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Aspirin modulates LPS-induced nitric oxide release in rat glial cells
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Abstract

Nitric oxide and prostaglandins are among the numerous substances released by activated glial cells. The aim of this study was to evaluate
the effect of high-level aspirin on iNOS expression in cultured rat glial cells treated with lipopolysaccharide (LPS) as pathological stimulator.
Using Western Blotting, we verified that aspirin enhanced LPS-induced iNOS expression and the presence of 15-deoxy-�12,14-prostaglandin
(15d-PGJ2) suppressed this aspirin effect. However, the exposure of LPS-treated glial cells to aspirin resulted in a decrease of NO production.
These results suggest that aspirin interferes with the cross-talk of prostaglandins and NO, blocking the endogenous negative control exerted
by COX products on iNOS expression. On the other side, aspirin seems to act directly on iNOS reducing its activity, even if it does not
completely block NO release by LPS-stimulated glial cells. Then aspirin could maintain homeostatic functions of NO, while it prevents toxic
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icroglial cells are the resident macrophages of the central
ervous system (CNS) and their activation is a natural and
efensive process, occurring in most brain pathologies[17].
amage to the CNS, by physical trauma or neurodegen-
rative disorders, leads these immune competent cells of

he brain to proliferate, to adopt a number of potentially
ytotoxic functions and to trigger consequent astrocyte re-
ctions. Glial cell activation is one of the prominent features
f Alzheimer’s disease (AD)[34]. The close association of
ctivated astrocytes and microglia with neuritic plaques, the
xpression of receptors for complement by glial cells and
he release of cytokines strongly suggests that inflammatory
rocesses may play a key role in the complex pathophysio-

ogical interactions that occur in AD[5]. Nitric oxide (NO)
nd prostaglandins (PGs), both modulators of inflammatory
nd immune responses in the CNS, are among the numerous
ubstances released by activated microglial cells and reactive
strocytes[11,20]. NO, a bioactive free radical, is involved

n various physiological and pathological processes: at low
oncentration NO has been shown to play a role in neuro-

transmission and vasodilation, and, at higher concentra
it is implicated in neurodegenerative diseases[23,28]. NO
is enzymatically formed froml-arginine by nitric oxide
synthase (NOS). Basically, the NOS enzymes are clas
in two groups: the constitutive forms (cNOS), which
typical of neurons and endothelial cells, and the induc
form (iNOS), which is rapidly expressed in glial cells a
other cell types only following induction by inflammato
mediators, such as TNF�, IL-1 and bacterial lipopolysacch
ride (LPS)[6,24] or by low environmental pH[3] or by the
�-amyloid[2]. While cNOS is regulated predominantly at
post-transcriptional level by calmodulin in a Ca2+-dependen
manner, iNOS is Ca2+-independent and its expression
regulated mainly at the transcriptional level[3]. Like NOS,
cyclooxygenase (COX), the key enzyme for prostanoid
thesis, exists in a form expressed constitutively by mos
types (COX-1) and in a form that is rapidly inducible up
stimulation with mitogens, cytokines, and LPS (COX
[13,35]. Indeed, the treatment of glial cells in culture w
LPS co-induces COX-2 and iNOS[21] and the activation o
the transcriptional factor NF-�B seems to be critical for th
∗ Corresponding author. Tel.: +39 0737403267.
E-mail address:annamaria.eleuteri@unicam.it (A.M. Eleuteri).

process[4,26,30]. However, the mechanisms involved in the
synthesis of PGs and NO, via COX-2 and iNOS respectively,

304-3940/$ – see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.neulet.2005.02.002



C. Marchini et al. / Neuroscience Letters 381 (2005) 86–91 87

are complicated by their reciprocal interactions[39]. More-
over, the influence of prostanoids on NO synthesis and vice
versa may vary in different cell types and with the degree
of cell activation [25]. The importance of understanding
the inflammatory processes observed in neurodegeneration
is further strengthened by clinical and epidemiological
studies that demonstrate that the use of anti-inflammatory
compounds, such as nonsteroidal anti-inflammatory drugs
(NSAIDs), reduces the incidence of AD[19,38]. In the
present study, we have evaluated the aspirin effect on LPS-
induced NO production and iNOS expression in rat cortical
glial cells in primary cultures. We report that aspirin, at phar-
macological and suprapharmacological doses[16], enhances
LPS-induced iNOS expression in glial cells, and this effect is
suppressed by the addition of cyclopentenone prostaglandin,
15d-PGJ2. The aspirin dosing regimens are within a wide
range based on the therapeutical target, and at localized
environments glia may be exposed to high level of salycilates
[8,41]. In this same study, aspirin inhibits LPS-induced NO
production, indicating aspirin modulates multiple aspects of
NO metabolism.

