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Abstract
Typically, cyclooxygenases (COXs) and 5-lipoxygenase (5-LOX), enzymes that generate
biologically active lipid molecules termed eicosanoids, are considered inflammatory. Hence, their
putative role in Alzheimer’s disease (AD) has been explored in the framework of possible
inflammatory mechanisms of AD pathobiology. More recent data indicate that these enzymes and
the biologically active lipid molecules they generate could influence the functioning of the central
nervous system and the pathobiology of neurodegenerative disorders such as AD via mechanisms
different from classical inflammation. These mechanisms include the cell-specific localization of
COXs and 5-LOX in the brain, the type of lipid molecules generated by the activity of these
enzymes, the type and the localization of receptors selective for a type of lipid molecule, and the
putative interactions of the COXs and 5-LOX pathways with intracellular components relevant for
AD such as the gamma-secretase complex. Considering the importance of these multiple and not
necessarily inflammatory mechanisms may help us delineate the exact nature of the involvement
of the brain COXs and 5-LOX in AD and would reinvigorate the search for novel targets for AD
therapy.

Recent positron emission tomography (PET) data indicate that the normal human brain
consumes 17.8 mg/day of arachidonic acid, and that this consumption increases in the brains
of Alzheimer’s disease (AD) patients (for review, see Rapoport, 2008). A portion of
intracellular free arachidonic acid is metabolized by cyclooxygenases (e.g.,
cyclooxygenase-1, COX-1; cyclooxygenase-2, COX-2) and lipoxygenases (e.g., 5-
lipoxygenase; 5-LOX) to generate biologically active prostaglandins and leukotrienes,
respectively. In the central nervous system (CNS), both COXs and 5-LOX have been
associated with pathobiological mechanisms accompanying aging and neurodegeneration
(Choi et al., 2009; Chu and Praticò, 2009; Phillis et al., 2006). A recent study of COX-2 and
5-LOX single nucleotide polymorphisms (SNPs) in AD performed on 341 AD patients and
190 controls from Northern Italy found a significant difference in the distribution of the
−765G COX-2 and −1708A 5-LOX alleles between AD cases and controls--both alleles
were overrepresented in AD patients and underrepresented in controls (Listì et al., 2010).
These authors suggested that the identified alleles of COX-2 and 5-LOX could be risk
factors for AD.

Since in the periphery, the most prominent function of COXs and 5-LOX is in inflammation,
i.e., they are considered “inflammatory” enzymes, findings of the presence and
overactivation and overexpression of these enzymes in AD are typically referred to as
evidence for an inflammatory basis for AD pathobiology. Furthermore, both COXs and 5-
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LOX contribute to atherogenesis and it has been proposed that these pathways may be at the
core of the co-morbidity of cardiovascular and neurological disorders such as AD (Chu and
Praticò, 2009; Praticò and Dogné, 2009). However, both COX and 5-LOX may influence
CNS functioning via mechanisms unrelated to the role these proteins play in inflammation.
For example, COX-2, which is predominantly expressed in pyramidal neurons in contrast to
COX-1, which is mostly present in microglia, regulates neuroplasticity via its conversion of
arachidonic acid to classic prostaglandins but also by favoring oxidative metabolism of
endocannabinoids to novel prostaglandins (Yang and Chen, 2008). On the other hand, 5-
LOX appears to be capable of regulating the brain’s amyloid-beta levels by influencing
gamma-secretase (Firuzi et al., 2008).

Additional evidence for a putative role of COXs and 5-LOX in AD derives from
pharmacological studies using inhibitors of these enzymes (for review, see Firuzi and
Praticò, 2006). In addition to helping delineate the pathobiological mechanisms of AD, these
results raise hope for discovering novel therapeutic targets and modalities.

2. Neurotoxic/neuroprotective action of prostaglandins, leukotrienes, and
their receptors in the CNS

Initial research into the role of eicosanoids, i.e., prostaglandins and leukotrienes, in brain
pathologies had often focused on the so-called “inflammatory” activity of these lipid
mediators and had provided evidence that eicosanoids may promote neurodegeneration and
neurotoxicity. Recent data suggest a more complex role for these molecules and stress the
importance of the type of the lipid molecule and the type of the receptor on which it acts.

