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Abstract

Alzheimer's disease (AD) is a chronic neurodegenerative condition characterized by progressive
memory. Mutations in genes involved in the production of amyloid-B (Ap) are linked to the early-
onset variant of AD. However, the most common form, sporadic AD, is considered the result of an
interaction between environmental risk factors and various genes. Among them, recent work has
highlighted the potential role that the 12/15Lipoxygenase (12/15L0) pathway may play in AD
pathogenesis. 12/15L.0 is widely distributed in the central nervous system, and its levels are up-
regulated in patients with AD or mild cognitive impairments. Studies using animal models
implicated 12/15L0 in the molecular pathology of AD, including the metabolism of Af and tau,
synaptic integrity and cognitive functions. Here, we will provide an overview of this pathway and
its relevance to AD pathogenesis, discuss the mechanism(s) involved, and provide an assessment
of how targeting 12/15L0 could lead to novel AD therapeutics.
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Introduction

Lipoxygenases (LO) are key enzymes in the biosynthesis of a variety of biologically active
lipids, but also by directly oxidizing lipid components in cell membranes inducers of
structural changes that play a role in the maturation and differentiation of various cell types
[1]. While the mouse has seven different lipoxygenase genes, only five genes have been
found in humans. Nomenclature for the different LOs is based on the positional specificity
of their substrate oxygenation. For example, the 12L.O oxygenates the arachidonate substrate
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at carbon in position 12, whereas the 5LO at carbon 5. When more than one LO is present in
the same species, they are named after the prototypical tissue of occurrence. The human LOs
include 5LO, 12L. O with platelet-type and leukocyte-type isoforms, and 15LO which is
further separated into the reticulocyte or leukocyte-type, 15LO-1, and the epidermis-type,
15L0-2 [2, 3]. While some LOs exclusively form one compound from their substrate, others
possess dual-specificity [4]. For example, leukocyte-type 12L.O and reticulocyte-type
15L.0O-1 catalyze both carbon 12 and carbon 15 oxygenation to form two products 12- and
15-hydroxyeicosatetraenoic acid (12-HETE and 15-HETE), and for this reason they are also
referred to as 12/15L.0 [5,6]. Among the dual specificity LOs is arachidonate 12O, the
brain isoform originally isolated from rat brain, which generates both 12-HETE and 15-
HETE [7,8]. LOs are widely expressed throughout many tissues and have been involved in
different diseases, including diabetes (both types 1 and 2), atherosclerosis, renal disease, and
obesity [9,10]. Recently, LOs have been also implicated in some disorders of the central
nervous system (CNS) including Alzheimer's disease (AD). In this article, we will provide
an overview of this enzymatic pathway in the context of AD pathogenesis by exploring its
contribution to the molecular and behavioral insults seen in the disease. In addition, we will
present the rationale on why targeting 12/15L0 could lead to viable therapeutics relevant not
only for AD, but also for other diseases of the CNS.

Alzheimer's disease

Characterized by profound and irreversible memory impairment and cognitive deficits, AD
is the most common neurodegenerative dementia. The disease is a global dilemma, with
over 30 million patients worldwide and an economic burden exceeding half a trillion USD.
Epidemiological studies suggest that 11% of those 65 and older and almost a third of those
85 and older have some form of the disease [11]. Since population demographics predict a
worldwide increase in those aged 65 and older in the next 15 years, AD is a serious public
health challenge. However, current therapeutic strategies are very limited for AD patients
and do not modify disease course [12,13]. Therefore, investigation of new therapeutic
targets that address multiple different facets of the AD phenotype and related
pathophysiology must be actively sought to help address this problem.

