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Abstract

Recent studies show that a mononuclear phagocyte lineage, including microglia, plays a possible role in the pathogenesis of
Alzheimer’s disease through nitric oxide (NO)-mediated neurotoxicity. Epidemiological studies show that nonsteroidal anti-inflammatory
drugs (NSAIDs) have a protective effect against Alzheimer’s disease. Based on these observations, it has been hypothesized that an
anti-Alzheimer’s disease effect of NSAIDs could result from the inhibition of NO synthesis. We report here that indomethacin or
ibuprofen dose-dependently reduce B-amyloid protein and interferon-y-induced NO production, accompanied by an inhibition of
inducible nitric oxide synthase mRNA expression in J774 cells, a murine macrophage cell line. Aspirin, however, does not produce such
an effect, suggesting that the cyclooxygenases pathway is not involved in the inhibitory effects of NSAIDs on B-amyloid protein and
interferon-y-induced NO production in J774 cells. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Alzheimer's disease is characterized by progressive
cognitive impairment that is a consequence of extensive
neuronal loss. One of the principal pathological features of
Alzheimer’s disease is numerous senile plagues containing
extracellular deposits of insoluble, aggregated p-amyloid
protein, which is a peptide of 40-43 amino acids (Selkoe,
1991; Terry, 1994). Early studies focused primarily on the
direct neuronal effects of B-amyloid protein, but consider-
able evidence now points to immune and inflammatory
factors as possible contributing elements in the pathogene-
sis of Alzheimer’'s disease. Elevated levels of inflamma-
tory cytokines and the presence of a number of acute-phase
products have been detected in the Alzheimer's disease
brain (McGeer and McGeer, 1997). Clinical data support-
ing an etiologic role for inflammation and immune respon-
siveness in the pathogenesis of Alzheimer's disease have

* Corresponding author. Tel.: +81-52-744-2364; fax: +81-52-744-
2371.
E-mail address: umegaki @tsuru.med.nagoya-u.ac.jp (H. Umegaki).

come from several epidemiological studies (McGeer et d.,
1996; Stewart et al., 1997). Patients receiving long-term
nonsteroidal anti-inflammatory drugs (NSAIDs) medica
tion for chronic, immune-based conditions unrelated to
Alzheimer’'s disease have been found to exhibit a signifi-
cantly reduced incidence of Alzheimer’s disease compared
to the general population. Furthermore, microglia cells in
a reactive state are known to be closely associated with
senile plagues (Itagaki et al., 1990), and B-amyloid protein
has been shown to activate rodent microglial cultures,
resulting in morphological changes and an increased pro-
duction of several pro-inflammatory cytokines and nitro-
gen intermediates (Araujo and Cotman, 1992; Goodwin et
al., 1995; Meda et al., 1995). In the rodent, microglial cells
express inducible nitric oxide synthase (iNOS) and release
nitric oxide (NO) when stimulated with B-amyloid protein
alone or in combination with interferon-y and excessive
NO has been linked with neuronal cell injury (Araujo and
Cotman, 1992; Li et al., 1996). Human microglia has also
been reported to express iNOS (Colasanti et a., 1995;
Ding et al., 1997), suggesting a possible role for NO
produced by microglia in the pathogenesis of Alzheimer’s
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disease. Based on these observations, a hypothesis that the
anti-Alzheimer’s disease effects of NSAIDs could result
from the inhibition of NO synthesis has been raised. In this
study, we examined the effects of three kinds of NSAIDs
on the production of NO induced by B-amyloid protein
and interferon-y in J774 cells, a murine macrophage cell
line.

2. Materials and methods
2.1. Materials

B-amyloid protein (1-40) (Quality Controlled Biochem-
icals, Hopkinton, MA) was dissolved to 1 mg/ml with
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phosphate-buffered saline, and incubated at 37°C for 48 h
in a 5% CO,-supplemented atmosphere for B-amyloid
protein (1-40) aggregation. Aliquots were stored at —20°C
until use. Recombinant rat interferon-y was purchased
from Genzyme (Cambridge, MA). Dulbecco’s Modified
Eagle's Medium (DMEM) without phenol red was ob-
tained from GIBCO. BRL (Grand Island, NY). In-
domethacin, ibuprofen, and aspirin were obtained from
Sigma (St Louis, MO). All chemicals were of analytical
grade.

