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Abstract: The brain contains various forms of lipids that are important for maintaining its
structural integrity and regulating various signaling cascades. Autotaxin (ATX) is an ecto-nucleotide
pyrophosphatase/phosphodiesterase-2 enzyme that hydrolyzes extracellular lysophospholipids into
the lipid mediator lysophosphatidic acid (LPA). LPA is a major bioactive lipid which acts through
G protein-coupled receptors (GPCRs) and plays an important role in mediating cellular signaling
processes. The majority of synthesized LPA is derived from membrane phospholipids through
the action of the secreted enzyme ATX. Both ATX and LPA are highly expressed in the central
nervous system. Dysfunctional expression and activity of ATX with associated changes in LPA
signaling have recently been implicated in the pathogenesis of Alzheimer’s disease (AD). This review
focuses on the current understanding of LPA signaling, with emphasis on the importance of the
autotaxin–lysophosphatidic acid (ATX–LPA) pathway and its alterations in AD and a brief note on
future therapeutic applications based on ATX–LPA signaling.
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1. Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder characterized by cognitive
impairment and behavioral abnormalities. The incidence of AD is increasing annually, especially in
the western world [1]. Despite continued research, there is presently no cure or treatment for AD.
Conventional therapies provide only symptomatic relief and have limited influence on the natural
course of the disease. However, in recent years, significant efforts aimed at identifying novel molecular
mechanisms have advanced the understanding of the disease pathogenesis. One such mechanism
that has received extensive consideration is the autotaxin–lysophosphatidic acid (ATX–LPA) axis,
as increasing evidence indicates that ATX–LPA signaling plays a crucial role in numerous cellular
processes [2]. Additionally, various research studies and clinical trials are underway to study the
therapeutic potential of ATX inhibitors and LPA receptor antagonists. This review provides a brief
update on the activities of ATX and LPA, with emphasis on their physiological functions, regulation,
and emerging role in the pathophysiology of neurodegenerative diseases like AD.

2. Autotaxin (ATX)

Autotaxin (ATX) is an ecto-nucleotide pyrophosphatase/phosphodiesterase enzyme (ENPP),
encoded by the ENPP2 gene. To date, the ENPP gene family consists of seven members (ENPP1 to
ENPP7) numbered according to their order of discovery. The enzymes encoded by the ENPP gene
family are structurally related to each other and mediate the hydrolysis of the phosphodiester bonds of
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nucleoside triphosphates, choline phosphate esters, and lysophospholipids [3,4]. ATX is important in
converting lysophospholipids such as lysophosphatidylcholine (LPC), lysophosphatidylethanolamine,
and lysophosphatidylserine into lysophosphatidic acid (LPA) [5–9]. ATX is widely expressed, with the
highest mRNA levels identified in the brain, spinal cord, ovary, lung, intestine, kidney, and lymph
nodes [10,11]. Interestingly, the adipose tissue and endothelial cells in the lymphatics secrete high ATX
levels, and the adipose specific deletion of ATX leads to 90% reduction in plasma ATX [12,13].

Structurally, ATX consists of two N-terminal Cys-rich somatomedin B-like (SMB) domains,
a central catalytic phosphodiesterase (PDE) domain, and a C-terminal nuclease-like (NUC) domain
that is catalytically inactive. The SMB domain is involved in protein–protein interactions, the central
catalytic side is essential for hydrolyzing lysophospholipids, and the NUC domain binds to calcium
via an EF-hand-like motif, the precise function of which remains, however, to be determined [14,15].

ATX is synthesized as a pre-pro-enzyme and undergoes posttranslational modification
(N-glycosylation) followed by proteolytic maturation before being secreted as an active
lysophospholipase D (lysoPLD) [16–18]. The secreted ATX acts more locally rather than systemically,
and the circulating ATX is responsible for maintaining adequate plasma LPA levels. The ATX gene
undergoes alternative splicing to produce various isoforms (α, β, γ, and δ) [19]. All the isoforms
possess similar lysoPLD activities and substrate preferences. However, the specific functions of each
isoform are yet to be determined. The most predominant isoform, ATXβ, accounts for the majority of
LPA production in the circulation. This circulating ATX has a short half-life due to its rapid degradation
in the liver [20].

However, all the biological functions mediated by ATX are due to LPA production followed by
its action on G protein-coupled receptors (GPCRs) [7]. Regardless of the extensive advancement in
understanding ATX–LPA receptor signaling, the internal workings of ATX have long remained obscure.
Structural studies of ATX have provided new insights into its function, thereby substantiating ATX as
a unique lysoPLD [15].

3. Lysophosphatidic Acid and its Receptors

Lysophospholipids are components of the membrane that possess a large polar head and a single
hydrophobic carbon chain. LPA belongs to a group of lyso-type glycerolipids having a glycerol
backbone with an ester-linked fatty acid chain (acyl chain in position 1 or 2) and a polar phosphate
group [21,22]. Hence, LPA refers to 1-acyl-2-hydroxy-sn-glycero-3-phosphate, but other forms such
as 1-alkyl- or 2-acyl-LPA also exist [23,24]. In humans, the most abundant forms of LPA are 16:0-LPA
(consisting of a palmityl chain), followed by 18:2-LPA, and 18:1-LPA [25]. The 18:1-LPA form is
the most common laboratory agent used for signaling studies. They act as extracellular signaling
mediators by acting through GPCRs and are involved in a broad range of biological process. LPA is
widely distributed intracellularly and extracellularly in various tissues and organ systems. In the
nervous system, it is predominantly expressed in the neural progenitor cells, astrocytes, microglia, and
oligodendrocytes [26,27]. The biological fluids such as plasma, saliva, tears, aqueous humour, and
cerebrospinal fluid contain biologically significant concentrations of LPA [23,28]. The identification
and quantification of either total LPA or specific forms of LPA in a sample can be done using various
methods, including calorimetric assays and mass spectrometry [29].

There are at least four pathways involved in LPA production, of which the autotaxin pathway is
the most significant. The major pathway involves the enzyme ATX, which cleaves LPC to form LPA and
choline [19]. Other lysophospholipids (lysophosphatidylserine and lysophosphatidylethanolamine)
are also enzymatically processed to produce LPA. The other pathways leading to the formation of
LPA include the hydrolysis of phosphatidic acid (PA) by membrane-bound phospholipase A1α or
β [30]. The LPA formed extracellularly binds to the LPA receptor and acts as a signaling substance.
Conversely, LPA can also be formed intracellularly from the mitochondria and the endoplasmic
reticulum and acts as a substrate for glycerolipid synthesis. This is mediated by the conversion
of glycerol 3-phosphate by glycerol 3-phosphae kinase and the conversion of monoacylglycerol by
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monoacylglycerol kinase [30]. It is unsure whether the intracellularly produced LPA can cross the
plasma membrane into the extracellular compartment and act as signaling molecule.

The first reported in vivo biological function attributed to LPA was blood pressure regulation [31].
Later, LPA was found to stimulate cell proliferation in a pertussis toxin-sensitive manner, which
suggested that LPA acts through its cognate GPCR [32]. Various gain- and loss-of-function studies
have elucidated a wide range of cellular functions mediated by LPA, which include cell proliferation,
cell migration, cell survival, and cytoskeletal reorganization [33,34]. These LPA-mediated physiological
and pathological processes involve nervous system and vascular development, reproduction, wound
healing, immune system function, inflammation, cancer, angiogenesis, and obesity [35–40]. The diverse
and numerous physiological effects of LPA are mediated through six currently recognized LPA
receptors (LPARs), namely, LPA1–LPA6. The gene names are LPAR1–LPAR6 in humans and Lpar1–Lpar6
in murine models and non-human species [41]. The binding of LPA to its GPCRs leads to the
activation of Gα subunits, namely, G12/13, Gq/11, Gi/o, and Gs, which leads to downstream signaling
cascades [42,43] and various cellular effects, as described in Table 1.

Table 1. Lysophosphatidic acid (LPA)-receptor mediated Gα signaling and its cellular effects.

Gα Subunit Signaling Pathway Cellular Effects References

Gα12/13 Rho/ROCK and
Rho/SRF pathways

Cell motility
Invasion

Cytoskeletal changes
Vasodilation

[44–46]

Gαq/11 IP3-DAG pathway
Cell growth
Immunity

Learning and memory
[44–47]

Gαs Adenylyl cyclase Inhibits cell migration [48]

Gαi/O
Ras/MAPK pathway
PI3K/Rac pathway
PI3K/Akt pathway

Reorganization of the actin cytoskeleton
Cytoskeletal changes and cell migration

Cell survival and apoptosis
[49–52]

Each LPAR has multiple important regulatory functions throughout the body [23]. Many of
these have been elucidated using knockout animals, pharmacological LPAR agonists or antagonists,
and gene association studies. The various subtypes of the LPARs and their physiological functions are
illustrated in Table 2.

Table 2. LPA receptor subtypes and their biological functions.

LPAR Subtypes Biological Functions References

LPA1 Cell survival, proliferation, adhesion, migration,
immune function, and myelination [53]

LPA2 Similar to and complementary to LPA1-mediated effects [33,54]

LPA3 Mainly involved in reproductive functions—fertility,
implantation of the embryo [55]

LPA4

Cell adhesion and aggregation,
vascular development,

regulation of osteogenesis,
offset LPA1- and LPA2-mediated chemokine release

[56,57]

LPA5 Inhibits cell motility
Involved in chemokine release [48,58]

LPA6 Not fully elucidated
Mutations linked to hair loss and hypotrichosis [59–61]
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LPA Receptors in the Central Nervous System

Almost all types of LPA receptors are present in the brain and show varied expression depending
on the anatomical location and the neuronal cell type.

Neural progenitor cells (NPCs) from the developing mouse cerebral cortex mediate neurogenesis
by differentiating into a restricted set of neuronal and glial cell types. LPA signaling regulates
NPC-mediated neurogenesis through three subtypes of LPA receptors: LPA1, LPA2, and LPA4 [62].
The role of LPA1 in cortical development was established through studies utilizing LPA1-deficient
NPCs or whole cell cultures [63,64]. The neurogenesis-related responses induced by LPA are lost in
NPCs from LPA1-null mice, indicating that LPA1 plays an important role in modulating neurogenesis.
Additionally, studies performed on organotypic whole cortex showed that LPA-induced differentiation
of NPCs was mediated by LPA1 and partly by LPA2 [64]. In NPCs, LPA causes neurotransmitter-like
stimuli of ionic conductance, thereby indicating that LPA is an important physiological factor in
cortical development [65]. With the current information illustrating the significance of LPA signaling
in neurogenesis, further investigation is required to elucidate the mechanisms and probable roles of
other LPA receptors.

During neurogenesis, LPA, acting through LPA1 and the Gi/o pathway, promotes cortical NPCs
to form the neuronal lineage. In neurons, LPA also mediates actin cytoskeleton and microtubules
formation, as well as morphology and motility of newly formed postmitotic neurons [27,66].
Sprouting, extension, and branching of neurites are important for neuronal network formation during
development and involve cytoskeletal rearrangements. All LPA receptor subtypes induce neurite
retraction and growth cone collapse, except for LPA3 [67]. The neurite retraction response is mediated
by LPA acting through the Rho-associated protein kinase (ROCK) pathway, which is discussed in the
following sections. The activation of LPA3 has been shown to induce axonal branching or neurite
branching in hippocampal cell cultures; this response is mediated through Gq and the Rho family
GTPase 2 (Rnd2) family [68]. Newly formed neurons establish connections through the specification
and development of neurites into axons and dendrites. Axonal sprouting has been found to be
influenced by LPA-mediated signaling [69]. LPA signaling is also important in mediating synapse
formation and transmission, cell death/survival, and neuronal migration [70–72]. LPA receptors,
especially LPA1, are important in mediating synaptic plasticity and learning. Transfection of cultured
hippocampal neurons with LPA1 caused a marked increase in dendritic spine density and size.
In addition to its effects on morphology, LPA induced chloride currents in cortical neuroblasts and
thereby activated dopamine release in PC12 cells. Consequently, LPA is thought to function as a
neuromodulator [73,74]. LPA1−/− mice display neurophysiological alterations despite being viable.
Thus, LPA1 mediates the endogenous LPA effects in cerebral cortical neuroblasts, which indicates
that a loss of normal LPA-dependent proliferation in lpA1(−/−) cortex may in part be compensated
for by increased proliferative responses to basic fibroblast growth factor [75]. The mechanisms of
synaptic plasticity changes include protein kinase C (PKC) activation, with Rho- and Rac-dependent,
actin-based, morphological changes [76,77]. Overexpression of LPA1 in primary hippocampal neurons
increased the density and size of dendritic spines with no significant changes in the magnitude and
rate of miniature excitatory synaptic currents (mEPSC). However, the decay time of mEPSC was
enhanced, indicating that LPA1 induces morphological and functional properties of dendritic spine
synapses [73]. One study demonstrated that LPA administration to cultured hippocampal neurons
resulted in apoptosis and necrosis by persistently increasing the intracellular calcium levels [78].
Interestingly, LPA treatment at physiological doses of excitatory presynaptic neurons decreased the
amplitude of post-synaptic neuron potential, leading to a phenomenon called short-term depression
(STD) [79]. LPA colocalizes with markers of neurotransmitter-containing vesicles and stimulates
myosin light-chain kinase (MLCK), thereby promoting actomyosin contraction. This inhibits the
movement of vesicles to the membrane, thereby inhibiting neurotransmitter release. LPA-mediated
actions on inhibitory neurons involve acting on the post-synaptic neuron; this is in contrast with its
action on excitatory neurons, which involves the stimulation of pre-synaptic neurons. LPA colocalizes
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with markers of a protein involved in assembling gamma-aminobutyric acid (GABA) receptors and
acting on the RhoA–ROCK pathway, causing dephosphorylation of GABA subunits. This leads
to GABA receptors’ inactivation and reduced GABA signaling, leading to short-term depression.
This LPA-induced STD is helpful in slowing down neurotransmission in case of excess signaling which
can lead to excitotoxicity. This fine-tuning of the synaptic behavior over a short duration is important
in maintaining neuronal and synaptic homeostasis [80]. An altered lipid metabolism, as seen in various
metabolic diseases, can cause LPA dysfunction, leading to various metabolic and neurological diseases.
Synaptic regulation, neurogenesis, and neuronal death/survival all play a crucial role in memory
impairments, and LPA signaling is thought to regulate these responses. In addition, LPA induces
chloride currents in cortical neuroblasts and activate dopamine release in neuronal cell cultures, thereby
suggesting that LPA can function as a neuromodulator [81]. LPA6 is the most recently characterized
LPAR, and mutations of this receptor in humans are associated with certain forms of hair loss [60].
However, the functions of LPA6 in the central nervous system (CNS) remain to be characterized.

