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A fragment of the amyloid beta protein, BA(25-35), was
investigated for its effect on production of reactive
oxygen species (ROS) in human neutrophil granulocytes.
The formation and identification of ROS were examined
by using a 2/,7-dichlorofluorescin (DCF) fluorescence
assay, a luminol chemiluminescence assay, electron
paramagnetic resonance (EPR) spectroscopy with
DEPMPO as a spin trap, and hydroxylation of
4-hydroxybenzoate (4-HBA). The DCF assay showed
that BA(25-35) stimulated formation of ROS in a
concentration and time dependent manner. The inverted
peptide, BA(35-25), gave no response. Also, luminol-
amplified chemiluminescence was stimulated by
BA(25-35). Incubation with diethyldithiocarbamate
(a superoxide dimustase inhibitor) and salicylhydrox-
amate (SHA; a myeloperoxidase inhibitor) reduced the
chemiluminescence. This indicates that hypochlorous
acid (HOCI) is formed after exposure to BA(25-35). The
EPR spectra indicated a concentration dependent
formation of superoxide (O; )- and hydroxyl (*OH)-
radicals. Hydroxylation of 4-HBA to 3,4,-dihydroxy-
benzoate confirmed production of “OH. This response
was attenuated by SHA, indicating involvement of
HOCI in formation of *OH. The DCF fluorescence was
inhibited with U0126 (an extracellular signal regulated
protein kinase (ERK) inhibitor). Further analysis with
western blot confirmed phosphorylation of ERK1/2 after
exposure to BA(25-35). The phospholipase A, (PLA;)
inhibitor 7,7-dimethyl-(5Z,8Z)-eicosadienoic acid, and
diphenyleneiodonium, which inhibits the NADPH
oxidase, also led to a reduction of the DCF fluorescence.
The present findings indicate that BA(25-35) stimulates
the NADPH oxidase by activating the ERK pathway
and PLA,. Production of O;  can lead to HOCI and
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further formation of *OH, which both have a cytotoxic
potential.
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INTRODUCTION

In Alzheimer’s disease (AD), insoluble amyloid beta
protein (BA) deposits as extracellular senile plaques
in brain areas that are critical for learning and
memory. This accumulated BA, which is an early and
probably necessary stage in the development of
the illness,!'! may be toxic to neurons by
stimulating production of inflammatory mediators
such as reactive oxygen species (ROS), cytokines
and chemokines.'*?! However, BA peptides like the
(1-40) and (1-42/43) fragments can also exist as
soluble forms circulating in the plasma and
cerebrospinal fluid."*”! It has been shown that these
peptides may lead directly to neurotoxic damage,®
as well as have deleterious effects on cerebral cortex
vessels.”! In particular, soluble BA contributes to
cerebral amyloid angiopathy, one of the pathological
features of AD."®! Previous studies have also shown
that BA damages peripheral blood vessels in animals
overexpressing the amyloid precursor protein,'! and
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that concentrations of BA higher than 10~7M result
in endothelial cell death.!'%"!

Defining exactly how BA exerts its toxicity is
important, but the mechanisms are still incompletely
described. Many studies have focused on the
production of superoxide (O, ) and hydrogen
peroxide (H;O;) in different cells. McDonald
et al"*"! have shown that exposure of microglia
and THP1 monocytes to fibrillar forms of BA results
in generation of O; ~. It has also been demonstrated
cellular release of O} ~ in peritoneal macrophages, !
and H,O, in neutrophils, microglia and mono-
cytes™! exposed to BA. However, because of low
reactivity towards biological macromolecules, these
species are probably not cytotoxic in the presence of
endogenous antioxidants. The toxicity may therefore
be a result of conversion to more reactive species
such as the hydroxyl radical (*OH) and hypochlo-
rous acid (HOCI), which are more likely to over-
whelm the defence mechanisms, leading to oxidative
damage. So far formation of these molecules after
exposure to BA has been scarcely investigated.

In the present paper, we have examined the effect
of the amyloid beta protein fragment BA(25-35) on
formation of ROS in human neutrophil granulocytes.
These cells are part of the phagocytic system and
possess the NADPH dependent oxidase complex,
which is required for respiratory burst. Although
activation of respiratory burst represents a beneficial
physiological response in host defence, chronic
activation may be harmful, because it leads to a
sustained release of reactive molecules at the sites of
inflammation.!®! The focus of our investigation has
been to identify different ROS produced after
exposure to PBA(25-35), and to elucidate the
involvement of different intracellular signaling
pathways. Four methods were used: a 2/,7'-dichloro-
fluorescin (DCF) fluorescence assay, a luminol
chemiluminescence assay, an electron paramagnetic
resonance (EPR) spectroscopy assay with DEPMPO
as a spin trap, and hydroxylation of 4-hydroxy-
benzoate (4-HBA). To identify the signaling path-
ways various enzyme inhibitors and western blot
analysis were used.

MATERIALS AND METHODS

Materials

BA(25-35) (Lot. #521137, Lot. #536373 and Lot.
#539704) and BA (35-25) (Lot. #545149) were
obtained from Bachem AG (Switzerland). 2/,7'-
dichlorofluorescin diacetate (DCFH-DA), phorbol
12-myristate 13-acetate (PMA), diphenyleneiodo-
nium chloride (DPI), 7,7-dimethyl-(5Z,8Z)-eicosadie-
noic acid (DEDA), luminol, 4-hydroxybenzoic acid
(4-HBA), 3,4-dihydroxybenzoic acid (3,4-DHBA),

salicylhydroxamic acid (SHA), diethyldithio-
carbamic acid (DDC), ethyl acetate and hydrogen
peroxide (H,O,) were purchased from Sigma-
Aldrich AS (USA). U0126 (1,4-diamino-2,3-dicyano-
1,4-bis(2-aminophenylthio)butadiene) came from
Promega (USA). Hanks Balanced Salt Solution
(HBSS)  (containing 1.26 mM  CaCl, X 2H,0,
5.37mM KCl, 0.44mM KH,PO,, 0.49 mM MgCl, X
6H,O, 0.41mM MgSO,x7H,O, 0.14M NaCl,
4.17mM NaHCOj; 0.34mM Na,HPO,, 5.55mM
D-glucose) and HEPES buffer were supplied by
GibcoBRL. Oxis International Inc. (USA) supplied 5-
diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide
(DEPMPO). Mouse phospho-ERK1/2 (Tyr204)
monoclonal antibody was from Santa Cruz Biotech
Inc., CA (USA) and horseradish peroxidase (HRP)-
conjugated rabbit anti-mouse IgG-antibody was
from DAKO A/S (Denmark).

Separation of Granulocytes

Fresh blood samples were collected in the morning
from healthy, adult males, and the neutrophil
granulocytes were prepared by the standard den-
sity-gradient centrifugation method.”!

