
 International Journal of 

Molecular Sciences

Review

Lipid and Lipid Raft Alteration in Aging and
Neurodegenerative Diseases: A Window for the
Development of New Biomarkers

Fátima Mesa-Herrera 1, Lucas Taoro-González 2, Catalina Valdés-Baizabal 2, Mario Diaz 1,3 and
Raquel Marín 2,3,*

1 Laboratory of Membrane Physiology and Biophysics, Department of Animal Biology, Edaphology and
Geology; Faculty of Sciences, University of La Laguna, 38200 Sta. Cruz de Tenerife, Spain

2 Laboratory of Cellular Neurobiology, Department of Basic Medical Sciences, Section of Medicine, Faculty of
Health Sciences, University of La Laguna, 38200 Sta. Cruz de Tenerife, Spain

3 Associate Research Unit ULL-CSIC “Membrane Physiology and Biophysics in Neurodegenerative and
Cancer Diseases”, University of La Laguna, 38200 Sta. Cruz de Tenerife, Spain

* Correspondence: rmarin@ull.edu.es

Received: 4 July 2019; Accepted: 24 July 2019; Published: 4 August 2019
����������
�������

Abstract: Lipids in the brain are major components playing structural functions as well as physiological
roles in nerve cells, such as neural communication, neurogenesis, synaptic transmission, signal
transduction, membrane compartmentalization, and regulation of gene expression. Determination of
brain lipid composition may provide not only essential information about normal brain functioning,
but also about changes with aging and diseases. Indeed, deregulations of specific lipid classes and
lipid homeostasis have been demonstrated in neurodegenerative disorders such as Alzheimer’s
disease (AD) and Parkinson’s disease (PD). Furthermore, recent studies have shown that membrane
microdomains, named lipid rafts, may change their composition in correlation with neuronal
impairment. Lipid rafts are key factors for signaling processes for cellular responses. Lipid alteration
in these signaling platforms may correlate with abnormal protein distribution and aggregation, toxic
cell signaling, and other neuropathological events related with these diseases. This review highlights
the manner lipid changes in lipid rafts may participate in the modulation of neuropathological
events related to AD and PD. Understanding and characterizing these changes may contribute to the
development of novel and specific diagnostic and prognostic biomarkers in routinely clinical practice.

Keywords: neurodegenerative diseases; lipids; lipid rafts; biomarkers; Alzheimer’s disease;
Parkinson disease

1. Introduction

Lipids are biomolecules soluble in nonpolar organic solvents, usually insoluble in water, and
are primarily known for their metabolic role in energy storage. Lipid species may differ depending
on the configuration of their head group, the nature and number of carbon-carbon bonds, molecular
weight, and whole structure [1,2]. In particular, the general lipid structure is determined by the
comparative polarity of the head group with the tails, which are hydrophobic in nature. Biological
lipids originate entirely or in part from two distinct types of biochemical subunits or “building-blocks”:
ketoacyl and isoprene groups. Using biochemical approaches lipids can be sorted out in eight different
classes, namely fatty acids, glycerolipids, glycerophospholipids (GPs), sphingolipids, sterols, prenols,
saccharolipids, and polyketides [3].

Lipids are particularly abundant in the brain that is one of the fattiest organs in the body. Thus, in
nerve cells, lipids represent 50–60% of cell membrane constituents. Among the most abundant lipid
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species identified in the central nervous system (CNS) are cholesterol, GPs, and sphingolipids [4].
Indeed, approximately 25% of the total content of cholesterol present in the human organism is localized
in the brain. Noticeably, brain cholesterol comes almost entirely from the endogenous synthesis, being
circulating cholesterol unable to cross the blood-brain barrier (BBB) [5]. In the adult brain, the major
sterol is unesterified cholesterol but small amounts of demosterol and cholesteryl esters are also present.
Furthermore, cholesterol is an essential structural component of cellular membranes and myelin. The
majority of cholesterol (approximately 70−80%) is present in myelin sheaths formed by oligodendrocytes
to insulate axons, the rest being part of neuronal and astrocyte membranes [6]. There is a highly
efficient apo-E-dependent recycling of cholesterol in the brain including a potentially large turnover
between neurons and glia cells [7]. Furthermore, brain cholesterol is a precursor of steroid hormones
and neurosteroids [5]. Due to its hydrophobic nature, lipids not only are required as energy reservoirs,
but they also play important structural and regulatory roles in specific and complex physiological
functions. For instance, lipid molecules are related to cell transport, cell membrane formation, protein
stabilization and modulation, cell signaling and transduction, neural communication, neurogenesis,
synaptic transmission, signal transduction, membrane compartmentalization, and regulation of gene
expression [8].

Fatty acids are also important structural components of neuronal membranes. These molecules are
found as three main classes of esters: phospholipids, cholesterol esters and triglycerides. According to
the aliphatic chain, fatty acids are classified in two types: saturated fatty acids that are fully composed
by single bonds between neighbor carbons and unsaturated fatty acids with one or more carbon–carbon
double-bonds. In addition, depending on the length of the carbon, fatty acids can be classified as
short (<6 carbons), medium (6–12 carbons), long (14–22 carbons), and very long (>22 carbons) fatty
acids. The main saturated fatty acids include palmitic acid (16:0), stearic acid (18:0) and the main
monounsaturated is oleic acid (18:1) [9]. Fatty acids are synthetized in the liver and reach the brain
from circulation after crossing the brain blood barrier (BBB) in a complex with albumin, lipoproteins
and other carriers [10]. The mechanism of fatty acid import into the BBB is still uncertain. There
are two prevailing hypotheses: (i) passive diffusion using a “flip-flop” mechanism independent of
proteins [10–12] and (ii) protein-mediated transport mechanisms using specific fatty acid transport
proteins, including caveolin-1 [13], intracellular fatty acid binding proteins 1–9 (FABP), and plasma
membrane fatty acid binding protein (FABPpm)[14].