Astrocytes are the most abundant neuroglial cells in the CNS, known to mediate several intricate,
essential functions and pathological processes. The expression patterns of LPARs in astrocytes are
interesting in that only LPA1 is detected in vivo, while LPA1–5 are seen in cultured astrocytes [82–84].
However, LPA6 expression in astrocytes has not yet been investigated. Of all the LPARs, LPA1 has been
shown to be involved in neuronal differentiation in the developing cerebral cortex and to influence
astrogliosis [63,64]. LPA-mediated proliferation of astrocytes is mediated by LPA1, as indicated by the
absence of proliferation in astrocytes lacking LPA1 [85]. LPA-primed astrocytes secrete several soluble
factors which facilitate neuronal differentiation, axonal growth of neurons, and epidermal growth
factor signaling, indicating the importance of LPA signaling in astrocytes [86,87]. LPA induces diverse
cellular responses in cultured astrocytes by acting through LPA1–3 [88,89]. The effects of LPA on
cultured astrocytes include intracellular calcium mobilization, reactive oxygen species formation, actin
cytoskeletal rearrangement, and decreased uptake of glutamate and glucose, which can contribute to
neurodegeneration [90,91]. LPA induces the expression of immediate-early genes and cytokine genes,
such as nerve growth factor and interleukins IL-1b, IL3, and IL-6 [82]. Lipopolysaccharide (LPS) or
IL-1β stimulate the astrocytes and induce LPA-responsive astrocyte migration [92]. The cross-talk
between astrocytes and neurons is crucial for normal physiological functioning in the CNS and in
the regenerative process following various diseases. LPA signaling in astrocytes might contribute to
the regulation of regeneration processes through neuronal differentiation. Conversely, excess LPA
generated through astrocyte responses, like glutamate uptake blockade and cell proliferation, can lead
to neuronal death and neurodegeneration. Further research on the critical role of LPA signaling in
astrocytes will aid in understanding the complex neuropathology of neurodegenerative diseases like
AD and in developing therapeutics for these diseases.

Microglia are immune cells of the CNS, which play a crucial role in maintaining homeostasis
in the brain [93,94]. Microglia are involved in the regulation of inflammation and in repair,
regeneration, cytotoxicity, and immunosuppression, depending on their different activation states [95].
Following neuronal injury, microglial activation is induced following the release of various substances,
like cytokines, ATP, growth factors, and changes in ion equilibrium [96]. These cellular processes are
mediated by LPA signaling acting through microglial activation. Various studies have reported
that LPA binds to and modulates the glial cells in the CNS [26,97,98]. For instance, human
and murine microglial cell lines have been shown to express LPA receptors [99,100]. LPA
binding induces membrane hyperpolarization by the activation of Ca2+-dependent K+ channels
leading to microglial migration [101,102]. Other actions of LPA include energy homeostasis [100],
oxidative stress response [103], and pro-inflammatory cytokine production [104]. The LPA-dependent
microglial responses are mediated by intracellular phosphorylation cascades through the activation
of protein kinase D and its isoforms (PKD1–3), thereby leading to inflammatory responses [105,106].
The mechanisms of the inflammatory response mediated by PKD includes the activation of either
nuclear factor kappa light chain enhancer of activated B cells (NF-kB) signaling or oxidative stress
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pathways [107,108]. Similarly, exogenous LPA treatment of microglial cells induced the activation of
PKD, Mitogen-activated protein kinase (MAPK), and AKT pathways in addition to phosphorylating
signal transducers and activators of transcription (STAT1, STAT3) and phosphorylating c-Jun.
These signaling pathways are crucial in regulating microglial polarization and chemotaxis [109,110].
Finally, increased LPA levels promote a pro-inflammatory phenotype. A better understanding of
LPA-mediated effects on the glial cells of the CNS is important for studying disease patterns and
unravelling potentially new targets to modulate neuroinflammation.

Oligodendrocytes are glial cells in the CNS, which play an important role in the myelination
process. They are also crucial for CNS development and post-injury repair, which occurs through
remyelination. Oligodendrocytes express LPA1 in a spatiotemporal manner that correlates with
maturation and myelination [111]. Extracellular-regulated-kinase 1/2 (ERK1/2) phosphorylation,
process retraction, and cell rounding in mature oligodendrocytes were noted on LPA treatment in
an in vitro study. However, no changes were observed in oligodendrocyte precursors [112]. Lastly,
process formation and increased number of differentiating but not mature oligodendrocytes were
noted upon LPA administration [113].

The development of the vascular network in the CNS involves angiogenesis, maturation of the
vessels, and blood–brain barrier (BBB) formation [114,115]. These biological responses are mediated
by vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and Notch
signaling [115,116]. Similarly, LPA and its receptors play an important role in angiogenesis and
vascular development [36]. The expression of VEGF is induced by LPA acting through NF-kB
signaling. Additionally, ATX and LPA1 expression is enhanced by VEGF in endothelial cells [117–119].
LPA receptor subtypes individually affect vascular development and homeostasis. LPA1-null and
LPA2-null mice are associated with frontal cerebral hematomas, while LPA4-null mice exhibit dilated
blood vessels and lymphatics due to dysfunctional pericytes. An in vitro model of angiogenesis showed
that the pericytes could degrade LPA, thereby stabilizing the blood vessels. Cultured endothelial cells
(ECs) express all subtypes of LPARs. LPA acting through LPARs regulates survival, proliferation, and
EC migration, thereby influencing the vascular tone. A study done by Tigyi et al., using a piglet model
of intracranial hematoma, proved that LPA exposure produces dose-dependent vasoconstriction, which
is similar to the vasoconstriction produced by hemorrhage [120]. Recently, evidence has emerged that
identifies LPA as a mediator of vasodilation via LPA1, phospholipase C, and endothelial nitric oxide
synthase [121]. LPA overexposure has been reported to increase BBB permeability, which can occur in
various pathological diseases [122,123].

The major site of cerebrospinal fluid (CSF) production, the choroid plexus, consisting of epithelial
cells surrounded by capillaries, also express LPARs. In humans, LPA6 is expressed in the lateral
ventricular choroid plexus [124], whereas, in the mouse embryo, LPA5 expression is prominent in
the fourth ventricular choroid plexus [125]. Significantly, increased expression of ATX is noted in
the choroid plexus [126,127]. Since various neuronal structures are located near the choroid plexus,
which expresses high levels of ATX, ATX in the choroid plexus might catalyze the activity of LPC
present in the circulation, thus promoting the formation of bioactive LPA and affecting various aspects
of neurodevelopment.

4. Altered ATX–LPA Signaling and LPARs in Alzheimer’s Disease

4.1. ATX–LPA Signaling and Amyloid β

Several studies indicate that amyloid β (Aβ) deposition is an important process in
the pathogenesis of AD [128]. Accumulation of Aβ initiates downstream events, including
hyperphosphorylation of tau and synaptic failure which results in neuronal death [129,130]. In the
amyloidogenic pathway, the amyloid precursor protein (APP) is sequentially cleaved by β-secretase
and γ-secretase to produce the toxic Aβ peptide consisting of 39–43 amino acids in length. β-secretase,
also known as β-site APP-cleaving enzyme 1 (BACE1), is the rate-limiting step in the production
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of Aβ [131]. Increased expression of APP, β- and/or γ-secretases would result in increased Aβ
production. β-secretase is a type I membrane aspartyl protease [132,133], whereas γ-secretase is a
complex composed of four subunits, namely, presenilin (PS1 or PS2), nicastrin, Aph-1, and Pen-2,
of which presenilin is a putative catalytic subunit [134].

Recent research suggests that vascular factors additionally play a critical role in the pathogenesis
of AD [135–137]. Amongst the various vascular factors, oxidized low-density lipoprotein (oxLDL)
has been implicated in AD pathogenesis [138,139]. Decreased levels of antioxidant enzymes activities
and increased malondialdehyde levels (a marker of lipid peroxidation) were observed in AD patients
in comparison to healthy non-demented control subjects [135,140]. The human CSF consists of high
levels of lipoproteins, which are vulnerable to oxidation in AD and are neurotoxic when oxidized [141].
A strong positive correlation between the CSF levels of Aβ and oxLDL has been observed in AD
patients, indicating that oxLDL is a key contributor to Aβ production [142]. LPA, the major bioactive
component of oxLDL, has been shown to disrupt the BBB function and lead to various pathologies
in AD [143]. A study conducted by Shi et al., utilizing an in vitro mouse neuroblastoma N2a cell line
[stably expressing wild-type presenilin 1 (PS1wt) and Swedish mutant APP (APPsw), showed that
LPA increases the production of Aβ by upregulating the expression of β-secretase (BACE1) without
altering the expression of APP or γ-secretase complex proteins [144].

The upregulation of BACE1 expression by LPA occurs at the transcriptional level, as evident by
the increased BACE1 mRNA levels. The promoter of the BACE1 gene consists of the cAMP response
element (CRE) and several other transcription factors binding sites. LPA significantly increases the
binding activity of cAMP response element binding protein (CREB) to the CRE site of the BACE1
promoter without significantly altering the binding of other transcription factors. Hence, these results
indicate that CREB mediates BACE1 upregulation in response to LPA. Protein kinase C (PKC) and its
isoforms play an important role in regulating APP processing. For instance, the isoforms PKCα, PKCβ,
and PKCε are implicated in regulating α-secretase-mediated APP processing [145–147]. In contrast, the
PKCδ isoform mediates LPA-induced upregulation of β-secretase expression and Aβ production [148].
The LPA-mediated intracellular signaling cascade involves the activation (phosphorylation) of PKCδ,
MEK, MAPK (Erk44/42), and p90RSK. Finally, p90RSk (a downstream target of PKC and MEK) is
known to mediate CREB phosphorylation, thereby inducing CREB binding activity in response to
the activation of upstream PKCδ [149]. Additionally, the two transcriptional factors CREB and ATF2
are phosphorylated, suggesting that CREB mediates the upregulation of BACE1 expression. Hence,
LPA-induced BACE1 promoter activation is mediated by PKCδ–MEK–MAPK–p90RSk–CREB signaling
cascades [144], as depicted in Figure 1.

Numerous studies demonstrate that cholesterol plays an important role in Aβ regulation;
increased cholesterol levels are associated with increased Aβ production and accumulation [150].
Lipid rafts are membrane domains consisting predominantly of cholesterol and sphingolipids.
They play an important role in mediating membrane trafficking, ligand binding, axonal development,
and synaptic plasticity. Lipid rafts have been implicated in the pathogenesis of AD by enhancing
the interaction between APP and BACE-1, thereby promoting the accumulation of Aβ peptide [151].
BACE1 regulation and its interaction with APP is lipid-dependent and involves lipid rafts [152].
Furthermore, oxLDL has been shown to increase lipid raft formation and the association of BACE1
activity with lipid rafts, thereby increasing Aβ levels. The postulated mechanism involves the depletion
of intracellular glutathione due to oxidative stress, which leads to an increase in acid sphingomyelinase
activity [153].
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Figure 1. Autotaxin (ATX)–LPA-mediated downstream signaling leading to formation of amyloid-β
(Aβ), hyperphosphorylation of tau, and neurite retraction all leading to the pathogenesis of Alzheimer’s
disease (AD). GPCR, G protein-coupled receptors; PLC, Phospholipase C; PKC, Protein Kinase C;
BACE1, β-Site APP-cleaving enzyme 1; CREB, cyclic AMP response element binding protein.

4.2. ATX–LPA Signaling and Tau Hyperphosphorylation

Tau (tubulin-associated unit) is a key protein essential for microtubule assembly and constitutes
one of the most important microtubule-associated proteins (MAPs), important for maintaining
axonal homeostasis [154]. Tau undergoes posttranslational modifications: phosphorylation and
O-glycosylation [155]. The phosphorylation of tau is mediated by various protein kinases,
and phosphorylation at serine 404 is mainly implicated in the loss of tau-mediated tubulin
polymerization [156]. Dissociation of tau from microtubules followed by tubulin depolymerization
occurs as a consequence of the phosphorylation of microtubule-associated tau (MAT) [157].
Furthermore, tau hyperphosphorylation forms insoluble fibers or aggregates termed paired helical
filaments (PHF). PHFs further aggregate, leading to neurofibrillary tangles, which are one of the
pathological hallmarks of AD [158].

LPA has been shown to induce tau phosphorylation and neurite retraction in an in vitro neuronal
cell line. One of the important targets by which LPA induces tau phosphorylation is glycogen
Synthase Kinase-3 β (GSK-3β). GSK-3β is an important regulatory enzyme implicated in various
cellular processes and is highly expressed in the CNS [159]. Alterations in GSK-3β-regulated
pathways have been shown to be associated with various diseases, including diabetes mellitus,
AD, and cancer. Specifically, increased GSK-3β activity was noted in neuronal cell culture models
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of apoptosis and neurodegeneration and in in vivo models of focal ischemia [160]. Various proteins,
such as metabolic proteins, cytoskeletal proteins, and transcription factors, are phosphorylated by
GSK-3β [161]. More importantly, GSK-3β phosphorylates neuronal MAPs involved in microtubule
stabilization [162–164]. LPA has been shown to increase GSK-3β activity, thereby increasing tau
phosphorylation. One mechanism of LPA-mediated GSK-3β activation involves the Gα12/13-mediated
RhoA/Rock pathway, as Rho GTPases are implicated in tau pathology. This represents an
important link between microtubule and microfilament dynamics, which is altered in AD [165,166].
The RhoA/ROCK pathway has been shown to phosphorylate tau at various sites—for instance,
at Thr245 and Ser409 [167]. Tau hyperphosphorylation induced by LPA occurs in two epitopes,
i.e., PHF1 and AD-2. This tau hyperphosphorylation is blocked by the GSK-3 inhibitor lithium,
confirming that GSK-3β is the serine–threonine kinase responsible for tau hyperphosphorylation.