Exposure of Granulocytes

BA(25-35) and BA(35-25) were stored at —20°C and
dissolved in distilled water prior to use. In solution
these peptides form fibrils spontaneously."’> The
controls contained granulocytes in buffer, and when
included, granulocytes in buffer with an enzymatic
inhibitor (U0126, DPI, DEDA, DDC or SHA). PMA
was used as positive control.

DCF Fluorescence Assay

The effect of BA(25-35) on ROS formation was
determined by using the probe 2/,7-DCFH-DA,"®! as
described by Myhre et al.['"!

Human neutrophil granulocytes (8 X 10° cells/ml
buffer) were diluted in HEPES-buffered (20 mM)
HBSS (pH 7.4) with glucose (5 mM) and DCFH-DA
(2 M), and incubated for 15 min at 37°C. Dye-loaded
samples were then centrifuged for 8 min at 625g.
After centrifugation, the extracellular medium with
DCFH-DA was exchanged with fresh buffer and
the pellet was resuspended gently. The reaction
was started by transferring 125wl granulocytes
to a microplate (96 wells, 250 ul; final concentration
4x10° cells/ml buffer) containing HEPES-buffered
HBSS and the compounds to be tested. The
measurements of the DCF mediated fluorescence
were performed every second minute for 60 min on a
computerized Perkin-Elmer LS50 luminescence
spectrometer, using excitation wavelength 488 nm
and emission wavelength 530nm. The incubation
temperature was 37°C.
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Luminol Chemiluminescence

Stimulation of ROS production was also investigated
by measuring luminol amplified chemiluminescence
as previously described.”! The reaction was carried
out on a microplate (96 wells) where each well
contained 0.1 mM (final concentration) luminol and
the compounds to be tested in HEPES-buffered
(20mM) HBSS (pH 7.4) with glucose (5mM). The
reaction was started by transferring 100 pl granulo-
cytes to each well (250 pl; final concentration 1 x 10°
cells/ml buffer). The chemiluminescence was
measured every second minute for 60min on a
computerized Labsystems Luminoscan lumino-
meter. The incubation temperature was 37°C.

EPR Spectroscopy Assay

Identification of free radicals produced after
exposure of neutrophils to BA(25-35) was per-
formed by using EPR spectroscopy in combination
with the spin trap DEPMPO. The experiments were
carried out at X-band frequencies using a BRUKER
ESP 300E 10/12 X-band EPR spectrometer. A
standard rectangular cavity (TE;o;) and a vertically
oriented flat cell (200 1) were used.

The procedure is described by Myhre et al.!*"]
Granulocytes (final concentration 4 X 10° cells/ml
buffer) were diluted in HEPES-buffered (20 mM)
HBSS (pH 7.4) with glucose (5mM) and DEPMPO
(20 mM). The cells were incubated for 10 min at room
temperature before exposure to increasing concen-
trations of BA(25-35) or PMA. Thereafter, the cells
were immediately transferred to the flat cell. Spin
adduct formation was measured after 30 min. The
amplitude of the EPR spectrum is proportional to the
amount of spin adducts formed.

For the benefit of the reader, Fig. 1 shows the
benchmark EPR spectra of the superoxide adduct of
DEPMPO (DEPMPO-OOH) and the hydroxyl
adduct (DEPMPO-OH). In Fig. 6, two “stick
diagrams” are included to show the relative
positions of the partly overlapping lines from
DEPMPO-OOH and DEPMPO-OH.

Aromatic Acid Hydroxylation Assay

4-HBA can be used to identify the presence of “OH
since it undergoes a specific addition reaction with
‘OH producing 3,4-dihydroxybenzoate (3,4-
DHBA).”!l The assay was performed as described
by Myhre et al ! Granulocytes (final concentration
4x10° cells/ml buffer) were diluted in HEPES-
buffered (20 mM) HBSS (pH 7.4) with glucose (5 mM)
and 4-HBA (2mM), and incubated for 10min at
room temperature. Thereafter, the compounds to be
tested were added. The mixtures were incubated for
2h at 37°C. After 2h pH was adjusted to about three

¥

FIGURE 1 (A) EPR spectrum of the superoxide adduct of
DEPMPO (DEPMPO-OOH) obtained after illuminating riboflavin
(50 pM) in the presence of diethylenetriaminepentaacetic acid
(DTPA) (4mM) and DEPMPO (10mM). The EPR spectrometer
settings were as follows: modulation frequency, 100 kHz; power,
20mW; modulation amplitude, 0.036 mT; time constant, 160 ms;
size, 1024; conversion time, 160ms. (B) EPR spectrum of the
hydroxyl adduct of DEPMPO (DEPMPO-OH) obtained after
X-ray irradiation (10 Gy) of DEPMPO (20 mM) in HEPES-buffered
HBSS. The EPR spectrometer settings were as follows: modulation
frequency, 100kHz; power, 20mW; modulation amplitude,
0.16 mT, time constant, 160 ms; size, 1024; conversion time, 160 ms.

1mT

(pK, (4-HBA) = 4.48). Onemilliliter of the cell
suspension was extracted with 2ml 2-propanol/
ethylacetate (1:100). The resulting 2-propanol/
ethylacetate extract containing 3,4-DBHA was pur-
ified through a normal phase extraction column
(20H diol column Bond Elut, 100 mg, Varian, USA),
and the solvents were evaporated at room tempera-
ture. The samples were stored at —80°C until the
amount of 3,4-DHBA was determined by HPLC with
electrochemical detection. The peak areas were
calculated as volt per second and quantified by
using authentic standards of 3,4-DHBA corrected for
the volumes applied. Stringent tests for the exper-
imental system to evaluate non-biological hydroxy-
lation were made. To assure that the method actually
measured production of *OH and that adventitious
iron in the buffer did not contribute to the response,
cell free control experiments were done. In one
experiment the buffer was irradiated with X-rays
(30Gy). In another experiment H,O, alone (up to
10mM), or H,O, (2.5mM), Fe*™ (0.5mM) and
ascorbic acid (0.17 mM) were added to the buffer.

