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Abstract: Neuroinflammation has always been of concern in the pathogenesis of Alzheimer’s disease (AD). As a major
inflammatory mediator, prostaglandin E, (PGE,) plays an important role in the inflammatory process of AD. Up to now, there is
still controversy on the neuroprotective or neurotoxic role of PGE,. However, the role of PGE, in neurodegeneration may be far
more complex, due to the 4 EP receptor subtypes. This article aims to summarize the relationship between PGE, receptor EP
subtypes and AD. It is believed that a better understanding of the PGE, receptor EP subtypes may help to clarify the relation

between inflammation and AD, and to develop novel therapeutic strategies targeting specific EP receptor for AD treatment.
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1 Introduction

Neuroinflammation has always been of concern in the
pathogenesis of Alzheimer’s disease (AD)!!!. Epidemiologi-
cal studies have demonstrated that long-term intake of non-
steroidal anti-inflammatory drugs (NSAIDs) during normal
aging reduces the risk of AD and delays the onset of the
diseasel®). This preventive effect has been demonstrated in
transgenic mice models, where NSAIDs significantly reduce
amyloid B (AB) deposition!®®l. Although it is assumed that
the progress of AD can be delayed by NSAIDs treatment,
recent clinical studies find that NSAIDs could not reduce A3
content in AD patients?. Besides, there is no advantage of
long-term usage of NSAIDs for significant improvement in

AD pathology!'?.. These conflicting results make the research
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of NSAIDs downstream signaling pathway very necessary.
NSAIDs exert anti-inflammatory effects dependent or inde-
pendent of cyclooxygenase (COX) (Fig. 1)), and the anti-
inflammatory effect is mainly due to the inhibition of COX.
NSAIDs inhibit the enzymatic activities of COX-1 and
inducible COX-2, which catalyze the first committed step in
the synthesis of prostaglandin E, (PGE,), and then reduce
the synthesis of AP, inhibiting the occurrence of inflam-
mation®'?, On one hand, PGE, can increase the generation
of AB!** and induce the apoptosis of hippocampal neu-
rons!'*. On the other hand, PGE, can also play a protective
role by reducing the toxicity of AP to the neurons!'®. In view
of these seemingly contradictory research findings, this ar-
ticle aims to summarize the relationship between PGE, recep-
tor EP subtypes and AD, to explain this paradox from the
perspective of EP, and to clarify the roles of EP in the patho-

genesis of AD, providing a new target for AD treatment.

2 Distribution and signal transduction pathways
of EP subtypes
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Fig. 1 Anti-inflammatory mechanisms of NSAIDs!"!, —: activation, —] : inhibition by NSAIDs. AP-1: activator protein 1; COX: cyclooxygenase; Erk:

extracellular signial-regulated kinase; HSF-1: heat shock transcription factor 1; iNOS: inducible nitric oxide synthase; NF-kB: muclear factor-xB;

NSAIDs: non-steroidal anti-inflammatory drugs; PGs: prostaglandins; PPAR: peroxisome proliferators-activated receptor; RSK-2: ribosomal S6

kinase 2.

PGE,, a product derived from arachidonic acid by COX
and specific synthases, exerts its diverse effects by binding
to G-protein-coupled receptors. There are 4 different EP re-
ceptor subtypes, namely EP1-EP4, expressed in rodent brain.
EP1 and EP2 are expressed on glia and neurons, while EP3 is
predominantly expressed on neurons, and on glia in an acute
model of excitotoxicity in the rat striatum!!”l. EP4 expression
is highly restricted to some hypothalamic nucleil'®l. Among
the 4 EP receptors, EP2 and EP3 receptors are enriched in
hippocampus and cerebral cortex!"*?, structures of which
are affected significantly in AD. EP1 and EP4 are expressed in
thalamic and hypothalamic structures®®!,

