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A proper lipid management is paramount for a healthy brain. Lipid homeostasis

alterations are known to be causative or risk factors for many neurodegenerative

diseases, or key elements in the recovery from nervous system injuries of different

etiology. In addition to lipid biogenesis and catabolism, non-enzymatic lipid-binding

proteins play an important role in brain function and maintenance through aging. Among

these types of lipoproteins, apolipoprotein E has received much attention due to the

relationship of particular alleles of its gene with the risk and progression of Alzheimer’s

disease. However, other lipid-binding proteins whose role in lipid homeostasis and control

are less known need to be brought to the attention of both researchers and clinicians.

The aim of this review is to cover the knowledge of lipid-managing proteins in the brain,

with particular attention to new candidates to be relevant for brain function and health.

Keywords: blood–brain barrier, lipid transport, oxidative stress, neuroinflammation, amyloidogenesis,

neurodegeneration, demyelination, lysosomal storage disorder

INTRODUCTION

Brain is a lipid-enriched organ. Lipids are on high demand in the brain, since they are required
for the long expansions of neurons and, massively, for myelin construction. These structures,
characteristic of the nervous system, were initially thought to be static assemblies once development
was concluded. Now, neuronal processes (dendrites and axons), their synaptic terminals, and
their myelin sheaths are known to be constantly remodeling. Their reorganization is the basis of
experience-dependent plasticity and, importantly, of the unexpected endogenous abilities of our
nervous system to recover from damages, disease, and aging-related deterioration.

It is estimated that around 5% of the genome codes for proteins dealing with lipids, which
are estimated to include 10,000 different species (1–3). Anabolic and catabolic routes generate a
plethora of individual lipids with energetic, signaling, or structural functions. To accomplish the
lipid-related demands of our nervous system, with its particularly relevant membranous structures,
we need not only the set of enzymes that generate, transform, or degrade them. Lipids have
properties requiring additional managing within a hydrophilic environment.We devote this review
to the cohort of proteins in charge of binding, transporting, or presenting lipids to enzymes,
defining this functional group under the umbrella of “non-enzymatic lipid managers.”

Taking cholesterol as an example, we can appreciate how lipidmetabolism in the central nervous
system (CNS) is unique. The brain is the most cholesterol-rich organ in the body (23mg/g of tissue)
(4). Given that there is virtually no exchange of cholesterol with the peripheral circulation, due to
the impermeable nature of the blood–brain barrier (BBB), cerebral cholesterol level is dependent on
de novo synthesis by glial cells (5). However, neurodegenerative diseases as devastating as Niemann-
Pick type C (NPC), where the gene affected codes for a lipid transporter in charge of intracellular
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GRAPHICAL ABSTRACT | Non-enzymatic lipid-interacting proteins are required in health and disease. Through their transporting and membrane-managing

functions, they intervene in processes that are essential for the fragile equilibrium between a healthy and a diseased brain.

cholesterol trafficking, evidence the crucial role of this type of
lipid manager in brain function.

Therefore, non-enzymatic lipid-interacting proteins are
required to carry out a varied set of functions as lipids need to
be transported not only between different tissue compartments
(outside vs. inside the brain) or between cells (glia-to-glia,
glia-to-neurons), but also within cells, across the cytoplasm
toward organelles or the nucleus. Other examples include
apolipoprotein E (ApoE) carrying lipids between cells, or fatty
acid-binding proteins (FABPs), transporting lipids within the
cytoplasm. Some carry lipids to the nucleus (retinoic acid
receptors; RXRs). Other proteins bind lipids in membranes and
make them accessible to enzymes (saposin B) while some are
part of complex lipoprotein particles that transport lipids along
separate body compartments (high-density lipoprotein; HDL,
low-density lipoprotein; LDL). Finally, other transfer lipids
between different classes of lipoprotein particles (phospholipid
transfer protein; PLTP).

A literature search using a systematic approach helped us

to identify (i) key biological processes essential for nervous
system function in which lipid management is required, (ii)

a set of non-enzymatic lipid-interacting proteins involved in

those processes, and (iii) their relationship to neurodegenerative
diseases of diverse etiology. The initial search was then

combined with process, protein, or disease-specific searches.
Table 1 summarizes the findings. We have grouped the

biological processes in five major categories (sections Lipid
Transfer Across the BBB and Between Cells in the Nervous
System to Lipoproteins Involved in Myelin Management), and
reviewed the knowledge accrued about the lipid-binding proteins
involved. Finally, neurodegenerative diseases recovered in our
search (through the published work devoted to non-enzymatic
lipid-binding proteins) are discussed (sections Alzheimer’s
Disease and Cerebrovascular Dementias: Dealing With Amyloid
Deposition in a Compromised BBB State to Lysosomal Storage
Diseases and Their Inseparable Companions: Leukodystrophies).
Our aim is to promote new views in the understanding
of neurodegeneration that might seed ideas for potential
clinical interventions.

LIPIDS AND THEIR PROTEIN MANAGERS
ARE INVOLVED IN KEY PROCESSES
ESSENTIAL FOR A HEALTHY BRAIN

Lipid Transfer Across the BBB and
Between Cells in the Nervous System
Our brain constitutes a separate compartment for lipid
management due to the highly controlled BBB. Brain capillary
endothelial cells constitute the barrier itself, with tight junctions
blocking the passage of substances across the capillary walls,
and a set of specific receptors and transporters controlling
the traffic across them. Astrocytes and pericytes help in the
development and maintenance of the barrier through constant
exchange of intercellular signaling that conditions endothelial
gene expression and ultimately results in BBB permeability
properties. They also modulate the availability of substances
crossing the BBB by their effect on activity-dependent blood flow
control (6, 7).

In spite of the BBB, metabolic diseases altering systemic lipid

profiles clearly affect brain function and homeostasis. A well-

documented example is the inverse relationship between levels of

cholesterol in plasma high-density lipoprotein (HDL-C) and risk

of Alzheimer’s disease (AD) and other dementias (8). Lipoprotein

particles are emulsions of metabolites, lipids, proteins, and
microRNAs (9). They are classified in two major types (HDL
and LDL) that differ in their density and lipid content, the main
protein serving as scaffold (apolipoprotein A-I, ApoA-I in HDL;
apolipoprotein B, ApoB in LDL) and their lipid transport effect
(removing excess lipids from cells or supplying lipids to cells,
respectively, Figure 1A). HDL-like particles are formed in the
brain compartment as a separate pool independent of plasma
HDL, and they do not cross the BBB under normal conditions
(Figure 1B). By contrast, LDL biogenesis occurs outside the
brain, and LDL receptors (LDLR) mediate its passage from blood
to brain by transcytosis (10) (Figure 1C). Various members of
the LDLR family are expressed by glial cells and neurons as well.
However, we must take into account that despite their name,
these receptor proteins have a wide array of ligands and functions
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TABLE 1 | Non-enzymatic lipid-binding proteins and their involvement in biological processes underlying neurodegenerative diseases.