Western Blotting

Human neutrophil granulocytes were isolated as
described. Prior to use, the granulocytes were
incubated at 37°C for 30 min to equilibrate. Thereafter
the cells were exposed to BA(25-35) (25uM), BA(25-
35) together with U0126 (20 pM), and BA(35-25)
(25uM) for different time-spans (1-40min). After
the indicated incubation periods, 500l ice-cold
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FIGURE 2 Relative DCF fluorescence as an expression for ROS formation in human neutrophil granulocytes after exposure to increasing
concentrations of BA(25-35) and BA(35-25), and PMA. The control (unstimulated cells) is set to 100. Values are mean + SEM, n = 4-6
assayed in triplicate. **Statistically higher than the control, p < 0.001. ®Statistically lower than the control, p < 0.01 (One-way
ANOVA, Newman-Keuls; see text for details). *Statistically higher than the control, p < 0.01 (Student’s t-test).

phosphate buffered salt solution (pH 7.4) was added
to the granulocytes, and the mixtures were centri-
fuged at 9000g for 5min. The cells were lysed in
sample buffer (final concentrations: 3% sodium
dodecyl sulphate (SDS) and 5% glycerol in 62.5 mM
Tris/HCI, pH 6.9, with bromphenol blue) and added
2-mercaptoetanol (6/100 pl). The aliquots were
incubated at 95°C for 5min and centrifuged again.
Fifteen micro liters lysate was separated by SDS
polyacrylamide gel electrophoresis (SDS-PAGE) on
12% gel. The proteins were transferred to nitrocellu-
lose membranes (0.45 wm). The nitrocellulose blots
were incubated in blocking buffer (Tris-buffered
saline containing 0.05% Tween 20 (TBST) and 5%
low-fat dry milk) for 1h and then probed with
phospho-ERK1/2 (1:200 dilution in blocking buffer)
for another 1h. The blots were washed in TBST
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(6 X5min) and then incubated with a HRP-
conjugated secondary antibody (1:1000 dilution
in blocking buffer) for 1h. After washing in TBST
(6 X5min), the blots were exposed to enhanced
chemiluminescence reagent for 1min. The signals
were visualized on X-OmatBlue XB-1 film (Kodak).
The transfer of proteins was confirmed by staining
the nitrocellulose blots with Ponceau S. The experi-
ments were repeated 3—4 times.

Statistical Analysis

For the data presented in Figs. 2,4 and 7, and in Table I
statistical overall analyses were made with one-way
analysis of variance (ANOVA) and group compari-
sons with Newman-Keuls post-hoc test (Sigma Stat
statistical software program version 1.0). For the data

—&— Control

——12.5 uM bA(25-35)
—e—25 UM bA(25-35)
-850 pM bA(25-35)

0 10 20

% Time (mlﬁs
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FIGURE 3 Typical response curves showing DCF fluorescence as function of time (min) in human neutrophil granulocytes after
stimulation of ROS formation with increasing concentrations of BA(25-35).
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FIGURE 4 Relative chemiluminescence with luminol in human neutrophil granulocytes after stimulation of ROS formation with
increasing concentrations of BA(25-35). Values are mean = SEM, n = 6 assayed in duplicate. *Statistically higher than the control,
*p < 0.05, **p < 0.001 (One-way ANOVA, Newman-Keuls; see text for details).

presented in Fig. 5 and in Table II Student’s t-test,
paired two samples of means, was performed (Excel
97 version).

RESULTS

The Effect of BA(25-35) and BA(35-25) on ROS
Formation in Human Neutrophil Granulocytes

BA(25-35) increased the DCF fluorescence in a
concentration dependent manner (Fig. 2). ANOVA
revealed a significant difference between the con-
centrations tested (F313 = 61.07, p < 0.0001). Post-hoc
comparisons with Newman-Keuls confirmed
that the response obtained by 25 and 50uM

725 uM bA(25-35)
O Control

**

o 100 uM DDC 50 M SHA
FIGURE 5 The effect of the superoxide dismutase inhibitor DDC
(100 uM) and the myeloperoxidase inhibitor SHA (50 uM) on
luminol amplified chemiluminescence in human neutrophil
granulocytes after exposure to BA(25-35) (25uM). Values are
mean + SEM, n = 5-6 assayed in duplicate. *Statistically different
from BA(25-35), *p < 0.05, **p < 0.01 (Student’s t-test; see text for
details).

was significant different from both the control
and 12.5uM (p < 0.001), while 12.5uM was not
significant different compared to the control. BA(35-
25) was used as negative control, and inhibited
the DCF fluorescence (Fz;7 =11.58, p < 0.0002).

7 ? ;; ? N DEPMPO-OH
MDEPWO-OOH

1mT

FIGURE 6 Typical EPR spectra obtained after stimulation of free
radical formation in human neutrophil granulocytes. (A) 100 pM
BA(25-35), (B) 50uM BA(25-35), (C) 25uM BA(25-35), (D)
Control, (E) 2x1078M PMA (X 0.5). The spectra were recorded
30 min after start of exposure of the granulocytes, and show both
DEPMPO-OOH and DEPMPO-OH, as illustrated by the stick
diagrams. For comparison see Fig. 1. The EPR spectrometer
settings were as follows: modulation frequency, 100 kHz; power,
12.6 mW; modulation amplitude, 0.185 mT; time constant, 640 ms;
size, 1024; conversion time, 64 ms. Hyperfine splitting constants
used in stick diagrams: (DEPMPO-OOH) ap = 5.01mT, an =
1.32mT, af =1.13mT; (DEPMPO-OH) ap=473mT, ay=
1.35mT, a; = 1.43mT.
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FIGURE 7 The effect of the MEK 1/2 inhibitor U0126 (20 pM), the PLA, inhibitor DEDA (5 pM), and the NADPH oxidase inhibitor DPI
(1.5uM) on ROS formation in human neutrophil granulocytes after exposure to BA(25-35) (25 uM). Values are mean + SEM, n = 5-7
assayed in triplicate. *Statistically different from 25 uM BA(25-35); *p < 0.05, **p < 0.01, **p < 0.001 (One-way ANOVA, Newman—

Keuls; see text for details).

Newman-Keuls showed that the response was
significant lower than the control (p < 0.01), and
that there were no differences between the three
concentrations of BA(35-25) tested. PMA elevated
the DCF fluorescence significantly, measured by
Student’s t-test, compared to the control (p < 0.01).

Elevation of the DCF fluorescence was time
dependent (Fig. 3). The response triggered by
BA(25-35) started after a lag time of about 10 min.
BA(25-35) by itself did not oxidize DCFH (data not
shown).

Identification of ROS After Exposure to 3A(25-35)

The luminol experiments confirmed production of
ROS after exposure to BA(25-35) (Fig. 4). The
response was fast with peaks after 8-16min
(data not shown). ANOVA revealed a significant
difference between the concentrations tested
(Fi25 =15.41, p <0.0001). Newman-Keuls con-
firmed that the response obtained by all the

TABLEI Hydroxylation of 4-HBA to 3,4-DHBA as an expression
of *OH formation in human neutrophil granulocytes after
exposure to BA(25-35) (50 M) alone, and in combination with
the myeloperoxidase inhibitor SHA

3,4-DHBA detected after

Treatment 120 min (nmol)
Control 0.031 = 0.019
50 M BA(25-35) 0.097 = 0.010*
50 uM SHA 0.014 = 0.004
50 M BA(25-35) 4+ 50 uM SHA 0.052 + 0.010"
100 pM SHA 0.011 = 0.004

50 uM BA(25-35) + 100 uM SHA 0.035 = 0.007"

Values are mean * SEM, n = 4. *Statistically different from control
(unstimulated cells), p < 0.01. *Statistically different from 50 WM BA(25—
35), p < 0.01 (One-way ANOVA, Newman-Keuls; see text for details).

concentrations was significant different from the
control (6.25uM: p <0.05; 12.5, 25 and 50 uM:
p < 0.01). 25 and 50 uM did not elevate the response
compared to 12.5 uM. Student’s t-test showed that
100 pM of the superoxide dismutase inhibitor
DDC,?*%1 and 50 M of the myeloperoxidase
inhibitor SHA,1****! attenuated the luminol response
mediated by 25 uM BA(25-35) significantly by 29%
(p < 0.05) and 66% (p < 0.01), respectively (Fig. 5).
This indicates that at least a part of the ROS response
is due to formation of HOCI. In the absence of any
stimulus, chemiluminescence was negligible.