Lipopolysaccharide (LPS) fromEscherichia coli,
serotype 0127-B8, (Sigma) was resuspended in sterile
PBS and stored at−20◦C. Aspirin was purchased from
Sigma. 15-Deoxy-�12,14-prostaglandin J2 (15d-PGJ2)
and polyclonal antibody anti-iNOS were purchased from
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200×g for 10 min. The cells were resuspended, counted and
plated. Secondary astroglial cell cultures were obtained by
removing the cells attached in the culture flasks with 0.25%
trypsin (Gibco-brl)/0.02% EDTA. The cells were centrifuged
at 200×g for 5 min, resuspended in PBS, centrifuged again
at 200×g for 5 min, resuspended with the culture medium
and plated. Cell counting was performed following Trypan
Blu staining.

Microglial–astroglial cell cocultures were obtained by
seeding the microglial cells (5× 105/flask) in the presence
of astroglial cells (10× 105/flask). This microglial/astroglial
cells ratio has been chosen being the average ratio found in
confluent mixed glial cells under the growth conditions used.

Twenty hours after seeding, the microglial–astroglial cell
cocultures were ready to be used.

NO production in culture supernatant was evaluated by
measuring nitrite, its stable degradation product, using the
Griess reagent (SIGMA). Two days before the experiments,
cells were replated, without shaking off microglia, onto 96-
well dishes (Costar) at a density of 40,000 cells/well. The
culture medium was changed to DMEM with Glutamax I
and HEPES (Gibco-brl) before the cells were stimulated with
LPS (1�g/ml) for 24 h. Aspirin was used at the following
concentrations: 1.25, 2.5, 5 and 10 mM, and it was added to
the medium 30 min before the treatment with LPS. Briefly,
150�l of culture supernatant from each well were mixed
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albiochem-Novabiochem. 15d-PGJ2 was dissolved i
thanol and, when added to cells as ethanol solution
nal concentration of ethanol never exceeding 0.1%.

Primary cultures of mixed glial cells from newborn (1
ays) Wistar rats (Charles River, Italia) were obtained acc

ng to the slightly modified method of McCarty and de Ve
18]. The experiments received institutional approval by
ocal ethics committee of the University of Camerino and
rinciples of laboratory animal care (NIH Publication N
6–23, revised 1985) were followed. All efforts were m

o minimize animal suffering and to use only the numbe
nimals necessary to produce reliable scientific data. Br
fter decapitation and removal of the meningis, the cer
ortices were collected in Falcon tubes in Dulbecco’ s m
fied Eagle’ s medium (DMEM) with Glutamax I (Gibc
rl). Following the mechanical dissociation and the pas

hrough cell strainers (Falcon), the cells were plated in 252

ulture flasks in DMEM medium with Glutamax supp
ented with 15% heat-inactivated fetal bovine serum (F
ibco-brl), 100 U/ml penicillin (Gibco-brl), 100�g/ml strep-

omycin (Gibco-brl) and maintained in an incubator with
ified atmosphere at 37◦C and 5% CO2. The culture medium
as changed every 3 days. After 12 days in culture, confl
ixed glial cells, consisting of microglial cells seeded on
f the layer of protoplasmic astrocytes[40], were obtained

Microglial and astrocytes were then prepared from
ixed glial cell cultures. To obtain microglial cell cultur

he culture flasks were shaken at 200 rpm for 18 h at 3◦C
n day 12 of the mixed glia cultures. The medium contai
etached microglial cells was collected and centrifuge
ith an equal volume of Griess reagent (1% sulfanilam
.1% naphthylene diamine dihydrochloride, 2% phosph
cid) and incubated at room temperature for 5 min befor
bsorbance was measured spectrophotometrically at 5

n a microplate reader. Fresh culture medium served a
lank in all experiments. Nitrite concentrations were ca

ated from a standard curve (0–100�M) derived from the
eaction of sodium nitrite (NaNO2) in the assay.

