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Abstract Several “low molecular weight” or “secretory”
phospholipases A2 isoforms may be expressed in mamma-
lian neural cells. Indeed, mRNAs for GIB, GIIA, GIIE,
GIII, GV, GX, and GXII were detected in brain tissues
despite different levels. However, only the presence of GIB,
GIIA, and GV proteins has been clearly demonstrated in
neural cells or in the nervous tissue. Although the roles of
GIB and GV in the nervous tissue are still elusive, there is
evidence to support the involvement of GIIA in physiolog-
ical and pathological events, including neurotransmission,
long-term potentiation, and neuritogenesis. The neurotoxic
effects of an increase in GIIA may be envisaged under
pathological conditions associated with the activation of
astrocytes during inflammation or through activation of
neurons and enzymes due to the stimulation of the NMDA
glutamate receptor. In the past, elevation of GIIA expres-
sion in many acute and chronic neurological diseases is
well known. Although each neurodegenerative disease has
a separate etiology, many share similar neurochemical
common processes, such as excitotoxicity, oxidative stress,
and mitochondrial dysfunction, phenomena where GIIA
play an important role.
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Background

Phospholipases A2 (PLA2s) catalyze the hydrolysis of the
ester bond at the sn-2 position of glycerophospholipids
producing free fatty acids and 2-lysophospholipids. These
enzymes constitute a superfamily that, according to a recent
classification based on their catalytical mechanisms [1], are
divided into five types of enzymes. The enzymes having low
molecular weights (13–19 kDa) are indicated as “small
secreted phospholipases A2” (sPLA2) because they are
released into the extracellular fluids by different cell types.
However, enzymes belonging to this group are also detected
in intracellular compartments where they coexist with iso-
forms of other PLA2s, such as the Ca2+-dependent cytosolic
(cPLA2), Ca

2+-independent (iPLA2) and PAF-acetylhydrolase.
The structural and catalytic properties of ten mammalian

sPLA2 have been recently reviewed [2]. Common features
of these enzymes are: (1) the presence of 6–8 disulfide
bonds, (2) Ca2+ requirement for catalysis with a KCa in the
micromolar range, (3) highly conserved catalytical dyad
His–Asp and “Ca binding loop”, and (4) relatively low
selectivity for the fatty acid to be hydrolyzed. The
description of structural features of some sPLA2s [3, 4]
has permitted to propose molecular mechanisms of catalysis
that may be common to different isoforms due to the highly
conserved active site. Possible catalytical mechanisms have
been recently reviewed [2]. The binding of the enzyme at
the interface facilitates the interaction of substrate with the
active site and the efficiency of catalysis [5].

Methods for Assaying sPLA2 Activity in Biological
Samples

Discriminating the contribution of each type or isoform of
PLA2 that coexists in the same sample, relative to the total
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enzyme activity, is a rather difficult task. However,
procedures for attributing the measured activity to a single
type of PLA2 (i.e., iPLA2, cPLA2 and sPLA2) with a certain
degree of approximation, are available. These procedures
are based on their Ca2+-dependence, preference for sub-
strates, presence of activators or inhibitors in the assay
systems, and sensitivity to disulfide bond reducing agents.
Four specific PLA2 assays have been proposed for
distinguishing between GIVA cPLA2, GVIA iPLA2, GIIA,
and GV sPLA2s [6]. More recently, this method has been
improved by the use of a combination of specific inhibitors
[7]. In these assays, the glycerophospholipid substrates are
radiolabelled with fatty acid at the C-2 position and are
used as Triton X-100 mixed micelles for assaying GIV or
GVI cPLA2 along with smaller unilamellar vesicles for
assaying GIIA and GV. Secretory PLA2s, particularly GIIA,
are conveniently assayed using autoclaved Escherichia coli
labeled with [3H] oleate as substrate and determining the
radioactivity of the released fatty acid [8, 9]. The suitability
of this method is based on the observation that, under
certain conditions, the labeled fatty acid is incorporated
essentially into phosphatidylethanolamine (PE) which rep-
resents more than 70% of E. coli membrane phospholipids
and the preferred substrate for GIIA [8]. GV is preferably
assayed using phosphatidylcholine liposomes as substrate
[10].

Continuous spectrophotometric assay can also be
achieved by the use of sn-2 thio ester [11] and fluorescent
or fluorogenic phospholipid analogs as substrates [12–14].
The use of substrate analogs containing both fluorescent
and quenching groups are particularly useful because they
show no or low fluorescence at basal conditions, but
increase in fluorescence when the quenching group or the
fluorophore is removed by the action of PLA2. An
important application with these substrates is the possibility
to monitor enzyme activity in real-time and in living cells
or organisms by in vivo fluorescence imaging [13, 15, 16].
The substrate, 1-O-(6-dabcyl-aminohexanoyl)-2-O-(6-[12-
BODIPY-dodecanoyl]amino-hexanoyl)-sn-3-glycerophos-
phorylcholine, has been used for continuous assay of
purified sPLA2 in vitro and for monitoring PLA2 activity
in living cells by confocal microscopy [16]. However, a
limitation of this substrate is that the increase of fluorescence
might be the consequence of PLA1 or PLA2 activity.

Another fluorogenic substrate (PED6, N-((6-(2,4-dinitro-
phenyl)amino)hexanoyl)-2-(4,4-difluoro-5,7-dimethyl-4-
bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-
sn-glycero-3-phosphoethanolamine) is suitable for continuous
or in vivo assay of PLA2 activity [13, 15, 17] or for
monitoring the enzyme activity using the microplate
fluorescence reader [18]. PED6 has also been used recently
for monitoring PLA2 activity in neuronal primary cells
by cytofluorimetry [19]. Even if PED6 does not allow

discrimination of different PLA2s present in biological
samples, the use of specific incubation conditions and
inhibitors might be a strategy for resolving the problem.