The EPR experiments revealed that both O; = and
*OH were produced during the respiratory burst
triggered by BA(25-35) (Fig. 6). The spectra reached
their highest amplitude after 30 min, and showed a
concentration dependent formation of DEPMPO-
OOH and DEPMPO-OH. The positive control, PMA
(2x1078M), gave a strong EPR spectrum, which
shows mainly DEPMPO-OOH but also small
amounts of DEPMPO-OH. The control spectra
showed only minor amounts of the adducts.

Formation of 3,4-DHBA confirmed an increase in
production of *OH after exposure of granulocytes to
50 uM BA(25-35). The myeloperoxidase inhibitor
SHA reduced this response (Table I). ANOVA
revealed a significant difference between the groups
(Fs5,18 = 9.46, p <0.0001). Multiple comparisons,
using the Newman-Keuls post-hoc test, showed
that 50 uM BA(25-35) was significant different from
the control (p < 0.01), and that both 50 and 100 pM
SHA reduced this response significantly (p < 0.01).
This indicates that HOClI is involved in formation of
*OH in granulocytes. PMA (1x1077M) was the
strongest stimulator (control: 0.169 * 0.027, PMA:
0.792 = 0.055, p < 0.001, Student’s t-test).
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TABLE II Cell free control experiments showing formation of
“OH after irradiation with X-rays (30Gy), and incubation with
Fe?" (0.5mM), H,0, (2.5 mM) and ascorbic acid (0.17 mM) (Fenton
chemistry; reaction time 120 min)

Treatment (cell free system) 34-DHBA formed (nmol)

Control 0.020 + 0.009
X-ray irradiation (30 Gy) 0.095 £ 0.024*

Control 0.019 £ 0.003
Fenton chemistry 1.24 = 0.212%

Values are mean * SEM, n = 3-4. *Statistically different from control
(buffer), p < 0.05 (Student’s t-test). Only H>O, added to the buffer gave no
response (data not shown).

Cell free control experiments were done to assure
that the aromatic acid hydroxylation assay measured
formation of "OH. Both X-ray irradiation (30Gy),
which produces *OH directly, and addition of H,O,
(2.5 mM), Fe** (0.5 mM) and ascorbic acid (0.17 mM)
to the system, elevated the formation of 3,4-DHBA
(p < 0.05, Student’s t-test; Table II). Addition of HO,
(up to 10mM) alone gave no significant response
(control:  0.024 = 0.0046, H,0,: 0.038 £ 0.004,
measured in nmol after 120 min; p > 0.05), showing
that trace amounts of iron in the buffer were not
responsible for formation of *OH.

The Role of the ERK Pathway, PLA, and the
NADPH Oxidase

Enzymatic inhibitors were used to elucidate involve-
ment of different intracellular signaling pathways.
The concentrations of the inhibitors used in Fig. 7
were chosen from previous dose response experi-
ments with U0126 (5-40 pM), DEDA (1-20 uM) and
DPI (1.5-14 pM) (data not shown). Treatment of the
granulocytes with the non-competitive ERK inhibi-
tor U0126 (20 pM)1?*?”! reduced the fluorescence by

77%. One-way ANOVA revealed a reliable overall
effect (F320 = 53.75, p <0.0001), and Newman-
Keuls post-hoc test showed that U0126 reduced the
BA mediated response significantly (p < 0.001).
Incubation of the granulocytes with DEDA (5 uM),
a ComFetitive arachidonic acid-specific PLA, inhibi-
tor,!*®!  lowered the fluorescence by 30%
(F3p4 = 21.88, p <0.0001). Group comparisons
showed that this concentration of DEDA had a
significant effect on the BA mediated response (p <
0.05). ANOVA also uncovered a reliable effect of
1.5uM of the NADPH oxidase inhibitor DPI®’
(F3.16 = 9.757, p < 0.0007). The BA response was
reduced by 70% (p < 0.01).

Neither of the inhibitor controls were significant
different from the cell controls (One-way ANOVA,
Newman-Keuls, p > 0.05).

To confirm the ability of BA(25-35) to phosphoryl-
ate ERK1/2, a phospho-specific antibody that
recognizes phosphorylated Tyr204 of ERK1/2 was
employed (Fig. 8). The results show that BA(25-35)
(25 uM) induced phosphorylation of ERK 1 and 2 in
a time dependent manner (1, 5, 10, 20 and 40 min)
demonstrated by an increase in the relative
intensities of the two immunodetectable bands, 44
and 42 kDa, respectively, compared to the basal level
(control). Incubation of the granulocytes with
BA(25-35) (25 uM) for 20 min in combination with
U0126 (20 M) eliminated this response. The
inverted peptide BA(35-25), which does not stimu-
late formation of ROS, did not lead to phosphoryl-
ation of ERK1/2 after incubation for 20 min.

DISCUSSION

The present paper shows elevated production of O; ",
HOCI and *OH in human neutrophil granulocytes

1 5 10 20

=1

40 20 Time (min)

25 uM BA(25-35)

Control

0 pM U0126 +
5 uM BA(25-35)
25 pM BA(35-25)

2
2

FIGURE 8 Phosphorylation of ERK1/2 in human neutrophil granulocytes exposed to BA(25-35) (25 pM) is time dependent (1, 5, 10, 20
and 40min). Incubation of BA(25-35) in combination with U0126 (20 uM) for 20 min eliminated this response. The inverted peptide
BA(35-25) (25 uM) did not lead to phosphorylation of ERK1/2 after incubation for 20 min. The experiments were repeated 3—-4 times.
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after exposure to BA(25-35), measured with DCF
fluorescence, luminol chemiluminescence, EPR spec-
troscopy in combination with the spin trap
DEPMPO, and aromatic acid hydroxylation. To
avoid artifacts it is important to combine different
methods. The DCF assay is rather non-specific for
detection of ROS, but is an attractive and sensitive
method as an overall index for oxidative stress in
biological systems. It is reported to detect several
kinds of reactive molecules such as H,O,, OONO™,
HOCI and NO.'#3031 Of the concentrations tested,
only 25 and 50 uM BA(25-35) elevated the DCF
response significantly compared to the control
(Fig. 2). Control experiments with BA(35-25) did
not elevate the DCF response, showing that the ROS
inducing capacity of BA(25-35) was not a non-
specific action due to the peptide length.