The two COX enzymes, COX-1 and COX-2, that are capable of converting arachidonic acid
to prostaglandin H2 (PGH2), show a differential cell type-specific expression in adult
mammalian brain. COX-1 is constitutively expressed in most tissues and in the brain
predominantly in microglia (for review, see Choi et al., 2009). On the other hand, in the
brain, COX-2 is constitutively expressed in hippocampal neurons and their dendritic spines.
Neuronal COX-2 expression is modified by synaptic activity (Kaufmann et al., 1996) as well
as by pathological conditions including the beta-amyloid peptide-triggered neurotoxicity
(Ryu et al., 2004). Depending upon the differential cellular localization of COX-1 and
COX-2, the subsequent conversion of PGH2 into other active molecules may lead to
dissimilar ultimate products of COX-1 vs. COX-2 activity.

Niemoller and Bazan (2010) stressed the complex nature of the downstream cyclooxygenase
signaling pathways that may be responsible for both neurodegeneration and neuroprotection.
These include PGE2, a product of COX-2 that activates the G protein-coupled receptors
(GPCRs) EP1, EP2, EP3 and EP4. It appears that activation of the G-alpha-coupled EP2
receptor by PGE2 is neuroprotective and drug discovery efforts have been directed toward
finding compounds that could potentiate this action of PGE2, i.e., the positive allosteric
modulators (potentiators) of the EP2 receptors (Jiang et al., 2010). On the other hand, PGE2
is capable of stimulating the production of amyloid-beta by a coordinated action on both
EP2 and EP4 receptors (Hoshino et al., 2009). In addition, it has been suggested that cell
type-specific targeting of EP2 receptors may be needed to reduce the amyloid-beta-induced
neurodegeneration (Shie et al., 2005). Furthermore, activation of EP1 receptors leads to
neurodegeneration that can be reduced by selective EP1 antagonists (Abe et al., 2009).

In vitro, the synthesis of 5-LOX metabolites of arachidonic acid has been demonstrated in
microglia (Matsuo et al., 1995) and neuronal precursors (Wada et al., 2006). The CNS is
capable of producing 5-LOX metabolites (Chinnici et al., 2007; Hynes et al., 1991), possibly
via a transcellular synthesis of cysteinyl leukotrienes in neurons and glia (Farias et al.,
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2007). 5-LOX products play a critical role in neuroplasticity such as the hedgehog-
dependent neurite projection (Bijlsma et al., 2008). Generally, the conversion of arachidonic
acid by 5-LOX leads to production of leukotrienes and, under certain conditions, lipoxins.
These lipid mediators affect cell functioning via corresponding GPCRs (Wada et al., 2006).
Various leukotriene receptors are expressed by both neurons and microglia (Okubo et al.,
2010). It was shown that 5-LOX pathway plays a significant role in neuronal precursors
(e.g., the immature cerebellar granule cells) (Uz et al., 2001) and neural stem cell (NSC)
(Wada et al., 2006). Thus, proliferation of NSCs was stimulated by LTB4 and blocked by a
LTB4 receptor antagonist, which also caused apoptosis and cell death. In contrast, LXA4
attenuated growth of NSCs (Wada et al., 2006). In addition to proliferation, LTB4 induced
differentiation of NSCs into neurons as monitored by neurite outgrowth. These authors
suggested that LTB4 and LXA4 directly regulate proliferation and differentiation of NSCs
and demonstrated the opposing actions of two different 5-LOX metabolites on NSCs. Recent
data indicate that leukotrienes could influence neuronal survival and differentiation via
novel types of receptors, e.g., the P2Y-like receptor GPR17 (Daniele et al., 2010).

It has been reported that leukotrienes and their receptors, e.g. the cysteinyl leukotriene
receptor 1 (CysLT1) may promote brain injury (Ding et al., 2007) and that increased 5-LOX
expression and activity lead to production of brain-toxic molecules (Khan et al., 2010).
However, differential effects of leukotrienes (e.g., LTB4) and lipoxins (e.g., LXA4) were
observed with respect to neuroprotection. Sobrado et al. (2009) found that rosiglitazone, an
anti-diabetic drug, induced 5-LOX expression in ischemic rat brain concomitant with
neuroprotection. This type of drug-induced 5-LOX upregulation was accompanied by
increased cerebral levels of LXA4 and by inhibited ischemia-induced production of LTB4.
Although 5-LOX inhibitors are neuroprotective in models of brain ischemia (Tu et al.,
2010), pharmacological inhibition and/or genetic deletion of 5-LOX inhibited the observed
rosiglitazone-induced LXA4-mediated neuroprotection. The neuroprotective effect of LXA4
appears to be mediated by the agonistic activity of this molecule on the peroxisome
proliferator-activated receptor gamma (PPARgamma) (Sobrado et al., 2009). Hence, an
increase of 5-LOX expression/activity may lead to production of both, putatively neurotoxic
mediators such as leukotrienes or neuroprotective mediators such as LXA4.