Occurrence of sPLA2 in Mammalian Nervous Tissue
and Neural Cells

Different sPLA2 have been detected in neural cells or in
mammalian nervous tissue by different experimental pro-
cedures as summarized in Table 1.

GIB

Originally, GIB was purified and sequenced from pancreas
or pancreatic juice of various mammals [20–22]. These
three-dimensional crystal structures of bovine [23] and
porcine [24] enzymes were determined by X-ray diffraction;
however, more recently, the solution structure of the porcine
enzyme [PDB (Protein Data Bank) code: 1 PIR] was
determined by NMR [25]. GIB has a unique five-amino-
acid extension that is located in the middle of the molecule
and is identified as the “pancreatic loop”.

The presence of transcripts for GIB in undifferentiated
PC12 cells was reported [26], but this study failed to detect
GIIA mRNA, which was later found in the same cell line.
Clear evidence for the presence of GIB in rat and human
brain and in primary neuronal cells was provided [27].
Indeed, the presence of GIB mRNA was demonstrated by
Northern blotting and by in situ hybridization. The develop-
ment of a specific antibody against rat GIB [27] revealed the
translation of mRNA to the functional protein and allowed
the identification of the enzyme. In the rat brain, this isoform
is present mainly in neurons of cortex, hippocampus, and
cerebellum. mRNA encoding for GIB was also found in rat
neuroretina, and gene expression was increased by light [28].

GIIA

GIIAwas purified from inflammatory exudates [29, 30] and
was subsequently cloned and sequenced [29, 31]. The
enzyme, which was purified from human synovial fluid and
platelets, has 124 amino acids and about 37% homology
with the bovine pancreatic sPLA2. Similar to the other
isoforms of group II sPLA2, GIIA has a C-terminal
extension that is not present in the pancreatic enzyme
[29]. The three-dimensional crystal structure of recombinant
human rheumatoid arthritic synovial fluid enzyme (PDB
code: 1BBC) [32] revealed the presence of a hydrophobic
channel forming a deep pocket in the center of the molecule
ending close to the active site.
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In the rat brain, gene encoding for GIIA is ubiquitously
expressed in all brain areas with higher levels in the brain stem
and midbrain than in the cerebellum and corpus striatum [33].
GIIA mRNA was also detected in human brain [34].

Using specific assays to understand different forms of
PLA2, it was shown that GIIA has major activity in the
particulate fraction of rat brain [35]. In the cytosolic
fraction of these brain areas, its activity was much lower
than that of iPLA2. The activity of particulate GIIA
increases 2-fold at 4 weeks after birth and then returns to
levels of neonatal animals. The presence of GIIA in the
particulate fraction of rat brain was confirmed by Western
blotting of mitochondrial proteins [9] using a specific
monoclonal antibody raised against rat mitochondrial liver
enzyme [36]. Further support for the mitochondrial local-
ization of GIIA in neural cells, e.g., PC12 and U-251
astrocytoma cells, was achieved by confocal immunofluo-

rescence analysis and immune-electron microscopy [9]. The
enzyme is associated with mitoplasts whereas iPLA2 is
present in the outer mitochondrial membrane.

The differential cellular localization of PLA2s was
studied in rat cerebellum using immunolabeling and in situ
hybridization [37]. In Purkinje cells, GIIA is associated
with the endoplasmic reticuli in the perinuclear regions
whereas cPLA2α is present in the soma and dendrites.
Although GIIA sPLA2 mRNA was not detected in primary
cultures of dorsal root ganglion, its expression was induced
by IL-1β in a time-dependent manner [38].

GIIC

In rats, GIIC seems to be exclusively expressed in brain [33].
However, in mice, this isoform is exclusively expressed in

Enzyme Occurrence Detection References

GIB PC12 RT-PCR [26]

Brain (rat and human) RT-PCR, WB [27]

Retina (rat) NB [28]

GIIA Brain (Rat) RT-PCR [33]

Activity [35]

NB [116]

WB [9]

Cerebellum (rat) IF [37]

Astrocytes (rat) RT-PCR, NB [176]

RT-PCR, ISH, NB [116]

Oligodendrocytes (rat) WB, IF [147]

Astrocytoma (human) IF, EM [9]

PC12 IF [9]

Spinal cord (rat) Activity, NB, WB,IF, IH [147]

GIIC Brain (rat) RT-PCR [33]

PC12 RT-PCR [26]

GIIE Brain (human) RT-PCR [42]

Brain (rat) ISH,real-time-PCR [47]

Spinal cord (rat) IF, IH [147]

GIIF Brain (mouse) RT-PCR [177]

GIII DRG neuron (mouse) RT-PCR [44]

GV Brain (rat) RT-PCR, [33]

Activity,IF, WB [48]

IH [47]

Cerebellum (rat) IF [37]

Astrocytes RT-PCR [176]

IF, IEM [9]

PC12 IF [9]

GX DRG neuron (mouse) WB, IF, NB, [50]

Brain (rat) IH [47]

PC12 RT-PCR, WB, IF [50]

GXII Human brain RT-PCR, NB [51]

Table 1 sPL A2 in nervous
tissue and in neural cells

IEM immuno-electron micros-
copy, IF immunofluorescence,
IH immunohistochemistry, ISH
in situ hybridization, NB
Northern blotting, RT-PCR
reverse transcription PCR, WB
Western blotting
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the testes and particularly in cells undergoing meiosis [39].
In humans, gene encoding for GIIC is not expressed and
appears to be a non-functional pseudogene [40]. Thus, the
expression of these isoforms is species-specific.

GIID

GIID was cloned from mouse thymus. mRNA for this
subtype was detected by Northern blot analysis in different
tissues but not in brain [41]. In the human brain, the
transcript for this isoform was also not detectable by
reverse transcription PCR (RT-PCR) analysis [42].