Neurite retraction is an important cellular process during neuronal development, especially
during neurogenesis and neuritogenesis. Conversely, excess neurite retraction has been implicated
in various pathological states such as neurodegeneration [168]. LPA-induced neurite retraction
is mediated by tau phosphorylation, which involves an increase in GSK-3β and PKA activation.
Additionally, p38 MAPK activation also induces neurite retraction [169]. During the development
of the brain, the transient receptor potential channel, subfamily M, member 2 (TRPM2) regulates
LPA-induced neurite retraction [170]. LPA treatment induced time-dependent activation of GSK-3β and
associated neurite retraction in cerebellar granule neurons [168]; this indicates that these phenomena
are not specific to a particular neuronal cell type and, instead, represent a widespread process in
neuronal cells. GSK-3 activation by LPA in cerebellar granule neurons is mediated by an increase
in tyrosine phosphorylation of GSK-3 isoforms α and β. In any case, neurite retraction cannot be
completely blocked by inhibiting GSK-3, indicating that GSK-3 activation plays an important role but
is not essential for neurite retraction, for which the involvement of other factors is needed.

Post-mitotic hippocampal neurons undergo apoptosis and necrosis upon treatment with LPA;
however, the molecular mechanisms have not been elucidated [80]. Moreover, GSK-3 activation
in neuronal cells also leads to apoptosis [171]. Hence, LPA-induced GSK-3 activation could
partially mediate the apoptotic response in mature neurons. LPA plays a significant role in tau
hyperphosphorylation and PHF formation in AD brains. Consequently, determining the LPA levels in
AD brains and age-matched control brains needs to be investigated. Besides, BBB dysfunction leads to
increased permeability of LPA in the CNS, thereby increasing its levels in the injured brain. Traumatic
brain injury, a major risk factor for AD, is associated with BBB dysfunction. Therefore, overexpression
of LPA receptors with a subsequent increase in LPA responses (such as GSK-3 activation), occurs in
neurons of AD patients.

4.3. Other Effects

Various in vitro studies employing neuronal cells treated with LPA have shown decreased
glutamate uptake in astrocytes and a sustained increase in neuronal intracellular calcium levels.
In addition, neurite retraction and collapse of the axonal growth cone were noted [172,173].
Furthermore, disruption of the BBB due to alterations in the endothelial tight junctions were noted
at high concentrations of LPA [174]. Stimulation of the Rho/Rho kinase (ROCK) signaling pathway
and subsequent downstream expression of proteolytic enzymes, like matrix metalloproteinase 9
(MMP-9) and urokinase-type plasminogen activator (uPA) also induced BBB disruption by degrading
the basement membrane and extracellular matrix [123]. LPA1 also plays an important role in adult
hippocampal neurogenesis [175]. LPA1 is highly expressed in hippocampal progenitor cells, where it
is involved in neural differentiation [176]; in comparison, LPA1 promotes synaptic alterations in adult
hippocampal neurons [177]. Mice lacking LPA1 demonstrate hippocampal deficits associated with
behavioral impairments, such as impaired spatial memory retention, altered exploration, and increased
anxiety-like responses [178]. Furthermore, the role of LPA and its receptors in behavior and cognition
has been validated by studies on LPA1-null mice, which have a targeted disruption in the LPA1
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gene. These mice show normal survival but display defective hippocampal neurogenesis, decreased
brain-derived neurotrophic factor (BDNF) levels [179], and altered cortical development [175].
These mice also exhibit prepulse inhibition impairment and decreased ability to process irrelevant
auditory stimulation, which contribute to the development of cognitive deficits. Behavioral studies
showed impaired exploration in the open field (OF) and increased anxiety-like responses in the elevated
plus maze (EPM) test. Additionally, impairment in spatial memory retention and abnormal use of
searching strategies were noted [180,181]. Hence, LPA and its receptor mediate anxiety-like behavior
and cognition deficits, especially spatial memory alterations, thereby indicating LPA role in major
neuropsychiatric and cognitive disorders. The various effects of ATX–LPA signaling in Alzheimer’s
disease are depicted in Figure 1.

5. Cross-Talk between ATX–LPA Signaling and Risk Factors of Alzheimer’s Disease

5.1. Traumatic Brain Injury and AD

Traumatic brain injury (TBI) is a significant health problem characterized by both acute and
chronic disabilities; one significant long-term complication of TBI is neurodegeneration linked to
AD. The distinctive pathologies of AD (Aβ and P-tau) are noted in the postmortem brains of TBI
patients, indicating a strong association between neurodegeneration and TBI [182–184]. Autopsy
findings show diffuse Aβ plaques in areas surrounding the lesion sites in TBI patients who died after an
injury [185,186]. The mechanisms postulated for Aβ accumulation following TBI involve BBB disruption
leading to ischemic insult [187]. Additionally, hypoperfusion and vascular dysfunction also contribute
to Aβ deposition by increasing the activity of β- and γ-secretases [188,189]. Metabolic acidosis following
TBI could also potentially contribute to Aβ accumulation, since Aβ, like other proteins, is prone to
aggregation in a pH-dependent manner [190]. Similarly, mechanical stress following TBI disrupts
the microtubule networks within the axons, leading to tau hyperphosphorylation [191]. Oxidative
stress and cerebrovascular dysfunction also contribute to tau pathology. Hence, vascular damage and
impairment following TBI lead to a chronic hyoperfusion state, which causes Aβ accumulation, tau
hyperphoshorylation, and neuronal dysfunction, predisposing to AD.

CNS injury is associated with increased concentrations of LPA in the brain and the CSF [120,192].
Following neurotrauma, induction of LPA2 gene expression is observed in murine cortical astrocytes,
spinal cord astrocytes, and human ependymal cells [192,193]. Similarly, in murine models, the expression
of LPA1 is increased in spinal cord astrocytes while LPA3 expression is increased in cortical and spinal
cord neurons. In the normal adult brain, the expression of LPA1–LPA3 is extremely low, but it becomes
upregulated following brain injury [182]. Additionally, an increase in the levels of ATX was observed
adjacent to injury lesions in rat cortical white matter [127], possibly suggesting possible overactive
LPA signaling. Increase in the LPA pulse has been shown to occur in the early phase of a brain
insult (i.e., within 4 h in the mouse model of controlled cortical impact (CCI) and within 24 h in
TBI patients), indicating that LPA might be the first mediator responding to the injury. Increased
LPA levels also enhance BBB permeability, thereby accounting for the hemorrhage and edema noted
in TBI patients [122]. Each of these factors could potentially contribute to primary and secondary
sequelae observed after TBI. Lastly, anti-LPA antibodies have been shown to improve patient outcomes
following TBI [194]; this indicates the role of a dysfunctional ATX–LPA signaling, although the
mechanistic validation of this association needs to be explored. The strong association between
TBI and ATX–LPA signaling provides indirect evidence that dysfunctional ATX–LPA signaling can
predispose to and contribute to the pathogenesis of AD; however, further studies are required to
provide a direct, mechanistic evidence to understand the link between ATX–LPA and AD.

5.2. Metabolic Syndrome and AD

Various studies indicate a strong association between metabolic diseases, like obesity, diabetes
mellitus, and dyslipidemia, and late-onset AD. Some of the alterations in the brain, including
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loss of brain volume and glucose hypometabolism, contribute to the pathology of AD [195–197].
Several factors contribute to the development of AD pathologies. For instance, metabolic disorders
lead to chronic ischemia in the cerebral vasculature resulting in the degeneration of neurons. Insulin
resistance, both peripheral and central (brain), leads to dysfunctional glucose metabolism in the
neurons, thereby promoting oxidative stress, which causes neuronal insult in the brain [198–200].
Furthermore, these metabolic disorders are characterized by chronic inflammation, which alters BBB
permeability and, over a period, leads to neuronal inflammation and degeneration [201].

An increase in the levels of pro-inflammatory cytokines and a downregulation of anti-inflammatory
cytokines are noted in AD brains. Several lines of evidence indicate that dysfunctional ATX–LPA
signaling predisposes to the pathologies of obesity and AD. ATX expression is upregulated in obese
patients and mice models of obesity as a result of increased accumulation of triglycerides in the
adipocytes [202,203]. This increased expression is also associated with insulin resistance and impaired
glucose tolerance. Obese patients with diabetes or impaired glucose tolerance exhibited increased ATX
expression compared to obese patients with normal glucose homeostasis [204]. Various inhibitors of
ATX and LPA receptor antagonists are currently being investigated as possible treatments of obesity
and associated metabolic disorders.

Murine models injected with LPA showed defective insulin release from pancreatic β-cells in
response to glucose administration. Interestingly, increased BBB permeability was noted, indicating
that the effects of elevated ATX–LPA levels may be due to central and systemic factors [122].
Higher expression of the ATX gene was noted in the frontal cortex of AD patients compared to
control brains [205]. Additionally, a study conducted by McLimans et al. showed significantly higher
levels of ATX in mild cognitive impairment (MCI) and AD patients [206]. Increased ATX in AD was
associated with decreased glucose uptake (hypometabolism), diminished performance on executive
function and memory scores, and a reduced cortical thickness in the prefrontal cortex and medial
temporal lobe. Finally, increased ATX showed a positive correlation with established metabolic
and AD biomarkers, suggesting that ATX in the CSF could predict AD neuropathology similar to
metabolic dysfunction.

These results support the theory that ATX may be an indicator of central dysmetabolism for a
variety of AD outcomes. Additional studies are necessary to determine if elevated ATX predicts AD
and determines certain aspects of the disease. Future clinical and animal model studies should consider
examining this biomarker and its applications as a potential target for pharmacologic therapies in the
setting of glucose dysregulation and AD. Such work should also examine how ATX predicts changes
in these outcomes over time.

5.3. Chronic Hypoperfusion and AD

Various studies have shown that cerebrovascular dysfunction (cerebral hypoperfusion, amyloid
angiopathy of the capillaries, and BBB dysfunction) predisposes to AD [207–209]. Additionally,
cerebrovascular dysfunction is implicated as an early event in AD pathogenesis. This leads to the
speculation that hypoxia and ischemia enhance the pathogenesis of AD, as cerebral ischemia impairs
the cognitive functions and aggravates A β-induced cognitive deficits [210–212]. The predominant
cause of hypoxia is ischemia, which leads to the downregulation of synaptic transmission,
neuroinflammation, and neuronal death [213]. LPA1 signaling and hypoxia are linked through diverse
mechanisms. Hypoxia enhances LPA-induced hypoxia inducible factor-1 alpha (HIF-1α) expression
and VEGF expression [214,215]. The presence of ATX is important for HIF-1α expression during the
embryogenic period and is rescued by LPA exposure in ATX-null animals [216]. Short-term cortical
exposure to hypoxia causes the overactivation of LPA1 and the downregulation of G protein-coupled
receptor kinase 2 (GRK2) which can alter the normal brain development, resulting in various
neurological and neuropsychiatric diseases [217]. Similar responses were noted upon stimulation of
LPA1 signaling in NPCs. Additionally, these effects could be reduced or prevented by an LPA1–3
inhibitor, the use of LPA1-null mice [207], or the use of LPA1 and LPA2 double-null mice [64]. Hypoxia
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and HIF-1α are associated with the increase in the activities of β- and γ-secretases, whereas α-secretase
activity is decreased in hypoxia. HIF-1α, by binding to the hypoxia-response element in the BACE1
promotor region, induces BACE1 gene transcription [218]. Furthermore, the γ-secretase complex
activity is enhanced by HIF-1α, though in a non-transcriptional manner [219]. In the brain, endoplasmic
reticulum stress with associated reduction of autophagy is induced by ischemia and hypoxia. This leads
to increased PS1 expression and activation of γ-secretase [220,221]. Finally, both PS1 and the APP
intracellular domain peptide are known to induce HIF-1α protein [222,223].

Under hypoxic conditions, upregulation of LPA1 and LPA2 in the retinal layers following
increased LPA signaling was noted, which promoted retinal cell survival [224]. However, conflicting
results have been reported for retinopathy in a prematurity model of rat neonates induced by
alternating hypoxic and hyperoxic conditions [225]. While a decrease in cell viability was noted
with the overexpression of LPA1 or LPA exposure, LPA1 inhibition or short hairpin RNA knockdown
showed protective effects on cell viability. These results indicate that there is a strong link between
hypoxia/ischemia and LPAR signaling; however, LPA role as a deleterious or protective factor needs
to be further investigated.

6. Future Perspective on ATX–LPA Signaling

Recent research on the ATX–LPA signaling in the nervous system, especially in AD, has opened
avenues for the strategic modulation of this signaling, thereby altering the natural history of the
disease. ATX offers several advantages for developing therapeutic targets. For instance, its functions
are mediated by the formation of an extracellular ligand (LPA) and, hence, the development of
ATX inhibitors does not necessitate the formulation of a lipophilic compound to cross the BBB.
Additionally, as an ecto-enzyme, it can be utilized in enzyme activity assays for drug optimization
and characterization. The development of conditional ATX knockout mice along with LPA
receptor-deficient mice could lead to the investigation of novel therapeutic compounds modulating
ATX–LPA signaling in various disease states.