For immunoblot analysis of iNOS expression, cells w
ashed with PBS and then treated in serum-free me

DMEM with Glutamax I and HEPES). To obtain t
ose–response curve, aspirin was used at the following
entrations: 0.5, 1, 5 and 10 mM, together with 1�g/ml LPS.
or the other immunoblot experiments, aspirin was use
mM concentration, alone or in combination with 1�g/ml
PS. The used concentration of prostaglandin 15d-PGJ2 was
�M, alone or in combination with 1�g/ml LPS, or in com
ination with 1�g/ml LPS plus 5 mM aspirin. Aspirin an
5d-PGJ2 were added 30 min before the addition of LPS.
H of the medium was controlled in every experimental c
ition, since it has been reported that pH values of the cu
edium lower than 7.2 can induce iNOS expression[3].
Following 24 h of incubation in the presence or in the

ence of different stimuli, cells were washed with ice c
BS, scraped off with hot lysis buffer (25 mM Tris–HCl
.5 with 2% SDS), harvested, sonicated and boiled for 5
hen�-mercaptoethanol was added to each sample (5

he volume). Lysates were stored at−20◦C before use. Equ
mounts of protein (20–30�g) from cell homogenates, es
ated by bicinchoninic acid reagent (Pierce), were loa



88 C. Marchini et al. / Neuroscience Letters 381 (2005) 86–91

onto SDS–polyacrylamide gel, using 7.5% running gels. Af-
ter electrophoresis, the proteins were electrotransferred onto
0.45�m polyvinylidene difluoride (PVDF) membranes (Im-
mobilon P, Millipore). Successively the membranes were
incubated in blocking solution (5% BSA in TTBS: Tris-
buffered saline/Tween 20) overnight at 4◦C. Immunoblots
were probed with a polyclonal rabbit primary antibody
against rat macrophage iNOS (Calbiochem-Novabiochem)
(1:2000 in TTBS for 2 h) and with a secondary horseradish
peroxidase-labeled anti-rabbit antibody (1:3000 in TTBS for
45 min). After each incubation, the membranes were washed
extensively with TTBS. The immunoreactive bands were
detected with ECL detecting reagents and developed with
Hyperfilm-ECL (Amersham).

A densitometric algorithm has been developed to quanti-
tate the Western Blot results. Each Western Blot film has been
scanned (16 bits greyscale) and the obtained digital data were
processed to calculate the background mean value and its
standard deviation. The background-free image was then ob-
tained subtracting the background intensity mean value from
the original digital data. The integrated densitometric value
associated to each band was then calculated as the sum of the
density values over all the pixels belonging to the considered
band having a density value higher than the background stan-
dard deviation. The ratios of band intensities were calculated
within the same Western Blot. All the calculations were car-
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Fig. 1. (A) Concentration dependence for inhibition of LPS-induced NO
production by aspirin. Glial cells were incubated with 1�g/ml LPS and
various concentrations of aspirin (1.25–10 mM) in serum-free DMEM with
Glutamax I and HEPES for 24 h. The amounts of NO in the supernatants
were measured. Nitrite concentrations are expressed relative to nitrite con-
centrations for cells stimulated with LPS alone. Each value indicates the
mean± S.E.M. (n= 6). (B) Dose dependency of aspirin effect on LPS-
induced iNOS expression. iNOS expression levels corresponding to different
aspirin concentrations (1�g/ml LPS; LPS + 0.5 mM aspirin; LPS + 1 mM
aspirin; LPS + 5 mM aspirin; LPS + 10 mM aspirin) are expressed relative
to iNOS expression for cells stimulated with LPS alone. Each value indi-
cates the mean± S.D. (n= 4). The insert shows a representative image of the
iNOS blots used to generate the curve (lane 1: culture medium alone; lane
2: 1�g/ml LPS; lane 3: LPS + 0.5 mM aspirin; lane 4: LPS + 1 mMaspirin;
lane 5: LPS + 5 mMaspirin; lane 6: LPS + 10 mM aspirin).

aspirin was 95%, indicating that the inhibition of NO pro-
duction was not due simply to aspirin toxicity.