GIIE

Mouse and human GIIE were cloned by molecular biology
technology [42], and the recombinant enzymes were partially
purified and characterized after their over-expression in
COS-7 cells. The recombinant enzyme consists of 123
amino acids (Mr=14,000). The transcript of GIIE was
detected in human brain by RT-PCR [42]. However, using
a similar experimental procedure in contrast with other
reports [27, 34], this study failed to detect transcripts for
GIIA and GIB in human brain. Transcript of gene encoding
for GIIE was also detected in rat retina [28].

GIIF

Cloned mouse GIIF has a signal peptide of 20 amino acids,
and the matured protein (calculated molecular mass 16,800)
consists of 148 residues [41]. A peculiar structural feature
for this enzyme is a long C-terminal extension of 23 amino
acids. Northern blot analysis revealed a very low level of
GIIF mRNA in mouse brain. Low expression of gene
encoding for GIIF was also detected in rat retina [28].

GIII

Human GIII, having a sequence homology with bee venom
enzyme, has been cloned [43]. The recombinant protein is
much larger than other sPLA2 (calculated molecular mass
55.3 kDa) and contains a central domain flanked by N- and
C-terminal regions. The sPLA2 domain (calculated molecular
mass of 16 kDa) is typical of GIII enzymes. Northern blot
analysis revealed that GIII mRNA is highly expressed in the
human heart, kidney, and liver, but only weakly in the brain.

Recently, it was reported that the expression of GIII in
neuronal cells [44] and in PC12 cells can function to
facilitate neurite outgrowth and suppresses neuronal death

induced by NGF deprivation, suggesting a role in neuronal
growth and differentiation.

GV

Another well-characterized form of sPLA2 is GV [45]. The
human GV gene is located in chromosome 1 close to the
GIIA gene [46]. This enzyme shows a high level of identity
with GIIA, but does not possess the C-terminal extension.
GV mRNA was found in detectable levels in most rat brain
regions, with the exception of the hippocampus, where the
transcript for this isoform seems to be rather abundant [33].
In another study, GV mRNAwas found in rat hippocampus,
and based on immunohistochemistry, the protein was also
found in the neurons in cerebral cortex and dentate gyrus
[47]. Using immunolabeling and in situ hybridization
methods, GV was also found in cerebellum [37], and
particularly, in the Bergman glial cells. When assayed by a
system supposed to be specific for GV, the activity
appeared to be rather low in comparison to iPLA2 and
GIIA and was almost equally distributed in all brain areas
[35]. Immunofluorescence analysis revealed that GV was
highly localized in the nuclei of PC12 and U251 neuro-
blastoma cells [9]. This finding was confirmed by assaying
the activity in neuronal and glial nuclei purified from rat
brain, and subsequently identified by Western blot analysis
[48]. Immunofluorescence analysis of isolated rat brain
nuclei revealed that the enzyme was mainly localized in the
nucleoplasm.

GX

Human GX was cloned and expressed on the basis of the
expressed sequence tag originally obtained from fetal lung
cDNA library [49]. The cDNA clone predicted a mature
protein of 123 amino acids and a calculated molecular mass
of 13.6 kDa. Contrary to the other sPLA2 enzymes, human
GX is very acidic (pI 5.3) and possesses disulfide bridges
typical to GIB and GIIA. The crystal structure of hGX
revealed that the enzyme is similar to those of other sPLA2

and particularly to the active sites of GIB and GIIA,
although the opening of the active site slot is considerably
larger [3]. Northern blot analysis detected transcripts for
human GX in adult spleen and to a less extent, in peripheral
blood leukocytes [49]. This study failed to detect transcripts
for hGX, hGIIA, and hGV in fetal or adult human brain.
However, the expression of gene encoding for GX was
demonstrated in rat brain by real-time PCR and immuno-
histochemistry, despite of lower levels than most other
sPLA2s [47]. GX protein seems to have a neuronal
localization, particularly in the neurons in dentate gyrus.
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Immunostaining detected expression of this isoform in
neuronal fibers of human peripheral tissues and in mouse DRG
neurons after exposure to NGF [50]. According to this study,
GIIA, GIID, GIIE, and GV were undetectable in these cells.

GXII

Apart from the active site region, cloned human GXII
(calculated molecular mass of 18.7 kDa) has a poor
sequence homology with other known sPLA2s [51].
Northern blot analysis of tissue distribution of human GXII
revealed a major transcript in heart, skeletal muscle, and
kidney and lower levels in other tissues including the brain.

Functions of sPLA2 in Neural Cells

Common to other tissues, PLA2 in neural cells are known
to perform a number of functions, including defence against
pathogens, membrane remodeling, production of lipid
mediators, and removal of oxidized fatty acids. Other
functions specific to nervous tissue include participation
with and release of neurotransmitters, neuritogenesis, and
long-term potentiation [52]. Due to the morphological and
functional heterogeneity of the nervous tissue, attribution of
specific functions to different PLA2 isoforms has been
difficult, and most data are derived from cellular models,
often tumor cells, or based on the use of inhibitors often of
doubtful or poor specificity. Considering these limitations,
this review is limited to describing those functions where a
role of sPLA2 isoforms was demonstrated or hypothesized.

Antibacterial Activity

GIIA is found at high concentration in inflammatory fluids, and
it has been recognized as having antibacterial activity against
Gram-positive [53] and even some Gram-negative bacteria
[54]. Recently, the antibacterial actions of sPLA2s have been
reviewed with information showing that human and mouse
GIIA are the most potent against Gram-positive bacteria
[55, 56]. The high level of GIIA in inflamed tissues is due to
its induction by cytokines or bacterial toxins followed by its
release in the extracellular space [57, 58]. Thus, the increased
expression of GIIA in astrocytes due to their activation by
inflammatory cytokines or LPS (Lipopolysaccaride) [59, 60]
may represent an innate defence mechanism of the enzyme
against brain infections by pathogens.