The type of the 5-LOX metabolite produced may be influenced by factors such as 5-LOX
phosphorylation. For example, 5-LOX phosphorylation at Ser523 determines whether certain
drugs (e.g., pioglitazone and atorvastatin) induce production of LTB4 or LXA4 (Ye et al.,
2008). Interestingly, Ser523-phosphorylated 5-LOX content is increased in post-mortem
brain samples of suicide victims compared to controls (Uz et al., 2008). Regarding AD, the
available data suggest that amyloid-beta is capable of increasing the release of microglia-
derived leukotrienes (Paris et al., 1999).

3. Aging and brain expression of COX and 5-LOX
AD is a prototype of aging-associated neurodegenerative disorders. Although certain COX-2
and 5-LOX SNPs have been associated with AD (Listì et al., 2010), other studies point to a
lack of such associations (Alvarez et al., 2008). Factors other than DNA sequence variations
could influence COX and 5-LOX expression in the brain and could play a role in
determining the pathobiological involvement of the COX and 5-LOX pathways in AD.
These include aging and possibly epigenetic modifications.

Aid and Bosetti (2007) characterized the effects of aging on COX-1 and COX-2 expression
in the hippocampus and cerebral cortex of 4-, 12-, 24- and 30-month-old rats. They found
increased hippocampal COX-1 mRNA levels at 12, 24, and 30 months, whereas COX-2
mRNA expression was significantly decreased only at 30 months. In the cerebral cortex,
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mRNA levels of both COX-1 and COX-2 were not significantly changed. On the other hand,
in humans, the neuronal expression (i.e., immunoreactivity) of COX-2, which was observed
in the CA3 subdivision of the hippocampus, subiculum, entorhinal cortex and
transentorhinal cortex correlated (i.e., increased) with age in the post-mortem brains of
nondemented subjects (Fujimi et al., 2007).

In the rat (Qu et al., 2000; Uz et al., 1998) and mouse (Chinnici et al., 2007; Dzitoyeva et al.,
2009) brain, the expression of 5-LOX increases during aging. This effect was confirmed
using both mRNA and protein measurements. Nevertheless, some differences were observed
regarding the brain regions in which aging-associated increased 5-LOX expression was
significant.

Epigenetic mechanisms, which encompass the modification of chromatin structure that leads
to regulation of the gene expression, are influenced by environmental factors including
aging. For example, Siegmund et al. (2007) studied DNA methylation at the sites of CpG
dinucleotides in human cerebral cortex samples in aging subjects and found a progressive
aging-associated rise in the DNA methylation of CpG islands of certain CNS genes. In a
study using methylation-sensitive restriction endonucleases (AciI, BstUI, HpaII, and
HinP1I) to assess 5-LOX DNA methylation in brain and heart tissue samples from young (2
months) and old (22 months) mice, it was found that in young mice, the 5-LOX mRNA
content was significantly greater in the heart compared to the brain; 5-LOX DNA
methylation was lower, except in the AciI assay in which it was higher in the heart
(Dzitoyeva et al., 2009). Furthermore, in mice, aging decreased 5-LOX mRNA content in
the heart and increased it in the brain while increasing 5-LOX DNA methylation and this
effect was site- (i.e., enzyme) and tissue-specific. Currently, there is more information
available on the epigenetic mechanisms involved in the regulation of human 5-LOX
(ALOX5) gene (Katryniok et al., 2010) than on the regulation of the expression of COXs.
Studies in the field of oncology have established that COX-2 gene expression is regulated by
epigenetic mechanisms such as DNA methylation (de Maat et al., 2007). Further research is
needed to determine whether epigenetic regulation plays a role in neuronal COX-2
expression.

4. COX and 5-LOX in postmortem AD brain
Minghetti (2004) reviewed the findings on COX-2 mRNA levels in AD brains, pointing out
that the available evidence demonstrated either decreased or increased levels, possibly
because of the short half-life of COX-2 transcripts or individual variability. Histological
analyses of AD brains have also produced apparently conflicting results. For example,
Kitamura et al. (1999) found that in AD brains, protein levels of COX-1 were increased in
both cytosolic and particulate fractions and that COX-2 protein was also increased in the
particulate fraction. In a study analyzing the postmortem brains of 45 autopsy subjects
without dementia and 25 AD patients from the town of Hisayama, Japan, it was found that
in AD patients, neurons of CA1 exhibited increased COX-2 immunoreactivity that
correlated with the severity of AD pathology (Fujimi et al., 2007). Furthermore, it appears
that in AD, changes in COX-1 and COX-2 expression depend on the stage of the disease and
the type of cells expressing these enzymes (for review, see Choi et al., 2009; Hoozemans et
al., 2008; Minghetti et al., 2004).