2.2. Cell culture

The murine macrophage cell line J774 was maintained
in DMEM supplemented with 10% fetal bovine serum, 100
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Fig. 1. (A) Effects of B-amyloid protein (1-40) and interferon-y on NO, production in J774 cells. J774 cells (1 X 10° cell /100 p.l) were incubated with
B-amyloid protein (1-40) (33.5 wM) and/or interferon-y (500 U/ml). The concentrations of NO, in the culture medium were determined after a 48-h
incubation. * P < 0.0008 compared to control; * * P < 0.03 compared to interferon-y aone. (B) Effects of indomethacin, ibuprofen or aspirin on enhanced
NO, production induced by B-amyloid protein (1-40) and interferon-y in J774 cells. J774 cells (1 X 10° cell /100 pl) were treated with the indicated
compounds and immediately activated by g-amyloid protein (1-40) (33.5 wM) plus interferon-y (500 U /ml). The concentrations of NO, in the culture
medium were determined after a 48-h incubation. “P < 0.05, * “ P < 0.01 compared to corresponding control values (absence of NSAIDs). Data shown are
the mean + S.E.M. from three to six independent experiments performed in duplicate.
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U/ml penicillin, 100 pwg/ml streptomycin, and 2 mM
L-glutamine at 37°C with 5% CO,. For the experiments,
J774 cells were plated in 96-well microtiter plates at a
density of 1x 10° cells/well or 6-cm diameter culture
dishes at a density of 1x 10’ cells/dish with DMEM
without serum. To stimulate the cells, J774 cells were
cultured with B-amyloid protein (1-40) (33.5 M) and /or
interferon-y (500 U/ml). To explore the effects of
NSAIDs, J774 cells were cultured with B-amyloid protein
(1-40) (335 M) and interferon-y (500 U/ml) in the
presence or absence of indomethacin, ibuprofen or aspirin.
Cells were cultured at 37°C in a humidified 5% CO,-sup-
plemented atmosphere for 6 and 48 h for semi-quantitative
reverse transcription—polymerase chain reaction (RT—PCR)
and the measurement of nitrite and nitrate (NO, ), respec-
tively.

2.3. Measurement of nitrite and nitrate

NO, in supernatants was measured with an automated
NO detector high-pressure liquid chromatography system
(ENO10: EICOM, Kyoto, Japan), as previously reported
(Hayashi et al., 1998). In brief, NO, was separated from

the samples by a reverse-phase separation column. Nitrate
was reduced to nitrite in a reduction column. The ab-
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sorbance of the product dye formed by nitrite and a Griess
reagent at 540 nm was measured by a spectrophotometer.

2.4. Determination of INOS mRNA levels

We quantitated iNOS mRNA as copies using semi-
quantitative RT—PCR methods (Harrison and Ohara, 1995).
Total RNA was extracted using TRIZOL reagent (GIBCO.
BRL, Grand Island, NY) following the manufacturer’s
protocol, and was quantitated by spectrophotometer.
Semi-quantitative RT—PCR was performed using the RNA
PCR Kit Ver 2.1 (Takara Shuzo, Otsu, Japan). Two primers
were designed from the reported rat iNOS cDNA (Gen
Bank, Accession number; U03699). Primer 1; 5-GCCTC-
CCTCTGGAAAGA-3, primer 2; 5 TCCATGCAGA-
CAACCTT-3. PCR samples were electrophoresed through
a 3.5% agarose gel. The iNOS band intensities were
corrected with B-actin band intensities.

2.5. Satigtical analysis

Results are expressed as the means + S.E.M. of inde-
pendent experiments, and statistical analysis was per-
formed using the Student’s t-test.
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Fig. 2. Effects of NSAIDs on the expression of iNOS mRNA induced by B-amyloid protein (1-40) and interferon-y in J774 cells. Semi-quantitative
RT—PCR method was used for determination of iINOS mRNA. J774 cells (1 x 107 cell /2 ml) were treated with indomethacin or ibuprofen and
immediately activated by B-amyloid protein (1-40) (33.5 wM) and interferon-y (500 U/ml). After a 6-h incubation, total RNA was extracted and
subjected to semi-quantitative RT-PCR. Agarose gels show the PCR products amplified with iNOS primers. The top panel of the figure shows the
densitometric scanning data from the amplified INOS mRNA normalized against B-actin controls. “P < 0.05, “ “P < 0.01 compared to corresponding

control values (absence of NSAIDS).
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3. Results

3.1. Effects of NSAIDs on B-amyloid protein-stimulated
nitric oxide production

Incubation of the cells with B-amyloid protein (1-40)
(335 uM) and interferon-y (500 U/ml) resulted in a
synergistic increase in NO, concentrations in culture
medium accompanied by an increase in iINOS mMRNA
levels (Figs. 1A and 2). This increase in NO, concentra-
tions in the culture medium was inhibited by indomethacin
or ibuprofen but not aspirin in a dose-dependent manner
(Fig. 1B). The effects of indomethacin or ibuprofen were
observed at concentrations that were not toxic to the cells,
as assessed by lactate dehydrogenase release into the cul-
ture medium (data not shown).