Lipid-binding protein Biological process Lipid binding Neurodegenerative disease

LIPOPROTEIN PARTICLE SCAFFOLDING PROTEINS AND TRANSFER PROTEINS

ApoA-I Blood–brain barrier function, oxidative

stress/inflammation, amyloidogenesis/Aβ

clearance

Cholesterol, phospholipids, triglycerides,

membranes

Alzheimer’s, multiple sclerosis, cerebral

amyloid angiopathy, Parkinson’s

ApoB100 Blood–brain barrier function Cholesterol, phospholipids, triglycerides,

docosahexaenoic acid

Cerebral amyloid angiopathy, multiple

sclerosis.

PLTP Blood–brain barrier function Cholesterol, phospholipids, triglycerides

MEMBRANE TRANSPORTERS AND RECEPTORS

ABCA1 Blood–brain barrier function, HDL

biogenesis

Cholesterol, phospholipids, triglycerides Alzheimer’s

ABCG1 Blood–brain barrier function, HDL

biogenesis

Cholesterol, phospholipids, triglycerides

SR-B1 Blood–brain barrier function, HDL

biogenesis

Cholesterol, phospholipids, triglycerides

LDLR Blood–brain barrier function,

amyloidogenesis/Aβ clearance

Lipoprotein particles Alzheimer’s

LRP1 Blood–brain barrier function,

Amyloidogenesis/Aβ clearance

Lipoprotein particles Alzheimer’s

Megalin/LRP2 Blood–brain barrier function,

amyloidogenesis/Aβ clearance

ApoJ-containing lipoprotein particles Alzheimer’s

S1PR Blood–brain barrier function,

amyloidogenesis

ApoM-containing lipoprotein particles Cerebral amyloid angiopathy

LSR Blood–brain barrier function 24(S)-hydroxycholesterol Alzheimer’s

MCT1 Blood–brain barrier function Ketone bodies Alzheimer’s

LIPOPROTEIN PARTICLE-ASSOCIATED PROTEINS AND OTHER EXTRACELLULAR LIPID TRANSPORTERS

ApoJ/Clusterin Blood–brain barrier function, oxidative

stress/inflammation, amyloidogenesis

Cholesterol Alzheimer’s

ApoE Blood–brain barrier function, oxidative

stress/inflammation, amyloidogenesis

Cholesterol Alzheimer’s, Parkinson’s

ApoM Blood–brain barrier function Sphingosine-1-P Vascular dementia

ApoD Oxidative stress/inflammation, lysosome,

myelin

Fatty acids (arachidonic acid),

sphingomyelin, anandamide,

lysophosphatidylcholine, membranes

Alzheimer’s, Parkinson’s, multiple

sclrerosis, spinocerebellar ataxia 1,

lysosomal storage diseases

(Niemann–Pick type C)

Lcn2 Oxidative stress/inflammation, lysosome,

myelin

Bacterial siderophores Fabri’s disease, neuronal cerois

lipofuscinosis

INTRACELLULAR LIPID-BINDING PROTEINS

FABP7/B-FABP Cytoplasmic lipid transport Fatty acids, retinoids, eicosanoids Alzheimer’s, Parkinson’s, Down syndrome

FABP3/H-FABP Cytoplasmic lipid transport Fatty acids, retinoids, eicosanoids Alzheimer’s, Parkinson’s, Lewy body,

vascular dementia, Creutzfeldt–Jakob

FABP5 Cytoplasmic lipid transport Fatty acids (docosahexaenoic acid) Alzheimer’s

Alfa-synuclein Synaptic vesicle Membranes (acidic phospholipids) Alzheimer’s, Parkinson’s

NPC1 and NPC2 Lysosome, myelin Cholesterol Lysosomal storage diseases

(Niemann–Pick type C)

Saposin B Lysosome, myelin Membranes (glycosphingolipids) Lysosomal storage diseases

(metachromatic leukodystrophy)

Hsp70 Lysosome Membranes (phospholipids) Lysosomal storage diseases

(Niemann–Pick type A)

LIPID BINDING TRANSCRIPTION REGULATORS

RXR Transcription regulation Retinoic acid

LXR Transcription regulation 24(S)-hydroxycholesterol

Lipid-binding proteins are grouped by type of lipid management and are assigned one or various of the five general biological processes reviewed: (1) blood–brain barrier function

(including transport across and functional maintenance), (2) control of oxidative stress and inflammation, (3) Aβ dynamics (amyloidogenesis or Aβ clearance), (4) organelle membrane-

related functions (including lysosomal and synaptic vesicle functions), and (5) myelin management function. Major lipid ligands for each protein are listed. Neurodegenerative diseases

that are directly related or modified by the function of the lipid-manager proteins are listed.
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FIGURE 1 | Lipid management in the brain and across the blood–brain barrier. (A) Two major classes of lipoprotein particles are in charge of providing lipids to cells

(LDL) and removing excess lipids (HDL) to fulfill cellular demands. (B) The blood–brain barrier (BBB) imposes limitations to traffic from the circulation to the brain

parenchyma. LDL particles originated outside the brain cross the BBB, while biogenesis of HDLs occurs in two separate pools. HDLs cross the barrier only under

conditions of damaged BBB. (C) LDL uses a receptor-mediated transcytosis mechanism to cross BBB endothelial cells. (D) HDL biogenesis and cholesterol recycling

within the brain. HDL scaffolding protein ApoA-I and its receptors are expressed by endothelial cells and biogenesis takes place at the brain side of the BBB. Nascent

HDLs are then modified by lipid transfer proteins (PLTP) secreted from endothelial and glial cells. HDL particles have receptors in all cell types of the nervous system

where they uptake excess lipids (cholesterol and others). Under normal conditions, HDLs exit the brain through bulk flow from the extracellular space to the circulation

and lymphatic systems. Part of cholesterol recycling takes place thanks to the production of 24(S)-hydroxycholesterol by the neuronal-specific CYP46A1 enzyme.

24(S)OHC freely crosses the BBB and is also able to bind LXR proteins in the cytoplasm of endothelial cells, which translocate to the nucleus and promote the

transcription of ApoA-I and the receptors involved in HDL biogenesis.

and are not limited to the classical ApoB-containing LDL
particles (11). As an example, the LDL receptor-related protein
1 (LRP1), a membrane-associated protein highly expressed
by BBB endothelial cells, has been described as the major
pump responsible for the efflux of amyloid-β (Aβ) out of the
brain (12).