Besides the regional and cell-specific differences in ex-
pression and activity, the EP receptors are involved in differ-
ent intracellular signal transduction pathways. EP1 receptor
couples to Gq protein, but regulates Ca?* channel gating via
an unidentified G protein. EP3 receptor couples to Gi protein

and mediates the decrease in cAMP concentration through

inhibition of adenylate cyclase, while stimulation of EP2 and
EP4 receptors leads to the elevation of cAMP level via Gs
protein??2], Furthermore, the subtype of EP2 receptor par-
ticipates in a classic cAMP signaling pathway involving a
marked stimulation of intracellular cAMP formation and acti-
vation of protein kinase A (PKA). The EP4 receptor can acti-
vate not only the cAMP/PKA pathway, but also the
phosphatidylinositol 3-kinase (PI3K) and the extracellular
signal-regulated kinases (ERKs) signaling pathways via Gi
protein(®-24,

Due to the complexity mentioned above, the activation
of different EP receptors could lead to opposite functions.
For example, activation of EP2 and EP4 receptors can increase
the intracellular cAMP level while the activation of EP3 sub-
type reduces it. So it is easy to understand the controversy
on whether PGE, mediates neurotoxicity or neuroprotective
effects in the pathogenesis of AD.

Despite the diversities in PGE, EP receptors and the com-
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plex signal transduction pathways, the research development
on specific agonists and antagonists provides further in-
sights into the functions of different EP receptors and the
relevant signal pathways. The widely used specific agonists

and antagonists of EP receptors are summarized in Table 1.
3 EP2/EP4 and AD

3.1 Neurotoxic effect AP plays an important role in the
pathogenesis of AD. It is generated by proteolysis of the 3-
amyloid precursor protein (APP) by 3- and y-secretases. Stud-
ies have reported that PGE, could significantly increase the
expression of APP protein by activating EP2/EP4 receptors,
and then lead to the accumulation of AP by activating y-
secretasel!*?8], Pooler et al.?® investigated the effects of PGE,
on APP expression in cultured rat microglia. Results have
shown that PGE, or EP2 receptor agonist could increase the
level of APP holoprotein, whereas co-incubation with PGE,
and EP2 receptor antagonists decreases the APP expression.
These data indicate that PGE, regulates the expression of
APP through the EP2 receptor. Moreover, Hoshino et al.[']
show that PGE, could stimulate the production of A in cul-
tured human embryonic kidney (HEK) 293 or human neuro-
blastoma (SH-SY5Y) cells, both of which express a mutant
type of APP. Using subtype-specific agonists and antago-
nists of the EP1-4 receptors, they demonstrate that EP4 re-
ceptor alone or co-treatment of EP2 and EP4 receptors are
responsible for this PGE,-stimulated production of Af.
Immunoblotting experiments and direct measurement of y-
secretase activity suggest that PGE,-stimulated production
of AP is mediated by activation of y-secretase. Similarly, when
the transgenic mice expressing the mutant type of APP were
crossed with mice lacking either EP2 or EP4 receptors, the

new-born mice showed a lower level of A in the brain!'!,

These in vivo and in vitro experiments demonstrate that EP2
and EP4 receptors are involved in AP production and AD
pathogenesis.

The co-occurrence of cerebral oxidative damage and el-
evation of PGE, level is a characteristic of several degenera-
tive and destructive diseases of brain including AD. Montine
et al.®¥ have tested the hypothesis that cerebral oxidative
damage resulting from activation of innate immunity with
intracerebroventricular lipopolysaccharide (LPS) is depen-
dent on PGE,-mediated signaling. They quantified 2
biomarkers of lipid peroxidation, F2-isoprostanes (IsoPs) and
F4-neuroprostanes (NeuroPs). Results show that LPS-stimu-
lated delayed elevations in cerebral F2-IsoPs and F4-NeuroPs
could be completely suppressed by pre-treatment of NSAIDs.
Besides, LPS-induced cerebral oxidative damage could be
abolished by disruption of PGE, subtype receptor EP2. Liang
et al." have reported that deletion of the PGE, EP2 receptor
in the APPSwe-PS1AE9 model of familial AD results in a
marked reduction in lipid peroxidation in aging mice.
Meanwhile, the levels of AB,, and AB,,, and the activity of -
secretase are decreased significantly. These results indicate
a positive reinforcing loop that PGE, promotes its formation
via EP2 activation and increases expressions of inducible
nitric oxide synthase (iNOS) and COX-2. The subsequent
increase in PGE, production enhances the oxidative damage
and AP deposition via EP2 activation.

