBARS (59,60), or no change in late stage AD compared to age-matched controls (61–
63). Lipid peroxidation changes as determined by F2-isoprostanes were only recently reported
in the FC (50) in AD and in MCI. The levels were moderately elevated in AD compared to
MCI. A more recent study using F2-isoprostanes reported significant FC increases in mAD but
no significant differences in MCI (64). The levels also failed to correlate with the clinical
diagnosis but were strongly correlated with AD pathology. In the present study, significant
increases in all markers of oxidative stress were observed in the MCI and in both mAD and
AD groups. The greatest changes were observed in the synaptosomal fraction with AD subjects
having significantly greater LPO than both MCI and mAD cases. In all fractions, there were
no significant differences between the MCI and mAD groups, supporting the idea that MCI is
an early and perhaps progressive transition from a cognitively normal state.

A decrease in GSH levels and subsequent GSSG production has been linked to neuronal loss
in AD (11,65). The GSH/GSSG ratio is an indicator of oxidative and/or nitrosative burden in
the system, which was decreased significantly in FC (all 3 fractions) of the MCI, mAD, and
AD groups. The low levels of GSH may be directly related to increased ROS/RNS, lipid
peroxides, and highly reactive hydroxyl radicals (9,46,66,67). A low GSH/GSSG ratio could
contribute to promoting free radical load and oxidative stress (10,65).

To eliminate the peroxides, GSH works in conjunction with GPx and produces GSSG, which
is reconverted to GSH by GR at the consumption of NADPH. A reduction in GSH may impair
H2O2 clearance and promote OH formation, thus increasing the free radical load, which triggers
oxidative stress (9,10,30,46) and pathological pathways in AD (68). GSH also acts as a
peroxynitrite reductant, thereby providing enzymatic defense against peroxynitrites. Reduced
GPx activity in mitochondria and synaptosomes could directly affect the clearance of ROS and
lipid peroxides, as indicated by elevated levels of oxidative markers. GST, another
detoxification enzyme (9,46,69), can alleviate damage from 4-HNE and acrolein, by catalyzing
its conjugation with GSH (70). The depletion of GST observed in all 3 FC fractions could result
in increased protein modification/dysfunction leading to further oxidative stress and decline
of GSH. Balancing the GSH/GSSG level requires an important cofactor, NADPH, which is
produced from reactions catalyzed by G-6PD and 6-phosphogluconate dehydrogenase. Thus,
GST, GR, and G-6PD are secondary antioxidant enzymes that play an important role in
detoxifying ROS/RNS by maintaining a ready supply of intermediates such as GSH and
NADPH (9,10,30,71). In the present study, these 3 enzymes were significantly depleted in the
synaptosomal fraction. Decreased activity of GR would directly affect GSH as would a
reduction in the levels of GST, resulting in overall low levels of antioxidant defense, thus
predicting the overpowering influences of ROS/RNS in AD (9,72). Prior studies have reported
increased levels of G-6PD in end stage AD subjects (73,74), suggesting a complex role for
some antioxidant enzymes.

The most abundant ROS superoxide radical (O2
−•) has been implicated in memory function

and synaptic plasticity (75,76) and also in neuronal death (77,78). The first enzymatic reaction
in the reduction pathway is dismutation of 2 molecules of O2

−• when they are converted into
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H2O2 and O2. The enzyme Cu/Zn-SOD and/or manganese-SOD protect neurons from high
O2

−• environment (78,79). Moreover, GPx and CAT participate in the elimination of H2O2,
which is one of the most toxic molecules in the brain (9,46,80). Depletion in CAT in
synaptosomes and PMS fractions represents the loss of one of the major defense against ROS.
Decreased activity of manganese-SOD in mitochondrial and synaptosomal fractions could lead
to further oxidative stress and progressively enhance peroxynitrite production as part of the
secondary damage cascade (78,79,81). Decreased activity of Cu/Zn-SOD also compromises
defense capacities against oxidative stress (10,30) in PMS fractions. In the 3 FC fractions
analyzed, CAT and SOD levels were significantly decreased in MCI, mAD, and AD. It is
unclear if this decline precedes the onset of oxidative stress or is in response to increased free
radical production.