The identity of the ROS was characterized. BA(25-
35) elevated the luminol chemiluminescence signifi-
cantly (Fig. 4). In activated phagocytes luminol
largely detects production of HOC1.*?! This molecule
has attracted much attention because of its high
reactivity. If myeloperoxidase and Cl™ are present,
HOCI can be produced from H,0,.1%! Neutrophils
are known to have a large amount of myeloperoxi-
dase, and the myeloperoxidase inhibitor SHA
reduced the chemiluminescence (Fig. 5). This
confirms production of HOCI after stimulation with
BA(25-35). Also incubation with DDC abolished the
luminol chemiluminescence. This observation is in
accordance with earlier findings showing that
superoxide dismutase inhibition in isolated neutro-
phils and cerebellar neurons attenuated H,O,
production,®***! which will consequently reduce
the level of HOCL The inhibition by SHA was
stronger than the inhibition by DDC. The reason for
this can be that although DDC inhibits Cu-Zn
superoxide dismutase, O, can also dismutate
spontaneously, to form dioxygen and H,0,.1¢%"]

The EPR spectra in Fig. 6 show concentration
dependent formation of both the superoxide adduct
of DEPMPO (DEPMPO-OOH) and the hydroxyl
adduct (DEPMPO-OH) after stimulation with
BA(25-35). The formation of *OH was confirmed
by hydroxylation of 4-HBA to 3,4-DHBA (Table I),
which is a sensitive and reliable technique used to
detect *OH down to picomol concentrations!®®
(Table II). As far as we know, we are the first to
demonstrate production of HOCl and °OH in
phagocytes after exposure to BA(25-35) (Figs. 4-6,
and Table I). In biological systems these molecules
are highly reactive and will attack cell membranes,
initiate lipid peroxidation, and injure DNA and
sensitive proteins,*? resulting in cellular dysfunc-
tion. The formation *OH can occur through different
mechanisms. In phagocytes, an important source of
*OH is from HOCI reacting with O; ~.*% Depending
on the stimuli, HOCI may account for 20—-70% of the

liberated H,O, by neutrophils (for review see Ref.
[40]). When our granulocytes were incubated with
BA(25-35) together with the myeloperoxidase
inhibitor SHA, both the chemiluminescence and the
level of 3,4-DHBA were reduced significantly (Fig. 5
and Table I), confirming that production of HOCI via
myeloperoxidase is important for formation of *OH
in these cells. The reaction between O, ~ and HOCI
leading to “OH is rapid even in the absence of metal
ions,®”! and has a rate constant of 7.5x 10°M~1s7!,
which is greater than that for the reaction of Fe*"
with H,O,. This reaction also represents an alterna-
tive pathway for the toxicity of HOCI, in addition to
the well-established formation of chloramines and
inactivation of antiprotease.***! Lastly, it is a
mechanism by which neutrophils can transform the
less reactive O; ~ into the highly reactive *OH.
However, SHA did not fully eliminate the BA
mediated response. It may therefore be that other
sources, such as the Fenton reaction, are involved. It
has been shown that iron facilitates BA injury.*?!
Normally, organisms take great care in handling of
this specie to minimize the amount of free iron
within cells and in extracellular fluids.!**! However,
an excess production of O; ~ can lead to release of
iron from e.g. ferritin.!**!

In control experiments, without granulocytes,
H,0O, alone was not able to increase the formation
of 3,4-DHBA significantly. Adventitious iron in the
buffer seems therefore not to be involved in the
observed production of *OH. To get *OH in the cell
free system iron and ascorbic acid had to be added
together with H,O, (Table 1II).

Dewas et al.*! have demonstrated that the ERK
pathway participates in phosphorylation of the
NADPH oxidase component p47""**. As shown in
Fig. 7, the potential anti-inflammatory compound
U0126, which inhibits MEK1/2%%*1 had a strong
inhibitory effect on the BA(25-35) stimulated DCF
fluorescence. Phosphorylation of ERK1/2 after
exposure to BA(25-35) was confirmed by using a
specific monoclonal antibody against phospho-
ERK1/2 and western blot analysis (Fig. 8). The
results show that the peptide phosphorylated
ERK1/2 time dependently up to 40 min. Incubation
with U0126 eliminated this response. This indicates
that the ERK pathway, which has been shown to be
involved in BA mediated ROS response in microglia
an THP1 monocytes'***! also is important in
human neutrophil granulocytes. Interestingly, both
ERK1/2, MEK1,""" and the NADPH oxidase!**! are
found to be activated in AD brains. The NADPH
oxidase inhibitor DPI did not reduce the fluorescence
completely (Fig. 7), indicating that other sources may
be involved. Since elevated cytosolic PLA; activity is
associated with the inflammation and oxidative
stress seen in AD,[49’5°] the cells were incubated with
the PLA, inhibitor DEDA. This inhibitor reduced
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the fluorescence significantly, suggesting that PLA,
plays a role in the observed response. The
arachidonic acid cascade, which is activated by this
enzyme, leads both to production of O; ~, and forms
free fatty acids that can stimulate the NADPH
oxidase directly®"! or via PKC."?l PLA, itself can be
activated by the ERK/MAP kinase pathway.!””
Consequently, inhibition of MEK1/2 by U0126 not
only suppresses a possible direct activation of the
NADPH oxidase but also the BA induced activation
of PLA,. The inhibitors we used are supposed to be
specific, but may, at least hypothetically, have
additional effects than the proposed. Studies using
other inhibitors and/or strategies to block the
pathways should therefore be performed in the
future to verify the results.

Clinical and epidemiological studies have indi-
cated that A may be associated with oxidative stress
and cell death.®**® Consistent with this, it has been
claimed that use of anti-inflammatory drugs and
antioxidants slow progression of the illness.!>**]
However, the mechanisms for BA mediated
toxicity are still uncertain. The peptide is known to
stimulate inflammatory activation of microglia,!**!
and examination of AD-afflicted brain tissue has
shown a correlation between these cells, senile
plaque and oxidative damage.®®**°! In general,
microglia produce O; ~ and H,0, '*'*!% but these
species react poorly with biomolecules and must
therefore be converted to more reactive species, such
as *OH and HOC], to give cell toxicity.

In addition to direct neurodegeneration induced
by amyloid plaque, recent findings propose a
prominent role for vascular BA in the pathology of
AD.[®9%61 The Jevel of soluble BA has been shown to
be elevated in both brain and plasma of AD
patients,!®®! and several experiments indicate
that this BA may mediate production of ROS
resulting in vasoconstriction and endothelial
destruction.[©06162]

Our in vitro results, showing formation of HOCI
and °OH, may be of relevance for AD. HOCI is
the main oxidant produced by neutrophils, and
may account for a major part of injury induced by
these cells, resulting in vascular dysfunction.
Normally, myeloperoxidase is not present in
microglia and brain-specific macrophages, but in
AD patients this enzyme has been shown to
colocalize with BA in senile plaques in cerebral
cortex.[®! This suggests a role for HOCI also in the
neuronal damage. Concerning the extremely
reactive *OH radical, the level of this molecule is
elevated in the blood of AD patients compared to
controls.® Tt has also been shown that mitochon-
dria from AD brains have damages consistent with
‘OH injury. Generation of *OH may therefore
occur against the background of intra- and extra-
cellular antioxidant defences in these patients.