Microglia acts as a phagocyte in the central nervous
system, and can be neuroprotective by phagocytosing Af.
On the other side, innate immunity could be activated during
phagocytosis of AP, causing paracrine damage to neurons
(i.e., activating complement, increasing secretion of several
cytokines and chemokines, and increasing the productions

of reactive oxygen and nitrogen species, combinations of

Table 1. Agonists and antagonists of EP receptors and relevant signal pathways

EP1 EP2 EP3

EP4 PKA PKC PI3K

Agonists PTPE2(®], Butaprost!! 1-20:27.281 - gulprostonet!>-27- 2]

ONO-DI-004¢!
AH-680912%1

Antagonists SC5108912%1, ONO-AE3-240131

ONO-87130

PGE-OHBY forskolin®2-281  phorbol esters ) insulin 32

ONO-AE3-208 34 H89U? 25,28 BIM), LY294002 B0-32

KT572001 GF109203X B9
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which can be neurotoxic). Thus microglia has been proposed
to play both neuroprotective and neuotoxic roles in AD
pathogenesis. So it may work better by enhancing microglial
AP phagocytosis while suppressing microglia-mediated
neurotoxicity. Shie et al.*> have observed enhanced phago-
cytosis to synthetic AP, 4, of primary cultures of microglia
from EP2” mouse cerebrum, and increased ex vivo clearance
of AB,.4 and AP, in hippocampal slices of patients who
died of AD. Meanwhile, lack of EP2 could completely sup-
press AB-activated microglia-mediated paracrine neurot-
oxicity. The enhanced phagocytosis is PKC-dependent and
associated with elevated microglial secretions of chemokines,
macrophage inflammatory protein-1a and macrophage
chemoattractant protein-1, which suggests that microglial
activation is negatively regulated by EP2 signaling through
suppression of prophagocytic cytokine secretion. These data
unexpectedly demonstrate that blockade of microglial EP2 is
a highly desirable strategy for AD treatment, since it can
maximize the neuroprotective actions and minimize the side
effects in neurons. In another study using intracere-broventricular
(i.c.v) injection of LPS, Shie et al.*®! have also found that
levels of iNOS and COX-2 are decreased in EP2”- mice, and
the neurotoxicity is abolished. By co-culturing murine micro-
glia and neurons, they further prove that microglial EP2 is
required for paracrine neurotoxicity following activation of
innate immunity. Similarly, Jin et al.?” investigated the role
of EP2 in a-synuclein aggregation-induced microglial activa-
tion using ex vivo, in vivo and in vitro experimental systems.
Results have demonstrated that ablation of EP2 significantly
enhances microglia-mediated clearance of a.-synuclein ag-
gregates and attenuates the neurotoxicity. Therefore, abla-
tion of microglial EP2 can not only enhance A} phagocytosis,
but also completely suppress the damage to neurons, maxi-
mizing beneficial effects while minimizing deleterious effects
in AD brain.

Moreover, the effect of PGE, on cell viability has also
been examined in hippocampal cells. PGE, can induce
apoptosis in a dose-dependent manner, which is character-
ized by cell shrinkage, nuclear condensation or fragmentation,
etc. In addition, PGE, activates caspase-3 in a dose-depen-

dent manner, and the caspase-3 inhibitor could prevent the

PGE,-induced apoptosis. Further studies using the selective
EP agonists have revealed that the direct effects of PGE, on
hippocampal neurons are mediated by activation of EP2
receptors, followed by elevation of the intracellular cAMP
levell',

Besides the above models, the model of cerebral ischemia
has been used to investigate the neurotoxic effect of EP2
receptor. The up-regulation of COX-2 and PGE, has been
detected after cerebral ischemic insult. Cerebral ischemia then
induces neuron death, during which the glutamate receptors,
particularly the over-activation of N-methyl-D-aspartate
(NMDA) receptors, are involved. Takadera et al.*"! investi-
gated whether PGE, would affect glutamate receptor-medi-
ated cell death in cultured rat cortical cells. Results show that
PGE, could augment NMDA-mediated cell death, and further
research reveals that this neurotoxicity is mediated through
EP2 receptor.

