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Aspirin: A neuroprotective agent at high doses?

IVaNE GOMES

ABSTRACT
Aspirin, acetylsalicylic acid, is routinely used in clinics as an
analgesic, antipyretic and in the secondary prevention of
stroke.These effects are caused by lowdoses of the drug (0.3-
3.6 g/day) through the inhibition of cyclcroxygenase, the
enzyme responsible for prostaglandin synthesis. Higherdoses
of as~~rin(4-6 g/day) are used in the treatment of inflammatory
conditions such as rheumatoid arthritis and recent laboratory
findings suggest that it could playa role in neuroprotection
against glutamate excitotoxicity. This article reviews the pos-
sible mechanisms of action of high-dose aspirin in neuro-
protection.
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INTRODUCTION
Aspirin has been used for several decades as an analgesic,
antipyretic and anti-inflammatory agent. It is also used in the
secondary prevention of stroke in patients with ischaemic symp-
toms. The antipyretic, antithrombotic and analgesic effects ob-
served with low doses of aspirin (0.3-3.6 g/day) can be accounted
for by the inhibition of cyclo-oxygenase-the enzyme respon-
sible for the biosynthesis of prostaglandins from arachidonic acid.
However, this mechanism alone cannot account for the anti-
inflammatory effects that are observed with higher doses of the
drug (4~ g/day).

Recent laboratory findings suggest that administration of high
doses of aspirin could be neuroprotective in vitro against condi-
tions leading to glutamate neurotoxicity as well as neuro-degen-
erative disorders such as Parkinson's disease.

CALCIUM ION HOMEOSTASIS AND NEUROTOXICITY
The clinical manifestations ofa number of neurological diseases
such as acute cerebral ischaemia (global and focal), traumatic
spinal cord and head injuries, epilepsy and a range of neuro-
degenerative diseases, such as Huntington's chorea, amyotrophic
lateral sclerosis and Parkinson's disease can be traced to a disrup-
tion of physiological function atthe cellular level. Although there
are numerous mechanisms by which the tissues of the central
nervous system (CNS) can be damaged, one ofthe most important
is a disturbance in the intracellular calcium ion homeostasis.

Intracellular calcium ion concentration in neuronal cells is
maintained at extremely low levels by tightly controlled homeo-
static mechanisms, whose disruption leads to an uncontrolled rise
in intracellular calcium and ultimately to neuronal cell death.':"
Pathological processes giving rise to and maintaining excess
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intracellular calcium include cellular energy failure that occurs in
neurons and axons after interruption of blood flow, nutrients and
oxygen as seen inhypoxic/ischaemic and traumatic neurodegenera-
tion. This in turn leads to a decreased synthesis of ATP, increase
in cellular acidosis, disruption of energy-dependent chemical
processes such as ion transport, loss of cytoskeletal integrity due
to reduced synthesis of macromolecules and calcium release from
intracellular stores.P-' Collapse of transmembrane ionic gradi-
ents brings about depolarization of the plasma membrane, which
in turn causes the opening of voltage-gated calcium channels, and
an increased release of glutamate from synaptic vesicles. Thus,
accumulation of extracellular glutamate occurs as there is a con-
comitant decline in the energy-dependent glutamate re-uptake by
neurons and glial cells.":'?

GLUTAMATE AND NEUROTOXICITY
Glutamate is the major excitatory neurotransmitter in the CNS. It
acts on glial cells and neurons via a number of cell membrane
receptors. The latter are classified into ionotropic and metabotropic
receptors. Ionotropic glutamate receptors are ligand-gated integ-
ral ion channels whereas metabotropic receptors are coupled to
multiple second messenger systems through GTP-binding pro-
teins. There are three types of ionotropic glutamate receptors:
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid), NMDA (N-methyl-D-aspartate) and kainate. Among the
ionotropic receptors, NMDA receptors are highly permeable to
calciums ions, are subjected to a voltage-dependent magnesium
block and require glycine as a co-agonist. Presynaptically re-
leased glutamate cannot activate a significant ion flow through
these channels unless the post-synaptic membrane is sufficiently
depolarized to remove the magnesium ion blockade. I I This is one
of the reasons why central energy failure causes excessive activa-
tion of these receptors leading to an increase in intracellular
calcium levels and ultimately to neuronal cell death.