The development of novel compounds targeting the ATX–LPA axis would be an attractive strategy
and includes ATX inhibitors, LPA receptor antagonists, and LPA monoclonal antibodies. Some of these
compounds are in various phases of clinical trials for cancer and chronic inflammation. For instance,
a monoclonal antibody against LPA, named LpathomabTM, reduced IL-6 expression and lesion volume
and improved the functional outcomes in a mouse model of traumatic brain injury and is currently in
phase 1 clinical trials [226]. Other novel targets of the ATX–LPA signaling axis currently in phase II
clinical trials for idiopathic pulmonary fibrosis are GLPG1690 (ATX inhibitor developed by Galapagos
NV) and BMS-986020 (LPA1 antagonist). Sanofi SAR100842, an LPA1–3 antagonist, is in phase II
trials for the treatment of systemic sclerosis [227]. Several additional compounds targeting ATX–LPA
signaling are in preclinical studies for the treatment of various diseases.

The above-mentioned studies indicate that there is an enormous interest in studying the ATX–LPA
signaling pathway by the scientific research community as well as the pharmaceutical industry to
develop novel compounds to treat various diseases. As there are no clinically approved drugs targeting
the ATX–LPA axis, future studies should test the potential of compounds targeting ATX–LPA signaling
for the treatment of a wide range of neurological diseases, including AD.

7. Conclusions

Overwhelming evidence indicates that the ATX–LPA signaling axis plays key roles in the
numerous processes central to AD by interacting with a series of LPARs. Moreover, the mechanisms
involving the ATX–LPAR axis in AD pathogenesis have received adequate attention in recent years.
Targeting the ATX–LPA pathway holds therapeutic potential because this signaling axis may promote
the development of neurodegenerative diseases through multiple mechanisms involving mitochondrial
dysfunction, oxidative stress, inflammation, and other processes. Elevated expression of LPA resulted
from the activation of the ATX–LPARs axis. It has been reported that the levels of ATX are significantly
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increased in CSF and in the frontal cortex of AD patients. However, further studies must be conducted
to analyze the aberrant expression of ATX and LPARs in AD. In addition, the mechanisms by which
the ATX–LPA axis promotes AD development and progression are complex and not fully revealed;
this demands intensive research on the signaling mechanisms. To summarize, ATX–LPA signaling plays
an important role in the pathogenesis and progression of AD. The development of novel therapeutic
compounds that inhibit ATX or block LPAR and its downstream signaling would be beneficial in the
treatment of AD, in addition to ATX being a potential biomarker for AD.
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Abbreviations

ATX Autotaxin
AD Alzheimer’s disease
BBB Blood–brain barrier
BACE β-site APP-cleaving enzyme
ENPP Ecto-nucleotide pyrophosphatase/phosphodiesterase
GPCR G protein-coupled receptor
GSK3β Glycogen synthase kinase-3β
LPA Lysophosphatidic acid
LPC Lysophosphatidylcholine

References

1. Wortmann, M. Dementia: A global health priority—Highlights from an ADI and World Health Organization
report. Alzheimers. Res. Ther. 2012, 4, 40. [CrossRef] [PubMed]

2. Moolenaar, W.H.; van Meeteren, L.A.; Giepmans, B.N.G. The ins and outs of lysophosphatidic acid signaling.
BioEssays 2004, 26, 870–881. [CrossRef] [PubMed]

3. Stefan, C.; Jansen, S.; Bollen, M. NPP-type ectophosphodiesterases: Unity in diversity. Trends Biochem. Sci.
2005, 30, 542–550. [CrossRef] [PubMed]

4. Zimmermann, H.; Zebisch, M.; Sträter, N. Cellular function and molecular structure of ecto-nucleotidases.
Purinergic Signal. 2012, 8, 437–502. [CrossRef] [PubMed]

5. Tokumura, A.; Majima, E.; Kariya, Y.; Tominaga, K.; Kogure, K.; Yasuda, K.; Fukuzawa, K. Identification
of Human Plasma Lysophospholipase D, a Lysophosphatidic Acid-producing Enzyme, as Autotaxin,
a Multifunctional Phosphodiesterase. J. Biol. Chem. 2002, 277, 39436–39442. [CrossRef] [PubMed]

6. Umezu-Goto, M.; Kishi, Y.; Taira, A.; Hama, K.; Dohmae, N.; Takio, K.; Yamori, T.; Mills, G.B.; Inoue, K.;
Aoki, J.; et al. Autotaxin has lysophospholipase D activity leading to tumor cell growth and motility by
lysophosphatidic acid production. J. Cell Biol. 2002, 158, 227–233. [CrossRef] [PubMed]

7. Van Meeteren, L.A.; Moolenaar, W.H. Regulation and biological activities of the autotaxin–LPA axis.
Prog. Lipid Res. 2007, 46, 145–160. [CrossRef] [PubMed]

8. Aoki, J.; Inoue, A.; Okudaira, S. Two pathways for lysophosphatidic acid production. Biochim. Biophys. Acta
Mol. Cell Biol. Lipids 2008, 1781, 513–518. [CrossRef] [PubMed]

9. Bolen, A.L.; Naren, A.P.; Yarlagadda, S.; Beranova-Giorgianni, S.; Chen, L.; Norman, D.; Baker, D.L.;
Rowland, M.M.; Best, M.D.; Sano, T.; et al. The phospholipase A1 activity of lysophospholipase A-I links
platelet activation to LPA production during blood coagulation. J. Lipid Res. 2011, 52, 958–970. [CrossRef]
[PubMed]

10. Bai, Z.; Cai, L.; Umemoto, E.; Takeda, A.; Tohya, K.; Komai, Y.; Veeraveedu, P.T.; Hata, E.; Sugiura, Y.;
Kubo, A.; et al. Constitutive Lymphocyte Transmigration across the Basal Lamina of High Endothelial
Venules Is Regulated by the Autotaxin/Lysophosphatidic Acid Axis. J. Immunol. 2013, 190, 2036–2048.
[CrossRef] [PubMed]

11. Kanda, H.; Newton, R.; Klein, R.; Morita, Y.; Gunn, M.D.; Rosen, S.D. Autotaxin, an ectoenzyme that produces
lysophosphatidic acid, promotes the entry of lymphocytes into secondary lymphoid organs. Nat. Immunol.
2008, 9, 415–423. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/alzrt143
http://www.ncbi.nlm.nih.gov/pubmed/22995353
http://dx.doi.org/10.1002/bies.20081
http://www.ncbi.nlm.nih.gov/pubmed/15273989
http://dx.doi.org/10.1016/j.tibs.2005.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16125936
http://dx.doi.org/10.1007/s11302-012-9309-4
http://www.ncbi.nlm.nih.gov/pubmed/22555564
http://dx.doi.org/10.1074/jbc.M205623200
http://www.ncbi.nlm.nih.gov/pubmed/12176993
http://dx.doi.org/10.1083/jcb.200204026
http://www.ncbi.nlm.nih.gov/pubmed/12119361
http://dx.doi.org/10.1016/j.plipres.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/17459484
http://dx.doi.org/10.1016/j.bbalip.2008.06.005
http://www.ncbi.nlm.nih.gov/pubmed/18621144
http://dx.doi.org/10.1194/jlr.M013326
http://www.ncbi.nlm.nih.gov/pubmed/21393252
http://dx.doi.org/10.4049/jimmunol.1202025
http://www.ncbi.nlm.nih.gov/pubmed/23365076
http://dx.doi.org/10.1038/ni1573
http://www.ncbi.nlm.nih.gov/pubmed/18327261


Int. J. Mol. Sci. 2018, 19, 1827 14 of 25

12. Umemoto, E.; Hayasaka, H.; Bai, Z.; Cai, L.; Yonekura, S.; Peng, X.; Takeda, A.; Tohya, K.; Miyasaka, M.
Novel regulators of lymphocyte trafficking across high endothelial venules. Crit. Rev. Immunol. 2011, 31,
147–169. [CrossRef] [PubMed]

13. Dusaulcy, R.; Rancoule, C.; Grès, S.; Wanecq, E.; Colom, A.; Guigné, C.; van Meeteren, L.A.; Moolenaar, W.H.;
Valet, P.; Saulnier-Blache, J.S. Adipose-specific disruption of autotaxin enhances nutritional fattening and
reduces plasma lysophosphatidic acid. J. Lipid Res. 2011, 52, 1247–1255. [CrossRef] [PubMed]

14. Hausmann, J.; Kamtekar, S.; Christodoulou, E.; Day, J.E.; Wu, T.; Fulkerson, Z.; Albers, H.M.H.G.; van
Meeteren, L.A.; Houben, A.J.S.; van Zeijl, L.; et al. Structural basis of substrate discrimination and integrin
binding by autotaxin. Nat. Struct. Mol. Biol. 2011, 18, 198–204. [CrossRef] [PubMed]

15. Nishimasu, H.; Okudaira, S.; Hama, K.; Mihara, E.; Dohmae, N.; Inoue, A.; Ishitani, R.; Takagi, J.; Aoki, J.;
Nureki, O. Crystal structure of autotaxin and insight into GPCR activation by lipid mediators. Nat. Struct.
Mol. Biol. 2011, 18, 205–212. [CrossRef] [PubMed]

16. Stracke, M.L.; Krutzsch, H.C.; Unsworth, E.J.; Arestad, A.; Cioce, V.; Schiffmann, E.; Liotta, L.A. Identification,
purification, and partial sequence analysis of autotaxin, a novel motility-stimulating protein. J. Biol. Chem.
1992, 267, 2524–2529. [PubMed]

17. Jansen, S.; Stefan, C.; Creemers, J.W.M.; Waelkens, E.; Van Eynde, A.; Stalmans, W.; Bollen, M. Proteolytic
maturation and activation of autotaxin (NPP2), a secreted metastasis-enhancing lysophospholipase D.
J. Cell Sci. 2005, 118, 3081–3089. [CrossRef] [PubMed]

18. Koike, S.; Keino-Masu, K.; Ohto, T.; Masu, M. The N-terminal hydrophobic sequence of autotaxin (ENPP2)
functions as a signal peptide. Genes Cells 2006, 11, 133–142. [CrossRef] [PubMed]

19. Perrakis, A.; Moolenaar, W.H. Autotaxin: Structure-function and signaling. J. Lipid Res. 2014, 55, 1010–1018.
[CrossRef] [PubMed]

20. Jansen, S.; Andries, M.; Vekemans, K.; Vanbilloen, H.; Verbruggen, A.; Bollen, M. Rapid clearance of
the circulating metastatic factor autotaxin by the scavenger receptors of liver sinusoidal endothelial cells.
Cancer Lett. 2009, 284, 216–221. [CrossRef] [PubMed]

21. Aikawa, S.; Hashimoto, T.; Kano, K.; Aoki, J. Lysophosphatidic acid as a lipid mediator with multiple
biological actions. J. Biochem. 2015, 157, 81–89. [CrossRef] [PubMed]

22. Tokumura, A. A Family of Phospholipid Autacoids: Occurrence, Metabolism and Bioactions. Pergamon Prog.
Lipid Res. 1995, 34, 151–184. [CrossRef]

23. Aoki, J. Mechanisms of lysophosphatidic acid production. Semin. Cell Dev. Biol. 2004, 15, 477–489. [CrossRef]
[PubMed]

24. Sugiura, T.; Nakane, S.; Kishimoto, S.; Waku, K.; Yoshioka, Y.; Tokumura, A.; Hanahan, D.J. Occurrence
of lysophosphatidic acid and its alkyl ether-linked analog in rat brain and comparison of their biological
activities toward cultured neural cells. Biochim. Biophys. Acta 1999, 1440, 194–204. [CrossRef]

25. Sano, T.; Baker, D.; Virag, T.; Wada, A.; Yatomi, Y.; Kobayashi, T.; Igarashi, Y.; Tigyi, G. Multiple Mechanisms
Linked to Platelet Activation Result in Lysophosphatidic Acid and Sphingosine 1-Phosphate Generation in
Blood. J. Biol. Chem. 2002, 277, 21197–21206. [CrossRef] [PubMed]

26. Anliker, B.; Choi, J.W.; Lin, M.-E.; Gardell, S.E.; Rivera, R.R.; Kennedy, G.; Chun, J. Lysophosphatidic acid
(LPA) and its receptor, LPA1, influence embryonic schwann cell migration, myelination, and cell-to-axon
segregation. Glia 2013, 61, 2009–2022. [CrossRef] [PubMed]

27. Fukushima, N.; Weiner, J.A.; Kaushal, D.; Contos, J.J.A.; Rehen, S.K.; Kingsbury, M.A.; Kim, K.Y.; Chun, J.
Lysophosphatidic acid influences the morphology and motility of young, postmitotic cortical neurons.
Mol. Cell. Neurosci. 2002, 20, 271–282. [CrossRef] [PubMed]

28. Yung, Y.C.; Stoddard, N.C.; Chun, J. LPA receptor signaling: Pharmacology, physiology, and pathophysiology.
J. Lipid Res. 2014, 55, 1192–1214. [CrossRef] [PubMed]

29. Jesionowska, A.; Cecerska, E.; Dolegowska, B. Methods for quantifying lysophosphatidic acid in body fluids:
A review. Anal. Biochem. 2014, 453, 38–43. [CrossRef] [PubMed]

30. Pagès, C.; Simon, M.F.; Valet, P.; Saulnier-Blache, J.S. Lysophosphatidic acid synthesis and release.
Prostaglandins Other Lipid Mediat. 2001, 64, 1–10. [CrossRef]

