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Abstract
A number of studies reported that oxidative and nitrosative damage may be important in the
pathogenesis of Alzheimer's disease (AD). However, whether oxidative damage precedes,
contributes directly, or is secondary to AD pathogenesis is not known. Amnestic mild cognitive
impairment (MCI) is a clinical condition that is a transition between normal aging and dementia and
AD, characterized by a memory deficit without loss of general cognitive and functional abilities.
Analysis of nitrosative stress in MCI could be important to determine whether nitrosative damage
directly contributes to AD. In the present study, we measured the level of total protein nitration to
determine if excess protein nitration occurs in brain samples from subjects with MCI compared to
that in healthy controls. We demonstrated using slot blot that protein nitration is higher in the inferior
parietal lobule (IPL) and hippocampus in MCI compared to those regions from control subjects.
Immunohistochemistry analysis of hippocampus confirmed this result. These findings suggest that
nitrosative damage occurs early in the course of MCI, and that protein nitration may be important
for conversion of MCI to AD.
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1. Introduction
Oxidative and nitrosative stress result from an imbalance between oxidants and antioxidants.
Reactive oxygen species (ROS) and reactive nitrogen species (RNS) can lead to oxidative
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damage in the form of protein oxidation. Protein oxidation leads to protein function loss,
cellular dysfunction, and ultimately cell death (Butterfield and Stadtman, 1997;Butterfield et
al., 2006b;Castegna et al., 2002a;Sultana and Butterfield, 2004;Sultana et al., 2005). Among
other indices, oxidative damage in a cell can be indexed by measuring the levels of protein
carbonyls, tyrosine nitration, and protein adducts of alkenals such as acrolein and 4-
hydroxynonenal, which are themselves reactive products of lipid peroxidation.

Tyrosine nitration is one specific form of protein oxidation that is associated with Alzheimer’s
disease (AD) (Castegna et al., 2003;Gow et al., 1996;Smith et al., 1997;Sultana et al.,
2006b). Nitric oxide (NO) reacting with the superoxide anion (O2.−) forms the product,
peroxynitrite (ONOO−), known to lead to nitration of tyrosine (3-NT) residues (Butterfield and
Kanski, 2001;Gow et al., 1996). Nitration of proteins results in the inactivation of several
important mammalian proteins such as Mn superoxide dismutase (SOD), Cu/Zn SOD, actin,
and tyrosine hydroxylase, and likely interfere with tyrosine phosphorylation-mediated cell
signaling due to steric effects (Butterfield and Stadtman, 1997).

Mild cognitive impairment (MCI) is considered as a transition phase between normal aging
and dementia (Petersen et al., 1999). Most patients experience slight memory loss as well;
however, there is no evidence of dementia or alterations in the activities of daily living (Morris,
2005;Petersen et al., 1999). Conversion from amnestic MCI to dementia and AD occurs at a
rate of 10% to 15% per year (Morris and Cummings, 2005) .

Previous studies from our laboratory showed elevated protein oxidation indexed by protein
carbonyls in the hippocampus of AD and MCI subjects (Butterfield et al., 2006a;Castegna et
al., 2002a;Castegna et al., 2002b;Sultana et al., 2006a). The current study was undertaken to
compare the levels of protein nitration in MCI patients to that of control. The hypothesis of
our study is that there is an elevation of nitrated proteins in the MCI brain, which therefore
increases the overall protein oxidation level. The results are consistent with the notion that
protein nitration is an early event in the progression of AD.

2. Results
Analysis of the overall level of nitrated proteins in brains from amnestic MCI patients
demonstrates a ~25% higher level in the IPL (p<0.01) and ~41% higher level in the
hippocampus region (p<0.01) compared to those regions in brains from controls (Fig. 1A). The
amount of nitration in MCI IPL and hippocampus is estimated to be equivalent to the nitration
of purified BSA achieved with approximately 9 mM and 27 mM peroxynitrite, respectively
(Fig. 1D).