Acting in conjunction with HDL particles, a panel of
lipid-interacting proteins are expressed by brain endothelial
cells, contributing to cholesterol recycling within the brain
and trafficking excess cholesterol out of the brain (13, 14)
(Figure 1D). HDL biogenesis takes place at the basolateral
side (“brain-side”) of BBB endothelial cells. They express
ApoA-I (15, 16), contributing to the CNS pool of this
apolipoprotein, one of the most abundant in the cerebrospinal

fluid (CSF) (17). BBB endothelial cells also express the set
of membrane proteins required to initiate ApoA-I uptake of
lipids (ABCA1; ATP-binding cassette transporter A1), and
to complete its maturation (ABCG1 and SR-BI; scavenger
receptor B1), all of them lipid-interacting proteins transferring
cholesterol and phospholipids from the cell to the nascent
HDL particle (9). Other lipid-binding proteins are involved in
remodeling HDL particles, like PLTP (secreted from endothelial
and glial cells), giving rise to pre-β-HDL and HDL2, HDL
forms particularly suitable as acceptors of excess cellular
cholesterol (13). As a parallel mechanism, a brain-specific
enzyme (CYP46A1) converts excess cholesterol to 24(S)OHC
[24(S)-hydroxycholesterol] in neurons with two effects: (1) It
can readily cross the BBB and activate nuclear liver-X-receptor
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(LXR) transcription factors within endothelial cells. (2) LXRs
turn on the expression of proteins involved in HDL biogenesis
mentioned above (14) thus resulting in cholesterol turnover.
Yet another lipoprotein receptor plays a role in cholesterol
exchange: the lipolysis-stimulated lipoprotein receptor (LSR). A
reduced LSR expression in aged mice results in higher cortex
levels of 24(S)OHC (18). This constitutes an example of an
indirect mechanism by which alterations in an LDL receptor
impairs efflux of brain cholesterol, affecting the cholesterol
turnover rate.

Some lipid-binding proteins associated with HDL-like
lipoprotein particles can be conceptualized as chaperones of
particular lipids that define particle sub-types. ApoJ/Clusterin,
ApoE, or ApoM are good examples of this class of proteins. In
spite of their name, they belong to different protein families,
and bind lipids in a different way. They contribute to modulate
not only the lipid cargo of HDLs but also their docking at
specific cell surface receptors. ApoJ binds cholesterol and uses
megalin/LRP2 as receptor (17, 19, 20). ApoE binds cholesterol
and uses preferentially LRP1 receptor (21). Finally, ApoM binds
specifically to sphingosine-1-P (S1P) and uses the receptor
S1PR to dock ApoM-HDL particles to the receiving cell
surface (22, 23).

Protein carriers transporting single lipid molecules also
mediate lipid transport across BBB endothelial cells. An example
of this is the monocarboxylic acid transporter (MCT1), expressed
by endothelial cells and also by glial cells within the brain.
MCT1 transports ketone bodies, originated by liver metabolism,
across the BBB (24). This process takes place in conditions
of diminished glucose availability, when the brain undergoes a
metabolic switch toward the utilization of fatty acids as energetic
fuel (25).

Extracellular lipocalins and cytoplasmic fatty acid-binding
proteins (FABPs) are single-domain small proteins with
a β-barrel structure (of 8 and 10 anti-parallel β-strands,
respectively) that holds a ligand-binding pocket. Brain
expression is found for various members of the lipocalin
family, like apolipoprotein D (ApoD), mainly in myelinating glia
and reactive astrocytes, lipocalin-type prostaglandin D synthase
(LPGDS), in oligodendrocytes, or lipocalin 2 (Lcn2), in reactive
astrocytes (26). On the other hand, cytoplasmic FABPs like
FABP3/H-FABP or FABP7/B-FABP (the later uniquely expressed
in astrocytes) or FABP5 (expressed by BBB endothelial cells)
are also brain-born. They can be described as “chaperones” that
facilitate the transport of small hydrophobic ligands [retinoic
acid (RA), docosahexaenoic acid (DHA), arachidonic acid
(AA), or endocannabinoids like arachidonoylethanolamide
(AEA) and 2-arachidonoyl-glycerol (2-AG)] (27). For example,
DHA, an essential omega-3 long-chain polyunsaturated fatty
acid, is known to have anti-inflammatory properties on glial
cells and influences memory and cognitive functions (28).
After its transport in blood via the lipocalin retinol-binding
protein 4 (RBP4), LDL lipoparticles, or serum albumin (29),
it crosses the cell membrane and travels across the brain
endothelial cell cytoplasm via FABP5 (30). Lipocalins and FABPs
manage lipids not only across the BBB but also between cells
in the nervous system (glia-to-glia or glia-to-neuron). This

system can be visualized as an extracellular–intracellular
relay race, serving intercellular exchange of lipid-
mediated signaling, whose disruption contributes to many
neurodegenerative conditions.

Lipoproteins Keeping Oxidative Stress and
Inflammation Under Control
As depicted above, carrying lipids from one compartment to
another or from one cell to another uses diverse systems, with
lipids managed either in lipoprotein particles or by single domain
small protein carriers. To this complexity, we have to add that
lipoprotein particles, lipocalins, and cellular FABPs are not mere
lipid transporters, but execute other functions that are especially
relevant in the context of nervous system homeostasis: they
contribute to control oxidative and inflammatory states.

Oxidative stress (OS) is an imbalance between the production
of reactive oxygen species (ROS) due to aerobic metabolism in
mitochondria and the antioxidant defenses that counteract them.
When ROS are not properly neutralized by antioxidants, they
can oxidize DNA, lipids, and proteins, altering their normal
function. OS is also implicated in many neurodegenerative
diseases, including Parkinson’s disease (PD) (31) and AD
(32), and is a landmark of physiological aging (33). ApoD
is one of the most consistently upregulated proteins in the
mammalian aging brain (34), a process highly related to OS
production and deficient antioxidant capabilities. While in
normal conditions ApoD is expressed at low levels by astrocytes
and myelinating glia, its expression is quickly increased upon
a neural insult due to trauma, exposure to exogenous toxics,
or a wide array of neurodegenerative processes (35). Aging
and disease-triggered overexpression of ApoD constitutes an
endogenous mechanism of protection, as demonstrated by
the mirror effects of the OS-generator Paraquat in loss-of-
function and gain-of-function ApoD mutants in Drosophila
and mouse (36–39). ApoD absence results in a pro-oxidative
state in the brain, specifically altering lipid peroxidation (37)
and resulting in an accelerated aging of brain functions (40).
A mechanism of inhibition of lipid peroxidation has been
demonstrated for human ApoD, which is able to reduce lipid
hydroperoxides (LOOHs) to inert lipid hydroxides (LOHs)
thanks to a particular methionine residue (41). It is interesting
to note that one of the mechanisms behind the antioxidant
properties of ApoA-I in HDL particles is also based on
a methionine-dependent reducing activity on LDL-associated
lipids (9). ApoA-I also helps to keep LDL particles resistant
to oxidation by removing lipids prone to oxidation. These
ApoA-I antioxidative functions counteract the deleterious effect
of oxLDL particles on the BBB and contribute to keep HDL
lipids in their reduced form. Finally, ApoJ/Clusterin is also
thought to be a sensitive biosensor of OS. Its promoter has
some OS-responsive binding sites (42), and ApoJ has been
postulated as a protective molecule against OS based on gene
silencing experiments (43). In addition, ApoJ also contributes to
manage inflammation through binding tomisfolded proteins and
peptides, an interesting aspect shared by various lipid-binding
proteins (see below).
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In addition to OS, inflammation is a common
pathophysiological factor present in the aging brain and
neurodegenerative disorders. During aging, the organism suffers
an imbalance between inflammatory and anti-inflammatory
pathways, rendering a state of low-grade chronic inflammatory
status known as “inflammaging.” This status is characterized
by a higher propensity to inflammation and a lower efficiency
of inflammatory responses (44). Lipoproteins are in fact able
to modulate polarization of macrophages and microglia in
the anti/pro-inflammatory axis. For example, ApoE-LRP1
interaction mediates downregulation of microglial pro-
inflammatory activity, by reducing JNK pathway activity (45).
Also, ApoE induces polarization of macrophages to the M2
anti-inflammatory phenotype upon binding to LRP1 or ApoER2
receptors (46). These effects are relevant in disease conditions,
where macrophages infiltrate the nervous system parenchyma
or generate pro-inflammatory mediators (like TNF-α) (47)
that cross the BBB and alter basal neuroinflammatory state. In
addition, HDLs inhibit cytokine-induced expression of adhesion
molecules in endothelial cells (48), which would restrain the
macrophage–endothelial cell contacts required for access into
the brain, and thus would hold back neuroinflammation.
The lipocalin ApoD is also known to have anti-inflammatory
functions (49, 50). ApoD controls the extent and duration of
the inflammatory response upon peripheral nerve injury, by
binding lysophosphatidylcholine (LPC) and arachidonic acid
(AA) and dampening the Schwann cell signaling that recruits
and activates macrophages.