AP and tau in Alzheimer's disease

The two classical histopathological hallmarks of AD are extracellular insoluble deposits of
amyloid B protein (AB) known as AB plaques, and intracellular accumulations of precipitated
microtubule-associated tau protein known as neurofibrillary tangles [14]. AB peptides are
produced as a result of the sequential cleavage of the AP precursor protein (APP) by the -
secretase ( APP cleavage enzyme, BACE-1) and the y-secretase complex (composed of the
nicastrin, presenilin-1 [PS1], anterior-pharynx defective-1 protein [APH-1], and presenilin
enhancer protein-2 [Pen-2]) (Figure 1). APP may be also cleaved by a-secretase (ADAM [a
disintegrin and metalloproteinase domain-containing protein]) family of proteins and then v-
secretase to produce nonamyloidogenic products but the Ap producing pathway is thought to
be advantaged in AD. As AP levels rise, soluble Ap oligomers form, which are precursors to
AP fibrils, eventually creating insoluble AB plaques. Although it was once assumed
insoluble plaques cause cellular damage in AD, it is now thought that low-n A oligomers
cause neuronal damage and synaptic insult (Figure 1)[15].

Trends Pharmacol Sci. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joshi et al.

Page 3

In addition to AB, the hyperphosphorylation of tau protein is also a critical event in AD
pathogenesis. Tau is thought to serve as a physiological stabilizer of neuronal microtubules
and contribute to axon stability and overall neuronal functioning [12]. In AD tau becomes
hyperphosphorylated and by losing its affinity for microtubules tends to aggregate
eventually forming neurofibrillary tangles (Figure 2). Although tau protein phosphorylation
is typically regulated by the balanced action of both tau-associated kinases and
phosphatases, in AD two tau-associated kinases are thought to be abnormally functional:
cyclin-dependent kinase 5 and glycogen synthase kinase 3 beta [16-18].

The 12/15Lipoxygenase

The 12/15L.0 catalyzes the oxidation of free and esterified fatty acids in phospholipids,
generating bioactive lipid mediators such as 12-HETE and 15HETE from arachidonic acid,
and 13-hydroxyoctadecadienoic acid (13-HODE) from linoleic acid, which have a multitude
of functions in human tissue (Figure 3) [19]. 12/15L0 lipid products are involved in protein
kinase C mediated monocyte binding in vasculature, and in cell growth, acting through
various mitogen-activated protein kinases [20,21]. In addition to cell signaling, 12/15L0O can
initiate oxidation of lipoproteins, with its genetic disruption significantly reducing systemic
oxidative stress [22]. The 12/15LO-induced oxidative stress and direct cytotoxic effect of its
metabolites have been implicated in mitochondrial dysfunction and altered tissue
inflammatory responses [23-25]. Furthermore, pharmacological inhibition of this enzyme
enhanced the survival of cells that were subjected to nitrosative-stress-induced cell death
[26].

Although these data provide evidence of the importance of 12/15L0 in the periphery, the
role of this enzyme in the CNS has only recently received much deserved attention. In the
original report of 12/15L0 in the brain, it was described to mainly localize in neurons and
also some glial cells throughout the cerebrum, basal ganglia and hippocampus [27]. Later
work showed that the metabolic products of 12/15L0O activation were significantly increased
in experimental model of brain ischemia-reperfusion injury, and suggested that this enzyme
may be involved in neurodegeneration by oxidizing fatty acids in cell membranes [28].
Based on its pro-oxidant properties, this enzyme has been considered a potential source of
brain oxidative stress since its genetic absence is sufficient to significantly reduce CNS
oxidative stress in apoE-deficient mice, a model of hypercholesterolemia [29]. This role for
12/15L.0 in the CNS, hitherto underappreciated, has important implications for several
neurodegenerative diseases including AD, in which brain oxidative stress reactions have
been shown to be early events in their pathogenesis [30]. Studies using histopathologically-
confirmed AD post-mortem brains demonstrated higher steady state levels and activity of
12/15L.0 than unaffected control brains, while no differences were detected in the
cerebellum regions between the two groups [31]. Since elevated 12/15 LO expression and
activity in AD brains occurs in areas known to be particularly vulnerable to AD insult (i.e.,
cortex, and subcortical structures such as hippocampus) and not in those regions found
relatively spared from AD insult, such as cerebellum, these data suggested that 12/15L0 is
an AD-relevant molecular target.
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This observation was confirmed by immunohistochemical studies in which the
immunoreactivity of the enzyme was actually higher at the earlier rather than at the
advanced stages of the disease. Importantly, a later study showed that the biochemical
signature of 12/15L0 enzymatic activation (i.e., 12-HETE and 15-HETE) was significantly
increased also in cerebrospinal fluid of individuals with a clinical diagnosis of AD as well as
mild cognitive impairments compared to aged-matched normal individuals [32]. Since mild
cognitive impairment is believed to be a prodromal stage to AD in some patients, this
finding has significant implications for AD biomarker development and early diagnostic
screening. More recently, lipidomic analyses using brain tissues and plasma obtained from
transgenic mice expressing mutated human APP and tau protein (Tg2576xJNPL3) (APP/tau
mice) at 4 (pre-symptomatic phase), 10 (early symptomatic) and 15 months (late
symptomatic) revealed increased levels of 12/151.O metabolic products during the early
phase of their phenotype development [33].