Quantitative Western blot assays were used to investigate 5-LOX protein content in the
hippocampus and frontal cortex of humans with AD and in matching controls. 5-LOX levels
were significantly increased in AD brain samples (Firuzi et al., 2008). Another study
investigated the distribution and cellular localization of 5-LOX in the medial temporal lobe
from AD and control subjects (Ikonomovic et al., 2008) and found that in AD subjects, 5-
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LOX immunoreactivity is elevated relative to controls and that its localization is dependent
on the antibody-targeted portion of the 5-LOX amino acid sequence. Thus, carboxy
terminus-directed antibodies detected 5-LOX in glial cells and neurons but less frequently in
neurons with dystrophic morphology, whereas immunoreactivity observed using 5-LOX
amino terminus-directed antibodies was absent in neurons and abundant in neurofibtillary
tangles, neuritic plaques, and glia. Furthermore, double-labeling studies showed a close
association of 5-LOX-immunoreactive processes and glial cells with amyloid beta
immunoreactive plaques and vasculature.

5. AD and transgenic COX and 5-LOX mouse models
Various models of transgenic mice have been used to investigate the contribution of COX
and 5-LOX to AD. Typically, the intent of the models has been to demonstrate that the
absence or the overexpression of COX/5-LOX influences AD-like phenotypes. A microarray
analysis of gene expression in the cerebral cortex and hippocampus of mice deficient in
either COX-1 or COX-2 revealed that the majority (>93%) of the differentially expressed
genes in both the cortex and hippocampus were altered in one COX isoform knockout
mouse but not the other (Toscano et al., 2007), suggesting that COX-1 and COX-2
differentially modulate brain gene expression and that this type of modulation could impact
the development/progression of AD.

For example, Choi and Bosetti (2009) investigated the effect of COX-1 genetic deletion on
neurodegeneration induced by beta-amyloid peptide 1–42, which was centrally injected in
the lateral ventricle of COX-1-deficient mice and their respective wild-type controls. These
authors found that in the absence of COX-1 the beta-amyloid-induced damage was
attenuated. On the other hand, Melinkova et al. (2006) showed that overexpression of
COX-2 in APPswe-PS1dE9 mice (a model of AD pathology) leads to deficits in spatial
working memory in female but not male mice. This COX-2-dependent sex-specific deficit
was abolished by pharmacological inhibition of COX-2. Furthermore, these authors reported
that the effects of COX-2 and amyloid-beta peptides on cognition occurred in a sex-specific
manner in the absence of significant changes in amyloid burden.

Firuzi et al. (2008) investigated the effect of 5-LOX deficiency on the amyloid-beta
pathology of a transgenic mouse model of AD-like amyloidosis, the Tg2576 mice. These
authors generated a double transgenic model crossing 5-LOX-deficient with Tg2576 mice
and found that the genetic disruption of 5-LOX reduced amyloid-beta deposits and amyloid-
beta 42 levels. Furthermore, these changes occurred in the absence of alteration in amyloid-
beta precursor protein processing or amyloid-beta catabolism. Additional in-vitro studies
showed that 5-LOX activation and its metabolites increased whereas 5-LOX inhibition
decreased amyloid-beta formation by modulating the gamma-secretase complex activity
(Firuzi et al., 2008). These authors suggested that 5-LOX could participate in AD
pathobiology through a mechanism that involves the modulation of the gamma-secretase
activity.

6. AD and COX/5-LOX pharmacology
Early studies on the role of cyclooxygenases in AD were inspired by epidemiological data
suggesting that COX inhibitors such as nonsteroidal anti-inflammatory drugs (NSAIDs)
could be beneficial in AD patients (Lucca et al., 1994; McGeer et al., 1990). This line of
research led to the development and trials of selective COX-2 inhibitors as a putative
therapy for AD. As summarized in several recent reviews (Choi et al., 2009; Imbimbo,
2009), it appears that selective COX-2 inhibitors may not be an effective therapy in AD
patients with mild to severe cognitive impairment. It has been proposed that these drugs and
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possibly selective COX-1 inhibitors might be beneficial if administered before the onset of
AD symptoms (Choi et al., 2009).

