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@ PERSPECTIVE

Possible application of apolipoprotein
E-containing lipoproteins and
polyunsaturated fatty acids in neural
regeneration

Neuronal degeneration is a social and health problem, because of high
incidence of acute injury, stroke, and neurodegenerative disorders,
such as Alzheimer’s disease and Parkinson’s disease. Neural regener-
ation is crucial for promoting functional recovery after neural injury
(Yiu and He, 2006). Human central nervous system, however, shows
low ability to regenerate injured neurons. Strategies to promote neural
regenerations are required for developing therapeutics of spinal cord
injury, traumatic brain injury, and neurodegenerative disorders. Here,
we describe physiological roles of apolipoprotein (apo) E-containing
lipoproteins (LpEs) and polyunsaturated fatty acids (PUFAs) on neural
outgrowth, axonal extension, and neural protection, and their implica-
tions to promote neural regeneration.

Glial cells have critical contributions to the growth, function, and
regulation of neurons. For example, glial cells secrete neurotrophic
factors such as nerve growth factors, which stimulate neuronal growth.
Glial cells supply lipids to neurons and contribute to lipid metabolism
in the central nervous system. Disturbance of lipid metabolism is im-
plicated in the pathogenesis of neurodegenerative disorders such as
Alzheimer’s disease and Niemann-Pick C disease. LpEs, secreted from
glial cells, primarily astrocytes, transport lipids such as cholesterol and
phospholipids to neurons (Vance and Hayashi, 2010). LpEs are present
in the cerebrospinal fluid and are the size and density of high-density
lipoprotein (HDL) in the periphery. The lipid components of LpEs are
cholesterol and phospholipids such as HDL, while the major protein
component of LpEs is apoE rather than apoA-I in HDL. There are sub-
types of apoE, including apoE2, apoE3, and apoE4. Of the subtypes,
apoE4 expression is the strongest genetically-mediated risk factor for
developing Alzheimer’s disease. ApoE and LpEs are involved in amy-
loid B deposition and apoE synthesis increases after nerve injury. ApoE
is synthesized in astrocytes and lipidated by two ABC transporters,
ABCALI and ABCG1 (Figure 1). These transporters mediate the efflux
of cholesterol and phospholipids, resulting in LpE formation (Matsuo,
2010). However, it is not clear whether apoE is lipidated within cells,
or following secretion. LpEs secreted from astrocytes bind to receptors,
including low-density lipoprotein receptor, low-density lipoprotein
receptor-related protein (LRP), and apoER2. These receptors are ex-
pressed on the plasma membrane of neurons and binding initiates
downstream signalling pathways. LpEs are endocytosed with the recep-
tors, and lipids from the LpEs are reabsorbed by neurons. Lipids from
the LpEs are recycled into the membrane component of neurons or
participate in regulating neural functions.

The roles of LpEs on neuronal functions have been studied, with
results indicating that LpEs protect neurons from apoptosis induced
by removal of neurotrophic factors (Hayashi et al., 2009). LpEs bind to
LRP1 in rat retinal ganglion cells and affect GSK3f and calcineurin sig-
nalling pathways, thereby preventing apoptosis. However, protection of
neurons from apoptosis does not require LpE uptake by LRP1. Neurite
outgrowth and axonal extensions require lipids to expand membranes;
therefore, LpEs are involved in neural regeneration. For example, syn-
aptogenesis is promoted by cholesterol that originates from LpEs. We
examined the effects of LpEs on axonal extension after axotomy using a
compartmented culture system (Matsuo et al., 2011). LpEs stimulated
axonal extension of retinal ganglion cells, which are central nervous
system neurons. We also demonstrated that LpEs bind to LRP1 in distal
axons, because the addition of LpEs to distal axons but not cell bod-
ies and proximal axons had stimulatory effects on axonal extension.
Furthermore, suppression of LRP1 abolished the stimulatory effect,
although a,-macroglobulin, a LRP1 ligand, did not have effects. These

findings suggest that the LRP1-mediated signalling pathway is not suf-
ficient for LpE-dependent axonal extension. Phospholipids exported to
LpEs by ABC transporters, especially ABCGL, in astrocytes are required
for enhancement of axonal extension, and the lipid composition of
LpEs affects axonal extension stimulated by LpEs. These results suggest
that the phospholipids in LpEs are endocytosed into neurons and that
these phospholipids are essential to enhancement of axonal extension
by LpEs. Furthermore, LpEs isolated from cerebrospinal fluid LRP-de-
pendently stimulate neurite outgrowth in a neuronal cell line in the
presence of exogenously added apoE, but not without apoE adminis-
tration (Holtzman et al., 1995; Fagan et al., 1996). These studies suggest
that LpE may be involved in the neuroprotection from the stress and
the neuroplasticity.