Production of Lipid Mediators

The specificity for the hydrolysis of fatty acids bound to the
C-2 carbon of glycerol moiety of glycerophospholipids that

are predominantly unsaturated or polyunsaturated has led to
the assumption that the main function of PLA2 is liberation of
substrates for the production of lipid mediators including
eicosanoids, docosanoids, platelet-activating factor (PAF),
and lysophospholipids. Since cPLA2α has high specificity
for arachidonic acid (AA), this enzyme is believed to be a
major contributor to the production of eicosanoids [61].
However, sPLA2 appears to be also involved in the
generation of these lipid mediators both by releasing AA
from phospholipids and by regulating the expression of
COXs. Indeed, exogenous sPLA2 can induce the expression
of COX-2 [62], and in COX-1-/- mice, expressions of brain
cPLA2, sPLA2, and COX-2 are up-regulated [63]. Similar to
other tissues, quantitative contribution of individual types
of PLA2 present in the nervous tissue for the production of
lipid mediators is complex and depends on a number of
factors. In addition, cross-talks also exist between the
pathways regulating their expression and activity [64]. It
is likely that both cPLA2 and sPLA2 are also involved in
the biosynthesis of PAF by the remodeling pathway producing
1-alkyl-2-lyso-sn-glycero-3-phosphocholine from membrane
1-alkyl-2-acyl-sn-glycero-3-phosphocholine in neural cells
[65, 66].

Neuritogenesis

Alteration of neuronal phospholipid metabolism during
neurite outgrowth is a phenomenon observed by several
studies, and it is related to membrane extension and
remodeling. Thus, it is not surprising that PLA2s participate
in neuritogenesis. However, the identity of the isoforms
involved in this phenomenon is unclear. It is also unclear
whether they exert an effect through a receptor-mediated
mechanism or through lysophospholipids and free fatty
acids, which are the hydrolytic products. Although other
types of PLA2 may be present in the nerve growth cones
[67], there is convincing evidence indicating that sPLA2

isoforms are the major enzymes involved in neurite
outgrowth. This is in agreement that exogenous bee venom
sPLA2 (GIII) can induce neuritogenesis in PC12 cells, and
this effect is correlated to its activity rather than to a
receptor-mediated mechanism [68]. Snake venoms sPLA2

belonging to GI or GII also can exert neuritogenic effects in
the same cells [69]. Mammalian GX, either applied in
combination with suboptimal concentration of NGF or
over-expressed in PC12 cells, was shown to facilitate
neurite outgrowth. However, the endogenous expression
of GX protein in these cells was rather modest when
compared with that of GIIA [9]. Interestingly, when GX
was over-expressed in PC12 cells, the pro-enzyme was
released into the medium, and thus activation needs to be
activated by proteolytic cleavage [50]. Thus, it is possible
that neurite outgrowth is due to production of lysophos-
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phatidylcholine (LPC), presumably formed by the hydrolysis
of phospholipids in the outer leaflet of plasma membrane after
its release. It is also possible that LPC can stimulate neurito-
genesis through activation of the G2A receptor, which is a
member of the GPCR family [70]. The hypothesis that the
neuritogenic effect is exerted by the released GX is supported
by the observation that presence of anti-GX antibody in the
extracellular medium caused a small but significant reduction
of neurite length whereas anti-GIIA antibody exerted no
effect. By our experience, unsuccessful inhibition of
GIIA-mediated neurite outgrowth may be due to the fact
that GIIA antibodies against human or mouse isoforms do
not recognize the rat isoform. Treatment of PC12 with
NGF induces an increase in endogenous GIIA activity
and localization of protein in growth cones and tips of
neurites (Fig. 1). Furthermore, a relatively low percentage
of GIIA is released into the culture medium (Ferrini et al.,
unpublished).

GIII has been also proposed to participate in neurite
outgrowth in adenoviral expressed in PC12 or dorsal root
ganglia neurons through a LPC-mediated mechanism
[44].

All together, these observations point out that released or
cellular sPLA2s participate in complex mechanisms in-
volved in neuritogenesis. However, it is difficult to
completely exclude the role of cPLA2 and iPLA2 because
their inhibition also causes a reduction of neuritogenesis in

primary cultures of cortical and hippocampal neurons in
vitro [71].

Neurotransmission and Long-term Potentiation

Early studies on activity-based subcellular localization of
PLA2 in brain tissue demonstrated the presence of an
unidentified enzyme in synaptic vesicles of rat brain, thus
suggesting a role in neurotransmitter release [72]. More
recently, it was reported that a type II sPLA2 is released
from rat brain synaptosomes upon depolarization and from
NGF-differentiated PC12 cells upon activation by carba-
mylcholine [73]. Furthermore, exogenous type II sPLA2

could also cause the release of catecholamines from these
cells. Exposure of the same cells to GIIA (obtained either
from snake venom or from human synovial fluid) can cause
exocytosis and release of neurotransmitters similar to
effects observed in hippocampal neurons [74]. Surprisingly,
internal application of sPLA2 to PC12 cells was shown to
block neurotransmitter release.

The activities of cPLA2 and sPLA2 increased upon
exposure of cortical neurons to glutamate [75]. These
studies support a functional link between PLA2 activity
and stimulation of glutamate receptors. Furthermore, sPLA2

showed a synergistic effect on the increase of transient Ca2+

in hippocampal neurons [76] and release of AA in primary
cortical neurons [77] induced by non-toxic and toxic
glutamate concentrations. In primary cortical neurons, the
combination of exogenous sPLA2 and glutamate also
potentiated the release of AA from phosphatidylcholine
and phosphatidylethanolamine [78].