All these studies indicate that PGE, can induce neuro-
toxicity through the activation of EP2 and EP4 receptors.
Ablation of these receptors, especially the EP2 subtype, will
exert a neuroprotective effect.

3.2 Neuroprotective effect Meanwhile, recent studies also
suggest neuroprotective roles of PGE, and its receptors EP2
and EP4, in multiple neuronal injury models.

Recent studies have reported that PGE, regulates mem-
brane excitability and long-term synaptic plasticity in hip-
pocampal perforant path-dentate gyrus synapses?®®, and can
also rescue cortical neurons from AB-induced apoptosist*®..
Importantly, some studies declare that the protective effect
of NSAIDs may be independent of the inhibition of COX
activity*®#!l. These observations strongly suggest a pos-
sible neuroprotective role of PGE, in early progression of
AD. To elucidate the molecular mechanisms by which PGE,
participates in neuronal cell signaling, Lee et al.B% investi-
gated the direct effect of PGE, on cell viability in SH-SYS5Y
neuronal cells treated with tumor necrosis factor-alpha (TNF-
o), a main mediator of inflammatory neurotoxicity in AD. Re-
sults have shown that PGE, does not promote neurotoxicity,
but rather exerts a strong protective effect by ameliorating
TNF-a-induced apoptosis. Pharmacological studies provide

further evidence supporting that the stimulation of cAMP/
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PKA signaling through EP1-, EP2-, and EP4-mediated in-
creases of intracellular 3-catenin level, is involved in PGE.-
mediated neuroprotection against TNF-c.

Using primary cultures of postnatal mouse cortical
neurons, Echeverria et al.!'¥ investigate in vitro whether PGE,
would alter neuron susceptibility to A4, toxicity, by acting
on EP1-4 receptors. They find that at nanomolar concentrations,
PGE, could significantly protect neurons from A, 4, toxicity.
Application of EP receptor agonists has further revealed that
PGE,-induced neuroprotection is mediated by activation of
EP2 and EP4 receptors. Besides, the subsequent increase in
cAMP level is likely to be involved in the neuroprotection,
which also results in significant attenuation of the produc-
tion of free radicals after AP, 4, exposure. These results dem-
onstrate that PGE,, by acting on EP2 and EP4 receptors, can
decrease A, .4, neurotoxicity and reduce the reactive oxy-
gen species (ROS) level, to protect the neurons.

In vitro studies in dispersed neurons and organotypic
hippocampal slice models demonstrate that activation of the
EP2 receptor is neuroprotective against NMDA toxicity and
oxygen glucose deprivation (OGD)!. In the middle cerebral
artery occlusion—reperfusion (MCAO-RP) model of transient
forebrain ischemia, genetic deletion of EP2 receptor could
significantly aggravate cerebral infarction in cerebral cortex
and subcortical structures!'”’. Similarly, Liu et al.?” point
that after excitotoxicity in an organotypic hippocampal model
receiving NMDA challenge for up to 3 h, activation of EP2
could still lead to significant neuroprotection in hippocam-
pal slices. Moreover, in a mouse model of permanent focal
forebrain ischemia, genetic deletion of EP2 results in a marked
increase in stroke volume. These studies at the cellular,
organotypic and animal levels indicate that activation of the
PGE, EP2 receptor can protect against excitotoxic and anoxic
injury.

Furthermore, a recent study demonstrates that misoprostol,
a PGE, receptor agonist, plays a neuroprotective role in the
MCAO-RP model™. Administration of misoprostol, at the
time of MCAO or 2 h after MCAO, could result in a signifi-
cant rescue of infarct volume at 24 h and 72 h, respectively.
Immunocytochemistry method has revealed dynamic regula-

tion of EP2 and EP4 receptors during reperfusion in neurons

and endothelial cells of cerebral cortex and striatum, with
limited expression of EP3 receptor. Moreover, administration
of misoprostol in EP3"" and EP3" mice showed similar levels
of infarct rescue, indicating that misoprostol protection in
cerebral ischemia is mediated probably through EP2 and/or
EP4 receptors.