Using Western Blot analysis we compared iNOS expres-
sion levels under different experimental conditions, to verify
whether the inhibitory effect of aspirin on nitrite production
was due to the block of LPS-induced expression of iNOS in
glial cells. We did not observe any immunoreactivity in un-
stimulated cells, whereas a weak band was visible in cells
stimulated with 1�g/ml LPS, and increasing aspirin concen-
trations strengthened in a dose-dependent manner the signal
corresponding to LPS-induced iNOS. After the densitomet-
rical analysis of the bands, the levels of iNOS following LPS
ied out using the Matlab environment (The MathWorks I
A, USA).
The statistical significance has been calculated us

tandard Student’st test and the one-tail/two-tails tests[36].
he dose–response curves have been analyzed using a

cal binding approach[42]. The response valuer at each dru
oncentration [F] is defined as:

= 1 + (rmax − 1)([F]/EC50)

1 + ([F]/EC50)
= EC50 + rmax[F]

EC50 + [F]
(1)

here rmax is the asymptotic response value at infin
rug concentration, while is the effective concentratio
= rmax/2.

The level of the stable metabolite nitrite was measure
he culture media, to determine the effect of aspirin on
eleased by activated glial cells. Aspirin inhibited in a do
ependent manner the production of NO by glial cells s
lated with 1�g/ml LPS. Aspirin was added, 30 min befo
PS treatment, to the culture medium, at the concentr
ange of 1.25 mM up to 10 mM, for 24 h. The values of
itrite levels after the treatments with aspirin plus LPS w

hen normalized to the values of the nitrite levels after
timulation only with LPS. The resulting data were an
ex of the inhibition percentage exerted by aspirin and, w
lotted against aspirin concentrations, they show a hyper
rofile (Fig. 1A). These data were analyzed according
anonical binding isotherm. The extrapolated EC50 value was
.35± .21 mM.

As measured by Trypan Blu exclusion, viability of ce
ncubated for 24 h in the presence of 1.25, 2.5, 5 and 10
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Fig. 2. 15d-PGJ2 counteracts the effect of aspirin on the LPS-induced iNOS
expression. iNOS expression levels corresponding to LPS, to LPS + aspirin,
to LPS + aspirin + 15d-PGJ2 and to LPS + 15d-PGJ2 treatments are ex-
pressed relative to iNOS expression for cells stimulated with LPS alone.
Each value indicates the mean± S.E.M. (n= 4). *P= 0.05, treatment with
LPS + aspirin compared to LPS alone, LPS + aspirin + 15d-PGJ2 compared
to LPS + aspirin.

plus aspirin treatments were normalized to the levels corre-
sponding to the treatment with LPS alone (Fig. 1B).

We compared iNOS expression after LPS treatment and
after LPS plus 5 mM aspirin treatment in 10 experiments
to evaluate whether the effect of aspirin, as enhancer of
LPS-induced iNOS expression, was reproducible in a
statistically significant number of experiments. We selected
5 mM aspirin concentration because it is about the EC50
calculated for aspirin effect on NO production. The iNOS
protein was not detectable in control conditions or after
treatment with 5 mM aspirin alone, but 1�g/ml LPS induced
iNOS expression in glial cells, even if weakly (in agreement
with mRNA levels increases upon LPS addition[9]), and
iNOS expression was enhanced adding 5 mM aspirin in
combination with LPS to the culture medium. To test if the
inhibition of prostanoids synthesis is involved on this effect
of aspirin on iNOS expression, the cells were treated with
3�M 15d-PGJ2 together with 5 mM aspirin and 1�g/ml
LPS. In this condition, the effect of aspirin is suppressed by
15d-PGJ2 and the level of iNOS expression is comparable to
that obtained with LPS treatment without aspirin. However,
3�M 15d-PGJ2 treatment was not able to suppress iNOS
expression induced by 1�g/ml LPS alone. The values for
iNOS expression, obtained with the densitometrical analysis
of the bands, under the four experimental conditions (LPS,
LPS + aspirin, LPS + aspirin + 15d-PGJ, LPS + 15d-PGJ)
w ared
i h

15d-PGJ2 alone did not induce any iNOS expression com-
paring to control conditions (data not shown). The difference
between LPS and LPS + aspirin groups was statistically
significant (P= 0.05) as well as the difference between
LPS + aspirin + 15d-PGJ2 and LPS + aspirin groups, whereas
there was no statistically significant difference between
LPS + aspirin + 15d-PGJ2 and LPS groups and between
LPS + 15d-PGJ2 and LPS groups (P= 0.05).