Immunohistochemical staining performed with a polyclonal anti-3-nitrotyrosine antibody was
far more intense in MCI (Fig. 2C) compared with that in control hippocampus (Fig. 2B). 3-
nitrotyrosine was localized predominantly in neurons (indicated by arrows, Fig 2C). A negative
control using rabbit IgG revealed no appreciable staining (Fig. 2A).

3. Discussion
A number of studies support the notion that nitrosative and oxidative injury contribute to
neurodegeneration in AD (Castegna et al., 2003;Koppal et al., 1999;Smith et al., 1997;Sultana
et al., 2006b;Varadarajan et al., 2000). Oxidative stress could also stimulate additional damage
via the over expression of inducible (i) and neuronal (n) specific NO synthase (NOS: iNOS
and nNOS) leading to increased levels of NO. Mitochondrial alterations in AD could facilitate
the increased leakage of superoxide, which might also be involved in the deterioration observed
in AD (Hensley et al., 1998;Koppal et al., 1999;Smith et al., 1997). NO and O2

.− react at
diffusion controlled rates to produce peroxynitrite, an extremely strong oxidant that causes
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oxidative damage to lipids, DNA, carbohydrates and proteins, particularly the amino acids
cysteine, methionine, tryptophane, phenylalanine and especially tyrosine (Beckman,
1996;Koppal et al., 1999;Perry et al., 2000). Peroxynitrite can nitrate tyrosine (Halliwell,
1997) at the 3-position that, by steric effects, could prevent the phosphorylation of the OH
moiety on tyrosine residues, thereby rendering that protein dysfunctional and potentially
leading to cell death (Koppal et al., 1999;Yamakura et al., 1998). Peroxynitrite can also avidly
react with thiols to form nitrosothiols, affecting the function of proteins (Halliwell, 1997).
Nitration of proteins may lead to irreversible damage to the proteins (Beckman, 1996;Koppal
et al., 1999;Perry et al., 2000;Yamakura et al., 1998) and also affect the energy status of neurons
by inactivating key enzymes (Radi et al., 1994). This widespread occurrence of oxidative
alterations not only decreases or eliminates the normal functions of these macromolecules
(Hensley et al., 1995), but also may activate an inflammatory response (the complement
cascade, cytokines, acute phase reactants and proteases) in AD brain.

Recent work demonstrates that ONOO− can induce α-synuclein oligomerization through
covalent 3, 3’-dityrosine cross-linking and may facilitate the misfolding and deposition of
select proteins through nitrosative and/or oxidative modification (Souza et al., 2000).
Horiguchi et al. (2003) demonstrated the presence of nitrated tau in pretangles, neurofibrillary
tangles, and tau inclusions in AD brain. The expression of nitration was robust in pretangles
of early AD cases compared to that of more advanced cases, suggesting that tau nitration may
be an early event in AD. In addition, proteins that are nitrated are more prone to proteosomal
degradation than their counterparts (Gow et al., 1996). Ubiquitin carboxy-terminal hydrolase
L-1 (UCH L-1), one of the components of the proteosomal pathway oxidized in the IPL and
hippocampus of AD brain and known to be dysfunctional in AD (Butterfield, 2004), could be
one of the reasons for the observed increased nitrated proteins in AD brain (Castegna et al.,
2003;Sultana et al., 2006b).

In the present study, we observed an increase in the level of total protein nitration in both MCI
hippocampus and IPL. The mean levels of the 3-NT are greater in hippocampus compared to
that of IPL in subjects with amnestic MCI, consistent with the suggestion that the hippocampus
is the more vulnerable region. The hippocampus is one of the most severely affected regions
in AD brain, which could be due in part to functional isolation from the entorhinal cortex and
subiculum, regions that convey information into and out of hippocampus, leading to loss of
memory. The hippocampus is also the locus of the greatest change in levels of 3-NT and 3,3'-
DT, showing increases of ~8- and 5-fold, respectively in AD, relative to age-matched controls
(Smith et al., 1997).

In the current study, nitrotyrosine, as detected by immunohistochemistry, was more intense in
MCI compared with control hippocampus. These findings are consistent with the quantitative
data obtained from hippocampus homogenate using the slot blot method. Interestingly,
nitrotyrosine staining was most intense in neurons. These cells are reported to have increased
nitration in AD brain (Smith et al., 1997). It is possible that nitration of the proteins could be
one of the causes of transition from MCI to AD, although this speculation awaits further studies.