4 EP1/EP3 and AD

Up to now, EP1 receptor has been indicated to play a
neurotoxic role while the EP3 receptor is considered to exert
neuroprotective effects. To confirm the neurotoxicity of EP1
receptor, Ahmad et al.?) pretreated C57BL/6 wild type mice
with EP1 receptor specific agonist and antagonist, followed
by striatal unilateral NMDA injection. Results reveal that
agonist could increase NMDA-induced lesion volume, while
antagonist could significantly decrease the lesion volume as
compared to the NMDA-control group. Similarly, NMDA-
and MCAO-induced lesion volume decreased remarkably in
EP1” mice, compared to those in wide type controls. All
together, these data show that EP1 receptor activation pro-
motes neurotoxicity, while blockade of it promotes neuropro-
tection. It is known that the characteristic of excitotoxic in-
jury is the excessive intracellular accumulation of Ca?". Stud-
ies using the models of excitotoxicity, OGD and MCAO find
that PGE, EP1 receptors are essential for the neurotoxicity
mediated by COX-2-derived PGE,. EP1 receptors disrupt Ca**
homeostasis by impairing Na*-Ca?* exchange; on the other
hand, pharmacological inhibition or gene inactivation of EP1
receptors ameliorates brain injury™®. Thus, EP1 receptors
induce neurotoxicity by augmenting the Ca*" dysregulation
underlying the excitotoxic neuronal death.

Previous pharmacological examinations have shown
neuroprotective effects of EP3 in spinal cord slices with
chronic glutamate toxicity from blockade of astrocytic
glutamate transporterst*!! and in organotypic hippocampal
slices with acute NMDA toxicity!®!. The EP3-mediated
neuroprotection is associated with an increase in the level of
pro-survival phospho-AKT™. In the former model, chronic
glutamate toxicity was induced by treatment of glutamate
transporter inhibitors in organotypic spinal cord slices, re-

sulting in motor neuron loss after several weeks of treatment!*4].
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However, activation of EP3 receptor with sulprostone could
significantly rescue this motor neuron loss. To further char-
acterize the EP3-mediated neuroprotective pathway, Bilak ez
al. ¥ measured the level of the prosurvival phophorylated
form of AKT in spinal cord slices stimulated with sulprostone.
Results demonstrate a time-dependent increase in phospho-
AKT level after EP3 activation, indicating that EP3 mediates
neuroprotection through phosphorylation of AKT™!. In an-
other study of Wu et al.??), the hippocampal slices from
Sprague Dawley rats or C57BL/6 mice were treated with
NMDA, and stimulation of EP3 receptor by picomolar con-
centrations of agonist sulprostone resulted in a significant
rescue of CA1 pyramidal neurons. This finding is consistent
with previous studies in spinal cord slices, where EP3 activa-
tion rescues motor neurons subjected to chronic glutamate

toxicity.
5 Conclusion

PGE,, as a product of COX, is a major inflammatory me-
diator and plays an important role in the inflammatory pro-
cess of AD. However, there is still disagreement on the
neuroprotective or neurotoxic role of PGE,. In a recent study,
Chen et al.* find that the expressions of COX-2 and PGE, in
PC-12 cells could be up-regulated by LPS. And application of
triptolide could then inhibit this increase, while having no
effect on the proliferation of PC-12 cells. So the role of PGE,
in neurodegeneration may be far more complex due to the
presence of 4 EP receptor subtypes.

Due to the different distribution and expression styles
of the PGE, receptor EP subtypes, the specificity and com-
plexity of the EP receptor downstream signaling pathways,
and the different experimental models, PGE,/EP receptors have
been conflictingly reported to mediate neurotoxicity and to
be neuroprotective both in vitro and in vivo. So before iden-
tifying the roles of EP receptors in AD, we should first ascer-
tain the distribution and expression of EP. Fortunately, the
specific agonists and antagonists make the functions of dif-
ferent EP receptors clear. In addition, the application of gene
knockout technology makes it possible to clarify the EP ef-
fects in AD. It is believed that a better understanding of the
PGE, receptor EP subtypes may help to clarify the relation

between inflammation and AD, and meanwhile to develop

novel therapeutic strategies in AD treatment.
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