In agreement with this a significant deficiency in
the endogenous °OH scavenger melatonin is
common in AD.!®”!

The present paper, identifying production of
cytotoxic ROS in human neutrophil granulocytes
after exposure to BA(25-35), supports the oxidative
stress hypothesis for the pathogenesis in AD.!*!
Our results show that BA(25-35) can stimulate the
NADPH oxidase by activating the ERK/MAP
kinase pathway and PLA,. Activation of the
NADPH oxidase produces O; ~, which is converted
to H,O,. This molecule can lead to HOCI and
further formation of *OH. Continuous production
of HOCl and °OH can be deleterious to vital
cellular functions and may be involved in the
pathology seen in AD.

Acknowledgements

This research was supported by the Ring Foundation
(J.M. Andersen), and VISTA (The Norwegian
Academy of Science and Letters/Statoil) (O. Myhre
and F. Fonnum).

References

[1] Braak, H. and Braak, E. (1991) “Neuropathological
stageing of Alzheimer-related changes”, Acta Neuropathol. 8,
239-259.

[2] Meda, L., Cassatella, M.A., Szendrei, G.I., Otvos, Jr., L., Baron,
P, Villalba, M., Ferrari, D. and Rossi, F. (1995) “Activation of
microglial cells by B-amyloid protein and interferon-
gamma”, Nature 374, 647—-650.

[3] Johnstone, M., Gearing, A.J. and Miller, K.M. (1999) “A central
role for astrocytes in the inflammatory response to B-amyloid;
chemokines, cytokines and reactive oxygen species are
produced”, J. Neuroimmunol. 93, 182—-193.

[4] van Gool, W.A., Kuiper, M.A., Walstra, G.J., Wolters, E.C. and

Bolhuis, P.A. (1995) “Concentrations of amyloid beta protein

in cerebrospinal fluid of patients with Alzheimer’s disease”,

Ann. Neurol. 37, 277-279.

Scheuner, D., Eckman, C., Jensen, M., Song, X., Citron, M.,

Suzuki, N., Bird, T.D., Hardy, J., Hutton, M., Kukull, W,

Larson, E., Levy-Lahad, E., Viitanen, M., Peskind, E., Poorkaj,

P.,, Schellenberg, G., Tanzi, R., Wasco, W., Lannfelt, L., Selkoe,

D. and Younkin, S. (1996) “Secreted amyloid beta-protein

similar to that in the senile plaques of Alzheimer’s disease is

increased in vivo by the presenilin 1 and 2 and APP
mutations linked to familial Alzheimer’s disease”, Nat. Med.

2, 864-870.

[6] Lue, L.E, Kuo, Y.M., Roher, A.E., Brachova, L., Shen, Y., Sue,
L., Beach, T., Kurth, J.H., Rydel, R.E. and Rogers, J. (1999)
“Soluble amyloid beta peptide concentration as a predictor of
synaptic change in Alzheimer’s disease”, Am. J. Pathol. 155,
853-862.

[7] Suo, Z.,, Humphrey, J., Kundtz, A., Sethi, F, Placzek, A.,

Crawford, F. and Mullan, M. (1998) “Soluble Alzheimers beta-

amyloid constricts the cerebral vasculature in vivo”, Neurosci.

Lett. 257, 77-80.

Urmoneit, B., Prikulis, I., Wihl, G., D’Urso, D., Frank, R.,

Heeren, J., Beisiegel, U. and Prior, R. (1997) “Cerebrovascular

smooth muscle cells internalize Alzheimer amyloid B protein

via a lipoprotein pathway: implications for cerebral amyloid

angiopathy”, Lab. Investig. 77, 157-166.

[9] Jahroudi, N., Kitney, J., Greenberger, ].S. and Bowser, R. (1998)
“Endothelial cell dysfunction in response to intracellular
overexpression of amyloid precursor protein”, J. Neurosci.
Res. 54, 828—-839.

5

—_

[8

—_

RIGHTS LI MN iy



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/26/11
For personal use only.

278

[10]

(11]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

J.M. ANDERSEN ef al.

Blanc, E.M., Toborek, M., Mark, R.J., Hennig, B. and Mattson,
M.P. (1997) “Amyloid beta-peptide induces cell monolayer
albumin permeability, impairs glucose transport, and induces
apoptosis in vascular endothelial cells”, J. Neurochem. 68,
1870-1881.

Price, ].M., Chi, X., Hellermann, G. and Sutton, E.T. (2001)
“Physiological levels of beta-amyloid induce cerebral vessel
dysfunction and reduce endothelial nitric oxide production”,
Neurol. Res. 23, 506—-512.

McDonald, D.R., Brunden, K.R. and Landreth, G.E. (1997)
“Amyloid fibrils activate tyrosine kinase-dependent signal-
ing and superoxide production in microglia”, J. Neurosci. 17,
2284-2294.

McDonald, D.R., Bamberger, M.E., Combs, C.K. and
Landreth, G.E. (1998) “B-Amyloid fibrils activate parallel
mitogen-activated protein kinase pathways in microglia and
THP1 monocytes”, J. Neurosci. 18, 4451-4460.

Klegeris, A. and McGeer, PL. (1997) “B-Amyloid protein
enhances macrophage production of oxygen free radicals and
glutamate”, J. Neurosci. Res. 49, 229-235.

Bianca, V.T., Dusi, S., Bianchini, E., Pra, I.D. and Rossi, F.
(1999) “B-Amyloid activates the forming NADPH oxidase in
microglia, monocytes, and neutrophiles”, J. Biol. Chem. 274,
15493-15499.

Knaapen, A.M,, Seiler, E, Schilderman, P.A., Nehls, P, Bruch,
J., Schins, R.P. and Borm, PJ. (1999) “Neutrophils cause
oxidative DNA damage in alveolar epithelial cells”, Free
Radic. Biol. Med. 27, 234-240.

Boyum, A., Lovhaug, D., Tresland, L. and Nordlie, E.M.
(1991) “Separation of leucocytes: improved cell purity by fine
adjustments of gradient medium density and osmolality”,
Scand. |. Immunol. 34, 697-712.

LeBel, C.P.,, Ischiropoulos, H. and Bondy, S.C. (1992)
“Evaluation of the probe 2',7-dichlorofluorescin as an
indicator of reactive oxygen species formation and oxidative
stress”, Chem. Res. Toxicol. 5, 227-231.