Increased levels of protein carbonyls and protein-bound HNE were reported in IPL and
hippocampus of subjects with MCI compared to that of controls (Butterfield et al.,
2006a;Butterfield et al., 2006b), suggesting the build up of oxidative stress (Butterfield et al.,
2006a;Butterfield et al., 2006b;Keller et al., 2005). A recent study from our laboratory reported
the excess protein carbonylation (protein oxidation) of alpha-enolase, glutamine synthetase,
pyruvate kinase M2 and peptidyl-prolyl cis/trans isomerase 1 (Pin1) in hippocampus of subjects
with amnestic MCI using a redox proteomics approach (Butterfield et al., 2006a). Three of
these proteins, i.e., Pin1, glutamine synthetase, and alpha enolase, were oxidatively modified
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in common with those in AD brain (Butterfield et al., 2006a). This approach conceivably can
help better understand the progression from control to MCI to AD.

More recently, using a redox proteomics approach we reported specific nitration of alpha
enolase, gamma-enolase, L-lactate dehydrogenase, triosephosphate isomerase,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ATP synthase alpha chain, voltage
dependent anion channel protein 1, and carbonic anhydrase 2 in AD brain (Castegna et al.,
2003;Sultana et al., 2006b). These data support the notion that nitration of specific proteins
perturbs energy metabolism, pH regulation, and mitochondrial functions, which could be
involved in the mechanisms for neuronal loss and progression of AD.

The increase in protein nitration in MCI IPL and hippocampus suggest that protein nitration
may be an early event in the progression from normal to AD, and further supports the hypothesis
of oxidative stress as a mediator of synaptic loss and a presumed factor for the formation of
neurofibrillary tangles and senile plaques (Aksenova et al., 1999;Butterfield et al.,
2006b;Castegna et al., 2002a;Castegna et al., 2002b;Castegna et al., 2003;Choi et al.,
2004;Sultana and Butterfield, 2004;Sultana et al., 2006a). The proteomics-mediated
identification of the selected targets of brain protein nitration in subjects with MCI is in progress
– studies that can help to provide insight into the mechanisms of disease progression and
provide insight into development of pharmacological strategies to potentially modulate
conversion of MCI to AD.

4. Materials and methods
4.1 Brain samples

The normal control subjects in this study were four females and two males, whose average age
at death was 81 ± 6.4 years. The amnestic MCI patients were four females and two males,
whose average age at death was 88 ± 3.8 years (Table 1). All subjects came from our
longitudinally followed normal control group that has annual neuropsychological testing and
neurological and physical examinations every two years. Control subjects had no cognitive
complaints, normal cognitive test scores, normal objective memory test scores, and normal
neurological examinations. MCI patients met the following criteria: a memory complaint that
is corroborated by an associate, objective memory test impairment (age and education
adjusted), general normal global intellectual function and Clinical Dementia Rating score of
0.0 to 0.5 (no dementia), and a clinical evaluation that revealed no other cause for memory
decline (Morris, 2005). As also indicated in Table 1, the postmortem interval (PMI) prior to
the acquisition of brain samples was approximately 3 h, with this short PMI an added advantage
in studies of human brain.

4.2. Slot blot
The hippocampal and inferior parietal lobule (IPL) samples were homogenized in a lysis buffer
(10 mM HEPES, 137 mM NaCl, 4.6 mM KCl, 1.1 mM KH2PO4, 0.6 mM MgSO4) containing
the protease inhibitors leupeptin (0.5 mg/mL), pepstatin (0.7 μg/mL), trypsin inhibitor (0.5
μg/mL), and PMSF (40 μg/mL). Homogenates were centrifuged at 15,800 x g for 10 min to
remove debris. The supernatant was extracted to determine the total protein concentration by
the BCA method (Pierce, Rockford, IL).