31. Tokumura, A.; Fukuzawa, K.; Tsukatani, H. Effects of synthetic and natural lysophosphatidic acids on the
arterial blood pressure of different animal species. Lipids 1978, 13, 572–574. [CrossRef] [PubMed]

http://dx.doi.org/10.1615/CritRevImmunol.v31.i2.40
http://www.ncbi.nlm.nih.gov/pubmed/21542791
http://dx.doi.org/10.1194/jlr.M014985
http://www.ncbi.nlm.nih.gov/pubmed/21421848
http://dx.doi.org/10.1038/nsmb.1980
http://www.ncbi.nlm.nih.gov/pubmed/21240271
http://dx.doi.org/10.1038/nsmb.1998
http://www.ncbi.nlm.nih.gov/pubmed/21240269
http://www.ncbi.nlm.nih.gov/pubmed/1733949
http://dx.doi.org/10.1242/jcs.02438
http://www.ncbi.nlm.nih.gov/pubmed/15985467
http://dx.doi.org/10.1111/j.1365-2443.2006.00924.x
http://www.ncbi.nlm.nih.gov/pubmed/16436050
http://dx.doi.org/10.1194/jlr.R046391
http://www.ncbi.nlm.nih.gov/pubmed/24548887
http://dx.doi.org/10.1016/j.canlet.2009.04.029
http://www.ncbi.nlm.nih.gov/pubmed/19482419
http://dx.doi.org/10.1093/jb/mvu077
http://www.ncbi.nlm.nih.gov/pubmed/25500504
http://dx.doi.org/10.1016/0163-7827(95)00001-G
http://dx.doi.org/10.1016/j.semcdb.2004.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15271293
http://dx.doi.org/10.1016/S1388-1981(99)00127-4
http://dx.doi.org/10.1074/jbc.M201289200
http://www.ncbi.nlm.nih.gov/pubmed/11929870
http://dx.doi.org/10.1002/glia.22572
http://www.ncbi.nlm.nih.gov/pubmed/24115248
http://dx.doi.org/10.1006/mcne.2002.1123
http://www.ncbi.nlm.nih.gov/pubmed/12093159
http://dx.doi.org/10.1194/jlr.R046458
http://www.ncbi.nlm.nih.gov/pubmed/24643338
http://dx.doi.org/10.1016/j.ab.2014.02.021
http://www.ncbi.nlm.nih.gov/pubmed/24613261
http://dx.doi.org/10.1016/S0090-6980(01)00110-1
http://dx.doi.org/10.1007/BF02533598
http://www.ncbi.nlm.nih.gov/pubmed/703535


Int. J. Mol. Sci. 2018, 19, 1827 15 of 25

32. Van Corven, E.J.; Groenink, A.; Jalink, K.; Eichholtz, T.; Moolenaar, W.H. Lysophosphatidate-induced cell
proliferation: Identification and dissection of signaling pathways mediated by G proteins. Cell 1989, 59,
45–54. [CrossRef]

33. Ishii, I.; Fukushima, N.; Ye, X.; Chun, J. Lysophospholipid Receptors: Signaling and Biology. Annu. Rev.
Biochem. 2004, 73, 321–354. [CrossRef] [PubMed]

34. Choi, J.W.; Lee, C.-W.; Chun, J. Biological roles of lysophospholipid receptors revealed by genetic null mice:
An update. Biochim. Biophys. Acta 2008. [CrossRef] [PubMed]

35. Choi, J.W.; Chun, J. Lysophospholipids and their receptors in the central nervous system. Biochim. Biophys.
Acta Mol. Cell Biol. Lipids 2013, 1831, 20–32. [CrossRef] [PubMed]

36. Teo, S.T.; Yung, Y.C.; Herr, D.R.; Chun, J. Lysophosphatidic acid in vascular development and disease.
IUBMB Life 2009, 61, 791–799. [CrossRef] [PubMed]

37. Yung, Y.C.; Stoddard, N.C.; Mirendil, H.; Chun, J. Lysophosphatidic Acid Signaling in the Nervous System.
Neuron 2015, 85, 669–682. [CrossRef] [PubMed]

38. Knowlden, S.; Georas, S.N. The autotaxin-LPA axis emerges as a novel regulator of lymphocyte homing and
inflammation. J. Immunol. 2014, 192, 851–857. [CrossRef] [PubMed]

39. Ye, X.; Chun, J. Lysophosphatidic acid (LPA) signaling in vertebrate reproduction. Trends Endocrinol. Metab.
2010, 21, 17–24. [CrossRef] [PubMed]

40. Sims, S.M.; Panupinthu, N.; Lapierre, D.M.; Pereverzev, A.; Dixon, S.J. Lysophosphatidic acid: A potential
mediator of osteoblast–osteoclast signaling in bone. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2013, 1831,
109–116. [CrossRef] [PubMed]

41. Chun, J.; Hartung, H.-P. Mechanism of Action of Oral Fingolimod (FTY720) in Multiple Sclerosis.
Clin. Neuropharmacol. 2010, 33, 91–101. [CrossRef] [PubMed]

42. Frisca, F.; Sabbadini, R.A.; Goldshmit, Y.; Pébay, A. Biological Effects of Lysophosphatidic Acid in the
Nervous System. Int. Rev. Cell Mol. Biol. 2012, 296, 273–322. [PubMed]

43. Lin, M.-E.; Herr, D.R.; Chun, J. Lysophosphatidic acid (LPA) receptors: Signaling properties and disease
relevance. Prostaglandins Other Lipid Mediat. 2010, 91, 130–138. [CrossRef] [PubMed]

44. Sotiropoulos, A.; Gineitis, D.; Copeland, J.; Treisman, R. Signal-regulated activation of serum response factor
is mediated by changes in actin dynamics. Cell 1999, 98, 159–169. [CrossRef]

45. Kim, J.H.; Adelstein, R.S. LPA1-induced migration requires nonmuscle myosin II light chain phosphorylation
in breast cancer cells. J. Cell. Physiol. 2011, 226, 2881–2893. [CrossRef] [PubMed]

46. Jeong, K.J.; Park, S.Y.; Cho, K.H.; Sohn, J.S.; Lee, J.; Kim, Y.K.; Kang, J.; Park, C.G.; Han, J.W.; Lee, H.Y.
The Rho/ROCK pathway for lysophosphatidic acid-induced proteolytic enzyme expression and ovarian
cancer cell invasion. Oncogene 2012, 31, 4279–4289. [CrossRef] [PubMed]

47. Lu, W.-Y.; Xiong, Z.-G.; Lei, S.; Orser, B.A.; Dudek, E.; Browning, M.D.; MacDonald, J.F. G-protein-coupled
receptors act via protein kinase C and Src to regulate NMDA receptors. Nat. Neurosci. 1999, 2, 331–338.
[CrossRef] [PubMed]

48. Jongsma, M.; Matas-Rico, E.; Rzadkowski, A.; Jalink, K.; Moolenaar, W.H. LPA Is a Chemorepellent for B16
Melanoma Cells: Action through the cAMP-Elevating LPA5 Receptor. PLoS ONE 2011, 6, e29260. [CrossRef]
[PubMed]

49. Kranenburg, O.; Moolenaar, W.H. Ras-MAP kinase signaling by lysophosphatidic acid and other G
protein-coupled receptor agonists. Oncogene 2001, 20, 1540–1546. [CrossRef] [PubMed]

50. Jiménez, C.; Portela, R.A.; Mellado, M.; Rodríguez-Frade, J.M.; Collard, J.; Serrano, A.; Martínez-A, C.;
Avila, J.; Carrera, A.C. Role of the PI3K regulatory subunit in the control of actin organization and cell
migration. J. Cell Biol. 2000, 151, 249–262. [CrossRef] [PubMed]

51. Kang, Y.-C.; Kim, K.-M.; Lee, K.-S.; Namkoong, S.; Lee, S.-J.; Han, J.-A.; Jeoung, D.; Ha, K.-S.; Kwon, Y.-G.;
Kim, Y.-M. Serum bioactive lysophospholipids prevent TRAIL-induced apoptosis via PI3K/Akt-dependent
cFLIP expression and Bad phosphorylation. Cell Death Differ. 2004, 11, 1287–1298. [CrossRef] [PubMed]

52. Ye, X.; Fukushima, N.; Kingsbury, M.A.; Chun, J. Lysophosphatidic acid in neural signaling. Neuroreport
2002, 13, 2169–2175. [CrossRef] [PubMed]

53. Fukushima, N.; Ishii, I.; Contos, J.J.; Weiner, J.A.; Chun, J. L Ysophospholipid R Eceptors. Annu. Rev.
Pharmacol. Toxicol. 2001, 41, 507–534. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0092-8674(89)90868-4
http://dx.doi.org/10.1146/annurev.biochem.73.011303.073731
http://www.ncbi.nlm.nih.gov/pubmed/15189145
http://dx.doi.org/10.1016/j.bbalip.2008.03.004
http://www.ncbi.nlm.nih.gov/pubmed/18407842
http://dx.doi.org/10.1016/j.bbalip.2012.07.015
http://www.ncbi.nlm.nih.gov/pubmed/22884303
http://dx.doi.org/10.1002/iub.220
http://www.ncbi.nlm.nih.gov/pubmed/19621353
http://dx.doi.org/10.1016/j.neuron.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25695267
http://dx.doi.org/10.4049/jimmunol.1302831
http://www.ncbi.nlm.nih.gov/pubmed/24443508
http://dx.doi.org/10.1016/j.tem.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19836970
http://dx.doi.org/10.1016/j.bbalip.2012.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22892679
http://dx.doi.org/10.1097/WNF.0b013e3181cbf825
http://www.ncbi.nlm.nih.gov/pubmed/20061941
http://www.ncbi.nlm.nih.gov/pubmed/22559941
http://dx.doi.org/10.1016/j.prostaglandins.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20331961
http://dx.doi.org/10.1016/S0092-8674(00)81011-9
http://dx.doi.org/10.1002/jcp.22631
http://www.ncbi.nlm.nih.gov/pubmed/21302283
http://dx.doi.org/10.1038/onc.2011.595
http://www.ncbi.nlm.nih.gov/pubmed/22249252
http://dx.doi.org/10.1038/7243
http://www.ncbi.nlm.nih.gov/pubmed/10204539
http://dx.doi.org/10.1371/journal.pone.0029260
http://www.ncbi.nlm.nih.gov/pubmed/22195035
http://dx.doi.org/10.1038/sj.onc.1204187
http://www.ncbi.nlm.nih.gov/pubmed/11313900
http://dx.doi.org/10.1083/jcb.151.2.249
http://www.ncbi.nlm.nih.gov/pubmed/11038173
http://dx.doi.org/10.1038/sj.cdd.4401489
http://www.ncbi.nlm.nih.gov/pubmed/15297884
http://dx.doi.org/10.1097/00001756-200212030-00002
http://www.ncbi.nlm.nih.gov/pubmed/12488791
http://dx.doi.org/10.1146/annurev.pharmtox.41.1.507
http://www.ncbi.nlm.nih.gov/pubmed/11264467


Int. J. Mol. Sci. 2018, 19, 1827 16 of 25

54. Contos, J.J.A.; Ishii, I.; Fukushima, N.; Kingsbury, M.A.; Ye, X.; Kawamura, S.; Brown, J.H.; Chun, J.
Characterization of lpa(2) (Edg4) and lpa(1)/lpa(2) (Edg2/Edg4) lysophosphatidic acid receptor knockout
mice: Signaling deficits without obvious phenotypic abnormality attributable to lpa(2). Mol. Cell. Biol. 2002,
22, 6921–6929. [CrossRef] [PubMed]

55. Ye, X.; Hama, K.; Contos, J.J.A.; Anliker, B.; Inoue, A.; Skinner, M.K.; Suzuki, H.; Amano, T.; Kennedy, G.;
Arai, H.; et al. LPA3-mediated lysophosphatidic acid signalling in embryo implantation and spacing. Nature
2005, 435, 104–108. [CrossRef] [PubMed]

56. Chun, J. Lysophospholipid Receptors: Signaling and Biochemistry; Wiley: Hoboken, NJ, USA, 2013;
ISBN 9780470569054.

57. Lee, Z.; Cheng, C.-T.; Zhang, H.; Subler, M.A.; Wu, J.; Mukherjee, A.; Windle, J.J.; Chen, C.-K.; Fang, X. Role
of LPA4/p2y9/GPR23 in Negative Regulation of Cell Motility. Mol. Biol. Cell 2008, 19, 5435–5445. [CrossRef]
[PubMed]

58. Lundequist, A.; Boyce, J.A. LPA5 Is Abundantly Expressed by Human Mast Cells and Important for
Lysophosphatidic Acid Induced MIP-1β Release. PLoS ONE 2011, 6, e18192. [CrossRef] [PubMed]

59. Azeem, Z.; Jelani, M.; Naz, G.; Tariq, M.; Wasif, N.; Kamran-ul-Hassan Naqvi, S.; Ayub, M.; Yasinzai, M.;
Amin-ud-din, M.; Wali, A.; et al. Novel mutations in G protein-coupled receptor gene (P2RY5) in families
with autosomal recessive hypotrichosis (LAH3). Hum. Genet. 2008, 123, 515–519. [CrossRef] [PubMed]

60. Pasternack, S.M.; von Kügelgen, I.; Aboud, K.A.; Lee, Y.-A.; Rüschendorf, F.; Voss, K.; Hillmer, A.M.;
Molderings, G.J.; Franz, T.; Ramirez, A.; Nürnberg, P.; et al. G protein–coupled receptor P2Y5 and its ligand
LPA are involved in maintenance of human hair growth. Nat. Genet. 2008, 40, 329–334. [CrossRef] [PubMed]

61. Petukhova, L.; Sousa, E.C.; Martinez-Mir, A.; Vitebsky, A.; dos Santos, L.G.; Shapiro, L.; Haynes, C.;
Gordon, D.; Shimomura, Y.; Christiano, A.M. Genome-wide linkage analysis of an autosomal recessive
hypotrichosis identifies a novel P2RY5 mutation. Genomics 2008, 92, 273–278. [CrossRef] [PubMed]

62. Dubin, A.E.; Herr, D.R.; Chun, J. Diversity of lysophosphatidic acid receptor-mediated intracellular calcium
signaling in early cortical neurogenesis. J. Neurosci. 2010, 30, 7300–7309. [CrossRef] [PubMed]