Approximately 50% of neuronal membrane is composed by polyunsaturated fatty acids (PUFAs),
while in the myelin sheath these lipids constitute ~70% [15,16]. Two long and unsaturated fatty
acids are considered to be essential and required in high amounts in nerve cells: arachidonic acid
(AA) and docosahexaenoic acid (DHA) [5,8]. Indeed, DHA levels reach 15−50% of total fatty acids
in neurons. Noticeably, the structural conformation of PUFAs provides particularly properties to
the membrane milieu. Thus, the high number of double bonds in their molecules confer a dynamic
microenvironment that guarantees membrane fluidity and plasticity [17]. Consequently, fatty acids
perform various functions in the brain. These molecular moieties contribute to the structural integrity
of cellular membranes, serving as signaling molecules, and, to a less extent, providing energy to cells.
In particular, DHA and AA and are essential for brain accretion, synaptogenesis and neurogenesis [18].

Glycerophospholipids are the main phospholipids and constitute ~4.5–5% of whole brain
wet weight and ~4.5% in gray matter [9]. They are classified as phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), and
phosphatidylglycerol (PG) depending on the polar group. These phospholipids are esterified at
positions sn-2 and sn-3 of the glycerol backbone with an unsaturated fatty acid (containing between
one and six double bonds) and a saturated fatty acid, respectively.

Another relevant lipid class in cell membranes is sphingolipids. These lipids bind to proteins
forming lipid-protein complex that help to maintain a proper position and tight integration of proteins
in lipid microenvironments. Also, sphingolipids are essential for the optimal function of ion channels
and neuronal surface receptors, and their derived products are involved in the regulation of neuronal
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activity and gene expression [19]. Further, sphingolipids have a relevant role as precursor of lipid
mediators and contribute to structural integrity of structural microdomains in neuronal membranes [20].
As structural components, they allow inter-leaflet association within the lipid bilayer due to their usual
content of long-chain fatty acids, thereby leading to liquid-ordered domains.

The combination of particular protein-bound lipid moieties embedded in the plasma membrane
create highly organized multimolecular structures that lead to the organization of multiple and
multidimensional levels of order [21]. In this sense, evidence accumulated over the last two decades
indicate that cellular membranes exhibit structures called lipids rafts, liquid-ordered domains rich
in sphingolipids, and cholesterol. Lipid rafts are also enriched in phosphatidylcholine, mainly with
saturated acyl chains, although they also contain lower amounts of the other phospholipids, PE, PI,
and PS. The predominant fatty acid is palmitate whereas unsaturated fatty acids are less represented in
raft domains. The sphingolipids ganglioside 1 and 2 (GM1 and GM2, respectively) are highly abundant
in these microstructures, and consequently are commonly used as typical lipid raft lipid markers.

Lipid rafts function as multimolecular platforms where protein complexes interact to develop
different physiological functions of which signaling regulation of signal transduction cascade are
particularly relevant [22]. Raft resident proteins are often glycosylphosphatidylinositol (GPI) anchored
proteins as well as scaffold proteins which include caveolins and flotillins [23]. The list of lipid
raft-associated proteins is steadily increasing and belong to three categories: scaffolding proteins
abundantly found in lipid rafts, proteins integrated into the liquid-disordered phase, and proteins
shifting in and out these microdomains that represent an intermediate state [24,25]. Lipid raft-associated
proteins include, among others, GPI-anchored receptors, receptor tyrosine kinases nonreceptor tyrosine
kinases of the Src family, adapter and regulatory molecules of tyrosine kinase signaling cascade,
heterotrimeric and small GTP-binding proteins, and cell adhesion molecules review in [14].

There is an increasing body of data indicating that lipid homeostasis in the nervous system is
altered during physiological aging as well as in various neurodegenerative diseases such as Alzheimer’s
disease (AD) and Parkinson’s disease (PD) [8]. Part of these aberrant changes has been related to lipid
rafts observing alterations in their molecular lipid composition during aging and toxicity [26]. The
modifications in the lipid raft organization may have important consequences in their physicochemical
properties altering the local microenvironment. These alterations may contribute to rearrangements
of raft integrated proteins [27] that may ultimately promote neurodegenerative processes in AD and
PD [26].

In the following sections, we will discuss the data available on the importance of lipid
homeostasis and lipid raft changes occurring with the progression of brain aging and age-related
neuropathological events.

2. Brain Lipids in Aging

The physiological aging process includes changes at all levels of the biological organization that are
counterbalanced by adaptive response mechanisms geared to preserving the composition and function
within homeostatic thresholds. The adult human brain does not exhibit a uniform deterioration
pattern of its structure and function as this organ appears to select vulnerable neuronal populations in
parallel with injury [28]. The most functional decline associated with normal brain aging is caused by
relative subtle changes such as the loss of dendrites, the reduction and morphological modifications of
spines density and changes in the molecular profile of synapses [29]. All the described morphological
anomalies are in correlation with the progressive and deleterious character of the aging process.

Furthermore, the concentrations of most lipid species in the human brain have been shown to
decrease after the age of 50 years old [9]. For instance, the percentage of dry matter in the human
brain diminishes coupled to a decrease of nerve cell membrane lipids and a marked decline of total
myelin content. Recent studies analyzing the lipid composition of different areas of human brain
have confirmed the occurrence of age related lipid alterations. The first evidence correlating aging
and affection of lipid profile of the human brain was reported by Burger & Seidel [30] and Rouser &
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Yamamoto [31]. Burger & Seidel [30] found that the brain lipid matrix suffers a significant throughout
lifespan, observing an increase of total lipids during the first two decades of life, followed by a
progressive decrease during adulthood and advanced aging. Rouser & Yamamoto [31] also observed a
curvilinear regression of human brain lipid levels with age. However, in both studies, the lipid analysis
was performed using whole brain tissue without any distinction between the gray and white matter.
This fact may unmask the potential differences affecting distinct parts of the CNS. An additional
parameter to take into consideration is the potential differences in lipid changes affecting distinct brain
regions. Subsequent studies of different human brain areas confirmed the occurrence of age-related
lipid changes. Thus, some evidence has reported the existence of region-dependent cholesterol changes,
observing a reduction of cholesterol load in human frontal and temporal cortices as well as in the
hippocampus, caudate nucleus, and cerebellum [32,33]. Moreover, cholesterol imbalances have been
correlated with modifications in cholesterol synthesis and metabolism [34].