Some NSAIDs, e.g., aspirin, trigger a peculiar interplay between the COXs and 5-LOX
pathways that ultimately shifts the 5-LOX end-products from leukotrienes to lipoxins. Thus,
by causing the acetylation of COX-2, aspirin triggers the production of (15R)-15-
hydroxy-5,8,11-cis-13-trans-eicosatetraenoic acid (15R-HETE) that is converted by 5-LOX
to 15-epi-LXA4 (Claria and Serhan, 1955). Recently, similar pathway to the production of
15-epi-LXA4 has been described for some non-NSAIDs (Ye et al., 2008). Furthermore, it
appears that certain NSAIDs could influence AD pathobiology independent of their COX-
inhibitory activity, i.e. by interacting with the gamma-secretase complex (Kukar and Golde,
2008).

Compared to the pharmacology of COX inhibition, the clinical pharmacological tools for 5-
LOX inhibition are scarce. Except for drugs in various stages of pre-clinical and early
clinical development, zileuton appears to be the only choice. With respect to CNS
pathologies, it has been shown in a rat model of stroke that zileuton is capable of reducing
the extent of brain damage (Tu et al., 2010). Based on the finding that zileuton acts as an
inhibitor of the gamma-secretase activity in-vitro (Firuzi et al., 2008), it is reasonable to
expect that this drug would be tested pre-clinically and clinically for its potential to alter the
course of AD. Indirect support for possible benefits of 5-LOX inhibition in AD is provided
by findings that drugs that act as functional 5-LOX inhibitors, e.g., minocycline (Chu et al.,
2010; Song et al., 2006), are beneficial in AD animal models (Cuello et al., 2010). More
commonly used drugs that affect the 5-LOX pathway are the leukotriene receptor inhibitors.
Recently, it has been noted that that these drugs may affect CNS functioning because their
use has been associated with neuropsychiatric side effects. Although leukotriene receptor
inhibitors appear to be neuroprotective in animal models of stroke (Yu et al., 2005) no data
are available on their possible effects in AD.

7. Conclusion
Early work regarding the putative role of COXs and 5-LOX in AD was based on the concept
of possible inflammatory mechanisms of AD pathobiology. More recent data indicate that
these enzymes and biologically active lipid molecules resulting from their activity could
influence CNS and neurodegenerative disorders such as AD via mechanisms unlike classical
inflammation (Fig. 1). These mechanisms include the cell-specific localization of CNS COX
and 5-LOX, the type of lipid molecules generated by these enzymes, the type and the
localization of GPCRs selective for a type of lipid molecule, and the putative interactions of
the COX and 5-LOX pathways with intracellular components such as the gamma-secretase
complex. Surprisingly, little research has been directed toward understanding the role of
eicosanoid receptors in AD. Furthermore, interplay between COXs and 5-LOX pathways, as
exemplified by the generation of anti-inflammatory/neuroprotective 15-epi-LXA4, may
provide novel insights into the role of these pathways in neurodegenerative disorders.
Considering the importance of these multiple mechanism may help us delineate the exact
nature of the involvement of COX and 5-LOX in AD and would reinvigorate the search for
novel targets for AD therapy.

Research Highlights

Typically, cyclooxygenases (COXs) and 5-lipoxygenase (5-LOX), enzymes that generate
biologically active lipid molecules termed eicosanoids, are considered inflammatory.
Hence, their putative role in Alzheimer’s disease (AD) has been explored in the
framework of possible inflammatory mechanisms of AD pathobiology. More recent data
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indicate that these enzymes and the biologically active lipid molecules they generate
could influence the functioning of the central nervous system and the pathobiology of
neurodegenerative disorders such as AD via mechanisms different from classical
inflammation. These mechanisms include the cell-specific localization of COXs and 5-
LOX in the brain, the type of lipid molecules generated by the activity of these enzymes,
the type and the localization of receptors selective for a type of lipid molecule, and the
putative interactions of the COXs and 5-LOX pathways with intracellular components
relevant for AD such as the gamma-secretase complex. Considering the importance of
these multiple and not necessarily inflammatory mechanisms may help us delineate the
exact nature of the involvement of the brain COXs and 5-LOX in AD and would
reinvigorate the search for novel targets for AD therapy.
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Figure 1.
Putative mechanisms linking 5-LOX and COX pathways to Alzheimer’s disease (AD). 5-
LOX could influence AD by producing pro-inflammatory leukotrienes (LTB4 and CysLTs)
and anti-inflammatory lipoxins (naturally occurring LHA4 and aspirin-triggered 15-epi-
LXA4) and by an interaction with the gamma-secretase complex. Cyclooxygenases could
influence AD by acting on arachidonic acid (AA) and producing PGH2 and PGE2 (see text
for details).
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