12/15Lipoxygenase and Alzheimer's disease pathology

The observation that 12/5L0 is not only up-regulated in brain regions particularly
vulnerable in AD but also during the earliest stage of the disease pathology and in
individuals with mild cognitive impairment, supported the original hypothesis that this
protein may have a functional role in AD pathogenesis.

In a series of in vitro studies using neuronal cells stably expressing human APP with the
Swedish mutant, a widely used cellular AD model, two structurally distinct and selective
12/15L.0 inhibitors, PD146176 and CDC, dose-dependently reduced AB formation without
affecting total APP levels [34, 38]. Interestingly, these studies revealed for the first time that
12/15L.0 inhibition reduced BACE-1 levels and its enzymatic products, but not those of the
a-secretase pathway [34]. Compared to wild-type mice, transgenic mice carrying the same
APP Swedish mutation (known as Tg2576 mice, one of the most common models of AD-
like amyloidosis) had significant elevation in brain levels and activity of 12/15L0 but when
Tg2576 mice were crossed with 12/15L.0O knockout mice, the newly generated animals had a
significant reduction in levels and deposition of ABpeptides. In the Tg2576 animals lacking
12/15L.0, BACE-1 levels were reduced compared to Tg2576 animals with 12/15L 0 intact,
mirroring the in vitro data [34]. By contrast, when Tg2576 mice were made to stably over-
express 12/15L.0 they had a significant increase in Af peptides levels and deposition [36].
In vivo and in vitro studies showed that the effect of this enzymatic pathway on amyloidosis
was indeed mediated by modulation of APP processing via the transcriptional regulation of
BACE-1 mRNA levels, which involved the activation of the transcription factor Sp1 [36]. In
total, these data showed that this enzymatic pathway directly influences Ap formation via a
BACE-1 dependent mechanism, and that its pharmacological inhibition could represent a
novel therapeutic target for AD. These findings were further supported by pharmacological
studies in which Tg2576 mice were administered a selective inhibitor of 12/15L0, PD
146176, for 6 weeks. At the end of the study, mice receiving the drug had a significant
reduction (>70%) of 12/15LO enzyme activity, which was associated with a significant
reduction in amyloid plaques, a decrease in brain Ap levels via down-regulation of BACE-1,
its cleavage products of APP, and the transcriptional factor Sp1 [36]. Interestingly, along
with the effect on Ap, endogenous tau phosphorylation also appeared to be modified by
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12/15LO modulation, since Tg2576 mice over-expressing 12/15L0O had higher
phosphorylated tau but no changes in total tau levels [37]. Intriguingly both early- and
advanced-stage tau epitopes were phosphorylated in the condition of 12/15L.0
overexpression suggesting its involvement in the entire range of AD-associated tauopathy.