According to the literature, cholesterol is one of the most affected lipids in the brain during aging.
It is widely accepted that cholesterol synthesis is very high in the developing brain, but this rate declines
at low and constant levels during adulthood [35]. Most data reported point to a progressive reduction
of cholesterol content in a wide variety of brain regions, including the human cortex, hippocampus
and cerebellum, mouse synaptosomes, and cultured hippocampal [32,33,36]. In addition, cholesterol
deficiency increases the vulnerability of hippocampal glia in primary culture to glutamate-induced
excitotoxicity [37]. The detriment in cholesterol levels by aging also affects neurosteroids synthesis
and amount. Neurosteroids, such as pregnenolone (PREG) and dehydroepiandrosterone (DHEA) are
synthetized in the CNS and the peripheral nervous system, mainly, but not exclusively, in myelinating
glial cells from cholesterol or steroid precursors imported from other parts of the body [38].

Several reports have demonstrated that besides cholesterol, other important lipids undergo a
selective depletion with aging in both human brain and animal models. Indeed, brain aging also
modifies phospholipid proportions. In particular, it have been observed a loss of approximately 10%
in either PI, PE, or PC in the period between 40 and 100 years old [39]. This correlates with another
study in which phospholipid concentrations were compared in different brain regions (gray matter,
white matter, caudate nucleus, hippocampus, pons, cerebellum, and medulla oblongata). The results
established a decrease of 10 to 20% of total phospholipid amount in 89–92-year-old individuals as
compared to 33–36-year-old controls [32]. However, the phospholipid composition in other brain
regions remained invariable. Furthermore, other data have reported that phospholipid reduction
starts at the age of 20 and progressively becomes more pronounced by the age of 80, not observing
significant differences between genders [33,40]. Overall, these data support the assumption that there
is a progressive detriment in different lipid classes in brain lipid matrix as a result of aging, these
variations becoming more significant after the age of 50 years old.

Other lipid classes affected during aging are polyunsaturated fatty acids (PUFA). Some recent
studies focused on the mitochondrial and microsomal lipidome have revealed a decrease of adrenic
acid (22:4n-6) and AA (20:4n-6) (n-6 PUFAs) throughout adult life in the frontal and entorhinal cortices
and hippocampus. These changes were mostly observed in the association of these n-6 PUFAs with PC,
PE, and PS, whereas the amount of DHA (n-3 PUFA) remained invariable, or slightly decreased during
the same period of time [41–43]. In line with these studies, another analysis of human brain fatty acid
profile showed that there was a progressive decline in PUFA composition. This PUFA reduction was
inversely correlated with stearoyl-CoA desaturase expression and transient compensatory elevations
in elongase and desaturase gene expression [44]. Similar findings were found in rat brains, where
aging caused variations in both sphingomyelin and the mono/polyunsaturated fatty acids ratio [45].

Regarding gangliosides, aging provokes a decline of neural glycolipids GD1a and GM1 levels
and, to a lower extent, GT1b and GD1b in the human frontal cortex [46]. These observations correlated
with the data obtained in rat cerebellar cortex levels both in vivo and in vitro [46]. However, only a
moderate decrease of GD1a was shown in human hippocampus in correlation with aging, not detecting
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significant modifications in the level of other ganglioside classes [46]. Similar results were obtained in
the visual cortex where there were virtually no changes in individual ganglioside species [46].

The reduction of cholesterol and other lipid classes in nerve cells may have important consequences
from both the structural and functional points of view. Thus, in neuronal membranes it has been
demonstrated that cholesterol changes reported with aging alter cell membrane fluidity, increasing
their rigidity and physico-chemical properties [47]. Consequently, the cholesterol-related membrane
structural impairments may affect the behavior of membrane-related proteins altering signaling
transduction responses. This phenomenon may be particularly relevant in lipid rafts that are considered
key points of signaling proteins clustered in signalosomes. In this order of ideas, we and others have
reported anomalies in protein-protein interactions and protein multicomplex rearrangements due to
changes of cholesterol and other lipid classes in lipid rafts, thereby modifying different transduction
pathways that affect neuronal physiology [36,48–51]. In human studies, it has been reported that lipid
composition in lipid rafts undergo significant alterations of specific lipid classes (cholesterol, sterol
esters, PUFA, plasmalogens, sphingomyelin, sulfatides, and cerebrosides) and phospholipid-bound
fatty acids (especially DHA and AA) in correlation with brain aging [52]. In agreement with this,
some reports have found a reduction of n-3 and n-6 PUFA during physiological aging in different
human brain areas (particularly in cortex and hippocampus) [44,53]. Interestingly, the impairment
in the proportion of distinct lipid classes follows a gradual temporal context. For instance, saturated
fatty acids appear to increase their levels in lipid rafts by the age of 70 whereas there is a decay in the
main n-6 and n-3 PUFA (AA and DHA, respectively) by the age of 80 [54]. Nevertheless, the specific
contribution of lipid patterns to the aging process remains to be fully characterized. Indeed, it has still
not been clarified whether the changes in the confirmed lipids represent neutral changes with age,
changes causing physiological aspects of aging, or rather are beneficial responses to damaging agents.
It is interesting to note that even if modifications in the proportions of certain lipid classes have been
reflected in the lipid raft milieu during neuropathology, these microdomains remain generally stable in
healthy aged brains. For instance, a recent study carried out in our laboratory showed no significant
changes in the mole percentage of total lipid classes and fatty acids from normal human frontal cortex
throughout the lifespan (24–85 years) [36].