There is a large body of evidence for the involvement of
glutamate receptors in long-term potentiation (LTP), neu-
ronal plasticity, learning, and memory [79–81], processes
where products of PLA2 may modulate glutamate release,
postsynaptic receptor activation, and presynaptic responses
[82–89]. However, exact contribution of different PLA2

isoforms to specific mechanisms of glutamate-mediated
synaptic transmission remains to be further elucidated. In
addition to lipid mediators (i.e., AA, eicosanoids, and PAF),
released sPLA2 from the presynaptic neuron may directly
participate in the induction and/or maintenance of LTP
through a receptor-mediated mechanism or alternatively
through its uptake by the presynaptic neuron [90, 91].

Involvement of sPLA2 in Neurological Diseases

Altered PLA2 activities have been implicated in acute and
chronic brain injury and in other neurological diseases.
However, the roles of individual isoforms in inducing or in
aggravating these pathologies are still not clearly under-
stood [52, 92, 93].

Fig. 1 Effect of NGF on GIIA localization in PC12 cells. PC12 cells
were treated with NGF (100 ng/ml) on poly(L-lysine)-coated cover-
glasses in multiwell plates and analyzed after different periods by
confocal immunofluorescence using monoclonal antibody against rat
GIIA (generous gift from Prof. H. van den Bosch)
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Excitotoxicity, Oxidative Stress, and Neuronal Cell Death

Excessive activation of glutamate receptors is known to
exert a neurotoxic effect accompanied by necrotic or
apoptotic neuronal cell death (excitotoxicity) [94, 95]. This
type of excitotoxicity is linked to many neurodegenerative
disorders. The neurotoxic effect of glutamate is mediated
by excessive calcium influx into neurons, which initiates
an intracellular cascade of events [96]. These events
include, among other effects, the perturbation of mito-
chondrial Ca2+ and disturbance of energy metabolism,
activation of Ca2+-dependent enzymes, lipid peroxidation,
and production of reactive oxygen and nitrogen species
(ROS and RNS). The combination of these events triggers
the generation of pro-apoptotic signals leading to neuronal
death, which is one of the main mechanisms of cell death
in many neurological diseases [97–99]. Several isoforms of
PLA2 may be involved in apoptotic cell death following
glutamate excitotoxicity. Indeed, activation of cPLA2 by
phosphorylation and the release of AA were observed
upon exposure of cortical neurons to NMDA (N-methyl-
D-aspartate) [100]. The same treatment induced ROS
production by NADPH oxidase. On the other hand, BEL-
sensitive iPLA2 was not involved in oxidative stress-
induced release of AA from phospholipids of mouse
neuronal cells [101].

The involvement of sPLA2 isoforms in the induction of
neuronal cell death has been often regarded as an
extracellular phenomenon because results were based
mainly on addition of exogenous enzymes to the neuronal
cultures [102–104]. However, the presence of sPLA2 in
intracellular compartments of neural cells [9, 48] suggests
that endogenous enzymes might also participate in apoptotic
cell death. Indeed, inhibition of GIIA by a cell permeable
specific inhibitor could reduce glutamate-induced death of
cerebellar granule neurons [105]. In addition, GIIA was also
involved in the generation of ROS in peripheral mitochon-
dria. A correlation between apoptotic cell deaths in rat
primary neurons with NMDA-induced activation of GIIA
has been reported [19]. This study demonstrated the
activation of neuronal GIIA by ROS and RNS and the
participation of this enzyme to generation of superoxides in
mitochondria. Thus, it is conceivable to hypothesize that
mitochondrial dysfunction caused by NMDA-mediated over-
loading of Ca2+ in neurons can trigger GIIA activation and
generation of ROS by a still-unknown mechanism. The
release of GIIA from rat brain mitochondria under energy-
deficient conditions seems to lend further support to the
hypothesis [9]. Mitochondrial GIIA might bind to the
25 kDa protein, which is present in the same organelle and
binds with snake venom GIIA with high affinity [106]. The
interaction of GIIA with the outer mitochondrial membrane
may contribute to the release of cytochrome c and activation

of the caspase cascade. Indeed, exposure of isolated
mitochondria to rat recombinant GIIA could induce the
release of cytochrome c (Goracci, unpublished). This
hypothesis does not exclude the possible contribution of
iPLA2 known to be localized in the outer mitochondrial
membrane [9]. Indeed, activation of liver mitochondrial
iPLA2 was shown to promote spontaneous release of
cytochrome c [107].

Neuroinflammation

The involvement of PLA2s in neuroinflammation caused by
traumatic injury or infection has been documented by a
number of reports [108]. Particularly, induction of GIIA
expression could be observed by treatments of cultured
astrocytes with LPS or pro-inflammatory cytokines [59,
109]. The induction of GIIA mRNA by IL-1β is mediated
by the activation of ERK1/2 and PI-3 kinase, and the
protein is partially released into the medium [110].

Ischemia/Reperfusion

Following the first observation that one of the early biochem-
ical events taking place during brain ischemia is the increase of
FFA (free fatty acids) [111], a large number of studies tried to
identify the enzymes responsible for this phenomenon and
the mechanisms for their activation. This task is particularly
difficult due to the anatomical, histological, and physiological
complexity of the brain. Furthermore, the variety of animal
models utilized for these studies might complicate the
interpretation of the results. However, the available data
clearly indicate that more than one type of PLA2 participates
in the release of FFA from membrane phospholipids, and
their relative contribution may depend on the experimental
models, the age of animals, and the time duration of the
ischemic insult and reperfusion [52, 93, 112, 113].

Several studies have indicated that cPLA2 and sPLA2,
most likely GIIA, are involved in the release of fatty acids
during ischemic brain injury [113–117]. Ischemia/reperfusion
was shown to cause a biphasic increase of GIIA mRNA, the
first increase at 60 min and a second increase after 2 weeks
[116]. The increased expression of GIIAwas confirmed by in
situ hybridization and immunohistochemistry. Confocal
microscopy revealed that GIIA was mainly localized in
astrocytes but not in microglia. Further support to the
involvement of a sPLA2 in brain ischemic injury was
derived from the observations that inhibitors of this type of
enzymes exert a neuroprotective effect [118–120].