In summary, lipid-binding proteins not only contribute to
keep an adequate redox state in the healthy brain by mechanisms
directly related to their lipid management properties but also
contribute to the degree and duration of cellular responses to
brain injury and disease by influencing pro- or anti-inflammatory
signaling cascades.

Lipid-Binding Proteins’ Influence on
Amyloidogenesis
Misfolded proteins and toxic peptides are a primary cause in
many neurodegenerative diseases. Curiously, these toxic peptides
are often hydrophobic (hence their tendency to form aggregates)
and can be bound by lipid-binding proteins or lipoprotein
particles (Aβ being a well-known example). Therefore, because
of shared biophysical properties, lipid-binding proteins are also
responsible for managing hydrophobic peptides, like Aβ, in the
brain. In other instances, the lipid-binding moiety of the protein
can become susceptible of aggregation, as in α-synuclein (see
below), becoming part of the pathogenic mechanism.

Aβ peptides originate from the proteolytic processing of
amyloid precursor protein (APP), a ubiquitously expressed
type I transmembrane protein that traffics between the plasma
membrane and acidic intracellular compartments (5). Figure 2A
summarizes the two alternative APP processing pathways. The
non-amyloidogenic pathway is predominant in the healthy brain
and takes place at the cell surface, where the α-secretase initiates
APP processing. The amyloidogenic pathway, which results in
the synthesis of Aβ peptides, requires internalization of APP

FIGURE 2 | Amyloidogenesis and the influence of lipid managing proteins. (A)

Alternative proteolytic processing of amyloid precursor protein (APP). Plasma

membrane α-secretase initiates the non-amyloidogenic pathway, releasing a

soluble ectodomain (sAPPα) and generating a membrane-anchored C-terminal

fragment (CTF) of 83 amino acids. In contrast, the amyloidogenic pathway is

initiated by β-secretase in intracellular acidic organelles. Its processing results

in a 99-amino-acid CTF and a soluble extracellular sAPPβ. CTFs are

subsequently processed by γ-secretases generating p3 or Aβ peptides and

releasing an APP intracellular domain (AICD). The AICD resulting from the

amyloidogenic pathway translocates to the nucleus and regulates

amyloidogenic and lipid metabolism gene transcription. The AICD generated

by the non-amyloidogenic pathway is rapidly degraded in the cytosol.

(B) Effects of ApoE on the production and dynamics of Aβ peptides. Direct

interaction of ApoE with APP modulates its internalization. Also, LRP1 receptor

promotes APP internalization. Because ApoE2/ApoE3 isoforms have more

affinity for this receptor than ApoE4, ApoE2, and ApoE3 avoid APP

internalization, preventing the amyloidogenic pathway (disfavored interactions

depicted as red crosses). Moreover, ApoE triggers a signaling pathway that

stimulates APP transcription. ApoE4 is the most potent isoform in triggering

this pathway and thus Aβ production. Finally, ApoE also binds hydrophobic Aβ

peptides through its lipid-binding domain. The lower lipid load of ApoE4

isoform results in a lower efficiency in Aβ clearance.

into acidic compartments where β-secretase is at its optimal pH.
In both pathways, membrane-anchored C-terminal fragments
(CTFs) are subsequently processed by γ-secretase to generate
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p3 or Aβ peptides, concomitantly with the release of an APP
intracellular domain (AICD) into the cytosol. APP metabolites
play their own roles in brain function: sAPPβ seems to be
involved in synaptic pruning and apoptosis (51), while sAPPα is
considered neuroprotective (52). The AICD resulting from the
amyloidogenic pathway is known to translocate to the nucleus
and regulate gene transcription, with APP, β-secretase, neprilisin,
and several enzymes involved in lipid metabolism as target genes.
In contrast, the AICD generated by the non-amyloidogenic
pathway is rapidly degraded in the cytosol (5).

Brain HDL scaffolding proteins like ApoA-I, or associated
proteins like ApoJ, have been demonstrated to impact Aβ-
related pathogenesis, by influencing its oligomerization, its
traffic through the BBB (in or out of the brain), as well as
its endocytosis and degradation by cells within the brain or
at the vascular endothelium. ApoA-I is able to bind soluble
Aβ (53), and this interaction is thought to facilitate Aβ efflux
from the brain through bulk flow into the CSF, from which it
would be transferred to the circulatory and lymphatic systems.
Clearance will avoid Aβ oligomerization and toxicity within the
parenchyma. ApoJ is also able to interact with Aβ, apparently
altering amyloid aggregation and promoting Aβ clearance (54).
However, the specific role that ApoJ plays on Aβ-induced
pathology remains unclear. It has been proposed that Aβ-ApoJ
interaction is dependent on the ApoJ:Aβ ratio, which could
determine whether ApoJ exhibits neuroprotective or neurotoxic
effects (55). Endocytosis of Aβ-ApoJ complexes is mediated by
interaction with megalin/LRP2 receptor at the BBB endothelial
cells (19).