Overall, the data available indicate that both lipid homeostasis and metabolism are intimately
associated with human brain aging. Taking into account that human brain performs a wide range of
motor, sensory, regulatory, and cognitive functions which decline with advancing aging, it is plausible
to hypothesize that regional alterations in human brain lipid matrix might be responsible for the
pathophysiological processes involved in neurodegenerative diseases such as Alzheimer’s Disease
(AD) and Parkinson’s Disease (PD). These issues are discussed in the next chapters.

2.1. Lipid and Lipid Raft Profile Alterations in Alzheimer’s Disease

AD is a progressive neurodegenerative disease that represents approximately 70% of all cases of
dementia diagnosed around the world. This pathology induces an irreversible neurological disorder
that causes cognitive and behavioral impairment. AD symptomatology appears gradually and is
characterized by a progressive detriment of cognitive abilities (such as language, memory, learning,
and recognition abilities) as well as loss of motor skills. These features lead to changes in the behavior
and personality, the inability to develop activities of daily living, and the loss of autonomy.

Macroscopically, AD brains exhibit cortical atrophy (between 8 and 15% smaller than healthy brain)
due to massive loss of neurons [55]. At the molecular level, β-amyloid peptide (Aβ), and tau protein
have been identify as the main agents causing Alzheimer’s disease [56]. These two proteins have been
studied intensively due to the formation of macroscopic aggregates, namely extracellular amyloid
plaques and intracellular neurofibrillary tangles in AD brain tissue. In this sense, during the last decades,
the amyloid cascade hypothesis [57] has been the most accepted scenario to explain the pathogenic
processes of AD. According to the amyloid cascade hypothesis, Aβ oligomerization, and accumulation
is a neurotoxic phenomenon considered a key factor of many pathological features of the disease [58–60].
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Furthermore, senile plaques formation is accompanied by astrogliosis [61], neuroinflammation [62],
and oxidative stress [63], being the neocortex and hippocampus the most affected brain areas [64]. In
addition to macroscopic changes, AD brain also suffers biochemical changes including variations in
calcium homeostasis and alterations in phospholipid and cholesterol metabolism that ultimately may
modify mitochondrial functioning. It has been demonstrated that calcium dysregulation precedes and
underlays other AD-related alterations such as oxidative stress, tau aberrant hyperphosphorylation
and synaptic plasticity impairments [65]. Interestingly, these changes often appear early in the course
of the disease, prior to plaque and tangle accumulation. The available data indicate that mitochondrial
impairment associated with these molecular parameters may be related to alterations within a
subdomain of the endoplasmic reticulum (ER) named mitochondria-associated ER membranes (MAM),
which is an intracellular lipid raft-like domain (review in [66]). For instance, mitochondrial impairment
produces a dysregulation of neuronal calcium homeostasis. In particular, Ca2+ dysregulation by the
endoplasmic reticulum (ER) in AD mouse models results in augmented cytosolic Ca2+ levels, thereby
triggering signaling cascades that are detrimental to neuronal function related with APP processing
and accumulation of Aβ. [67]. Interestingly, experimental and computational studies have shown that
Aβ oligomers increase permeability and open probability of calcium channels in the plasma membrane.
These unspecific “pores” disrupt the homeostatic regulation of calcium balance increasing calcium
influx into the cells that contributes to the calcium-induced alterations summarized above [68].

The formation of Aα is triggered by the proteolytic processing of the amyloid precursor protein
(APP), a transmembrane protein abundantly found in neurons. APP processing occurs in two distinct
pathways: amyloidogenic and non-amyloidogenic processing. On the one hand, the non-amyloidogenic
pathway involves α-secretase cleavage of APP. This cleavage occurs between Lys16 and Leu17, within
the Aβ region [69] and precludes formation of Aβ. On the other hand, the amyloidogenic processing
involves sequential cleavage of APP by β- and γ-secretases. This process ultimately releases Aβ peptide
and a soluble ectodomain: sAPPβ [70]. Although APP itself is not a raft protein, a significant proportion
of APP is localized in lipid rafts [71] following palmitoylation modification (Figure 1). Therefore, it is
generally considered that APP cleavage is modulated within lipid raft microenvironments [2,72].

Figure 1. Schematic representation of amyloid precursor protein (APP) palmitoylation modulating
both APP processing and Aβ generation in lipid rafts. (A). No APP palmitoylation. BACE1 (red) in
lipid rafts cleaves APP at the β-cleavage site. Subsequent γ-secretase-mediated cleavage (γ) generates
Aβ (orange). (B). APP palmitoylation. APP is palmitoylated, exhibiting a palmitic moiety (orange)
attached to APP (pal-APP) that is recruited to lipid rafts. Our data suggest that palmitoylation may
enhance BACE1-mediated cleavage of APP that may ultimately enhance generation of Aβ fragments
and oligomerization. This and all the following figures were created with BioRender.com

The particular protein/lipid composition is known to influence Aβ release [73] and aggregation [74].
Likewise, calcium homeostasis has also been related to the accumulation of α-amyloid oligomers as
well as to the processing of APP (review in [75]). In this order of ideas, it has been suggested that
cholesterol, a major component in lipid rafts, has different roles related to APP processing and Aβ

production [76–80]. This lipid molecule plays an important role in the integration of APP within lipid
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rafts promoting its trafficking into these microdomains [81]. Wahrle et al. [79] observed that Γ-secretase
activity could be modulated following cholesterol fluctuations at the cell membrane. Thus, the activity
of Γ-secretase was abolished when the cholesterol levels decreased whereas this protein functionality
was restored by replenishing the cholesterol reservoirs. The correlation between raft cholesterol content
and Γ-secretase levels also enhances the cleavage of APP depending on the availability of β-secretase
(BACE1), thereby increasing Aβ production in lipid rafts [80]. BACE1 is located in rafts where it
is stabilized by means of three palmitoylated residues in its structure [1,2]. Conversely, depletion
of membrane cholesterol leads to an increase of α-secretase cleavage of APP [76,78]. Overall, these
data reflect the importance of cholesterol homeostasis in the behavior of APP processing and Aα