Levels of total 3-NT were determined immunochemically (Sultana et al., 2006b). Samples (5
μl) were incubated with an equal volume of modified Laemmli buffer containing 0.125 M Tris
base pH 6.8, 4 % (v/v) SDS, and 20% (v/v) glycerol. The resulting sample (250 ng) was loaded
per well in the slot blot apparatus. Samples were loaded onto a nitrocellulose membrane under
vacuum pressure. The membrane was blocked with 3% (w/v) bovine serum albumin (BSA) in
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wash blot for 2 h and incubated with a 1:5000 dilution of anti-3-NT polyclonal antibody (Sigma,
St. Louis, MO, USA) in wash blot for 2 h. Following completion of the primary antibody
incubation, the membranes were washed three times in wash blot for 5 min each. An anti-rabbit
IgG alkaline phosphatase secondary antibody (Sigma, St. Louis, MO, USA) was diluted 1:8000
in wash blot and added to the membrane for 1 h. The membrane was washed in wash blot three
times for 5 min and developed using Sigmafast BCIP/NBT (5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium) tablets (Sigma, St. Louis, MO, USA). Blots were dried,
scanned with Adobe Photoshop (San Jose, CA), and quantitated with Scion Image. The
specificity of anti-3-nitrotyrosine antibody was confirmed by preincubation of the antibody
with free 3-nitrotyrosine (10 mM) that revealed no nonspecific binding of the antibody,
confirming our previous result (Sultana et al., 2004). The amount of nitration is calculated
based upon the extent of nitration of bovine serum albumin (BSA) using peroxinitrite. Briefly,
BSA (1mg/ml) was incubated with peroxynitrite over the concentration range of 0–250 mM
at room temperature for 10 min, followed by addition of SDS and modified Laemmli buffer
(mentioned above). Samples (250 ng) of nitrated-bovine serum albumin were loaded per lane
in duplicate. The results are used as a standard for the calculation of the amount of nitration of
hippocampus and IPL samples with respect to the quantity of peroxynitrite employed.

4.3. Immunohistochemistry
The hippocampus from MCI and control were placed in 4% formalin, processed, and embedded
in paraffin. After removal of paraffin and rehydration, tissue sections were treated with 10 mM
citric acid (pH 6). Sections were microwave heated (2 min, 3 times at 700 W) for antigen
retrieval. Nonspecific binding was blocked with 10% normal goat serum in PBS (pH 7.4) for
30 min before incubation with polyclonal anti-nitrotyrosine antibody (1 μg/ml; Sigma-Aldrich)
in PBS with 1% normal goat serum in PBS overnight at 4 °C. Tissue sections were then
incubated for 30 min at room temperature with a biotinylated anti-rabbit IgG (1:800) secondary
antibody by using the Vectastain ABC kit (Vector). Vector Red alkaline phosphatase substrate
(Vector) was used to visualize 3-nitrotyrosine. The specificity of anti-3-nitrotyrosine
antibodies was confirmed by using a nonimmune rabbit IgG (Vector) isotypic control.

4.4 Statistical analysis
The data were analyzed by Student's t tests. A value of p <0.05 was considered statistically
significant.
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Figure 1.
Tyrosine nitration as indexed by 3-NT immunoreactivity. ‘A’ represents the histogram
obtained from Control and MCI hippocampus and IPL. ‘B’ is the slot blot results for IPL, while
‘C’ is the slot blot for hippocampus. (D) Slot blots showing standards that consist of BSA
treated with defined concentrations of peroxynitrite along with control and MCI IPL *p<0.01.
(E) Standard graph prepared with nitration of BSA with known concentration of peroxynitrite.
The figure also shows the mean level of 3-NT in MCI hippocampus and IPL and associated
concentration of peroxynitrite needed to produce these levels. Data are presented as the mean
± SEM. N=6.
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Figure 2.
Immunohistochemical staining. ‘A’ represents the negative control using rabbit IgG. ‘B’ and
‘C’ are representative micrographs of immunohistochemistry obtained with a polyclonal
antibody for 3-nitrotyrosine in control hippocampus and MCI hippocampus, respectively
(×20 magnification). Intense nitrotyrosine staining is present in MCI hippocampus, whereas
staining is far less prominent in control hippocampus. Nitrotyrosine is localized predominantly
in neurons (arrows).
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