ApoE is highly expressed in the CNS, with no exchange
of brain-derived and peripheral ApoE, therefore constituting
two independent pools (21, 56, 57). Astrocytes are the primary
source of ApoE in the brain (58–60), and it is also expressed
at a lesser extent by microglia (61). ApoE plays a major role
in cholesterol and phospholipid management within the CNS,
and uses preferentially the LRP1 receptor (21). The primary
function of ApoE is the maintenance of specific lipoprotein
particles structure and docking them to specific cell receptors,
carrying out lipid transport not only between cells in the
nervous system but also across a defective BBB in pathological
conditions (57).

ApoE takes part in HDL-like particles biogenesis, by
interaction with ABCA1 receptors, which leads to varied degrees
of lipid uptake by ApoE (62, 63). Its C-terminal domain
constitutes its lipid-binding moiety, while the N-terminal one
binds to receptors. The three most frequent alleles in humans
(originating protein isoforms ApoE2, ApoE3, and ApoE4) have
variations in amino acids in the receptor-binding domain (21).
These ApoE isoforms present differential affinities for lipoprotein
receptors located at the BBB and neuronal membranes, with
ApoE2 and ApoE3 being the main interactors with LRP1,
while ApoE4 binds preferentially to very-low-density lipoprotein
receptor (VLDR) (60). The differential interaction with receptors
results in differences of lipid-binding capacity for the different
ApoE isoforms. ApoE4 is thought to have a molten globule
structure, different to the structure of the other two isoforms (64),
which makes it less stable, more easily degraded by astrocytes,

with a lower level of lipid-loading capacity, and less affinity for
LDLR family receptors and for APP (65).

With these properties, ApoE participates in various processes
related to APP processing (Figure 2B). On the one hand, ApoE
direct interaction with APP (66) regulates its internalization
and the amyloidogenic pathway. On the other hand, LRP1
accelerates the endocytic traffic of APP, therefore promoting
amyloidogenesis (67). We can define these relationships as
competitive interactions. When ApoE2 or ApoE3 isoforms are
expressed, HDL-ApoE performs its normal lipid transport,
docking into the LRP1 receptors in neurons or endothelial cells
while preventing APP to be internalized and processed through
the amyloidogenic pathway. The lower lipid uptake capacity
of ApoE4 and its lower affinity for LRP1 and APP has two
consequences: (1) a less efficient intercellular lipid transport,
and (2) a higher probability of LRP1-APP interaction, mostly
in neuronal membranes, initiating APP internalization and the
amyloidogenesis pathway (21, 57). Additionally, ApoE is able
to trigger a non-canonical MAP kinase pathway that stimulates
APP gene transcription, with ApoE4 being the isoform showing
the greatest potency in such stimulation, thus promoting Aβ

production further (68).
In addition to the effects on Aβ production, ApoE also binds

hydrophobic Aβ peptides through its lipid-binding domain, an
interaction that again depends on the lipid load of each isoform.
This binding is also pH-sensitive (57), making the interaction to
be location-dependent (intracellular acidic organelles vs. neutral
extracellular space). Moreover, ApoE4 shows less affinity for Aβ

peptides, making it a less efficient apolipoprotein in Aβ clearance
from brain to blood (69). In summary, ApoE4 isoform is less
suited for its intercellular lipid management function: ApoE4
uptakes a smaller lipid load at origin, and binds poorly to LRP1 at
destination. Furthermore, during its traffic between cells, ApoE4
is a poor Aβ acceptor, and at destination, it promotes yet another
deleterious effect: amyloidogenesis.

An important aspect of the just discussed effects of lipid-
managing proteins on the production and dynamics of Aβ

or other misfolded proteins in the extracellular space is that,
consequently, inflammatory responses are inhibited. Thus, lipid-
binding proteins also contribute to keep neuroinflammation
under control not only because of their signaling properties
mentioned above but also as a side effect of their ability tomanage
hydrophobic toxic peptides like Aβ.

Lipid-Binding Proteins Taking Care of
Organelle Membranes and Proper Vesicle
Trafficking
To the transport of lipids across water-based fluids, we have
to add lipid management and interactions within biological
membranes as a second major role for non-enzymatic lipid-
binding proteins. We will focus next on three biological
membranes that have special interest for the healthy and diseased
nervous system: synaptic vesicles, lysosomes, and myelin.

Synaptic Vesicle Management
α-Synuclein is located in the cytoplasm of neurons and glial
cells, but is known to interact with membranes through acidic
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phospholipids (70). α-Synuclein–membrane interactions have
gained recent attention, with data accumulating on its function
as regulator of membrane lipid composition, with putative roles
in fatty acid traffic within the cell (71). Within neurons, α-
synuclein is enriched in synaptic terminals, where it serves
important functions in synaptic vesicle traffic (72), participating
in the vesicle docking system at the presynaptic terminals,
as well as in clathrin-dependent vesicle recycling essential for
proper neuronal function (73). The fact that mutations in the
α-synuclein locus cause familial forms of PD has triggered
much research on its biochemical and biophysical properties.
In this context, a curious property is shared between some
apolipoproteins like ApoA-I and α-synuclein. They contain 11
amino acid repeats that form amphipathic helices that allow
these proteins to be inserted into cell membranes. Thanks to
this interaction both lipid-binding proteins are able to modulate
membrane curvature (74). Thus, a common mechanism is used
by ApoA-I/ABCA1 complexes to initiate lipid uptake by ApoA-
I and HDL biogenesis (9), and by the α-synuclein for its
membrane interaction.

Securing Lysosomal Function
Stability of lysosomal membrane is crucial for cellular
homeostasis and becomes a strategic factor for cell survival
or death (75). Many proteolytic and lipolytic enzymes can
only work properly within a well-controlled lysosome, able to
maintain a luminal pH lower than the surrounding cytoplasm. In
addition to those with enzymatic activity, various lipid-binding
proteins exert functions within the lysosome. Saposin B works as
glycosphingolipid presenter for lysosomal enzymes (76). Others
regulate lipid-modifying enzymes, like Hsp70, whose binding
to endolysosomal phospholipids regulates the activity of acid
sphingomyelinase (ASM) (77). Furthermore, a healthy lysosome
is required for a proper autophagic flux, which conditions the
clearance of aggregation-prone proteins and other deleterious
materials invariably produced in cells along their lifetime.
Neurons are particularly vulnerable to autophagy disruption,
since they are post-mitotic long-living cells. Lysosomes are
also involved in the degradation of exogenous material by
phagocytosis, a process particularly important after nervous
system injury or upon demyelinating conditions, where myelin
debris have to be efficiently removed if neuronal regeneration
is to take place. Therefore, the composition of lysosomal
membranes is crucial for both types of lysosomal function:
(1) it has an impact on its permeability properties, and thus
the maintenance of an intra-lysosomal milieu optimal for the
enzymatic activities; (2) it conditions the association of particular
proteins and chaperones to the lysosomal membrane and its
fusion to autophagosomes or phagosome membranes.