production, a fact that may have important consequences in AD. In support of this, some studies have
reported alterations in cholesterol levels in specific brain areas in particular in regions with extensive
Aβ deposits and neurofibrillary tangles (NFTs) related to AD. Cholesterol is synthesized in astrocytes
and is transported from astrocytes to neurons bound to apoliprotein-E (ApoE). In close connection with
AD, it has been solidly established the presence of ApoE4 allele as a primary genetic risk for sporadic
AD. Indeed, the progression and development of the disease occurs in ~60% of cases of humans
carrying this allele [82]. Amongst the brain regions more affected in ApoE4 carriers suffering AD are
the middle frontal gyrus [83] and frontal cortex [84], whereas the cerebellum remained unaffected [83].
Furthermore, it has been demonstrated that membrane cholesterol deregulation allows the integration
of Aβ peptide into nerve membranes [78]. Also, MAM serves as a regulatory hub for lipid regulation,
in particular cholesterol and phospholipids [85]. Also, MAM has been observed as a regulatory core
for lipid regulation of cholesterol trafficking. In this sense, Tambini and collaborates have shown that
lipoproteins containing ApoE4 upregulated MAM function to a significantly greater degree than those
containing ApoE3 [86].

Moreover, cholesterol derivatives may also take part of AD pathological scenario at the neuronal
membrane. For instance, oxysterols are the oxidized derivate of cholesterol and are known to be
involved in AD pathogenesis [87]. Two of these oxysterol molecules, 24-hydroxycholesterol (24-OH
Chol) and 27- hydrocholesterol (27-OH Chol), have been found to increase BACE1 activity in human
neuroblastoma SH-SY5Y cells. This phenomenon appears to be related to the ability of oxysterol
to influence the cross-talk between two transcription factors, NF-kB and the growth arrest and
DNA damage induced by gene 153 [88]. In addition, 24-hydroxycholesterol (24-OH Chol) and
27-hydrocholesterol have also been reported as modulators of Aβ aggregation and misfolding [89–91]
leading to amyloid plaque deposition in AD. Within lipid rafts, fluctuations of cholesterol levels
are considered a main impact factor of raft physico-chemical disturbances [92,93]. Conversely, Aβ

oligomers can also perturb cholesterol levels in these microdomains, observing an inversely proportion
of this lipid with Aβ presence [94].

Sphingomyelin is another major component of lipid rafts. In aged and AD brains, sphingomyelin
metabolism experiments some changes leading to sphingomyelin decreased levels in parallel with an
increase in the concentrations of ceramides which are sphingolipid-derived molecules [95]. Higher
production of ceramide is due to an increase of sphingomyelinase (SMase) activity that hydrolyzes
sphingomyelin. SMase activation generates sphingomyelin depletion, promoting an abnormal APP
processing and cellular trafficking [96]. In addition, ceramide and ceramide 1-phosphate can act
as lipid mediators that accumulate in AD brains. In brain cell models, it has been observed that
ceramides accumulate in membranes by changing membrane viscosity and permeability [97,98]
due to an activation of cytosolic phospholipase A2 (cPLA2) concomitantly with alterations in ion
homeostasis and extrinsic apoptosis. In addition, the degradation products of cPLA2 metabolism
are often proinflammatory [99]. Furthermore, Aβ accumulation, itself as a result of APP cleavage,
activates SMase and mediates the cleavage of sphingomyelin thereby producing a toxic retroactive
process. An important consequence of the unbalance production of this enzyme is the generation of a
disproportion in protein–lipid ratio at the neuronal membrane that also affects signaling responses [100].
In agreement, some studies carried out with human blood samples have shown that alterations in
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the profile of sphingolipids also occur in patients with AD [95]. Indeed, the alterations in plasma
sphingomyelin concentrations have been reported to correlate with cognitive decline occurring in AD
patients [101]. Finally, other lipid modulators of SMase activity may also contribute to sphingolipid
metabolism associated with AD-related molecular impairments. Thus, eicosanoids, docosanoids, and
cannabinoids are key regulators of sphingolipid metabolism and signaling mediators of abnormal
metabolism correlating with AD pathogenesis.

Furthermore, lipid alterations observed in neuronal membranes during AD have also been related
to a detriment of ganglioside metabolism. Thus, KO-ganglioside mice having a depletion of various
types of gangliosides show a similar symptomatology to that developed in AD [102,103]. In this
order of ideas, lipid profiles in AD patients reflect a detriment of ganglioside content in different
brain areas associated with the pathogenesis of the disease [46]. Indeed, our own analyses using
frontal cortices of AD patients have demonstrated significant alterations in gangliosides, sulfatides and
cerebrosides in AD patients as compared with healthy subjects of similar age [36]. The disproportion
of ganglioside levels in AD is also reflected in lipid rafts, where these lipid classes are particularly
abundant. For instance, ganglioside GM-1 is a main component of these microdomains that has an
important role in Aααaggregation [104–106]. In human neuroblastoma SH-SYS5 cells, GM-1 has
been shown to interact with APP to enhance Aα processing through inhibition of α-cleavage [104].
Thus, this ganglioside acts as a linker and stabilizer of Aααaccumulation in lipid rafts through its
hydrogen binding and electrostatic interaction with the peptide [73]. In support of this, it has been
observed a ganglioside accumulation in senile plaques that enhances the conversion of Aβ in neurotoxic
oligomers [107] and accelerates their formation [50,104]. Moreover, other ganglioside species may
be involved in Aα formation. In this sense, it has been reported that activation of the expression of
beta-1,4 N-acetylgalactosaminyltransferase 1 (B4GALNT1) (an enzyme that catalyzes the synthesis of
GM2 and GD2 gangliosides) results in the increase of Aβ processing [108].