PUFAs are a group of fatty acids that have plural double bonds in
their carbon chains. n-3PUFAs, including eicosapentaenoic acid (20:5
n-3, EPA) and docosahexaenoic acid (22:6 n-3, DHA), have double
bonds (C=C) at the third carbon atom from the end of the carbon
chain. In contrast, n-6PUFAs, including arachidonic acid (20:4 n-6,
AA), have a double bond at the sixth carbon atom. PUFAs have many
crucial roles in the human body, including as precursors of membrane
lipids, as anti-oxidants, and as ligands to transcription factors such as
peroxisome proliferator-activated receptor and retinoid X receptor.
PUFAs also activate cell signalling pathways and affect the functions
of membrane proteins. AA is a precursor of eicosanoids, which are
involved in functions such as inflammation and regulation of blood
pressure. n-3 PUFAs, which are found in high concentrations in fish
oils, suppresses the risk of atherosclerosis via anti-inflammatory and
anti-arrhythmic effects. PUFAs are obtained from dietary sources and
produced in the liver from precursor fatty acids. They are then circulat-
ed throughout the body, including the brain. PUFAs, especially DHA,
are highly enriched in the brain, but they cannot be synthesized de novo
there. Glial cells and neurons are minor producers of PUFAs; therefore,
PUFAs must be transported across the blood-brain barrier. For exam-
ple, DHA in the form of lysophosphatidylcholine is transported across
the blood-brain barrier by Mfsd2a (Nguyen et al., 2014). PUFAs have
many physiological effects in the central nervous system, such as affect-
ing neurotransmission and synaptic plasticity, as well as contributing
to cognition, learning, and memory (Zhang et al., 2011). EPA and DHA
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Figure 1 Apolipoprotein (apo) E-containing lipoproteins (LpEs) formation and
incorporation of polyunsaturated fatty acids (PUFAs) into LpEs as phospholipids
by ABCA1 and ABCGl in glial cells.

ABCA1 and ABCGI1 transport phospholipids (PLs) and cholesterol to apoE in
glial cells, followed by LpE formation and secretion. PUFAs are internalized
into glial cells and incorporated into phospholipids as acyl chains. Phospho-
lipids are effluxed by ABCA1 and ABCGl1, and LpEs containing PUFAs as acyl
chains of phospholipids are formed. The LpEs containing PUFAs bind to low
density lipoprotein receptor-related protein 1 (LRP1) on the plasma membrane
of neurons and are then endocytosed. LpEs enhance neurite outgrowth, and
PUFAs within LpEs are incorporated into neurons, thereby stimulating neurite
growth. ABCA1: ATP-binding cassette transporter Al; ABCG1: ATP binding
cassette transporter G1.
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are associated with a reduced risk of Alzheimer’s disease and also pro-
tect neurons from apoptosis and the effects of cerebral ischemia. DHA
concentration decreases in Alzheimer’s disease patient compared with
healthy control, indicating that DHA is physiologically critical. Addi-
tionally, the administration of DHA in free fatty acid form to neurons
stimulates neurite outgrowth (Cao et al., 2005). There are conflicting
reports regarding AA and EPA; several reports have demonstrated that
AA and EPA stimulates neurite outgrowth, while other reports indicat-
ed that they suppress it.