63. Fukushima, N.; Shano, S.; Moriyama, R.; Chun, J. Lysophosphatidic acid stimulates neuronal differentiation
of cortical neuroblasts through the LPA 1–G i/o pathway. Neurochem. Int. 2007, 50, 302–307. [CrossRef]
[PubMed]

64. Kingsbury, M.A.; Rehen, S.K.; Contos, J.J.A.; Higgins, C.M.; Chun, J. Non-proliferative effects of
lysophosphatidic acid enhance cortical growth and folding. Nat. Neurosci. 2003, 6, 1292–1299. [CrossRef]
[PubMed]

65. Dubin, A.E.; Bahnson, T.; Weiner, J.A.; Fukushima, N.; Chun, J. Lysophosphatidic acid stimulates
neurotransmitter-like conductance changes that precede GABA and L-glutamate in early, presumptive
cortical neuroblasts. J. Neurosci. 1999, 19, 1371–1381. [CrossRef] [PubMed]

66. Fukushima, N.; Ishii, I.; Habara, Y.; Allen, C.B.; Chun, J. Dual Regulation of Actin Rearrangement through
Lysophosphatidic Acid Receptor in Neuroblast Cell Lines: Actin Depolymerization by Ca2+-alpha-Actinin
and Polymerization by Rho. Mol. Biol. Cell 2002, 13, 2692–2705. [CrossRef] [PubMed]

67. Hecht, J.H.; Weiner, J.A.; Post, S.R.; Chun, J. Ventricular zone gene-1 (vzg-1) encodes a lysophosphatidic acid
receptor expressed in neurogenic regions of the developing cerebral cortex. J. Cell Biol. 1996, 135, 1071–1083.
[CrossRef] [PubMed]

68. Furuta, D.; Yamane, M.; Tsujiuchi, T.; Moriyama, R.; Fukushima, N. Lysophosphatidic acid induces neurite
branch formation through LPA3. Mol. Cell. Neurosci. 2012, 50, 21–34. [CrossRef] [PubMed]

69. Yamane, M.; Furuta, D.; Fukushima, N. Lysophosphatidic acid influences initial neuronal polarity
establishment. Neurosci. Lett. 2010, 480, 154–157. [CrossRef] [PubMed]

70. Choi, J.W.; Herr, D.R.; Noguchi, K.; Yung, Y.C.; Lee, C.-W.; Mutoh, T.; Lin, M.-E.; Teo, S.T.; Park, K.E.;
Mosley, A.N.; et al. LPA Receptors: Subtypes and Biological Actions. Annu. Rev. Pharmacol. Toxicol. 2010, 50,
157–186. [CrossRef] [PubMed]

71. Herr, D.R.; Chun, J. Effects of LPA and S1P on the nervous system and implications for their involvement in
disease. Curr. Drug Targets 2007, 8, 155–167. [CrossRef] [PubMed]

72. Noguchi, K.; Herr, D.; Mutoh, T.; Chun, J. Lysophosphatidic acid (LPA) and its receptors. Curr. Opin.
Pharmacol. 2009, 9, 15–23. [CrossRef] [PubMed]

73. Pilpel, Y.; Segal, M. The role of LPA1 in formation of synapses among cultured hippocampal neurons.
J. Neurochem. 2006, 97, 1379–1392. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/MCB.22.19.6921-6929.2002
http://www.ncbi.nlm.nih.gov/pubmed/12215548
http://dx.doi.org/10.1038/nature03505
http://www.ncbi.nlm.nih.gov/pubmed/15875025
http://dx.doi.org/10.1091/mbc.e08-03-0316
http://www.ncbi.nlm.nih.gov/pubmed/18843048
http://dx.doi.org/10.1371/journal.pone.0018192
http://www.ncbi.nlm.nih.gov/pubmed/21464938
http://dx.doi.org/10.1007/s00439-008-0507-7
http://www.ncbi.nlm.nih.gov/pubmed/18461368
http://dx.doi.org/10.1038/ng.84
http://www.ncbi.nlm.nih.gov/pubmed/18297070
http://dx.doi.org/10.1016/j.ygeno.2008.06.009
http://www.ncbi.nlm.nih.gov/pubmed/18692127
http://dx.doi.org/10.1523/JNEUROSCI.6151-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20505096
http://dx.doi.org/10.1016/j.neuint.2006.09.008
http://www.ncbi.nlm.nih.gov/pubmed/17056154
http://dx.doi.org/10.1038/nn1157
http://www.ncbi.nlm.nih.gov/pubmed/14625558
http://dx.doi.org/10.1523/JNEUROSCI.19-04-01371.1999
http://www.ncbi.nlm.nih.gov/pubmed/9952414
http://dx.doi.org/10.1091/mbc.01-09-0465
http://www.ncbi.nlm.nih.gov/pubmed/12181339
http://dx.doi.org/10.1083/jcb.135.4.1071
http://www.ncbi.nlm.nih.gov/pubmed/8922387
http://dx.doi.org/10.1016/j.mcn.2012.03.006
http://www.ncbi.nlm.nih.gov/pubmed/22465231
http://dx.doi.org/10.1016/j.neulet.2010.06.031
http://www.ncbi.nlm.nih.gov/pubmed/20561563
http://dx.doi.org/10.1146/annurev.pharmtox.010909.105753
http://www.ncbi.nlm.nih.gov/pubmed/20055701
http://dx.doi.org/10.2174/138945007779315669
http://www.ncbi.nlm.nih.gov/pubmed/17266539
http://dx.doi.org/10.1016/j.coph.2008.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19119080
http://dx.doi.org/10.1111/j.1471-4159.2006.03825.x
http://www.ncbi.nlm.nih.gov/pubmed/16638019


Int. J. Mol. Sci. 2018, 19, 1827 17 of 25

74. Ueda, H. Recent advances in understanding of various chronic pain mechanisms through lysophosphatidic
acid (LPA) receptor signaling. Arthritis Res. Ther. 2012, 14, O6. [CrossRef]

75. Contos, J.J.A.; Fukushima, N.; Weiner, J.A.; Kaushal, D.; Chun, J. Requirement for the lpA1 lysophosphatidic
acid receptor gene in normal suckling behavior. Proc. Natl. Acad. Sci. USA 2000, 97, 13384–13389. [CrossRef]
[PubMed]

76. Goldin, M.; Segal, M. Protein kinase C and ERK involvement in dendritic spine plasticity in cultured rodent
hippocampal neurons. Eur. J. Neurosci. 2003, 17, 2529–2539. [CrossRef] [PubMed]

77. Pilpel, Y.; Segal, M. Activation of PKC induces rapid morphological plasticity in dendrites of hippocampal
neurons via Rac and Rho-dependent mechanisms. Eur. J. Neurosci. 2004, 19, 3151–3164. [CrossRef] [PubMed]

78. Steiner, M.R.; Holtsberg, F.W.; Keller, J.N.; Mattson, M.P.; Steiner, S.M. Lysophosphatidic acid induction of
neuronal apoptosis and necrosis. Ann. N. Y. Acad. Sci. 2000, 905, 132–141. [CrossRef] [PubMed]

79. García-Morales, V.; Montero, F.; González-Forero, D.; Rodríguez-Bey, G.; Gómez-Pérez, L.;
Medialdea-Wandossell, M.J.; Domínguez-Vías, G.; García-Verdugo, J.M.; Moreno-López, B. Membrane-Derived
Phospholipids Control Synaptic Neurotransmission and Plasticity. PLOS Biol. 2015, 13, e1002153. [CrossRef]
[PubMed]

80. Robinson, R. One Lipid, Two Synaptic Plasticity Pathways. PLOS Biol. 2015, 13, e1002154. [CrossRef]
[PubMed]

81. Shiono, S.; Kawamoto, K.; Yoshida, N.; Kondo, T.; Inagami, T. Neurotransmitter Release from
Lysophosphatidic Acid-Stimulated PC12 Cells: Involvement of Lysophosphatidic Acid Receptors.
Biochem. Biophys. Res. Commun. 1993, 193, 667–673. [CrossRef] [PubMed]

82. Tabuchi, S.; Kume, K.; Aihara, M.; Shimizu, T. Expression of Lysophosphatidic Acid Receptor in Rat
Astrocytes: Mitogenic Effect and Expression of Neurotrophic Genes. Neurochem. Res. 2000, 25, 573–582.
[CrossRef] [PubMed]

83. Weiner, J.A.; Fukushima, N.; Contos, J.J.; Scherer, S.S.; Chun, J. Regulation of Schwann cell morphology and
adhesion by receptor-mediated lysophosphatidic acid signaling. J. Neurosci. 2001, 21, 7069–7078. [CrossRef]
[PubMed]

84. Cervera, P.; Tirard, M.; Barron, S.; Allard, J.; Trottier, S.; Lacombe, J.; Daumas-Duport, C.; Sokoloff, P.
Immunohistological localization of the myelinating cell-specific receptor LPA1. Glia 2002, 38, 126–136.
[CrossRef] [PubMed]

85. Shano, S.; Moriyama, R.; Chun, J.; Fukushima, N. Lysophosphatidic acid stimulates astrocyte proliferation
through LPA1. Neurochem. Int. 2008, 52, 216–220. [CrossRef] [PubMed]

86. De Sampaio e Spohr, T.C.L.; Dezonne, R.S.; Rehen, S.K.; Gomes, F.C.A. Astrocytes treated by lysophosphatidic
acid induce axonal outgrowth of cortical progenitors through extracellular matrix protein and epidermal
growth factor signaling pathway. J. Neurochem. 2011, 119, 113–123. [CrossRef] [PubMed]

87. Spohr, T.C.; Choi, J.W.; Gardell, S.E.; Herr, D.R.; Rehen, S.K.; Gomes, F.C.A.; Chun, J. Lysophosphatidic Acid
Receptor-dependent Secondary Effects via Astrocytes Promote Neuronal Differentiation. J. Biol. Chem. 2008,
283, 7470–7479. [CrossRef] [PubMed]

88. Rao, T.S.; Lariosa-Willingham, K.D.; Lin, F.-F.; Palfreyman, E.L.; Yu, N.; Chun, J.; Webb, M. Pharmacological
characterization of lysophospholipid receptor signal transduction pathways in rat cerebrocortical astrocytes.
Brain Res. 2003, 990, 182–194. [CrossRef]

89. Sorensen, S.D.; Nicole, O.; Peavy, R.D.; Montoya, L.M.; Lee, C.J.; Murphy, T.J.; Traynelis, S.F.; Hepler, J.R.
Common Signaling Pathways Link Activation of Murine PAR-1, LPA, and S1P Receptors to Proliferation of
Astrocytes. Mol. Pharmacol. 2003, 64, 1199–1209. [CrossRef] [PubMed]

90. Keller, J.N.; Steiner, M.R.; Holtsberg, F.W.; Mattson, M.P.; Steiner, S.M. Lysophosphatidic acid-induced
proliferation-related signals in astrocytes. J. Neurochem. 1997, 69, 1073–1084. [CrossRef] [PubMed]

91. Keller, J.N.; Steiner, M.R.; Mattson, M.P.; Steiner, S.M. Lysophosphatidic acid decreases glutamate and
glucose uptake by astrocytes. J. Neurochem. 1996, 67, 2300–2305. [CrossRef] [PubMed]

92. Sato, K.; Horiuchi, Y.; Jin, Y.; Malchinkhuu, E.; Komachi, M.; Kondo, T.; Okajima, F. Unmasking of LPA1
receptor-mediated migration response to lysophosphatidic acid by interleukin-1β-induced attenuation of
Rho signaling pathways in rat astrocytes. J. Neurochem. 2011, 117, 164–174. [CrossRef] [PubMed]

93. Kettenmann, H.; Kirchhoff, F.; Verkhratsky, A. Microglia: New Roles for the Synaptic Stripper. Neuron 2013,
77, 10–18. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/AR3561
http://dx.doi.org/10.1073/pnas.97.24.13384
http://www.ncbi.nlm.nih.gov/pubmed/11087877
http://dx.doi.org/10.1046/j.1460-9568.2003.02694.x
http://www.ncbi.nlm.nih.gov/pubmed/12823460
http://dx.doi.org/10.1111/j.0953-816X.2004.03380.x
http://www.ncbi.nlm.nih.gov/pubmed/15217371
http://dx.doi.org/10.1111/j.1749-6632.2000.tb06545.x
http://www.ncbi.nlm.nih.gov/pubmed/10818449
http://dx.doi.org/10.1371/journal.pbio.1002153
http://www.ncbi.nlm.nih.gov/pubmed/25996636
http://dx.doi.org/10.1371/journal.pbio.1002154
http://www.ncbi.nlm.nih.gov/pubmed/25996800
http://dx.doi.org/10.1006/bbrc.1993.1676
http://www.ncbi.nlm.nih.gov/pubmed/8390248
http://dx.doi.org/10.1023/A:1007542532395
http://www.ncbi.nlm.nih.gov/pubmed/10905618
http://dx.doi.org/10.1523/JNEUROSCI.21-18-07069.2001
http://www.ncbi.nlm.nih.gov/pubmed/11549717
http://dx.doi.org/10.1002/glia.10054
http://www.ncbi.nlm.nih.gov/pubmed/11948806
http://dx.doi.org/10.1016/j.neuint.2007.07.004
http://www.ncbi.nlm.nih.gov/pubmed/17692995
http://dx.doi.org/10.1111/j.1471-4159.2011.07421.x
http://www.ncbi.nlm.nih.gov/pubmed/21834854
http://dx.doi.org/10.1074/jbc.M707758200
http://www.ncbi.nlm.nih.gov/pubmed/18198181
http://dx.doi.org/10.1016/S0006-8993(03)03527-3
http://dx.doi.org/10.1124/mol.64.5.1199
http://www.ncbi.nlm.nih.gov/pubmed/14573770
http://dx.doi.org/10.1046/j.1471-4159.1997.69031073.x
http://www.ncbi.nlm.nih.gov/pubmed/9282930
http://dx.doi.org/10.1046/j.1471-4159.1996.67062300.x
http://www.ncbi.nlm.nih.gov/pubmed/8931461
http://dx.doi.org/10.1111/j.1471-4159.2011.07188.x
http://www.ncbi.nlm.nih.gov/pubmed/21244430
http://dx.doi.org/10.1016/j.neuron.2012.12.023
http://www.ncbi.nlm.nih.gov/pubmed/23312512