However, both sphingolipids and gangliosides integrated in lipid rafts may also act as
neuroprotective agents reducing anti-inflammatory pathways and the impact of AD pathology [109].
The neuroprotective mechanisms of action of these lipid classes have not been fully characterized.
The available data suggest that the protective roles of these lipids may take place through a variety
of multiple and complementary strategies. For instance, in different models of excitotoxicity, it has
been demonstrated that GM1 has the ability to regulate nuclear Ca2+ homeostasis [110]. In addition,
GM1 may stimulate autophagy [111] thus participating in the clearance of potential toxic misfolded
proteins [112].

Other aberrant alterations in the lipid matrix of lipid rafts have been detected in different fatty
acid species. Specifically, both monounsaturated fatty acids as well as n-3 long chain polyunsaturated
fatty acids (n-3 PUFAS) appear to be reduced with respect to healthy controls [36]. Also, lipid rafts
from AD brains display altered relationships between phospholipids and fatty acid [36] in AD brains.
This disproportion may cause an increase in lipid rafts viscosity which may partially explain the
aberrant signaling observed in AD [113]. Paralleling these changes, both higher molecular order
and microviscosity in these domains have been demonstrated at early stages of AD [27,113]. The
pathophysiological consequences of these events are the accumulation of β-secretase within lipid rafts
thereby favoring the amyloidogenic processing of APP [27,114]. AD-induced modifications in fatty
acid species as well as other lipid raft alterations have been summarized in Figure 2.

Another interesting line of evidence suggests that changes in hormonal status may also affect brain
lipid homeostasis during aging and AD. For instance, estrogen decline observed during menopause
has been widely studied review in [107]. Indeed, postmenopausal reduction of estrogens not only affect
lipid metabolism in liver and adipose tissue but also in the brain [52]. In this sense, using wild type and
an AD model mice (APP/PS1), we have recently demonstrated that deprivation of estrogens affect lipid
composition of hippocampal tissue as well as lipid related gene expression. The affected genes include
those related to steryl/cholesteryl esters production (ACAT gene family) and those involved in de
novo synthesis of cholesterol (HMGCoA gene), amongst others [115]. Furthermore, estrogen reduction
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causes the displacement of estrogen receptor (ER) from lipid rafts to non-raft fractions in brain samples
from postmenopausal women. The alteration of this protein affects raft an ER-related multimolecular
structure or signalosome with important consequences in estrogen signaling and neuroprotection [116].

Figure 2. Schematic summary of lipid raft alterations in Alzheimer’s Disease (AD). In this pathologic
state, both monounsaturated oleic acid (18:1) and polyunsaturated docosahexaenoic acid (DHA,
(n-3 PUFA)) are depleted. Moreover, three member of the sphingolipids family are also reduced:
gangliosides, cerebrosides, and sulfatides.

2.2. Lipids and Lipid Raft Profile Alterations in Parkinson’s Disease

PD is the second most common neurodegenerative disease. PD is characterized by a progressive
loss of dopaminergic neurons [117]. Age is the greatest risk factor for this disorder development.
The prevalence and incidence increase nearly exponentially with age and rises a maximum after 80
years of age [118]. Gender is an established risk factor with an approximately 3:2 male:female ratio,
respectively [119].

During the course of the disease, the patients suffer motor symptoms such as muscle rigidity,
bradykinesia, rest tremor and postural and gait impairment [117]. Also, non-motor features are also
frequently present in PD before the onset of the classical motor symptoms. These include impaired
olfactory system, depression, rapid eye movement, visual hallucinations, behavior disorders, and
mental decline [120]. Dementia is particularly prevalent in 83% of the patients affected by PD for more
than 20 years [121]. The principal PD hallmark is the presence of intraneuronal inclusions called Lewy
bodies formed by random and abnormal aggregation of α-synuclein protein. These aggregates are
neurotoxic and cause loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) [122].
Current evidence indicates that Lewy bodies can be also formed extracellularly, increasing membrane
permeability due to pore formation [123]. However, presently, it is still unclear the exact mechanisms
by which α-synuclein aggregates and forms Lewy bodies in PD and other synucleinopathies.

α-synuclein is a small, soluble protein expressed primarily in neurons, although it can also be
detected in lower concentrations in other tissues. It is highly expressed throughout the mammalian
brain and is enriched in presynaptic nerve terminals, where it associates with membranes and vesicular
structures. Even though the exact physiological functions of α-synuclein are still unclear, but the
presynaptic localization and its interaction with highly curved membranes and synaptic proteins
strongly suggests a regulatory function associated in synapse processes. Thus, α-synuclein is involved
in synaptic activity, synaptic plasticity, learning, neurotransmitter release, dopamine metabolism,
synaptic vesicle pool maintenance, and/or vesicle trafficking review in [116].

Moreover, α-synuclein participates in lipid trafficking into the cell. For instance, α-synuclein
has been reported to bind to fatty acids as a transport facilitator between the cytosol and membrane
compartments [124]. In cultured cells, α-synuclein can regulate lipid metabolism by protecting lipid
droplets from hydrolysis [125]. Also, a recent study has demonstrated that α-synuclein modulates the
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uptake of a fatty acids, in particular, palmitic acid (16:0) into neuronal membranes [126]. Furthermore,
α-synuclein has been shown to induce membrane curvature and convert large vesicles into highly
curved membrane tubules, cylindrical micelles and vesicles [127–130], driven by binding affinity,
partition depth, and interleaflet order asymmetry [131]. In addition, α-synuclein has been reported to
organize membrane components and modulate phospholipid composition [132]. This protein may
also participate in lipid membrane homeostasis as a specific inhibitor of phospholipase D1 and D2
in vitro and in vivo [133,134]. However, the role of a-synuclein in lipid transport is still a subject of
controversy that may be related to the particular local lipid structure in specific microenvironments.