Cells incubated with PUFAs internalize the PUFAs (Figure 1). PU-
FAs translocate from the outer leaflet to the inner leaflet of membrane
bilayers by flip-flopping and interact with fatty acid binding proteins.
Then, PUFAs are used for the synthesis of diacylglycerol, and are finally
incorporated into phospholipids as acyl chains. PUFAs are located pre-
dominantly at the sn-2 position of phospholipids. ABCA1 and ABCG1
efflux membrane phospholipids to form LpEs as described above.
Therefore, we hypothesize that PUFA administration to astrocytes
affects both the lipid compositions of LpEs and neuronal functions.
Our recently published study examined the effects of PUFAs on neurite
outgrowth in hippocampal neurons, via LpE (Nakato et al., 2015). Mass
spectrometry demonstrated that administration of AA, EPA, and DHA
to the medium of astrocytes resulted in their inclusion into phosphati-
dylcholine as acyl chains of LpEs secreted from astrocytes. Additionally,
LpEs secreted from astrocytes treated with EPA contained metabolites
of PUFAs such as docosapentaenoic acid (22:5 n-3), suggesting that
PUFAs are metabolized in astrocytes by elongation. When control LpEs
purified by sucrose gradient ultracentrifugation were added to hippo-
campal neurons, neurite outgrowth was stimulated. Furthermore, LpEs
containing AA, EPA, or DHA stimulated neurite outgrowth more com-
pared to control LpEs. However, LpEs containing saturated fatty acid
or monounsaturated fatty acid stimulated neurite outgrowth similarly
to control LpEs. These results indicate that LpEs enhance neurite out-
growth and that PUFAs have a stimulatory effect on this enhancement.

We also analysed the molecular mechanisms for internalization of
PUFAs in LpEs, as well as the mechanisms forthe effects on neurite out-
growth. Receptor-associated protein, a protein that competes with LpEs
for binding to LRP, and an antibody against LRP1 abolished the stim-
ulatory effects of LpEs containing PUFAs, indicating a critical role for
LRP1. a,-macroglobulin, which binds to LRP1 and initiates signalling
pathways, did not affect neurite outgrowth, suggesting that LRP1-me-
diated signalling pathways are not sufficient to stimulate neurite out-
growth. Furthermore, blockade of LpEs endocytosis by cytochalasin D,
an actin filament disruptor, abolished the stimulatory effects of LpEs.
These results suggest that LRP1-dependent endocytosis of LpEs con-
tributes to PUFA internalization and stimulation of neurite outgrowth.
Control LpEs enhanced neurite outgrowth by increasing the length of
neurites and the number of branches, and PUFAs in LpEs stimulated
neurite outgrowth by increasing the number of branches. Hippocampal
neuron mRNA levels of growth-associated protein 43 (GAP-43), which
contributes to growth cone formation, increased with LpE treatment
containing AA, EPA, or DHA compared to control LpEs. This finding
suggests that GAP-43, which is localized to neurites and induces neurite
outgrowth, is responsible for the stimulatory effects of PUFAs in LpEs.
It is likely PUFASs exert their effects through multiple mechanisms.

Our study revealed a novel role of LpEs, as well as a novel pathway in
which PUFAs are supplied to neurons (Figure 1). LpEs have stimulato-
ry effects on neurite outgrowth, and neurons receive PUFAs from LpEs
as phospholipids. The contribution of indirect pathways via LpEs must
be considered, in addition to the direct pathway supplying PUFAs to
neurons, in order to fully elucidate the physiological effects of PUFAs.
We also found free fatty acid forms of PUFAs and their metabolites in
LpEs, using mass spectrometry, although the concentrations were quite
low. These low concentrations likely resulted from astrocytes being
washed with buffer in order to remove the remaining PUFAs on the
plasma membrane. More free PUFAs would be expected without wash-
ing, and free acid forms of PUFAs would occur in LpEs in vivo, owing
to the fact that PUFAs are attached to albumin and lipoproteins in
peripheral circulation. In addition to the PUFAs in phospholipids, free
PUFAs conjugated with LpEs may be delivered to neurons. Therefore,
there may be three pathways of delivering PUFAs to neurons: direct
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supply of free PUFAs from cerebrospinal fluid, free PUFAs from LpEs,
and PUFAs originating from phospholipids. The contributions of these
three pathways to neurite outgrowth require further investigation.

Neurons are injured by ischemic stress, spinal cord injuries, and neu-
rodegenerative disorders. Therefore, neuronal regeneration is an im-
portant consideration in developing treatments to prevent or alleviate
neuronal dysfunction. Synthesis of apoE in glial cells markedly increas-
es after nerve injury (Ignatius et al., 1986) and LpEs stimulate both ax-
onal extension and neurite outgrowth; therefore, we propose a possible
application of LpEs to neural regeneration. Compounds that induce
apoE synthesis in glial cells may be useful for increasing production of
LpEs. Furthermore, developing compounds that increase synthesis and
activities of ABCAI and ABCG1 may increase LpEs levels. Increased
PUFASs to astrocytes may result in LpEs containing PUFAs that have
more potency to repair injured neurons by stimulating neurite out-
growth. Therefore, increased formation of LpEs and PUFA availability
may improve neural regeneration after injury.
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