Alzheimer’s Disease

An extensive amount of literature supports the involvement
of different types of PLA2 in memory impairment and
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neurodegeneration in Alzheimer’s disease (AD) [34, 93,
121–123]. However, their role might be different depending
on early or late stages of the disease [124]. According to
this hypothesis, the decrease of cortical and hippocampal
PLA2 activity observed in the early stage of AD is mainly
attributed to cPLA2 and iPLA2 and that these changes may
be involved in memory deficits and Aβ production. The
decreased activity of these enzymes may be responsible for
the down-regulation of glutamatergic and cholinergic
receptors observed in the early stage of AD and leading
to memory impairment. On the other hand, the increase in
PLA2 activity observed in late stages of AD should be
attributed to the involvement of cPLA2 and sPLA2 under
inflammation and oxidative stress. Indeed, correlations
between Aβ production, oxidative stress, and PLA2

activation have been documented [100, 125]. The observation
that sPLA2 activity increases in human cerebrospinal fluid of
AD patients further support the involvement of this isoform
in this pathology [126].

Parkinson’s Disease

Among different pathogenic mechanisms proposed for
Parkinson’s disease (PD), mitochondrial dysfunction is
considered as a key event [127, 128]. Indeed, a systemic
low-grade inhibition of complex I activity was recognized
in PD patients. Treatment of animals with inhibitors of this
complex, rotenone, or MPTP (1-Methyl-4-phenyl-1,2,5,6-
tetrahydropyridine), have been successfully used as models
for PD. Studies to measure PLA2 activity in this pathology
are limited. A role of cPLA2 in PD was suggested because
mice deficient in this enzyme were more resistant to MPTP
treatment [129]. Recently, activation of cPLA2 by phos-
phorylation was demonstrated in vivo and in vitro models
of PD [130]. Activation of the enzyme is apparently the
consequence of a cascade of events involving the NO/
cGMP/PKG pathway. Little information is available on the
involvement of specific sPLA2 isoforms and mitochondrial
dysfunctions. Further studies should also address mecha-
nisms for the increase in ROS production in PD and
possible implication of the oxidative pathway to degener-
ation of dopaminergic neurons.

Experimental Autoimmune Encephalomyelitis and Multiple
Sclerosis

Experimental autoimmune encephalomyelitis (EAE) is
considered a model for studying the biochemical events
during the demyelination and remyelination processes and
is considered an animal model of multiple sclerosis. Early
studies demonstrated the increase of PLA2 activity in rat
brain mitochondria during the acute phase of EAE [131].
Interestingly, in a recent study on brains from multiple

sclerosis (MS) patients, there was a marked reduction of the
transcripts of gene encoding for mitochondrial electron
transport proteins and a concomitant decrease in activities
of complexes I and III [132].

The use of extracellular inhibitors of PLA2, including the
N-derivatized PE linked to polymeric carriers, inhibited the
expression and the secretion of sPLA2 from cultured glial
cells and reduced the clinical expression of EAE in rats and
mice [133]. Another study observed an increase in activity
of sPLA2 in urine of EAE rats, suggesting an increase in
systemic enzyme activity [134]. These results are in
agreement with the finding that urinary activity of sPLA2

was increased in MS patients. Treatment of EAE animals
with CHEC-9, an inhibitor of sPLA2, attenuated the
increase of urinary enzyme activity between days 8–10
after immunization and abolished the EAE symptoms. The
participation of cPLA2 and iPLA2 in the onset and
progression of EAE was also proposed, and GIIA was
implicated in the remission phase [135, 136].

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disorder of the motor neurons in the
spinal cord, brainstem, and motor cortex. Riluzole is an
anti-glutamatergic agent clinically used for the treatment of
ALS. This drug has antioxidant properties and exerts
protective effects on cortical neurons. It can also reduce
the release of AA from pre-labeled fibroblast cells in culture
[137]. The inhibiting effect of riluzole was attributed to
cPLA2 because it reduced the activity of partially purified
porcine enzyme but had no effect on pancreatic GIB and
platelet GIIA in vitro. However, despite the inhibition of
AA release, treatment with this drug resulted in an increase
in cell death by apoptosis. Despite this paradoxical
observation, treatment of ALS patients with riluzole is
effective in extending survival and/or time to tracheostomy
[138] suggesting that glutamate excitotoxicity and oxidative
stress contribute to neurodegeneration in ALS as well as to
other neurodegenerative diseases. Although the mecha-
nisms leading to motor neuron degeneration are not known,
it has been proposed that corticomotoneurons may mediate
anterograde degeneration of anterior horn cells via
glutamate-mediated excitotoxicity [139].

Some forms of ALS are caused by mutations of
superoxide dismutase-1 gene and transgenic mice express-
ing human mutant enzyme has been used as a model for
ALS. These mice undergo motor neuron degeneration with
typical features of mitochondriopathy [140], suggesting
the involvement of mitochondrial transition pores [141].
Although there is no available data to date, it is worth
contemplating that mitochondrial PLA2 (iPLA2 and GIIA)
contribute to mitochondrial dysfunction in this disease.
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Spinal Cord Injury

Complex molecular events are initiated by primary injuries
of spinal cord which are followed by a progressive
degeneration, known as “secondary injury” that increases
the size of the lesion [142]. Evidence for the involvement of
apoptotic death of neurons and oligodendrocytes in sec-
ondary injury has been reported [143]. Post-injury demy-
elination continues for several weeks and correlates with
the death of oligodendrocytes in white matter. The cascade
of events leading to apoptotic cell death includes opening
of voltage-dependent ion channels, release of glutamate,
activation of NMDA and AMPA receptors, overloading of
intracellular Ca2+, production of free-radicals, mitochondrial
dysfunction, and caspase activation [144].