Some reports suggest that potentiation ofNMDA responses by
metabotropic glutamate receptors could contribute to epilepto- .
genesis and glutamate excitotoxicity. Additionally, phosphoinosi-
tide-linked metabotropic glutamate receptors in rat striatum could
participate in extrapyramidal motor pathologies involving altered
dopamine neurotransmission. Activation of metabotropic
glutamate receptors has also been associated with neuroprotection.
This may be due to the selective activation of receptors that are
coupled to decreases in neuronal excitability, which in turn limit
the excitation of ionotropic glutamate receptors and subsequent
excitotoxicity."

SECONDARY EFFECTS OF EXCESS INTRACELLULAR
CALCIUM
A number of secondary phenomena such as the formation of nitric
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oxide, 13and the generation of free radicals 14(as byproducts of the
reactions that convert arachidonic acid to prostaglandins and
leukotrienes) are precipitated by excess intracellular calcium.
Ischaemic conditions lead to an increase in the levels of arachi-
donic acid, which is released from membrane phospholipids by
NMDA receptor activation and stimulation of calcium-dependent
phospholipase A2.15The release of excitatory amino acids and the
formation of free radicals could act synergistically in increasing
lipid peroxidation and consequently in the production ofischaemia-
induced neuronal membrane damage."

Activation of excitatory amino acid receptors and the ensuing
rise in intracellular calcium levels induces a family of calcium-
dependent cysteine proteases (calpains), which mediate cyto-
skeletal breakdown. 17Calcium overload also activates endo-
nucleases which degrade DNA and may playa role in necrosis and
apoptosis. Apoptosis may be involved in the process of delayed
neuronal cell death after transient global cerebral ischaemic
injury.\8,\9

A number of strategies have been employed in the treatment of
calcium neurotoxicity such as the use of glutamate antagonists,"
drugs that attenuate excitatory neurotransmission, \ calcium chan-
nel blockers," drugs that block internal calcium release," nerve
growth factors and gangliosides,">' cell permeating calcium
chelating agents," free radical scavenging agents such as gluco-
corticoid and non-glucocorticoid steroids," PEG-SOD (poly-
ethylene glycol-conjugated superoxide dismutase)" and vitamin
E,2°inhibitors of nitric oxide formation.v-" protease inhibitors,'
anti-DNA fragmentation drugs that retard or abolish apoptosis,"
and modulators of arachidonic acid metabolism" such as aspirin.

ASPIRIN
Aspirin (acetylsalicylic acid) belongs to a group of compounds
called 'non-steroidal anti-inflammatory drugs' (NSAIDs). These
are used clinically as antipyretic, analgesic and anti-inflammatory
agents. Aspirin is used in the prevention of first and/or recurrent
strokes since it inhibits' platelet aggregation. Antithrombotic
therapy with this drug not only reduces the risk of thrombo-
embolism in non-valvular atrial fibrillation but is also effective in
the secondary prevention of stroke in patients with ischaemic
symptoms. It is widely used as a protective agent against cardio-
vascular disorders such as myocardial infarction, unstable angina
as well as evolving heart attack." As an anti-inflammatory agent
it is used in the treatment of disorders such as rheumatoid arthritis,
osteoarthritis and ankylosing spondylitis." In recent years, it has
been shown that high doses of aspirin (2mM) decrease tumour
growth in vivo as well as in vitro." A summary of the effects of
aspirin is given in Table I. The side-effects of aspirin therapy
include gastrointestinal ulceration and intolerance, inhibition of
platelet aggregation, uterine motility and prostaglandin-mediated
renal functions as well as hypersensitivity reactions."

TABLEI. Effects of aspirin and other salicylates

• Prevention of heart attacks and cerebral thrombosis

• Analgesic, antipyretic and anti-inflammatory

• Inhibition of tumour growth

• Gastrointestinal ulceration

• Hypersensitivity reactions

• Inhibition of platelet aggregation, blood clotting and uterine motility

• Inhibition of activation and function of neutrophils

• In vitro killing of bacteria
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The antithrombotic, analgesic and antipyretic effects of low-
dose aspirin can be explained by its irreversible inhibition of
cyclo-oxygenase, an enzyme that biosynthesizes prostaglandins
from arachidonic acid. However, inhibition of cyclo-oxygenase
activity alone cannot account for the anti-inflammatory as well as
the other effects (Table II) observed on administration of high-
dose aspirin.32.J4The anti-inflammatory effects could be brought
about either through the interaction of the drug with biological
membranes or by interference with the stimulus- response cou-
pling in neutrophils, the most abundant cells of acute inflamma-
tion.