Nitric oxide is an ambivalent molecular signal: it serves as
substrate for the formation of toxic peroxynitrite and it stim-
ulates the cGMP synthesis by guanylcyclase[33]. There is a
rough correspondence between toxic and homeostatic func-
tions of NO and its production in large and small quantities,
respectively[23], even if the formation of toxic peroxyni-
trite depends also on the availability of oxygen radicals[34].
Activated glial cells represent the main source of NO in the
CNS. In the present study, the modulation of NO produc-
tion and iNOS expression by aspirin was investigated in rat
cortical glial cells stimulated with LPS. We used cultures
of mixed glial cells, consisting of microglial and astroglial
cells, to evaluate the effect of aspirin maintaining the inter-
cellular cross-talk between astrocytes and microglia. Aspirin
decreased in a dose-dependent manner the production of NO
by LPS-treated glial cells, most likely through a direct ac-
tion on the enzymatic molecule. The viability of cells in-
cubated with aspirin (1.25–10 mM) was always greater than
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n four different experiments (Fig. 2). The treatment wit
0%, in agreement with previous results in similar syst
14], indicating that the inhibition of NO production was n
ue to aspirin toxicity. On the other side, aspirin enhan

n a dose-dependent fashion, LPS-induced iNOS expres
ince LPS induces both iNOS and COX-2[39], in our ex-
eriments the low level of iNOS expression after the s
lation with LPS of glial cells could be due to a nega

eedback control exerted by prostaglandins on iNOS ex
ion. In fact, we observed that, simultaneously administra
5d-PGJ2 to the LPS- and aspirin-treated cells, the enha
ent of iNOS expression promoted by aspirin was reve
hereas that prostaglandin alone did not affect the LPS i

nduction. Therefore, although 15d-PGJ2 is known to inhibit
NOS expression in several cell types including astroc
nd microglia[30], in our experimental conditions the 15
GJ2 treatment does not suppress directly iNOS expres

nduced by LPS, but 15d-PGJ2 counteracts the enhancem
f the iNOS levels elicited by aspirin. This hypothesis is s
orted by the described effect of interferon-� as counterregu

ator of PG and NO synthesis mediated via COX-2 and iN
avoring the production of NO while inhibiting the PG c
ade[11].

The anti-inflammatory properties of acetylsalicylic a
eem to be mediated by various mechanisms dependi
he concentration used. Whereas 0.01–1 mM of aspirin
arily interfere with PG biosynthesis by inhibition of COX
igher amounts are able to suppress NF-�B activation, which

s indispensable in the transcription of pro-inflammatory
okines, in addition to the well-known mechanism of COX
ibition[10]. The regulation of iNOS is complex and previo
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studies indicate that NO may function as a negative feedback
regulator of iNOS enzyme activity by interacting with the
enzyme-bound heme[7]. Other authors have reported that
NO, generated intracellularly following iNOS induction or
released from spontaneous NO donor, limits the transcrip-
tional induction of the iNOS gene, by a negative autoreg-
ulatory feedback, in rat astroglial cells[29] and in RAW
264.7 macrophages[12]. These mechanisms could explain
the opposite action on iNOS expression and nitrite accu-
mulation exerted by aspirin. Interestingly, aspirin does not
completely block NO production by LPS-treated glial cells
(within the studied concentration range), so that NO homeo-
static functions could be maintained, while toxic effects, cor-
responding to high NO concentrations, could be prevented.
Other authors reported that aspirin inhibits iNOS expression
[1,15,32]. Opposite actions of aspirin could depend on the
cells used as model in vitro or on their stimulation: differ-
ent kind of cytokines or their combination activate different
intracellular signals. In addition, it is unclear which NOS
form is most important for aspirin effects[27] and our results
may be due to differential effects of microglia versus astro-
cytes. In mixed glial cells many intercellular signals could
contribute to the final result. In fact there is evidence that
the presence of astrocytes is essential for the inhibitory ef-
fect of TNF� on NO production by microglial cells[40].
Several reports show NO production and iNOS expression
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