Furthermore, toxic nucleation and aggregation of α-synuclein at the plasma membrane may
also depend on local lipid homeostasis [135]. In this order of ideas, α-synuclein accumulation
is promoted by high levels of cholesterol and its oxidized products [136]. Previous studies have
shown that specific oxysterols (e.g. 7β-OH-CHO and 24S-OH-CHO) at sub-lethal concentrations
can regulate the transcription of α-synuclein and other genes involved in neuroinflammation and
neurodegeneration [137–141]. Conversely, genetic deletion of α-synuclein in mice results in increased
levels of cerebral cholesterol, cholesteryl esters and triacylglycerols [142].

Moreover, it has been demonstrated that α-synuclein can interact with n-3 PUFAs, such as
α-linolenic, DHA, and eicosapentaenoic acid (EPA), forming a multimolecular complex configuration.
In cultured cells, it has been observed an increase of α-synuclein insoluble aggregates in the presence
of free PUFA [143,144]. In addition, a similar α-synuclein accumulation has been observed when
the culture medium was supplemented with α-linolenic acid or EPA. Interestingly, this phenomenon
appears to be specific of n-3 PUFA since α-synuclein aggregates were not detected upon culture
treatment with either monounsaturated or saturated fatty acids [145]. In support of these observations,
a study using PD transgenic mice has demonstrated that DHA-related oligomerization of α-synuclein
takes place through the activation of proliferator-activated receptor (PPAR-γ) and retinoic X receptor
(RXR) [146]. In a different order of ideas, lipid interaction with α-synuclein enhances the rate of
oligomerization of the free protein and self-assembly in two human mutations linked to familial PD,
A30P, and A53T mutations [142–144].

Other examples have demonstrated that anomalies in sphingolipid metabolism may also be
involved in PD pathological progression. Thus, increased sphingomyelinase activity has been
reported in PD brains, promoting an ceramide levels enhancement leading apoptosis [109]. Moreover,
inhibition of sphingosine Kinase (Sphk1) enzyme-another enzyme in homeostasis regulation of
sphingolipids-enhances α-synuclein secretion and propagation [147–149].

All these data suggest that the influence of lipid profile changes in nerve cell membranes involves
multiple factors that may favor the optimal lipid microenvironment to enhance α-synuclein molecular
rearrangements during aging and PD pathology. For instance, recent findings carried out in our
research group in a mouse model of PD have demonstrated that membrane rearrangements of distinct
lipid classes, such as gangliosides, PUFA, cholesterol, saturated fatty acids, and phospholipids have
profound effects on α-syn distribution and oligomerization in abnormal structures in brain of PD
mice model treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [150]. Specifically, it
has been observed that GM1 ganglioside inhibits fibrillation of α-synuclein [151]. This observation is
in line with previous studies claiming an implication of gangliosides in synucleinopathies [152]. In
MPTP-mice, some anomalies were observed in the levels of other ganglioside species (GD1a, GD1b,
and GT1b), particularly in aged mice [150]. Although the influence of GD1a, GD1b, and GT1b on
α-synuclein membrane regulation has been rarely explored [153], these data suggest that distinct
ganglioside classes may participate in the partitioning and conformational structure of α-synuclein.

In human PD brains, lipid profile analyses have shown increased levels of AA and DHA in PD
cortex compared to age-matched controls. Likewise, docosapentaenoic acid (22:5n-6) content and
peroxidability index were augmented in PD cortex [154]. In parallel, PD gray matter exhibited lower
levels of sphingolipids, cerebrosides, and sulfatides compared to age-matched control subjects, whereas
levels of phospholipid classes and cholesterol were similar to those of control brains [154]. Another
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report comparing the frontal gray matter between control brains and PD has shown a reduction in
sphingomyelin, sulfatides, and cerebrosides specifically in PD patients [154].

Taking into account the importance of local lipid microenvironment for α-synuclein configuration
at the plasma membrane, it has been postulated that lipid rafts may play a crucial role in the dynamic
and functionality of this protein at this level. For instance, α-synuclein appears to be integrated in this
structures upon binding with phospholipids, preferentially phosphatidylserine [22,23]. This event
also requires the presence of monounsaturated or polyunsaturated fatty acids, such as oleic acid or
DHA, respectively, that are particularly represented in lipid rafts [155]. In support of α-synuclein
specific binding to specific lipid species, some in vitro assays with artificial membrane models have
demonstrated that α-synuclein binds preferentially to phosphatidylserine on the polyunsaturated
acyl chain, indicating the coordinated recognition of head group in the context of specific side chain.
Moreover, distinct n-3 and n-6 PUFA proportions appear to be crucial for α-synuclein conformation,
a phenomenon that may stabilize the α-helix secondary structure of this protein [156]. For instance,
depletion of DHA (n-3 PUFA) and AA (n-6 PUFA) in lipid rafts from human PD cortices [154] may have
consequences in the dynamic of aggregation and fibrillation of α-synuclein facilitating the formation
of neurotoxic aggregates [143]. Alterations in fatty acid species as well as other lipid raft alterations in
PD have been summarized in Figure 3.

Figure 3. Schematic summary of lipid raft alterations in Parkinson’s Disease (PD). In this pathologic
state, polyunsaturated docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are depleted,
while levels of saturated fatty stearic and palmitic acids are increased. Furthermore, lipid raft content
in gangliosides and phosphatidylserine (PS) is also pathologically augmented.

Overall, these data indicate that PUFA proportion in lipid raft structure stability may play a
significant role in α-synuclein configuration and homeostasis at the plasma membrane. Indeed,
α-synuclein association with lipid raft moieties is a requirement for the synaptic localization, synaptic
vesicular transporter and recycling of α-synuclein through PUFA associations [156]. In particular,
α-synuclein/PUFA binding in lipid rafts seems to be a requirement contributing to synapse vesicle
recycling following neuronal stimulation [157]. It has also been shown that α-synuclein interacts with
lipid reservoir associated with scaffolding proteins such as caveolin-1 [158] and CD55 [159], suggesting
a pleiotropic mechanism for this protein within membrane microdomains.