Int. J. Mol. Sci. 2018, 19, 1827 18 of 25

94. Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting Microglial Cells Are Highly Dynamic Surveillants of
Brain Parenchyma in Vivo. Science (80-.). 2005, 308, 1314–1318. [CrossRef] [PubMed]

95. Du, L.; Zhang, Y.; Chen, Y.; Zhu, J.; Yang, Y.; Zhang, H.-L. Role of Microglia in Neurological Disorders and
Their Potentials as a Therapeutic Target. Mol. Neurobiol. 2017, 54, 7567–7584. [CrossRef] [PubMed]

96. Lucin, K.M.; Wyss-Coray, T. Immune Activation in Brain Aging and Neurodegeneration: Too Much or Too
Little? Neuron 2009, 64, 110–122. [CrossRef] [PubMed]

97. Yu, N.; Lariosa-Willingham, K.D.; Lin, F.-F.; Webb, M.; Rao, T.S. Characterization of lysophosphatidic acid
and sphingosine-1-phosphate-mediated signal transduction in rat cortical oligodendrocytes. Glia 2004, 45,
17–27. [CrossRef] [PubMed]

98. Pébay, A.; Torrens, Y.; Toutant, M.; Cordier, J.; Glowinski, J.; Tencé, M. Pleiotropic effects of lysophosphatidic
acid on striatal astrocytes. Glia 1999, 28, 25–33. [CrossRef]

99. Möller, T.; Contos, J.J.; Musante, D.B.; Chun, J.; Ransom, B.R. Expression and Function of Lysophosphatidic
Acid Receptors in Cultured Rodent Microglial Cells. J. Biol. Chem. 2001, 276, 25946–25952. [CrossRef]
[PubMed]

100. Bernhart, E.; Kollroser, M.; Rechberger, G.; Reicher, H.; Heinemann, A.; Schratl, P.; Hallström, S.;
Wintersperger, A.; Nusshold, C.; DeVaney, T.; et al. Lysophosphatidic acid receptor activation affects the
C13NJ microglia cell line proteome leading to alterations in glycolysis, motility, and cytoskeletal architecture.
Proteomics 2010, 10, 141–158. [CrossRef] [PubMed]

101. Schilling, T.; Repp, H.; Richter, H.; Koschinski, A.; Heinemann, U.; Dreyer, F.; Eder, C. Lysophospholipids
induce membrane hyperpolarization in microglia by activation of IKCa1 Ca(2+)-dependent K(+) channels.
Neuroscience 2002, 109, 827–835. [CrossRef]

102. Schilling, T.; Stock, C.; Schwab, A.; Eder, C. Functional importance of Ca2+-activated K+ channels for
lysophosphatidic acid-induced microglial migration. Eur. J. Neurosci. 2004, 19, 1469–1474. [CrossRef]
[PubMed]

103. Awada, R.; Rondeau, P.; Grès, S.; Saulnier-Blache, J.S.; Lefebvre d’Hellencourt, C.; Bourdon, E. Autotaxin
protects microglial cells against oxidative stress. Free Radic. Biol. Med. 2012, 52, 516–526. [CrossRef]
[PubMed]

104. Awada, R.; Saulnier-Blache, J.S.; Grès, S.; Bourdon, E.; Rondeau, P.; Parimisetty, A.; Orihuela, R.; Harry, G.J.;
d’Hellencourt, C.L. Autotaxin downregulates LPS-induced microglia activation and pro-inflammatory
cytokines production. J. Cell. Biochem. 2014, 115, 2123–2132. [CrossRef] [PubMed]

105. Wille, C.; Seufferlein, T.; Eiseler, T. Protein Kinase D family kinases. Bioarchitecture 2014, 4, 111–115. [CrossRef]
[PubMed]

106. Rozengurt, E. Protein Kinase D Signaling: Multiple Biological Functions in Health and Disease. Physiology
2011, 26, 23–33. [CrossRef] [PubMed]

107. Chiu, T.T.; Leung, W.Y.; Moyer, M.P.; Strieter, R.M.; Rozengurt, E. Protein kinase D2 mediates
lysophosphatidic acid-induced interleukin 8 production in nontransformed human colonic epithelial cells
through NF-κB. Am. J. Physiol. Physiol. 2007, 292, C767–C777. [CrossRef] [PubMed]

108. Storz, P.; Döppler, H.; Toker, A. Protein kinase Cdelta selectively regulates protein kinase D-dependent
activation of NF-kappaB in oxidative stress signaling. Mol. Cell. Biol. 2004, 24, 2614–2626. [CrossRef]
[PubMed]

109. Popiolek-Barczyk, K.; Mika, J. Targeting the Microglial Signaling Pathways: New Insights in the Modulation
of Neuropathic Pain. Curr. Med. Chem. 2016, 23, 2908–2928. [CrossRef] [PubMed]

110. Fan, Y.; Xie, L.; Chung, C.Y. Signaling Pathways Controlling Microglia Chemotaxis. Mol. Cells 2017, 40,
163–168. [CrossRef] [PubMed]

111. Weiner, J.A.; Hecht, J.H.; Chun, J. Lysophosphatidic Acid Receptor Gene vzg-1/lp A1 /edg-2 Is Expressed
by Mature Oligodendrocytes During Myelination in the Postnatal Murine Brain. J. Comp. Neurol 1998, 398,
587–598. [CrossRef]

112. Möller, T.; Musante, D.B.; Ransom, B.R. Lysophosphatidic acid-induced calcium signals in cultured rat
oligodendrocytes. Neuroreport 1999, 10, 2929–2932. [CrossRef] [PubMed]

113. Nogaroli, L.; Yuelling, L.M.; Dennis, J.; Gorse, K.; Payne, S.G.; Fuss, B. Lysophosphatidic acid can
support the formation of membranous structures and an increase in MBP mRNA levels in differentiating
oligodendrocytes. Neurochem. Res. 2009, 34, 182–193. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1110647
http://www.ncbi.nlm.nih.gov/pubmed/15831717
http://dx.doi.org/10.1007/s12035-016-0245-0
http://www.ncbi.nlm.nih.gov/pubmed/27830532
http://dx.doi.org/10.1016/j.neuron.2009.08.039
http://www.ncbi.nlm.nih.gov/pubmed/19840553
http://dx.doi.org/10.1002/glia.10297
http://www.ncbi.nlm.nih.gov/pubmed/14648542
http://dx.doi.org/10.1002/(SICI)1098-1136(199910)28:1&lt;25::AID-GLIA3&gt;3.0.CO;2-D
http://dx.doi.org/10.1074/jbc.M102691200
http://www.ncbi.nlm.nih.gov/pubmed/11340076
http://dx.doi.org/10.1002/pmic.200900195
http://www.ncbi.nlm.nih.gov/pubmed/19899077
http://dx.doi.org/10.1016/S0306-4522(01)00534-6
http://dx.doi.org/10.1111/j.1460-9568.2004.03265.x
http://www.ncbi.nlm.nih.gov/pubmed/15066143
http://dx.doi.org/10.1016/j.freeradbiomed.2011.11.014
http://www.ncbi.nlm.nih.gov/pubmed/22155714
http://dx.doi.org/10.1002/jcb.24889
http://www.ncbi.nlm.nih.gov/pubmed/25053164
http://dx.doi.org/10.4161/bioa.29273
http://www.ncbi.nlm.nih.gov/pubmed/24847910
http://dx.doi.org/10.1152/physiol.00037.2010
http://www.ncbi.nlm.nih.gov/pubmed/21357900
http://dx.doi.org/10.1152/ajpcell.00308.2006
http://www.ncbi.nlm.nih.gov/pubmed/16928771
http://dx.doi.org/10.1128/MCB.24.7.2614-2626.2004
http://www.ncbi.nlm.nih.gov/pubmed/15024053
http://dx.doi.org/10.2174/0929867323666160607120124
http://www.ncbi.nlm.nih.gov/pubmed/27281131
http://dx.doi.org/10.14348/molcells.2017.0011
http://www.ncbi.nlm.nih.gov/pubmed/28301917
http://dx.doi.org/10.1002/(SICI)1096-9861(19980907)398:4&lt;587::AID-CNE10&gt;3.0.CO;2-5
http://dx.doi.org/10.1097/00001756-199909290-00010
http://www.ncbi.nlm.nih.gov/pubmed/10549799
http://dx.doi.org/10.1007/s11064-008-9772-z
http://www.ncbi.nlm.nih.gov/pubmed/18594965


Int. J. Mol. Sci. 2018, 19, 1827 19 of 25

114. Greenberg, D.A.; Jin, K. From angiogenesis to neuropathology. Nature 2005, 438, 954–959. [CrossRef]
[PubMed]

115. Eichmann, A.; Thomas, J.-L. Molecular Parallels between Neural and Vascular Development. Cold Spring
Harb. Perspect. Med. 2013, 3, a006551. [CrossRef] [PubMed]

116. Ruhrberg, C.; Bautch, V.L. Neurovascular development and links to disease. Cell. Mol. Life Sci. 2013, 70,
1675–1684. [CrossRef] [PubMed]

117. Lin, C.-I.; Chen, C.-N.; Huang, M.-T.; Lee, S.-J.; Lin, C.-H.; Chang, C.-C.; Lee, H. Lysophosphatidic acid
upregulates vascular endothelial growth factor-C and tube formation in human endothelial cells through
LPA1/3, COX-2, and NF-κB activation- and EGFR transactivation-dependent mechanisms. Cell. Signal. 2008,
20, 1804–1814. [CrossRef] [PubMed]

118. Ptaszynska, M.M.; Pendrak, M.L.; Stracke, M.L.; Roberts, D.D. Autotaxin Signaling via Lysophosphatidic
Acid Receptors Contributes to Vascular Endothelial Growth Factor-Induced Endothelial Cell Migration.
Mol. Cancer Res. 2010, 8, 309–321. [CrossRef] [PubMed]

119. Dutta, S.; Wang, F.; Wu, H.; Mukherjee, T.J.; Fishman, D.A. The NF-κB pathway mediates lysophosphatidic
acid (LPA)-induced VEGF signaling and cell invasion in epithelial ovarian cancer (EOC). Gynecol. Oncol.
2011, 123, 129–137. [CrossRef] [PubMed]

120. Tigyi, G.; Hong, L.; Yakubu, M.; Parfenova, H.; Shibata, M.; Leffler, C.W. Lysophosphatidic acid alters
cerebrovascular reactivity in piglets. Am. J. Physiol. Circ. Physiol. 1995, 268, H2048–H2055. [CrossRef]
[PubMed]

121. Ruisanchez, É.; Dancs, P.; Kerék, M.; Németh, T.; Faragó, B.; Balogh, A.; Patil, R.; Jennings, B.L.; Liliom, K.;
Malik, K.U.; et al. Lysophosphatidic acid induces vasodilation mediated by LPA1 receptors, phospholipase
C, and endothelial nitric oxide synthase. FASEB J. 2014, 28, 880–890. [CrossRef] [PubMed]

122. On, N.H.; Savant, S.; Toews, M.; Miller, D.W. Rapid and reversible enhancement of blood-brain barrier
permeability using lysophosphatidic acid. J. Cereb. Blood Flow Metab. 2013, 33, 1944–1954. [CrossRef]
[PubMed]

123. Yu, Y.; Qin, J.; Liu, M.; Ruan, Q.; Li, Y.; Zhang, Z. Role of Rho kinase in lysophosphatidic acid-induced
altering of blood-brain barrier permeability. Int. J. Mol. Med. 2014, 33, 661–669. [CrossRef] [PubMed]

124. Turner, C.A.; Thompson, R.C.; Bunney, W.E.; Schatzberg, A.F.; Barchas, J.D.; Myers, R.M.; Akil, H.; Watson, S.J.
Altered choroid plexus gene expression in major depressive disorder. Front. Hum. Neurosci. 2014, 8, 238.
[CrossRef] [PubMed]

125. Ohuchi, H.; Hamada, A.; Matsuda, H.; Takagi, A.; Tanaka, M.; Aoki, J.; Arai, H.; Noji, S. Expression patterns
of the lysophospholipid receptor genes during mouse early development. Dev. Dyn. 2008, 237, 3280–3294.
[CrossRef] [PubMed]

126. Bächner, D.; Ahrens, M.; Betat, N.; Schröder, D.; Gross, G. Developmental expression analysis of murine
autotaxin (ATX). Mech. Dev. 1999, 84, 121–125. [CrossRef]

127. Savaskan, N.E.; Rocha, L.; Kotter, M.R.; Baer, A.; Lubec, G.; van Meeteren, L.A.; Kishi, Y.; Aoki, J.;
Moolenaar, W.H.; Nitsch, R.; et al. Autotaxin (NPP-2) in the brain: Cell type-specific expression and
regulation during development and after neurotrauma. Cell. Mol. Life Sci. 2007, 64, 230–243. [CrossRef]
[PubMed]

128. Walsh, D.M.; Klyubin, I.; Fadeeva, J.V.; Rowan, M.J.; Selkoe, D.J. Amyloid-beta oligomers: Their production,
toxicity and therapeutic inhibition. Biochem. Soc. Trans. 2002, 30, 552–557. [CrossRef] [PubMed]

129. Selkoe, D.J. Alzheimer’s Disease Is a Synaptic Failure. Science (80-.). 2002, 298, 789–791. [CrossRef] [PubMed]
130. Hardy, J.; Selkoe, D.J. The Amyloid Hypothesis of Alzheimer’s Disease: Progress and Problems on the Road

to Therapeutics. Science (80-.). 2002, 297, 353–356. [CrossRef] [PubMed]
131. Vassar, R.; Bennett, B.D.; Babu-Khan, S.; Kahn, S.; Mendiaz, E.A.; Denis, P.; Teplow, D.B.; Ross, S.;