Myhre, O., Vestad, T.A., Sagstuen, E., Aarnes, H. and
Fonnum, E (2000) “The effects of aliphatic (n-nonane),
naphtenic (1,2,4-trimethylcyclohexane), and aromatic (1,2,4-
trimethylbenzene) hydrocarbons on respiratory burst in
human neutrophil granulocytes”, Toxicol. Appl. Pharmacol.
167, 222-230.

Voie, O.A., Wiik, P. and Fonnum, E. (1998) “Ortho-substituted
polychlorinated biphenyls activate respiratory burst
measured as luminol-amplified chemoluminescence in
human granulocytes”, Toxicol. Appl. Pharmacol. 150, 369—-375.
Ste-Marie, L., Boismenu, D., Vachon, L. and Montgomery, J.
(1996) “Evaluation of sodium 4-hydroxybenzoate as an
hydroxyl radical trap using gas chromatography-mass
spectrometry and high-performance liquid chromatography
with electrochemical detection”, Anal. Biochim. 241, 67-74.
Heikkila, R.E. and Cohen, G. (1977) “The inactivation of
copper—zinc superoxide dismutase by diethyldithiocarba-
mate”, In: Michelson, A.M., McCord, J.M. and Fridovich, I.,
eds, Superoxide and Superoxide Dismutases (Academic
Press, New York), pp 367-373.

Misra, H.P. (1979) “Reaction of copper-zinc superoxide
dismutase with diethyldithiocarbamate”, ]. Biol. Chem. 254,
11623-11628.

Davies, B. and Edwards, S.W. (1989) “Inhibition of
myeloperoxidase by salicylhydroxamic acid”, Biochem. ].
258, 801-806.

Ikeda-Saito, M., Shelley, D.A., Lu, L., Booth, K.S., Caughey,
W.S. and Kimura, S. (1991) “Salicylhydroxamic acid inhibits
myeloperoxidase activity”, J. Biol. Chem. 266, 3611-3616.
Duncia, J.V., Santella, 3rd., J.B., Higley, C.A., Pitts, W],
Wityak, J., Frietze, W.E., Rankin, EW., Sun, ].H., Earl, RA.,
Tabaka, A.C., Teleha, C.A., Blom, K.F,, Favata, M.E.,, Manos,
EJ., Daulerio, AJ., Stradley, D.A., Horiuchi, K., Copeland,
R.A., Schrele, P.A., Trzaskos, ].M., Magolda, R.L., Trainor,
G.L., Wexler, R.R., Hobbs, EW. and Olson, R.E. (1998) “MEK
inhibitors: the chemistry and biological activity of U0126, its
analogs, and cyclization products”, Bioorg. Med. Chem. Lett. 8,
2839-2844.

Favata, M.E, Horiuchi, K.Y.,, Manos, E.J., Daulerio, Al].,
Stradley, D.A., Feeser, W.S., Van Dyk, D.E., Pitts, W.]., Earl,
R.A., Hobbs, E, Copeland, R.A., Magolda, R.L., Scherle, P.A.

and Trzaskos, J.M. (1998) “Identification of a novel inhibitor
of mitogen-activated protein kinase kinase”, . Biol. Chem. 273,
18623-18632.

[28] Cohen, N., Weber, G., Banner, B.L., Welton, A.F., Hope, W.C.,
Crowley, H., Anderson, W.A., Simko, B.A., O’'Donnell, M. and
Coffey, J.W. (1984) “Analogs of arachidonic acid methylated
at C-7 and C-10 as inhibitors of leukotriene biosynthesis”,
Prostaglandins 27, 553—562.

[29] O’Donnell, B.V., Tew, D.G., Jones, O.T. and England, P.J. (1993)
“Studies on the inhibitory mechanism of iodonium com-
pounds with special reference to neutrophil NADPH
oxidase”, Biochem. ]. 290, 41-49.

[30] Gunasekar, P.G., Kanthasamy, A.G., Borowitz, ].L. and Isom,
G.E. (1995) “Monitoring intracellular nitric oxide formation
by dichlorofluorescin in neuronal cells”, J. Neurosci. Methods
61, 15-21.

[31] Crow, J.P. (1997) “Dichlorodihydrofluorescein and dihydro-
hodamine 123 are sensitive indicators of peroxynitrite in vitro:
implications for intracellular measurement of reactive
nitrogen and oxygen species”, Nitric Oxide 1, 145-157.

[32] Halliwell, B. and Gutteridge, ].M.C. (1999) Free Radicals in
Biology and Medicine (Clarendon Press, Oxford).

[33] Harrison, J.E. and Schultz, J. (1976) “Studies on the
chlorinating activity of myeloperoxidase”, . Biol. Chem. 251,
1371-1374.

[34] Izumi, Y., Ogno, K., Murata, T., Kobayashi, H. and Hobara, T.
(1994) “Effects of diethyldithiocarbamate on activa-
ting mechanisms of neutrophils”, Pharmacol. Toxicol. 74,
280-286.

[35] Oyama, Y., Furukawa, K., Chikahisa, L. and Hatakeyama, Y.
(1994) “Effect of N,N-diethyldithiocarbamate on ionmycin-
induced increase in oxidation of cellular 2'7'-dicholofluor-
escin in dissociated cerebellar neurons”, Brain Res. 660,
158-161.

[36] Halliwell, B. and Gutteridge, ].M. (1984) “Oxygen toxicity,
oxygen radicals, transition metals and disease”, Biochem. ].
219, 1-14.

[37] Halliwell, B. (1993) “The role of oxygen radicals in human
disease, with particular reference to the vascular system”,
Haemostasis 23, 118—-126.

[38] Coudray, C., Talla, M., Martin, S., Fatome, M. and Favier, A.
(1995) “High performance liquid chromatography-electro-
chemical determination of salicylate hydroxylation products
as an in vivo marker of oxidative stress”, Anal. Biochem. 227,
101-111.

[39] Candeias, L.P.,, Patel, K.B., Stratford, M.R. and Wardman, P.
(1993) “Free hydroxyl radicals are formed on reaction
between the neutrophil-derived species superoxide anion
and hypochlorus acid”, FEBS Lett. 333, 151-153.

[40] Kettle, A.J. and Winterbourn, C.C. (1997) “Myeloperoxidase:
a key regulator of neutrophil oxidant production”, Redox Rep.
3,3-15.

[41] Clark, R.A., Stone, PJ., El Hag, A., Calore, ].D. and Franzblau,
C. (1981) “Myeloperoxidase-catalyzed inactivation of alpha 1-
protease inhibitor by human neutrophils”, J. Biol. Chem. 256,
3348-3353.

[42] Schubert, D. and Chevion, M. (1995) “The role of iron in
amyloid toxicity”, Biochem. Biophys. Res. Commun. 216,
702-707.

[43] Weinberg, E.D. (1992) “Iron depletion: a defense against
intracellular infection and neoplasia”, Life Sci. 50, 1289-1297.