A somehow surprising finding is that lipid-binding proteins,
classically viewed as lipid transporters across extracellular fluids,
have also essential roles in managing lysosomal membrane
stability. That is the case of the lipocalin ApoD in both
glial cells that express it (astrocytes and oligodendrocytes) and
neurons (in a paracrine manner) (39, 78). As stated above,
ApoD prevents lipid peroxidation, and its presence in lysosomes

is required to avoid lysosomal permeabilization in oxidation-
promoting situations. In OS conditions ApoD traffics from
plasma membrane to lysosomes and guarantees that optimal pH
for lysosomal enzymes is kept under control (78). In addition,
Glial Lazarillo, a close homolog of ApoD in Drosophila, is
required for proper lysosome–autophagosome fusion, which
maintains an adequate autophagy flux in a proteinopathic
condition (Type I Spinocerebellar Ataxia, SCA1) (79). Other
lipocalins like Lcn2 have also been implicated in lysosomal
membrane management. Curiously, Lcn2 promotes lysosomal
permeabilization, inhibiting autophagic flux in cardiomiocytes
(80) and promoting apoptotic cell death (81). This Lcn2 function,
discovered outside the nervous system, also takes place in the
nervous system cells expressing Lcn2 (astrocytes) or receiving it
(neurons, microglia, and oligodendrocytes). Reactive astrocytes
induce Lcn2 expression in response to inflammatory conditions
and induce their own cell death as well as neuronal death (82).
Neurodegenerative conditions of diverse etiology trigger the
expression of Lcn2 and ApoD (35, 83). Therefore, these two
lipid-binding proteins of the Lipocalin family seem to represent
the opposite sides of the important equilibrium between
neurodegeneration and neuroprotection, with the control of
lysosomal functions as the center stage.

Lipoproteins Involved in Myelin
Management
Although not previously anticipated, lysosomal stability and
proper lysosomal function are also essential for adequate myelin
maturation and for the physiological constant recycling of
myelin membranes. Myelin is a very specialized type of plasma
membrane assembled by specific glial cells in both CNS and PNS.
Extensive membrane growth and recycling through endosomal
and lysosomal pathways take place during myelin biogenesis
(84), and remodeling continues through adulthood in an activity-
dependent manner (85). Myelin properties are essential in
determining the conduction velocity and thus neural circuit
performance. Altered myelin function clearly leads to behavioral
and cognitive deficits (86). Lysosome–myelin relationship is
based on the fact that many of the lipidic components of myelin
(accounting for 70–80% of its dry weight) are produced or
recycled in lysosomes. The lipocalin ApoD was recently shown
to be essential for the completion of the myelin compaction
process (87). Without ApoD, myelin membrane recycling
through the lysosome is altered, leading to lipid composition
changes. An excess of glycosylated lipids (gangliosides) prevents
the compaction of the extracellular leaflet, resulting in a less
hydrophobic myelin. As a result, nerve conduction velocity is
reduced (49).

In addition to the lipid management required during myelin
construction and remodeling, myelin catabolism represents
another process where proper lipid-binding proteins must
be necessary, in addition to the involved enzymes. Myelin
catabolism in the aging female brain has been proposed as an
adaptive response (88). White matter degeneration generates
ketone bodies as part of a shift in brain bioenergetics. As a
result, levels of ceramides and various fatty acids (DHA, AA,
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palmitic, and oleic acids) increase, posing an inflammatory
challenge to the aging brain. It is therefore worthwhile to
analyze how myelin catabolism-derived lipids are managed
during physiological or pathological aging. Upon nervous
system injury or in demyelinating diseases, myelin debris are
phagocytosed either by resident microglia or Schwann cells or by
infiltrating macrophages. Again, in those processes, lipid-binding
and membrane-interacting lipoproteins are required. In these
situations, ApoD and Lcn2 also play opposite roles, with ApoD
favoring myelin phagocytosis and removal (50, 87) and Lcn2
promoting demyelination (89).

NEURODEGENERATION UNDERSTOOD
FROM A LIPID MANAGER POINT OF VIEW

Alzheimer’s Disease and Cerebrovascular
Dementias: Dealing With Amyloid
Deposition in a Compromised BBB State
Alzheimer’s disease is the most common form of dementia,
characterized by deposition of amyloid plaques in brain
extracellular space and neurofibrillary tangles inside neurons.
Aβ toxic oligomers cause synaptic dysfunction and a series of
downstream events, ultimately leading to neuronal cell death.
The majority of AD cases are sporadic with a late onset and
do not have strong genetic components as the primary cause.
Hence, we need to understand all putative risk factors in order to
deal with this excruciating health problem. As mentioned above,
the best known and objective risk factor for sporadic AD is the
ApoE4 allele, which brings lipid-binding proteins up front in the
management of the lipophilic Aβ peptides.

Once Aβ is generated by amyloidogenic processing of APP
(see above; Figure 2), it is released to the interstitial fluid where
clearance takes place by different mechanisms: efflux across BBB
via ApoE receptors (mainly LRP1 and VLDLR), uptake by cells
for lysosomal degradation, and cleavage by Aβ-specific proteases.
As reviewed above, members of the LDLR gene family have
a broad set of biological functions beyond lipid metabolism.
LRP1 interactions with either APP or lipid-loaded ApoE in
the cell membrane promote or discourage APP internalization,
and therefore amyloidogenesis (67), in an isoform-dependent
manner (Figure 2B). LRAD3, a newly identified member of the
LDLR family, also binds APP and promotes its amyloidogenic
processing (90). LRP1B has a slower rate of endocytosis and
retains APP at the cell surface (91). Finally, LRP10 binds to APP
and promotes its traffic to the Golgi complex, which also prevents
amyloidogenesis (11). LRP1, expressed in neurons, influences
not only amyloidogenesis but also clearance of extracellular Aβ

by promoting its uptake and degradation (92). A similar Aβ

clearance mechanism, though taking place in astrocytes and
microglia, has been described for ApoJ–Aβ complexes that use
the Megalin/LRP2 receptor instead (93, 94). Yet, an additional
effect of Aβ is its ability to be inserted in brain cell membranes,
altering membrane fluidity and initiating a lipid peroxidation
chain reaction. Among the multiple consequences of the OS
generated, lipid peroxidation results in the addition of 4HNE
adducts to LRP1. The oxidized LRP1 is less active in clearing

ApoE–Aβ complexes and, in turn, causes more accumulation
of Aβ in the AD brain (12), thus generating a negative synergy
between OS and Aβ management.