Non-steroidal anti-inflammatory drugs are planar, anionic
molecules with an affinity for lipid environments. The more
acidic the environment, the greater the lipophilicity of these
drugs. This could account for the ability of aspirin to alter the
uptake and insertion offatty acids into the membranes of cultured
monocytes and macrophages, to inhibit anion transport across a
variety of membranes as well as bone metabolism and proteoglycan
synthesis. In neutrophils, NSAIDs and prostaglandins have simi-
lar effects on the generation of second messengers such as calcium
and cAMP. Studies with purified membrane preparations show
that NSAIDs also interfere with signals that depend on G-proteins
for transduction across membranes. Neutrophils treated with
pertussis toxin when exposed to chemo-attractants produce less
superoxide anions. Sodium salicylate also inhibits superoxide
production, although far more modestly. However, when these
cells are incubated with both the toxin and sodium salicylate, they
regain their ability to produce superoxide. This suggests that
salicylates interfere with the action of pertussis toxin near the site
of its interaction with G-proteins and consequently they too must
interact with G-proteins on the plasma membrane. Salicylates can
also partially inhibit other pertussis toxin-sensitive activities that
follow cell activation."

High-dose aspirin acts at the nuclear level by activating the
human heat shock transcription factor (HSTF) in HeLa cells" and
influencing the transcription of pathogenesis-related genes in
plants in response to infection and injury.":" The activation of
nuclear factor-xfs (NF-KB), an inducible eukaryotic transcription
factor of the rei family" is inhibited by high concentrations of
aspirin as well as sodium salicylate. NF-KB activates transcription

TABLEII. Metabolic effects of high-dose salicylates

• Decrease in activity of cholesterol ester synthase, calcium-ATPase and
phospholipase

• Decrease in lipid peroxide formation, intracellular calcium concentra-
tion in neutrophils, cholesterol esters, hepatic glycogen and
lipogenesis

• Block in the formation of free fatty acids and conversion of
arachidonic acid to cyclic endoperoxides

• Inhibition of antigen-antibody interaction, antibody production,
antigen-antibody aggregation, antigen-induced release of histamine,
bone metabolism, proteoglycan synthesis, ion transport across
membranes and prostaglandin-mediated renal functions

• Uncoupling of oxidative phosphorylation

• Increase in oxygen uptake and carbon dioxide formation, oxidation of
ketone bodies, fluid retention by kidneys and intracellular cAMP in
neutrophils

• Induction of hyperglycaemia, glycosuria and flowering of plants

• Displacement of long chain fatty acids from plasma proteins

• Activation of genes for heat shock proteins in Drosophila

• Partial inhibition of pertussis toxin-sensitive activities in neutrophils
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of genes that are involved in immune and inflammatory responses
such as IL-I, IL-6, IL-8, interferon-B. tumour necrosis factor
(TNF)-« and cell adhesion molecules such as endothelial leucocyte
adhesion molecule-I, intracellular adhesion molecule-I and vas-
cular adhesion molecule-f.":" NF-KB exists in an inactive form
in the cytoplasm of most cells where it is bound to an inhibitory
protein IKB. NF-KB is activated in response to a number of
stimulants including bacterial lipopolysaccharide, double-stranded
RNA, phorbol esters, IL-l and TNF-a.39 Stimulation triggers the
release ofNF-KB from IKB resulting in translocation ofNF-KB
from cytoplasm to the nucleus where it binds to DNA and
regulates the transcription of specific genes. The phosphorylation
and degradation of'Ixlso; is necessary for activation ofNF-KB and
its subsequent translocation to the nucleus. Therefore, on activa-
tion ofNF-KB, the concentration OfIKB decreases.t":? In sodium
salicylate-treated lurkat and PD31 cells, the levels OfIKBwere the
same as control cells suggesting that the drug inhibited the
activation ofNF-KB by interfering with a pathway that led to the
phosphorylation or degradation (or both) oflKB. At high doses,
aspirin and sodium salicylate inhibited KB-dependent transcrip-
tion from HIV-I LTR in Jurkat T-cells. This may be of relevance
in clinical trials of high-dose aspirin conducted on HIV-positive
patients.J8.43

Neuroprotective effects

A recent report" shows that blockade of NF-KB activation by
aspirin and sodium salicylate can confer neuroprotection on
primary cultures of rat cerebellar granules subjected to a brief
pulse of glutamate and on hippocampal slices of 8-day-old rat
brain treated with 30 ~M NMDA which were neurotoxic to the
cells. Neuroprotective concentrations of acetylsalicylic acid
(1-3 mM) induced a low and short-lasting increase in intracellular
calcium ion concentration and did not modify glutamate-induced
calcium entry. Similar results were obtained with sodium salicy-
late (2-10 mM). This suggests that salicylates act on intracellular
targets downstream of glutamate receptor activation, a property
which distinguishes them from other neuroprotective drugs.
Neuroprotection occurred independent of mechanisms control-
ling intracellular calcium ion homeostasis.