Severe injury of rat spinal cord causes a rapid production
of prostaglandin F2α and thromboxane and a later accumu-
lation of arachidonic acid indicating a post-injury activation
of PLA2 [145]. The contribution of this class of enzymes in
the pathogenesis of spinal cord injury was recently
confirmed because total PLA2 activity was increased with
a peak after 4 h [146]. The expression of cPLA2 was also
increased but with a peak at 3 and 7 days after spinal cord
injury (SCI). Immunofluorescence analysis indicated that
the elevation of cPLA2 was mainly localized in neurons of
spinal gray matter and in oligodendrocytes close to the
damaged area. The increased PLA2 activity 4 h after SCI
was later attributed to the induction of the expression of
GIIA and GIIE because the levels of mRNAs and proteins
were significantly more elevated with respect to sham-
operated rats [147]. The up-regulation of GIIA and GIIE
following SCI was confirmed by immunohistochemistry.
Confocal immunofluorescence analysis and immunoblotting
revealed that the increase of GIIA levels is associated with the
membrane fraction of oligodendrocytes. Since the inhibition
of GIIA reduces oligodendrocyte cell death induced by H2O2

or inflammatory cytokines treatments, it has been proposed
that GIIA may represent a target for preventing tissue
damage after SCI.

Brain Tumors

Little information is available on the role of sPLA2

isoforms in brain tumors although several studies have
demonstrated the increase of their expression in other
tissues indicating that these enzymes may represent
potential targets for therapies [148, 149]. Particularly, GIIA
is considered the isoform mainly involved in the develop-
ment and progression of tumors in different human organs
including breast, pancreas, liver, colon, and prostate. A
recent study has shown that GIIA and GV are constitutively
expressed in malignant prostate cells (PC-3 and LNCaP)
but not in normal human prostate epithelial cells (PrEc)

[150]. The expression of GIIA and GV is differentially up-
regulated by cytokines. GX is highly expressed in normal
PrEc and malignant cells but the expression of this isoform
is insensitive to cytokines. GIIA is not expressed in another
prostate cancer cell line (DU-145) even when stimulated
with IL-1β. This observation has suggested that epigenetic
mechanisms may silence the expression of GIIA in this
particular cell line.

Exogenous mouse GX stimulates the proliferation of
different colon cell lines and activates MAP (Mitrogen
Activated Protein) kinase pathway by mechanisms involv-
ing its catalytical activity and the generation of lipid
mediators [151]. The effect of exogenous GIIA on the
proliferation of 1321N1 human astrocytoma cell line was
also studied. Contrary to U-251 astrocytoma cells [9],
these cells do not express GIIA [152], but their treatment
with the human enzyme induces the activation of MAP
kinases, phosphorylation of cPLA2, and release of arachi-
donic acid by a mechanism apparently independent of
GIIA activity. The treatment of the same cells with GIIA
induces ROS generation triggering Ras and Raf-1 activa-
tion and phosphorylation of Akt, p70S6K, and s6 ribo-
somal protein [153]. The inhibition of these GIIA-mediated
effects blocked cell proliferation and did not affect
apoptotic program. In addition, TNFα-induced apoptosis
is counteracted by the simultaneous treatment with GIIA,
and it has been proposed that the effect is mediated by
ERK activation [154]. Thus, these observations suggest
that extracellular GIIA exerts a dual effect in 1321N1
astrocytoma cells because it induces their proliferation and,
at the same time, protects them by pro-apoptotic agents.
Although these reported effects are restricted to a particular
tumor cell line, it can be supposed that the increased
concentration of GIIA or other sPLA2 isoforms, released
by activated astrocytes or inflammatory cells in the
extracellular environment, may stimulate glial cells to
proliferate representing a link between inflammation and
development of brain tumors.

Future studies should be addressed to explain why, in
certain cells, sPLA2 isoforms exert a mitogenic and anti-
apoptotic action and in others, as neurons, the same
isoforms are pro-apoptotic.

Inhibitors of sPLA2s and Potential Pharmacological
Effects

The identification of molecules capable of inhibiting
specific sPLA2 isoforms is of great pharmacological interest
as potential drugs for the treatment of pathologies including
neurological diseases [155]. However, although some
natural compounds have been shown to inhibit specifically
sPLA2, none of them appears to be selective. In addition,

282 Mol Neurobiol (2010) 41:274–289



several synthetic compounds are potent inhibitors of sPLA2,
but some show a certain grade of selectivity towards
different isoforms [2, 156–158]. Here, we report a selection
of those molecules having potential pharmacological interest
for treatment of neurological diseases because they reduce
the effects of sPLA2 in the nervous tissue or neural cells.

Indole Derivatives

A large number of indole derivatives [159] have been
probed as potential inhibitors of sPLA2 isoforms. The
indole derivative LY311727 was reported to be rather
selective for GII isoforms but was only poorly effective on
reducing AA efflux in rat model of cerebral ischemia [160].
Other indole derivatives, such as indoxam and Me-
indoxam, are quite effective competitive inhibitors of
different isoforms of human and mouse sPLA2 [157]. Due
to their poor membrane permeability, however, these
molecules are only suited for studies on extracellular
sPLA2. Administration of the prodrug (indoxam methyl
ester) 1 h before or 2 h after middle-cerebral artery
significantly reduced the infarction of dorsolateral cortex.
Indoxam could also significantly decrease the activity of
sPLA2 in the affected brain area [103]. The beneficial effect
of this treatment was attributed to inhibition of GIIA
because indoxam almost completely blocked the death of
rat cultured neurons induced by exposure to recombinant
human GIIA. However, indoxam is not a specific inhibitor
of this isoform because it also reduces the activities of other
isoforms including GV present in neuronal and glial nuclei
[48].

CHEC-9

CHEC-9, a nonapeptide (CHEASAAQC), is the internal
fragment of a human polypeptide (DSEP) with neuro-
protective properties [161]. Systemic treatment of CHEC-9
inhibited degeneration of neurons adjacent to brain lesion.
This effect was attributed to the uncompetitive inhibition
of serum sPLA2. Despite of a yet unknown mechanism,
inhibitory effects of CHEC-9 were supported by results
from in vitro, ex vivo, and in vivo experiments [162].