[44] Topham, R.W., Walker, M.C. and Calisch, M.P. (1982) “Liver
xanthine dehydrogenase and iron mobilization”, Biochem.
Biophys. Res. Commun. 109, 1240—1246.

[45] Dewas, C., Fay, M., Gougerot-Pocidalo, M.A. and El-Benna, J.
(2000) “The mitogen-activated protein kinase extra-
cellular signal-regulated kinase 1/2 pathway is involved in
formyl-methionyl-leucyl-phenylalanine-induced p47°"°*
phosphorylation in human neutrophils”, J. Immunol. 165,
5238-5244.

[46] Combs, C.K., Johnson, D.E., Cannady, S.B., Lehman, T.M. and
Landreth, G.E. (1999) “Identification of microglial signal
transduction pathways mediating a neurotoxic response to
amyloidogenic fragments of B-amyloid and protein pro-
teins”, J. Neurosci. 19, 928—-939.

[47] Arendt, T., Holzer, M., Grossmann, A., Zedlick, D. and
Bruckner, M.K. (1995) “Increased expression and subcellular

RIGHTS LI MN iy



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

For personal use only.

[56]

Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/26/11

BA(25-35) AND PRODUCTION OF ROS

translocation of the mitogen activated protein kinase kinase
and mitogen-activated protein kinase in Alzheimer’s dis-
ease”, Neuroscience 68, 5—18.

Shimohama, S., Tanino, H., Kawakami, N., Okamura, N.,
Kodama, H., Yamaguchi, T., Hayakawa, T., Nunomura, A.,
Chiba, S., Perry, G., Smith, M.A. and Fujimoto, S. (2000)
“Activation of NADPH oxidase in Alzheimer’s disease
brains”, Biochem. Biophys. Res. Commun. 273, 5-9.
Stephenson, D.T., Lemere, C.A., Selkoe, D.J. and Clemens, ].A.
(1996) “Cytosolic phospholipase A, (cPLA;) immunoreacti-
vity is elevated in Alzheimer’s disease brain”, Neurobiol. Dis.
3,51-63.

Stephenson, D., Rash, K., Smalstig, B., Roberts, E., Johnstone,
E., Sharp, J., Panetta, J., Little, S., Kramer, R. and Clemens, J.
(1999) “Cytosolic phospholipase A; is induced in reactive glia
following different forms of neurodegeneration”, Glia 27,
110-128.

Henderson, L.M., Moule, SK. and Chappell, J.B. (1993)
“The immediate activator of the NADPH oxidase is
arachidonate not phosphorylation”, Eur. ]. Biochem. 211,
157-162.

Sellmayer, A., Obermeier, H., Danesch, U., Aepfelbacher, M.
and Weber, P.C. (1996) “Arachidonic acid increases activation
of NADPH oxidase in monocytic U937 cells by accelerated
translocation of p47-phox and co-stimulation of protein
kinase C”, Cell Signal. 8, 397-402.

Lin, L.L., Wartmann, M., Lin, A.Y., Knopf, J.L., Seth, A. and
Davis, R.J. (1993) “cPLA; is phosphorylated and activated by
MAP kinase”, Cell 72, 269-278.

Sayre, L.M., Zelasko, D.A., Harris, PL., Perry, G,
Salomon, R.G. and Smith, M.A. (1997) “4-Hydroxynonenal-
derived advanced lipid peroxidation end products are
increased in Alzheimer’s disease”, |. Neurochem. 68,
2092-2097.

Nunomura, A., Perry, G., Aliev, G., Hirai, K., Takeda, A., Balraj,
EK., Jones, PK., Ghanbari, H., Wataya, T., Shimohama, S.,
Chiba, S., Atwood, C.S., Petersen, R.B. and Smith, M.A. (2001)
“Oxidative damage is the earliest event in Alzheimer disease”,
J. Neuropathol. Exp. Neurol. 60, 759-767.

Prasad, K.N., Hovland, A.R., Cole, W.C., Prasad, K.C,
Nahreini, P, Edwards-Prasad, J. and Andreatta, C.P. (2000)

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

279

“Multiple antioxidants in the prevention and treatment of
Alzheimer disease: analysis of biologic rationale”, Clin.
Neuropharmacol. 23, 2—13.

Mackenzie, LR. (2000) “Anti-inflammatory drugs and
Alzheimer-type pathology in aging”, Neurology 54,
732-734.

Hensley, K., Hall, N., Subramaniam, R., Cole, P., Harris, M.,
Aksenov, M., Aksenova, M., Gabbita, S.P., Wu, J.E. and
Carney, ].M. (1995) “Brain regional correspondence between
Alzheimer’s disease histopathology and biomarkers of
protein oxidation”, J. Neurochem. 65, 2146—2156.

Smith, M.A., Richey Harris, P.L., Sayre, L.M., Beckman, J.S.
and Perry, G. (1997) “Widespread peroxynitrite-media-
ted damage in Alzheimer’s disease”, ]. Neurosci. 17,
2653-2657.

Price, ].M., Sutton, E.T., Hellermann, A. and Thomas, T. (1997)
“Beta-amyloid induces cerebrovascular endotheilia dysfunc-
tion in the rat brain”, Neurol. Res. 19, 534—538.

Niwa, K., Porter, V.A., Kazama, K., Cornfield, D., Carlson,
G.A. and Iadecola, C. (2001) “A beta-peptides enhance
vasoconstriction in cerebral circulation”, Am. . Physiol. Heart
Circ. Physiol. 281, 2417-2424.

Thomas, T., McLendon, C., Sutton, E.T. and Thomas, G. (1997)
“Cerebrovascular endothelial dysfunction mediated by beta-
amyloid”, Neuroreport 8, 1387-1391.

Reynolds, W.E, Rhees, ]., Maciejewski, D., Paladino, T.,
Sieburg, H., Maki, R.A. and Masliah, E. (1999) “Myeloperoxi-
dase polymorphism is associated with gender specific risk for
Alzheimer’s disease”, Exp. Neurol. 155, 31-41.

Ihara, Y., Hayabara, T., Sasaki, K., Fujisawa, Y., Kawada, R,
Yamamoto, T., Nakashima, Y., Yoshimune, S., Kawai, M.,
Kibata, M. and Kuroda, S. (1997) “Free radicals and
superoxide dismutase in blood of patients with Alzhei-
mer’s disease and vascular dementia”, . Neurol. Sci. 153,
76-81.

Maurizi, C.P. (2001) “Alzheimer’s disease: roles for
mitochondrial damage, the hydroxyl radical, and cerebro-
spinal fluid deficiency of melatonin”, Med. Hypotheses 57,
156-160.

Markesbery, W.R. (1997) “Oxidative stress hypothesis in
Alzheimer’s disease”, Free Radic. Biol. Med. 23, 134—147.

RIGHTS LI MN iy