During oxidative stress, formation of carbonyls derived from proteins and lipids such as PCs,
4-HNE and acrolein cause damage to biomembranes and participate in the formation of NFTs
in AD (16,82,83). These carbonyls (alkenals) form the immediate substrate for GSH and are
involved in neuronal apoptosis in MCI and AD (17), which is seen as a consequence of GSH
depletion. Elevated oxidative stress resulting from PC, 3-NT, 4-HNE, or acrolein can lead to
delayed neuronal death in FC of MCI, mAD, and AD. Cortical synaptosomes show decreased
ability to detoxify lipid peroxides, including 4-HNE (84), suggesting that decreases in
antioxidants play a role in AD-related pathology (4). The present findings support the idea that
the deleterious effects of increased oxidative stress may be the consequence of diminished
antioxidant defenses. Levels of 4-HNE and acrolein were especially elevated in synaptosomal
fractions of the FC for MCI, mAD, and AD, suggesting that the antioxidant defenses were not
able to offset oxidative stress. The reactivity of 4-HNE with mitochondrial key enzymes (18)
increases free radical release into the cytoplasm (19) and downstream effects of mitochondrial
dysfunction yield to loss of synaptic function and neuronal death in AD (20,21). Protein
carbonyl, 3-NT, 4-HNE and acrolein levels were elevated throughout the MCI, mAD, and AD
samples in this study signaling protein modification via oxidation, nitration and binding with
the lipid byproducts acrolein and 4-HNE. Synaptic proteins also might be affected through
these modifications. These results provide further insight into the relationship of synaptic and
mitochondrial oxidative stress and the progression of cognitive change associated with AD.
Oxidative stress related damage to nucleic acids have been suggested as a prime contributing
factor in the disease progression as a result of mistakes in base pairings resulting in
compromised transcription and translation (85).

Relatively recent studies have shown that β-amyloid (Aβ) plays a central role in AD and may
be key in disease-related synaptic change (86). Aβ oligomers can induce AD-like pathology
including oxidative stress (87) and play an important role in synaptic loss, which is linked to
increased synaptic activity (88–90).

The nature of the terminal illness and the rapidity of death, as well as the methods used to
harvest, prepare, and store tissue samples can play a critical role in determining postmortem
changes, especially neurochemical parameters (91–93). Hypoxia is one of the key agonal
events that can have a major impact on neurochemical analyses and tissue morphology.
Prolonged agonal state with marked hypoxia increases tissue lactate levels, which lowers the
brain pH, thus affecting protein integrity. Although we cannot control the agonal state or the
various conditions of each patient in the period prior to death, we screened each case before
including it in this study; cases in which there is an obvious event that would affect the tissue
analyses were excluded. Therefore, we feel confident that our results were not influenced by
differences in agonal states between groups.