Vitamin E

Vitamin E (α-tocopherol) is able to cross blood–brain
barrier and may exert a neuroprotective effect by its
antioxidant properties [163, 164]. However, it is not clear
whether vitamin E exerts effects on different types of
PLA2s. In one study, vitamin E was shown to induce the
release of AA through activation of cPLA2 [165]; but in
another study, α-tocopherol analogs showed an opposite
effect [166]. A non-competitive inhibition of porcine

pancreatic GIB by vitamin E was reported, but this effect
was attributed more to interaction with the substrate than to
the direct effect on the enzyme [167]. GIIA from Russelli’s
viper venom was also competitively inhibited by vitamin E
[168]. Structural analysis of the interaction between α-
tocopherol and the crystal structure of the enzyme revealed
possible interaction with the active site.

Even if no information is available about direct effects of
vitamin E on brain PLA2 isoforms, it is possible that its
action on GIIA and its antioxidant properties might
represent a pharmacological intervention for reducing the
detrimental effect of inflammation and oxidative stress.

PX-18

PX-18 is a compound indicated as a potential sPLA2

inhibitor [169]. Due to its scarce solubility in water, this
compound requires formulation in nano suspensions for in
vivo application [170]. Intraperitoneal injection of this drug
to gerbils immediately after ischemia/reperfusion was
shown to reduce glial cell activation and neuronal apoptotic
death [119]. However, no information is available on the
specificity of PX-18 on different PLA2 types.

Native Peptides

A number of pentapeptides corresponding to the sequence
70-74 of the native sPLA2 were developed and tested as
potential inhibitors of this type of enzymes [171]. These
peptides do not bind to the active site, but can associate
with the NH2-terminal helix known to be important for
conferring enzyme activity. Differences in the sequences
of the pentapeptides according to the origin of the
enzyme may allow the development of selective inhibitors
for different sPLA2 isoforms. Molecular modeling and
peptide–enzyme interaction analysis have been used to
identify a cyclic pentapeptide, c(2NapA)LS(2NapA)R,
which binds and inhibits the activity of human GIIA
[172]. The same peptide has no effect on porcine GIB and
snake venom GIIA. The same peptide inhibits the activity
of recombinant rat GIIA, but not that of Crotalus atrox
GIIA or rat GV when assayed with PED6-containing
liposomes as substrate [19].

Commercially available c(2NapA)LS(2NapA)R (sPLA2-
IIA inhibitor I) protected cerebellar granule neuron death
induced by glutamate and inhibited ROS production in
peripheral neuronal mitochondria [105]. A recent study also
demonstrated that this pentapeptide could abolish NMDA-
induced increase in PLA2 activity and apoptotic cell death
of cortical primary neurons [19]. Because this inhibitor is cell
permeable, non-toxic, and appears to be rather specific, it is
potentially useful for future studies to test the involvement of
sPLA2 isoforms under different pathological conditions.
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Conclusions

Although mammalian glial and neuronal cells potentially
express multiple sPLA2 isoforms, the GIIA enzyme seems
to be the major one involved in physiological and
pathological mechanisms. Under normal conditions, astro-
cytes may synthesize and release low levels of GIIA for
interaction with N-type receptors. Alternatively, it can be
up-taken by neuronal cells and participate in modulating
neuronal functions such as neurotransmission, neurito-
genesis, and in combination with other PLA2 types, e.g.,
cPLA2 and iPLA2, for production of lipid mediators. On the
other hand, neurons may also produce GIIA, and it seems
that the endogenous enzyme is targeted to intracellular
compartments such as mitochondria and nerve endings. At
the present status of knowledge, it is reasonable to
speculate that the mitochondrial enzyme, due to its low
specificity, exerts a protective effect by removing oxidized
fatty acids, particularly from cardiolipin, which is particu-
larly enriched in polyunsaturated fatty acids. In addition,
GIIA may participate in membrane remodeling during
mitochondrial fusion and fission, processes important in
maintaining functional integrity of these organelles [173].

The presence of sPLA2, most likely GIIA, in synaptic
vesicles may indicate its role in the mechanisms for
neurotransmitter release. Furthermore, the expression of
neuronal GIIA is increased by NGF, and its localization at
the neurite tips is a clear evidence for its participation in
neuritogenesis.

The involvement of GIIA in neurodegenerative diseases
is well-documented. In this case, its participation to
mechanisms leading to neuronal cell death is the conse-
quence of its excessive expression in reactive astrocytes
and in neurons after stimulation by NMDA. Increased
release of GIIA in reactive astrocytes may exert a
neurotoxic effect similarly to that reported for exogenous
enzymes such as snake venoms. High levels of the enzyme
might reach intracellular organelles including mitochondria
[106, 174, 175] causing their dysfunction and contributing
to the increase of oxidative stress. In the second case,
increased intracellular Ca2+ concentration in neurons can
influence a number of processes including activation of
endogenous neuronal GIIA [19]. Together with the exog-
enous enzyme, this may lead to mitochondrial dysfunctions,
alteration of mitochondria dynamics, and apoptosis. Since
abnormal mitochondrial dynamics is a mechanism common
to several neurodegenerative diseases, future studies should
consider how alterations of mitochondrial phospholipid
metabolism may play an important role in the fusion and
fission processes, where both inner and outer membranes
undergo important structural modification.

In conclusion, investigations on the mechanisms regulating
expression and activity of GIIA should be encouraged,

considering its involvement in important brain functions and
in the onset and aggravation of neurodegenerative diseases.
Furthermore, development of new molecules exerting a
selective inhibition of individual sPLA2 isoforms will be of
great importance as potential drugs for prevention and
treatment of neurodegenerative disorders.
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