However, while Tg2576 animals develop A plaques, they do not develop neurofibrillary
tangles. To see how advanced tau neuropathology was modified, in a recent paper we
evaluated the effect of pharmacological inhibition of 12/15L.0 in the triple transgenic mice
(3xTg) which develop both A plaques and neurofibrillary tau tangles [38]. Compared with
controls, 3xTg mice treated with PD146176, a specific 12/15L0 inhibitor, had reduced Ap
peptides levels, burden of amyloid plaques, tau phosphorylation and insoluble tau deposition
(i.e., neurofibrillary tangles). As with work in Tg2576 animals, changes in Aj were
associated with changes in BACE-1, whereas the phosphorylation of tau was linked to stress
activated protein kinase/cJun N-terminal kinase (SAPK/INK) [37]. In vitro data in that same
paper revealed that 12/15L.0 modulation of tau occurs independently of Ap, as
pharmacological suppression of Af formation by selective y-secretase inhibition was not
sufficient in preventing 12/15LO-mediated increase in tau phosphorylation. This finding is
particularly important as this suggest 12/15L.O independently modulates Af production as
well as tau phosphorylation, and suggests that 12/15L.0 inhibition can be used not only in
amyloidotic diseases such as AD, but also other tauopathies.

12/15Lipoxygenase, synaptic integrity and memory

While manipulation of AB and tau pathology by 12/15L0 is critical for pharmacologic
effectiveness, arguably, its effects on synaptic integrity and, ultimately, cognitive
functioning, are critical for symptom improvement in AD patients.

Interestingly, several groups have found 12/15L.O to directly modulate synaptic function.
Normandin and colleagues reported that pharmacological inhibition of 12/15L0 modulates
rat hippocampal long-term depression (LTD), the process by which neuronal synaptic
activity is reduced in response to stimuli [38]. Other work has also detailed how 12/15L.0
metabolism is required for appropriate metabotropic glutamate receptor signaling, as well as
long-term potentiation (LTP), the process by which stimulation-dependent enhancements
between neurons occurs [39,40]

As we had already shown changes in the cardinal AD neuropathologies of AB and tau in
vivo, we were interested to investigate whether, if at all, synaptic changes were present in
our 12/15L.O model systems. In Tg2576 mice, overexpressing 12/15L0 reduced steady-state
levels of two main synaptic proteins: post-synaptic density protein 95 (PSD-95) and
synaptophysin. A similar result was obtained when the dendritic protein MAP2 was also
assayed. These results were further confirmed in brain sections of the same mice when they
were tested by immunohistochemical analyses [36]. By contrast, pharmacological inhibition
of 12/15L.0 in 3xTg mice resulted in a significant increase in both PSD-95 and MAP2,
suggesting an improvement of synaptic integrity [37]. As synaptic proteins were found to be
modulated in the above studies, we next endeavored to assess whether 12/15L.O modulated
memory insults in these AD mouse models. Knockout of 12/15L0 in Tg2576 mice
significantly improved their learning in the fear conditioning paradigm, which reflects
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hippocampal functionality [32]. By contrast, overexpression of 12/15L0 in Tg2576 mice
lead to an exacerbation of contextual and cued recall memory impairments suggesting both
hippocampal and amygdala involvement [35]. In 3xTg mice, pharmacological inhibition of
12/15L.0 improved performance on working memory, as assessed by the Y-maze, as well as
fear-conditioned memory and spatial memory, as assessed by the Morris water maze
paradigm [35]. Overall, these data suggest that 12/15L.O plays a critical role in not only
synaptic integrity but also in modulating the cognitive insult in AD (Figure 4).

12/15Lipoxygenase and neuroprotection

In addition to direct mitigation of the AD phenotype, work has also revealed protective
benefits of 12/15L.O modulation in other CNS injury contexts. As mentioned above, AD is
the leading cause of neurodegenerative dementia, but vascular dementia (multi-infarcts) is
the second leading cause of dementia, accounting for ~ 10% of all cases, and is related to
chronic cerebral hypo-perfusion rather than direct toxic injury of AB or tau. A variety of
vasculopathic insults over decades is thought to progressively contribute to vascular
dementia, but a major risk factor is repeated ischemic injuries to the brain, as seen in stroke.