The majority of AD patients have co-morbid vascular diseases
and cerebrovascular pathologies. Most also have Aβ deposition
in cerebral arteries, known as cerebral amyloid angiopathy
(CAA) (8). Therefore, lipid-binding proteins that influence the
cerebrovascular system integrity and control Aβ clearance across
the BBB become relevant targets toward treating AD and vascular
dementias in general. Leakage of molecules across the BBB could
be caused by loss or defective tight junction proteins between
endothelial cells and/or enhanced transcytosis across the BBB
(95). For example, the CSF of AD patients shows low levels
of the Lipocalin ApoM (96). ApoM binds S1P in the blood
and carries it to the membrane receptor S1PR in endothelial
cells, where S1P promotes their barrier properties, preventing
leakage and subsequent neuroinflammation. S1PR activation
also decreases the expression of adhesion molecules used by
leukocytes to adhere to endothelial cells before infiltration into
damaged tissues (23). Therefore, a dysfunction of this ApoM-
dependent mechanism might contribute to the BBB breakdown
observed in AD patients. ApoA-I is also a relevant player at
the cerebrovasculature. ApoA-I originated outside the brain
acts from the lumen of blood vessels, precluding deposition
of amyloid at the blood side of the BBB, thus preventing
amyloid angiopathy and BBB disruption (97). ApoA-I deficiency
in APP/PS1mice increases CAA, total cortical Aβ deposition, and
several markers of neuroinflammation (8).

Yet, other factors might influence Aβ clearance at the
BBB, early in the disease progression. Multiple studies have
shown impaired regional brain uptake of glucose before
neurodegeneration, suggesting reduced glucose brain utilization
caused by decreased glucose transport across the BBB
via endothelial-specific glucose transporter GLUT1 (98).
Moreover, diminished GLUT1 expression in brain endothelium
leads to transcriptional inhibition of LRP1, accelerating Aβ

pathology (99).
In summary, in the brain of AD and related vascular

dementias, deleterious effects of amyloid peptides are combined
with pro-oxidative and pro-inflammatory conditions in a
disrupted BBB situation. Independently of the primary cause of
each particular disease, lipid-binding proteins are involved in
every step.

Parkinson’s Disease: An Oxidative
Challenge for Dopaminergic Neurons
PD is an age-related neurodegenerative disorder characterized
by dopaminergic neuronal cell death in the brain substantia
nigra. The main triggering factor of the disease are Lewy
bodies, intraneuronal protein aggregates composed of α-
synuclein (100). Various events associated with PD such as
OS, endosomal–lysosomal dysfunction, endoplasmic reticulum
stress, and inflammatory responses, have been described as
processes in which lipids play a key role (3).

Mutations in α-synuclein are causative for familial PD;
thus, PD is considered as one of the synucleinopathies, which
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include diseases that affect both neurons and oligodendroglia
(101). In addition to the functional consequences derived from
synaptic malfunction in PD, research aiming at understanding
factors triggering α-synuclein aggregation brings its membrane
interaction up front. Although some controversy exists about
the structure and oligomer conformation of native α-synuclein
(102, 103), there is consensus on the concept that α-synuclein
interaction with membranes is the key factor conditioning
transitions between different structural modes and, therefore,
its susceptibility to form pathogenic fibrillar aggregates (70).
Factors reducing α-synuclein/membrane interaction promote
its aggregation. Furthermore, this membrane interaction is
regulated by polyunsaturated phospholipids (PUFAs), the
cellular membrane components with the highest susceptibility to
oxidative damage. They interact with α-synuclein and stabilize
its binding to cell membranes when they are in their reduced
state. The OS that develops in dopaminergic neurons of PD
patients results in oxidation of PUFAs and oxidative modification
of α-synuclein. Both effects reduce the affinity of α-synuclein–
lipid interaction and promote the formation of toxic protein
oligomers (104).

In vitro studies on toxin-mediated proteasomal impairment
in the dopaminergic cell line SH-SY5Y have suggested that
ApoJ/Clusterin also prevents α-synuclein aggregation due to its
chaperone activity (105), probably involving their hydrophobic
lipid-binding moieties. Consistent with this idea, Lewy bodies
in PD and other synucleopathies show an inverse correlation
between ApoJ and α-synuclein content (106). ApoA-I levels
also decrease in PD, especially at early stages of the disease.
The increase in oxidation markers produced in PD brains
concurs with ApoA-I oxidative damage, resulting in malfunction
of cholesterol processing, dysregulation of the inflammatory
response, and acceleration of neurodegeneration. Among other
effects, oxidized ApoA-I loses its ability to inhibit TNF-α release,
which is exacerbated by OS and can cross the BBB, thereby
leading to neuronal death (97).

Since ApoD possesses neuroprotective effects against OS,
and pro-oxidative stimuli regulate its expression in astrocytes
(39), upregulation of ApoD in the brain of PD patients
is not unexpected. Increase in ApoD immunoreactivity has
been in fact observed in glial cells of the substantia nigra
(107) and in brainstem neurons and glia of PD patients
(108). This upregulation can be interpreted as a protective
mechanism against neurodegeneration, where glia-derived ApoD
is internalized by stressed neurons (109). This neuroprotective
function is supported by the work on model organisms (36, 37).
Lack of ApoD in mouse promotes astrogliosis in the substantia
nigra and functional alterations in dopaminergic neurons (39).

Finally, cholesterol deficiency in the brain causes impaired
neuronal plasticity and reduced neurotransmission. Since ApoE
is mainly responsible for the maintenance of cholesterol
homeostasis within the CNS, it is plausible that ApoE
might also be involved in PD. In fact, ApoE has been
proposed as a risk factor for PD, and the three ApoE
isoforms might play different roles in the pathogenesis of
PD through their differential interaction with LRP1, as it is
the case for AD. An in vitro study evaluating the effects
of ApoE isoforms on α-synuclein aggregation showed that

ApoE4 increases aggregation of α-synuclein more than other
isoforms (110) in a mechanism resembling Aβ management
in AD.

In summary, various lipid-binding proteins, in addition to α-
synuclein, are implicated in lipid interactions and management
in the altered conditions present in PD. Interestingly, most of
them also influence AD and other common neurodegenerative
pathologies. Knowledge of their functional connections can
definitely help to broaden the strategies to palliate or counteract
disease progression.

Multiple Sclerosis and Other Demyelinating
Diseases: BBB and Myelin at Stake
Multiple sclerosis (MS) and other demyelinating diseases are
caused by autoimmune attacks toward myelin components in a
pro-inflammatory context associated with BBB disruption and
infiltration of immune system cells. In these pathologies, the
influence of lipid-managing proteins in BBB stability becomes
a relevant factor and a process where preventive or repairing
interventions would be desirable.