This is the first study to report a strong correlation between levels of synaptic LPO, protein
oxidation and nitration, and the subjects’ global cognitive status (Fig. 8). Changes in
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antioxidant levels (GSH, SOD, CAT) also strongly correlated with the MMSE score,
supporting the idea that significant changes in oxidative stress is an early event that plays an
important role in the progression of the disease. While it is unclear whether or not the decline
in antioxidant level precedes the increase in oxidants, the levels certainly are not capable of
neutralizing them. These finding suggests that efforts aimed at increasing brain antioxidants
should have beneficial values if enacted early in the disease process or as a prophylactic
measure.
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Figure 1.
Electron photomicrographs of representative isolated mitochondrial (A) and (B) synaptosomal
fractions from the frontal cortex of a human postmortem brain sample. Calibration bars: A, 2.0
µm, B, 0.5 µm.
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Figure 2.
Changes in the glutathione (GSH) system (GSH, oxidized GSH [GSSG] and GSH/GSSG)
analyzed in post mitochondrial supernatant (PMS), mitochondrial, and synaptosomal fractions
of the frontal cortex from non-cognitively impaired (NCI), mild cognitively impaired (MCI)
mild Alzheimer disease (mAD), and AD subjects. All 3 neuropil fractions showed significant
declines in GSH (A) and significant increases in GSSG levels (B) with increased cognitive
impairment. The changes in GSH and GSSG also resulted in significant changes in the GSH/
GSSG ratios with disease progression (C). The synaptosomal fraction showed the greatest
changes. Each bar represents the group mean ± SD. **p < 0.01, *p < 0.05 vs. NCI; αp < 0.05
vs. MCI.
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Figure 3.
Different antioxidant enzymes were assessed in post mitochondrial supernatant (PMS),
mitochondrial, and synaptosomal fractions of the frontal cortex from non-cognitively impaired
(NCI), mild cognitive impairment (MCI,) mild Alzheimer disease (mAD), and AD subjects.
(A) Glutathione peroxidase (GPx) activity was significantly changed in mitochondrial and
synaptosomal fractions only, not in the PMS. (B) Glutathione reductase (GR) activity showed
significant decline only in synaptosomes,. (C) Glutathione-S-transferase (GST) activity
showed a significant decline in the mitochondrial and synaptosomal fractions from mAD, and
AD, and a significant decline in MCI only in the synaptosomal fraction. (D) Significant
alterations in glucose-6-phosphate dehydrogenase (G-6PD) activity were only detected in
synaptosomes. Each bar represents the group mean ± SD. **p < 0.01, *p < 0.05 vs. NCI.
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Figure 4.
Superoxide dismutase (SOD) and catalase (CAT) activities in the post mitochondrial
supernatant (PMS), mitochondrial, and synaptosomal fractions of frontal cortex in mild
cognitive impairment (MCI) mild Alzheimer disease (mAD), and AD subjects. (A) There was
significant depletion in SOD activity in mitochondrial and synaptosomal fractions of MCI,
mAD, and AD; the PMS fraction of MCI was not significantly depleted. (B) CAT activity in
the PMS and synaptosomal fractions was significantly decreased in MCI, mAD, and AD. Each
bar represents the group mean ± SD. **p < 0.01, *p < 0.05 vs. NCI; αp < 0.05 vs. MCI; #p <
0.05 vs. mAD.
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Figure 5.
Thiobarbituric acid reactive substances (TBARS) demonstrated significant increases in all
fractions of the frontal cortex from mild cognitive impairment (MCI) mild Alzheimer disease
(mAD), and AD subjects. TBARS formation was higher in synaptosomal fractions. Each bar
represents the group mean ± SD. *p < 0.01 vs. NCI; αp < 0.05 vs. MCI; #p < 0.05 vs. mAD.
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Figure 6.
Representative Slot-blot for protein carbonyl (PCs) shows half of the synaptosomal fractions
of the frontal cortex from non-cognitively impaired (NCI), mild cognitive impairment (MCI)
mild Alzheimer disease (mAD), and AD subjects. The slot-blot shows prominent alterations
in staining for the different cognitively impaired groups.
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Figure 7.
Levels of protein modification were analyzed in post mitochondrial supernatant (PMS),
mitochondrial, and synaptosomal fractions of the frontal cortex from non-cognitively impaired
(NCI), mild cognitive impairment (MCI) mild Alzheimer disease (mAD), and AD subjects.
(A) Protein carbonyl (PC) levels showed significant increases in all fractions of the frontal
cortex with disease progression. (B) Significant changes in 3-nitrotyrosine levels mirrored the
PC changes in all the fractions from MCI, mAD, and AD subjects. (C) 4-hydroxynonenal (4-
HNE) and (D) acrolein levels showed significant increases in protein modification via lipid
peroxidation. The significant increases in 4-HNE and acrolein were already present in MCI
subjects, with the greatest elevations in the synaptosomal fractions. Each bar represents the
group mean ± SD. **p < 0.01, *p < 0.05 vs. NCI; αp < 0.05 vs. MCI.
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Figure 8.
Correlations of protein oxidation, nitration and lipid peroxidation in the synaptosomal fraction
with the subjects’ Mini Mental State Examination (MMSE) scores. (A–D) There was a positive
correlation for protein carbonyls (A), 3-nitrotyrosiine (B), 5-hydroxynonenal (C) and acrolein
(D) of increasing levels of oxidative marker with MMSE decline. All cognitive test scores were
obtained within 12 months prior to death. **p < 0.0001, *p < 0.005.
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