Stroke and ischemic damage share many common pathological mechanisms with AD
pathogenesis such as oxidative stress, excitotoxicity, apoptosis, and inflammation [41-46].
In particular, data from various animals stroke models (i.e., multiple infarct embolic strokes,
transient focal ischemia), as well as brain tissue from stroke patients, have shown
consistently that caspase-mediated apoptosis plays a crucial role in ischemia, but also in AD,
as APP and tau have been described to be caspase-cleaved substrates [47-49]. In animal
models of ischemia, 12/15L0 and its metabolites have been demonstrated to play a
functional role in cell death, alteration of blood-brain-barrier permeability and edema, and
pretreatment with 12/15L0 inhibitors reduced infarct size and mitigated resultant apoptosis
in these experimental animal models [50-53]. Most importantly, beyond reducing the
molecular insults, pharmacological inhibition of 12/15L0 in stroke has been linked to better
function outcomes and improved recovery in animal models [54, 55].

Implications for Alzheimer's disease and beyond

In summary, 12/15L0 presents a potentially viable molecular target for AD therapy. This
protein not only regulates AB production and tau phosphorylation, but also mitigates AD-
associated synaptic pathology and behavioral impairments. These pleotropic actions of
12/15L.0, therefore, are a major boon for drug development since traditional drug
development in AD has typically concentrated either on Ap or tau, and a multifaceted target
approach has the theoretical appeal of addressing multiple aspects of the AD phenotype at
the same time. Moreover, pharmacological interventions aimed at modulating 12/15L0O may
also be useful in other diseases of the CNS which exclusively involve amyloid (i.e. amyloid
angiopathy), or tau alone (i.e., frontotemporal dementia, traumatic encephalopathy).

Although many aspects of 12/15L.O neurobiology remain elusive, further work on this
protein and its metabolic effects would undoubtedly yield important knowledge, which
could be very useful for understanding the pathogenesis and at the same time treating
several neurological disorders.
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Figure 1. Ap metabolic pathway
The A precursor protein (APP) is processed in one of two main pathways that yield either

AP peptides or non-amyloidogenic products. If APP is sequentially cleaved by the a-
secretase, and then, the y-secretase, then nonamyloidogenic products form. However, if APP
is cleaved by B-secretase and then vy-secretase, then AP is produced. As A peptides continue
to be produced, they form low-n oligomers, fibrils and eventually plaques. It is believed that
soluble low-n oligomers produce the neuronal and cytotoxic injury in Alzheimer's disease.
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Figure 2. Tau metabolic pathway
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The microtubule-associated tau protein maintains phosphorylation status through the
combined actions of tau-associated kinases and tau-associated phosphatases. When
appropriate physiological tau phosphorylation is maintained, tau affinity to microtubules is
maintained and microtubule structure, axon integrity and cellular function are preserved.
When tau is hyperphosphorylated as found in Alzheimer's disease, tau is thought to lose
affinity from microtubules, form insoluble aggregates, eventually leading to impaired axonal
transport, neuronal ultrastructure damage and cell death.
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Figure 3. The 12/15Lipoxygnease pathway
12/15Lipoxygenase catalyzes conversion of arachidonic acid to 12-hydroxyeicosatetranoic

acid (12-HETE) and 15-hydroxyeicosatetranoic acid (15-HETE). 12/15-lipoxygenase can
also catalyze conversion of other fatty acids such as linoleic acid, which it metabolizes to
13-hydroperoxyoctadecadienoic acid (13-HPODE).
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Figure 4. Synopsis of the 12/15Lipoxygenase pathway ion the context of Alzheimer's disease
pathogenesis

12/15Lipoxygenase (12/15L.0) modulates Ap production through the B-secretase by acting
on the transcription factor Sp1. 12/15L0 also modulates tau phosphorylation by acting on
cdk5 and SAPK/INK. As an end result, overexpression of 12/15 LO protein exacerbates the
Alzheimer’ disease (AD) phenotype, while its knockout of pharmacological inhibition
ameliorates synaptic dysfunction, memory impairments and cognitive decline in mouse
models of the disease. Direct modulation of 12/15L0O by PD146176 has demonstrated
success in mitigating its effects on the AD phenotype.

Trends Pharmacol Sci. Author manuscript; available in PMC 2016 March 01.