Administration of glutamate to primary cultures of rat cerebral
granule cells resulted in upregulation of NF-KB nuclear activ-
ity45-47as well as that of the transcriptional complex AP_l.48
Aspirin and sodium salicylate inhibited the glutamate-induced
increase in NF-KB activity in a concentration-dependent
manner. There was strict correlation between the neuroprotective
concentration of these drugs, blockade ofNF-KB induction and
cell viability (EC5ovalues of 1.5 mM for aspirin and 5.8 mM for
sodium salicylate). The salicylate effect on NF-KB/rel proteins
was specific since it failed to modify the glutamate-mediated
induction of transcriptional complex AP_1.44

Recent reports have suggested that aspirin could play a
neuroprotective role in Parkinson's disease by preventing the
accumulation of neuromelanin as well as associated oxidative
processes. Neuromelanin, a polymer of oxidized dopamine, is
present in the dopamine-containing cells ofthe substantia nigra."
These cells are recognized not only because of their prominent
coloration but also because they are the ones that are most suscep-
tible to degeneration in Parkinson's disease." It is thought that
prostaglandin H synthase, an enzyme that metabolizes arachi-
donic acid in the brain, is involved in the oxidation of dopamine.
This enzyme has two catalytic components--cyclo-oxygenase
and peroxidase. The cyclo-oxygenase activity catalyses the con-
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version of arachidonic acid to the prostaglandin hydroxy-endo-
peroxide intermediate PGG2, whereas the peroxidase activity
converts PGG2 to the alcohol form PGH/I The peroxidase
activity requires ferrous iron and an oxygen source (HP2) for
maximal activity." It has been shown that catecholamines such as
dopamine serve as reducing co-substrates for the peroxidase
reaction." Increased levels of free iron" and increased activity of
PGH synthase in the substantia nigra" as well as generation of
large amounts of HP2 from dopamine turnover/ metabolism"
have been reported in Parkinson's disease. As a result of the per-
oxidase activity ofPGH synthase, dopamine is either oxidized to
reactive quinones which may internally cyclize to form a structure
known as aminochrome, or form covalent adducts with nucleo-
philes such as DNA or the sulphydryl groups in proteins or may
be converted back to dopamine by reducing agents such as
ascorbate or glutathione, which are present intracellularly in
millimolar concentrations. 56Impairment ofthe glutathione path-
way, which would lead to the accummulation of dopamine-DNA
adducts in the substantia nigra, has been suggested as a leading
cause of dopaminergic neuronal degeneration in Parkinson's
disease." Dopamine potentiates the calcium-mediated release of
arachidonic acid from membrane phospholipids via activation of
D2 receptors. Since the availability of free arachidonic acid is
often the rate-limiting factor in the activity of PGH synthase, an
increase in the levels of intracellular and extracellular dopamine
may promote conditions that enhance the formation of reactive
quinones and neuromelanin. The role of neuromelanin in the
degeneration of dopaminergic neurons in Parkinson's disease is
not known. It is possible that neuromelanin accumulation is an
index of the oxidative conditions prevalent in vulnerable cells or
that its interaction with iron promotes conditions leading to cell
death. Therefore, drugs that modulate the activity of this enzyme
such as aspirin could have a long term therapeutic value in
preventing both the accumulation ofneuromelanin and the oxida-
tive processes associated with it.56

In conclusion, in vitro studies suggest that aspirin could play
a role as a neuroprotective agent in glutamate-induced neurotox-
icity through the blockade ofNF-KB activation. It could also be
used to modulate the function of prostagandin H synthase in the
brain and thereby prevent the generation of cytotoxic free radicals
through the arachidonic acid pathway. The clinical significance
of these biochemical effects in conditions such as cerebral'
ischaemia and Parkinson's disease are currently under study.
Well-planned clinical studies will have to be carried out to
confirm these findings especially in view of the toxic effects
associated with the intake of high doses of aspirin.
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