Three ApoM-related processes influence BBB permeability.
ApoM and ApoM-positive HDL particles contribute to control
neuroinflammation at different levels (23, 111, 112). First,
S1P-ApoM complex restrains lymphopoiesis, thus controlling
inflammatory state at origin. Second, ApoM brings S1P to
brain endothelial cells, influencing their permeability properties
through signaling cascades initiated by S1PR binding. Finally,
brain endothelial cells express ApoM, with favored secretion
toward the BBB brain side, thus contributing to intra-cerebral
transport of S1P. The beneficial effects of the S1P analog
FTY720 in animal models of MS are coherent with a central
role of ApoM in neuroinflammation control. Also, the anti-
inflammatory properties of ApoA-I-containing HDLs represent
an endogenous protective mechanism against MS (113). ApoA-I
levels negatively correlate with disease severity, and MS patients
with high levels of serumApoA-I respond better to IFNβ therapy.
The anti-inflammatory effects of this apolipoprotein are thought
to be mediated, at least in part, through its prevention of LDL
oxidation. ApoA-I avoids the oxLDL-mediated BBB leakage.

Regardless of demyelination being triggered by
neuroinflammation, or derived from intrinsic alterations in
oligodendrocytes (differentiation, myelin biogenesis, or myelin
recycling), we need to keep investigating how demyelination
takes place and how the myelin debris generated are dealt with.
Myelin recognition and phagocytosis by resident microglia
or infiltrated macrophages is a central process whose failure
can trigger anomalous myelin destruction, prevent myelin
clearance, or halt myelin repair. A recent gene expression
analysis of MS lesions, where active demyelinating lesions are
compared with inactive ones and with healthy myelinated tissue,
revealed genes related to lipid binding and uptake (scavenger
receptors) upregulated in the rim of chronic active lesions, where
demyelination is taking place (114). Also, myelin phagocytosis
control by ApoD is key for proper myelin clearance after
injury (50). By regulating the presence at the injury site of lipid
mediators of inflammation, and of “eat-me” signals triggering
recognition of myelin debris by phagocytic cells, this Lipocalin
influences the initiation of myelin phagocytosis. In addition,
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ApoD targeting to lysosomes and functional stabilization of
lysosomal membranes (78) contributes to optimize the process
of myelin degradation after autophagosome-lysosome fusion.
Finally, the process of myelin reconstruction after injury is
expected to require ApoD at its latest phase: myelin sheath
compaction (87). It is therefore not unexpected that ApoD
overexpression is detected in MS patients (115), and that
its presence in MS lesions (116) is low in sclerosis plaques,
particularly in inactive ones, but recovers high levels in
the re-myelinating lesions when myelin reconstruction is
taking place.

Myelin repair has been recently shown to depend on LRP1
(117). In addition to all signaling cascades triggered by LRP1,
its action as a lipoprotein receptor (preferentially for ApoE-
HDL, as mentioned above) is required for myelin repair.
The cholesterol supply required for myelin sheath growth is
impaired in oligodendrocytes lacking LRP1, thus hindering
repair after demyelination.

Therefore, a combination of lipid-binding proteins are
involved in various phases of demyelinating diseases, with effects
at different levels, from BBB stability to inflammatory signaling,
myelin destruction, and reconstruction. Knowledge of lipid
management at each of these steps is a necessary challenge we
need to take up, if we want to control myelin-related ailments.

Lysosomal Storage Diseases and Their
Inseparable Companions:
Leukodystrophies
One cruel evidence that myelin–lysosome functional link is
essential for human health is the existence of lysosomal storage
diseases (LSDs), all of them associated to leukodystrophy or
myelination problems. LSDs usually show an early onset and
are suffered by children that present both systemic and nervous
system-related problems and show poor survival chances. LSDs
are cataloged as rare diseases, but together they add up to 1
case/8000 (118).

NPC disease has been extensively studied (119). In NPC,
mutations in NPC1 and NPC2 genes cause impaired trafficking
of cholesterol in neurons, after LDLR-mediated internalization,
or in glial cells, where it is endogenously produced. Both proteins
are located in endosomes and lysosomes and have a cholesterol-
binding domain. In NPC patients, cholesterol and other lipids
accumulate in late endosomes and lysosomes and are unable
to travel to the plasma membrane. These lipid management
alterations result in progressive neurodegeneration, starting early
in cerebellar Purkinje cells (120), as well as in myelin defects,
revealing the importance of cholesterol mobilization from
lysosomes, both in neurons and in oligodendrocytes, to form
and maintain a functional myelin sheath (121). Interestingly,
concomitant with this cholesterol dyshomeostasis, genomic
instability, and trisomy 21 mosaicism have been described in
NPC patients (122), an effect that is thought to be a consequence
of changes inmembrane fluidity. Thus, lipid transport defects can
also have consequences in the genetic material of cells and their
correct segregation during cell division.

Niemann–Pick type A (NPA) disease is caused by a different
genetic alteration, but also alters both lysosomes and myelin.

It results from loss-of-function mutations in the ASM gene,
leading to accumulation of sphingomyelin in lysosomes (123).
NPA is an infantile disease with a rapid progression leading to
premature death. It causes early neurodegeneration, particularly
in vulnerable Purkinje cells, and also leads to abnormal myelin
formation (124). Primarily caused by a lipid-processing enzyme
deficit, this disease is also modulated by non-enzymatic lipid
managing proteins, like Hsp70. As mentioned above, its lipid
presenting role in lysosomes promotes ASM activity (77), and it
is able to correct the lysosomal defects in cells of NPA patients
(125). Analogous to Hsp70 lipid presenting role, the lysosomal
Saposin B binds cerebroside sulfate and other membrane
glycosphingolipids (126) to make them available to water-
soluble enzymes. Defective Saposin B causes metachromatic
leukodystropy, a rare LSD affecting mostly myelinating glia
both in CNS and PNS, and resulting in motor and cognitive
deterioration (127).

Most lysosomal dysfunctions in LSDs are primarily caused
by aberrant or decreased enzymatic activities, and some, like
NPC, are directly linked to non-enzymatic lipid manager
proteins. It is clear that alterations in the lipid-related
lysosomal functions are of particular centrality because of the
many downstream consequences, including diverse forms of
myelin dystrophy.

CONCLUDING REMARKS

Lipids are essential components of all living cells requiring
special management while immersed in a mostly hydrophilic
environment. In addition to their energetic or signaling
functions, they form structures of special relevance in the
lipid-rich nervous system. Lipid-based structures are of
high complexity, from apparently simple cell membranes to
lipoprotein particles, intracellular lipid droplets, or complex
myelin sheaths. Moreover, these structures are dynamic, serving
functions as important to the nervous system as synaptic
communication, nerve conduction velocity, microglial, or
astroglial phagocytosis, or autophagy control of intracellular
toxic products.

Lipid processing enzymes as well as lipid carriers with a
variety of designs need to act in conjunction to optimize the
lipid requirements of each cell type in the nervous system. In
this review, we have brought the attention to non-enzymatic
lipid managers and their relationship to essential processes that,
when disrupted, generate a wide array of nervous system diseases.
Moreover, many of the lipid-managing proteins are part of
endogenous mechanisms of protection. Knowledge about all
steps in each lipid-related process, the proteins involved, and the
lipid species affected, should help to design potential therapies for
nervous system diseases.
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