3.2. Effects of NSAIDs on B-amyloid protein-stimulated
nitric oxide synthase gene expression

To investigate whether indomethacin or ibuprofen influ-
ences the expression of iINOS mRNA, total RNA for
semi-quantitative RT—PCR was prepared from J774 cells
stimulated with B-amyloid protein (1-40) (33.5 ©M) and
interferon-y (500 U/ml) in the presence of indomethacin
or ibuprofen. The INOS mMRNA was not detected from
unstimulated cells, indicating that the basal level of iINOS
MRNA was very low in J774 cells. After the exposure of
cells to both B-amyloid protein (1-40) (33.5 wM) and
interferon-y (500 U/ml), iNOS mRNA was readily de-
tected. The total INOS mMRNA steady-state level in cells
cultured with indomethacin or ibuprofen in the presence of
inducers decreased in a dose-dependent manner compared
to those in cells stimulated only with the inducers (Fig. 2).

4. Discussion

In this study, we demonstrated that the enhanced pro-
duction of NO, induced by B-amyloid protein (1-40) and
interferon-y is inhibited by indomethacin or ibuprofen, but
not aspirin, in a dose-dependent manner, accompanied by
an inhibition of INOS mRNA expression. Furthermore,
indomethacin or ibuprofen at the highest concentrations
employed in the study suppress the NO, production in-
duced B-amyloid protein (1-40) and interferon-y to base-
line levels.

It has been reported that excess amounts of NO, re-
leased from microglia induced by B-amyloid protein and
interferon-y are neurotoxic in the rodent (Araujo and
Cotman, 1992; Li et a., 1996). In Alzheimer's disease
patients, iINOS has been reported to be highly expressed in
the hippocampus (Lee et al., 1999), and the levels of
peroxynitrite, a powerful oxidant produced from the reac-
tion of superoxide with NO, or nitrotyrosine, a marker for
peroxynitrite, in autopsy brain or cerebrospina fluid are

significantly higher than in control subjects (Tohgi et 4.,
1999; Smith et al., 1997). Epidemiological study has shown
that anti-inflammatory treatment with NSAIDs results in a
decreased incidence of Alzheimer's disease and reduces
the number of plague-associated reactive microglia (Mc-
Geer et a., 1996; Stewart et al., 1997; Mackenzie and
Munoz, 1998). These data suggest that the protective
effects of NSAIDs on Alzheimer's disease may result, at
least in part, from the inhibition of NO, production by
microglia. Our data shown here support this notion. Inter-
estingly, aspirin did not inhibit the NO, production in-
duced by B-amyloid protein (1-40) and interferon-y in
this study. In epidemiological studies, the extended use of
aspirin has not appeared to be associated with a reduction
in the risk of Alzheimer's disease (Stewart et a., 1997).
The principal target of NSAIDs action has been thought to
be cyclooxygenases, the rate-limiting enzymes responsible
for the conversion of arachidonic acid into inflammatory
mediators, including prostaglandin E,. However, the thera-
peutic benefits of NSAIDs are typicaly observed at doses
much greater than those required to inhibit cyclooxyge-
nases (Jiang et d., 1998), suggesting that there are other
targets of NSAIDs action. Recently, it has been recognized
that NSAIDs possibly directly regulate gene expression via
their interaction with a class of nuclear receptor superfam-
ily members termed peroxisome proliferator-activated re-
ceptors (PPAR) (Lehmann et al., 1997). The PPAR-y
isoform is expressed in a M ¢ lineage, where its principal
action is to suppress the expression of pro-inflammatory
cytokines and other pro-inflammatory products, including
iNOS (Petrova et al., 1999). The PPAR-y isoform has
reportedly been activated by indomethacin and ibuprofen
(Lehmann et al., 1997). Taken together, the effects of
indomethacin or ibuprofen on NO, production by J774
cells may be mediated via PPAR-y rather than by the
inhibition of cyclooxygenases.
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