Amarante, P.; Loeloff, R.; et al. Beta-secretase cleavage of Alzheimer’s amyloid precursor protein by
the transmembrane aspartic protease BACE. Science 1999, 286, 735–741. [CrossRef] [PubMed]

132. Yan, R.; Bienkowski, M.J.; Shuck, M.E.; Miao, H.; Tory, M.C.; Pauley, A.M.; Brashler, J.R.; Stratman, N.C.;
Mathews, W.R.; Buhl, A.E.; et al. Membrane-anchored aspartyl protease with Alzheimer’s disease β-secretase
activity. Nature 1999, 402, 533–537. [CrossRef] [PubMed]

133. Hussain, I.; Powell, D.; Howlett, D.R.; Tew, D.G.; Meek, T.D.; Chapman, C.; Gloger, I.S.; Murphy, K.E.;
Southan, C.D.; Ryan, D.M.; et al. Identification of a Novel Aspartic Protease (Asp 2) as β-Secretase.
Mol. Cell. Neurosci. 1999, 14, 419–427. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature04481
http://www.ncbi.nlm.nih.gov/pubmed/16355213
http://dx.doi.org/10.1101/cshperspect.a006551
http://www.ncbi.nlm.nih.gov/pubmed/23024177
http://dx.doi.org/10.1007/s00018-013-1277-5
http://www.ncbi.nlm.nih.gov/pubmed/23475065
http://dx.doi.org/10.1016/j.cellsig.2008.06.008
http://www.ncbi.nlm.nih.gov/pubmed/18627789
http://dx.doi.org/10.1158/1541-7786.MCR-09-0288
http://www.ncbi.nlm.nih.gov/pubmed/20197381
http://dx.doi.org/10.1016/j.ygyno.2011.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21782227
http://dx.doi.org/10.1152/ajpheart.1995.268.5.H2048
http://www.ncbi.nlm.nih.gov/pubmed/7771554
http://dx.doi.org/10.1096/fj.13-234997
http://www.ncbi.nlm.nih.gov/pubmed/24249637
http://dx.doi.org/10.1038/jcbfm.2013.154
http://www.ncbi.nlm.nih.gov/pubmed/24045401
http://dx.doi.org/10.3892/ijmm.2014.1618
http://www.ncbi.nlm.nih.gov/pubmed/24398620
http://dx.doi.org/10.3389/fnhum.2014.00238
http://www.ncbi.nlm.nih.gov/pubmed/24795602
http://dx.doi.org/10.1002/dvdy.21736
http://www.ncbi.nlm.nih.gov/pubmed/18924241
http://dx.doi.org/10.1016/S0925-4773(99)00048-9
http://dx.doi.org/10.1007/s00018-006-6412-0
http://www.ncbi.nlm.nih.gov/pubmed/17192809
http://dx.doi.org/10.1042/bst0300552
http://www.ncbi.nlm.nih.gov/pubmed/12196135
http://dx.doi.org/10.1126/science.1074069
http://www.ncbi.nlm.nih.gov/pubmed/12399581
http://dx.doi.org/10.1126/science.1072994
http://www.ncbi.nlm.nih.gov/pubmed/12130773
http://dx.doi.org/10.1126/science.286.5440.735
http://www.ncbi.nlm.nih.gov/pubmed/10531052
http://dx.doi.org/10.1038/990107
http://www.ncbi.nlm.nih.gov/pubmed/10591213
http://dx.doi.org/10.1006/mcne.1999.0811
http://www.ncbi.nlm.nih.gov/pubmed/10656250


Int. J. Mol. Sci. 2018, 19, 1827 20 of 25

134. Xu, X. γ-Secretase Catalyzes Sequential Cleavages of the AβPP Transmembrane Domain. J. Alzheimer Dis.
2009, 16, 211–224. [CrossRef] [PubMed]

135. Casado, Á.; Encarnación López-Fernández, M.; Concepción Casado, M.; de La Torre, R. Lipid Peroxidation
and Antioxidant Enzyme Activities in Vascular and Alzheimer Dementias. Neurochem. Res. 2008, 33, 450–458.
[CrossRef] [PubMed]

136. Cacabelos, R.; Ferna´ndez-Novoa, L.; Lombardi, V.; Corzo, L.; Pichel, V.; Kubota, Y. Cerebrovascular risk
factors in Alzheimer’s disease: Brain hemodynamics and pharmacogenomic implications. Neurol. Res. 2003,
25, 567–580. [CrossRef] [PubMed]

137. Panza, F.; D’Introno, A.; Colacicco, A.M.; Basile, A.M.; Capurso, C.; Kehoe, P.G.; Capurso, A.; Solfrizzi, V.
Vascular risk and genetics of sporadic late-onset Alzheimer’s disease. J. Neural Transm. 2004, 111, 69–89.
[CrossRef] [PubMed]

138. Aldred, S.; Bennett, S.; Mecocci, P. Increased low-density lipoprotein oxidation, but not total plasma protein
oxidation, in Alzheimer’s disease. Clin. Biochem. 2010, 43, 267–271. [CrossRef] [PubMed]

139. Draczynska-Lusiak, B.; Doung, A.; Sun, A.Y. Oxidized lipoproteins may play a role in neuronal cell death in
Alzheimer disease. Mol. Chem. Neuropathol. 1998, 33, 139–148. [CrossRef] [PubMed]

140. Giasson, B.I.; Ischiropoulos, H.; Lee, V.M.-Y.; Trojanowski, J.Q. The relationship between oxidative/nitrative
stress and pathological inclusions in Alzheimer’s and Parkinson’s diseases. Free Radic. Biol. Med. 2002, 32,
1264–1275. [CrossRef]

141. Bassett, C.N.; Neely, M.D.; Sidell, K.R.; Markesbery, W.R.; Switt, L.L.; Montine, T.J. Cerebrospinal fluid
lipoproteins are more vulnerable to oxidation in Alzheimer’s disease and are neurotoxic when oxidized ex
vivo. Lipids 1999, 34, 1273–1280. [CrossRef] [PubMed]

142. Sun, Y.-X.; Minthon, L.; Wallmark, A.; Warkentin, S.; Blennow, K.; Janciauskiene, S. Inflammatory Markers
in Matched Plasma and Cerebrospinal Fluid from Patients with Alzheimer’s Disease. Dement. Geriatr.
Cogn. Disord. 2003, 16, 136–144. [CrossRef] [PubMed]

143. Frisardi, V.; Panza, F.; Seripa, D.; Farooqui, T.; Farooqui, A.A. Glycerophospholipids and
glycerophospholipid-derived lipid mediators: A complex meshwork in Alzheimer’s disease pathology.
Prog. Lipid Res. 2011, 50, 313–330. [CrossRef] [PubMed]

144. Shi, J.; Dong, Y.; Cui, M.-Z.; Xu, X. Lysophosphatidic acid induces increased BACE1 expression and Aβ
formation. Biochim. Biophys. Acta 2013, 1832, 29–38. [CrossRef] [PubMed]

145. Jolly-Tornetta, C.; Wolf, B.A. Regulation of amyloid precursor protein (APP) secretion by protein kinase
calpha in human ntera 2 neurons (NT2N). Biochemistry 2000, 39, 7428–7435. [CrossRef] [PubMed]

146. Rossner, S.; Mendla, K.; Schliebs, R.; Bigl, V. Protein kinase Calpha and beta1 isoforms are regulators of
alpha-secretory proteolytic processing of amyloid precursor protein in vivo. Eur. J. Neurosci. 2001, 13,
1644–1648. [CrossRef] [PubMed]

147. Zhu, G.; Wang, D.; Lin, Y.-H.; McMahon, T.; Koo, E.H.; Messing, R.O. Protein Kinase C ε Suppresses Aβ
Production and Promotes Activation of α-Secretase. Biochem. Biophys. Res. Commun. 2001, 285, 997–1006.
[CrossRef] [PubMed]

148. Kinouchi, T.; Sorimachi, H.; Maruyama, K.; Mizuno, K.; Ohno, S.; Ishiura, S.; Suzuki, K. Conventional protein
kinase C (PKC)-alpha and novel PKC epsilon, but not -delta, increase the secretion of an N-terminal fragment
of Alzheimer’s disease amyloid precursor protein from PKC cDNA transfected 3Y1 fibroblasts. FEBS Lett.
1995, 364, 203–206. [PubMed]

149. Blois, J.T.; Mataraza, J.M.; Mecklenbraüker, I.; Tarakhovsky, A.; Chiles, T.C. B Cell Receptor-induced
cAMP-response Element-binding Protein Activation in B Lymphocytes Requires Novel Protein Kinase
Cδ. J. Biol. Chem. 2004, 279, 30123–30132. [CrossRef] [PubMed]

150. Cordy, J.M.; Cordy, J.M.; Hooper, N.M.; Turner, A.J. The involvement of lipid rafts in Alzheimer’s disease
(Review). Mol. Membr. Biol. 2006, 23, 111–122. [CrossRef] [PubMed]

151. Hicks, D.A.; Nalivaeva, N.N.; Turner, A.J. Lipid rafts and Alzheimer’s disease: Protein-lipid interactions and
perturbation of signaling. Front. Physiol. 2012, 3, 189. [CrossRef] [PubMed]

152. Kalvodova, L.; Kahya, N.; Schwille, P.; Ehehalt, R.; Verkade, P.; Drechsel, D.; Simons, K. Lipids as modulators
of proteolytic activity of BACE: Involvement of cholesterol, glycosphingolipids, and anionic phospholipids
in vitro. J. Biol. Chem. 2005, 280, 36815–36823. [CrossRef] [PubMed]

http://dx.doi.org/10.3233/JAD-2009-0957
http://www.ncbi.nlm.nih.gov/pubmed/19221413
http://dx.doi.org/10.1007/s11064-007-9453-3
http://www.ncbi.nlm.nih.gov/pubmed/17721818
http://dx.doi.org/10.1179/016164103101202002
http://www.ncbi.nlm.nih.gov/pubmed/14503010
http://dx.doi.org/10.1007/s00702-003-0071-1
http://www.ncbi.nlm.nih.gov/pubmed/14714217
http://dx.doi.org/10.1016/j.clinbiochem.2009.08.021
http://www.ncbi.nlm.nih.gov/pubmed/19733555
http://dx.doi.org/10.1007/BF02870187
http://www.ncbi.nlm.nih.gov/pubmed/9565971
http://dx.doi.org/10.1016/S0891-5849(02)00804-3
http://dx.doi.org/10.1007/s11745-999-0478-1
http://www.ncbi.nlm.nih.gov/pubmed/10652986
http://dx.doi.org/10.1159/000071001
http://www.ncbi.nlm.nih.gov/pubmed/12826739
http://dx.doi.org/10.1016/j.plipres.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/21703303
http://dx.doi.org/10.1016/j.bbadis.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23036978
http://dx.doi.org/10.1021/bi0003846
http://www.ncbi.nlm.nih.gov/pubmed/10858291
http://dx.doi.org/10.1046/j.0953-816x.2001.01525.x
http://www.ncbi.nlm.nih.gov/pubmed/11328358
http://dx.doi.org/10.1006/bbrc.2001.5273
http://www.ncbi.nlm.nih.gov/pubmed/11467851
http://www.ncbi.nlm.nih.gov/pubmed/7750571
http://dx.doi.org/10.1074/jbc.M402793200
http://www.ncbi.nlm.nih.gov/pubmed/15138267
http://dx.doi.org/10.1080/09687860500496417
http://www.ncbi.nlm.nih.gov/pubmed/16611586
http://dx.doi.org/10.3389/fphys.2012.00189
http://www.ncbi.nlm.nih.gov/pubmed/22737128
http://dx.doi.org/10.1074/jbc.M504484200
http://www.ncbi.nlm.nih.gov/pubmed/16115865


Int. J. Mol. Sci. 2018, 19, 1827 21 of 25

153. Dias, I.H.K.; Mistry, J.; Fell, S.; Reis, A.; Spickett, C.M.; Polidori, M.C.; Lip, G.Y.H.; Griffiths, H.R. Oxidized
LDL lipids increase β-amyloid production by SH-SY5Y cells through glutathione depletion and lipid raft
formation. Free Radic. Biol. Med. 2014, 75, 48–59. [CrossRef] [PubMed]

154. Mandell, J.W.; Banker, G.A. Microtubule-associated proteins, phosphorylation gradients, and the
establishment of neuronal polarity. Perspect. Dev. Neurobiol. 1996, 4, 125–135. [PubMed]

155. Buée, L.; Bussière, T.; Buée-Scherrer, V.; Delacourte, A.; Hof, P.R. Tau protein isoforms, phosphorylation and
role in neurodegenerative disorders. Brain Res. Brain Res. Rev. 2000, 33, 95–130. [CrossRef]

156. Steiner, B.; Mandelkow, E.M.; Biernat, J.; Gustke, N.; Meyer, H.E.; Schmidt, B.; Mieskes, G.; Söling, H.D.;
Drechsel, D.; Kirschner, M.W.; et al. Phosphorylation of microtubule-associated protein tau: Identification of
the site for Ca2(+)-calmodulin dependent kinase and relationship with tau phosphorylation in Alzheimer
tangles. EMBO J. 1990, 9, 3539–3544. [PubMed]

157. Evans, D.B.; Rank, K.B.; Bhattacharya, K.; Thomsen, D.R.; Gurney, M.E.; Sharma, S.K. Tau Phosphorylation
at Serine 396 and Serine 404 by Human Recombinant Tau Protein Kinase II Inhibits Tau’s Ability to Promote
Microtubule Assembly. J. Biol. Chem. 2000, 275, 24977–24983. [CrossRef] [PubMed]
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