On the other hand, our previous studies have demonstrated that instability of raft microdomains
appears to be a crucial early event in the development of synucleinopathies such as PD [49,154]. In
this sense, a plausible hypothesis is that the membrane lipid microenvironment may determine the
modulation and trafficking of distinct α-synuclein molecular configurations. In MPTP mice as a model
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of PD neurotoxicity, we have previously demonstrated that rearrangement of membrane gangliosides,
PUFA, cholesterol, saturated fatty acids, and phospholipids induced by brain aging and PD injury have
profound effects on α-synuclein distribution and oligomerization in abnormal structures. Furthermore,
these changes in protein trafficking may be extended to other biomarkers related to neurodegenerative
diseases, such as the prion protein (PrPc), APP and glutamatergic receptors [150].

3. Lipids Alterations in Lipid Rafts as Potential Biomarkers for Neurodegenerative Diseases

The progressive increase of life expectancy in the population goes in parallel with a rise in the
prevalence of the most common dementias such as AD and PD [160]. This phenomenon produces
a socioeconomic hazard and an urgent public health challenge. Consequently, the establishment
of accurate tools for early diagnosis and a follow-up in the progression of these diseases is crucial.
Therefore, one of the main goals of the current clinical research is the identification of specific biomarkers
for these neurodegenerative diseases in the aim of identifying the early signs of these diseases.

Presently, the most frequently used clinical diagnostic items include neuropsychological,
neuroimagery and biochemical tests. These approaches provide a good sensitivity and specificity to
distinguish between patients suffering AD or PD from nondemented subjects although the available
strategies are not sufficiently conclusive for the diagnosis at early asymptomatic stages [161]. In the
case of AD, current diagnosis criteria include magnetic resonance imaging (MRI), metabolic changes
detected by positron emission tomography (PET), and changes in the levels of Aβ and phosphorylated
tau protein measured in the cerebrospinal fluid (CSF) [162].

In the case of PD, the diagnostic criteria include a comprehensive history and physical examination.
Historically, pathological confirmation of the hallmark Lewy body on autopsy has been considered
the criterion standard for diagnosis [163]. In clinical practice, diagnosis is typically based on the
presence of a combination of cardinal motor features, associated and exclusionary symptoms and
response to levodopa [164]. Although the diagnosis of PD is straightforward when patients have a
classical presentation, differentiating PD from other forms of parkinsonism can be challenging early
in the course of the disease, when signs and symptoms overlap with other syndromes [165]. From
the biochemical point of view, there are not presently conclusive tests to confirm the diagnosis of
PD. Consequently, a clinical diagnosis requires the clinician to review the patient’s history to assess
symptoms and to discriminate from other alternative diagnoses, such as multiple-system atrophy, DLB
disease, and essential tremor [166].

In the aim of developing new diagnosis and treatment strategies in the last decade, a promising
field of study has focused on the search of novel biomarkers to detect molecular changes before the first
neuropathological symptoms may appear. A biomarker is a molecular feature able to be quantified
as an indicator of normal biological processes, pathogenic processes or pharmacological responses
to therapeutic intervention. An ideal biomarker is characterized for its high specificity to predict the
course of illness accurately and to reflect the degree of response to treatment.

In parallel with genomic and proteomic approaches, the emerging field of lipidomics has allowed a
new perspective into the disease paradigm. In this sense, due to lipid metabolism impairment occurring
during neurodegeneration, it is plausible that fluctuations in targeted lipid species may be used as
biomarkers for AD, PD and other synucleinopathies. Particularly relevant are the alterations of lipids
and proteins interacting in lipid rafts that may be considered in the development of new diagnostic
tools for neurodegenerative diseases. Interestingly, the available data indicate that lipid raft molecular
changes and their derived metabolites can be monitored decades before the first neurodegenerative
symptoms appear, and may be therefore used as predictors of ongoing pathologies.

Novel molecular parameters reflecting raft lipid/protein fluctuations as well as other markers of
inflammation, oxidative stress, and bioenergetic cell metabolism may be quantified through noninvasive
methods such as CSF and peripheral blood in multiparametric tests. Presently, only a few studies have
investigated lipid changes in human CSF. Han and collaborates [167] observed a 40% reduction in
CSF levels of sulfatide in patients with a clinical dementia rating of 0.5 compared to controls. In this
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study, the authors suggested that the sulfatide/phosphatidylinositol ratio could be a useful marker
in identifying patients with incident AD with a sensitivity of 90% and specificity of 100%. Other
phospholipids are also modified in CSF. Thus, phosphocholine and sphingomyelin levels were shown
to be increased at prodromal stages of AD as well as AD patients as compared to controls [39,168,169].
Sphingomyelin derivatives were also correlated with Aβ fragments and taun protein, whereas some
sphingomyelin species also varied concomitantly with phospho-tau fluctuations [170]. Also, a recent
cross-sectional study has reported that an 18-carbon acyl chain length ceramide was correlated with
most of Aβ fragments and total tau, but not phospho-tau [39].

Other molecules related to lipid metabolism such as derivatives of oxysterol metabolism have
also been studied as potential peripheral fluid markers for the pathogenesis of AD [171]. Thus, 24-OH
cholesterol levels have been observed altered in AD patients, these variations being dependent on
different stages of the disease [172]. Also, 27-OH cholesterol levels increase dramatically in the brain
tissue of AD in different areas, in particular in frontal and occipital cortices [171]. Another potential
detector of changes in lipid homeostasis may be related to quantification of lipid peroxidation products.
Following this idea, different studies have evaluated in the levels of lipid peroxidation products as
malondialdehyde (MDA), thiobarbituric acid-reactive substances (TBARS), isoprostane F2 (F2-IsoPs),
and 4-hydroxinonenal in different human sample as blood, plasma, serum, urine and cerebrospinal
fluid [173]. In particular, MDA has been evaluated in blood samples as a potential biomarker of AD.
This molecule appears to have higher levels in the serum of AD patients as compared to healthy
volunteers [174]. Interestingly, plasma concentrations of MDA were even more elevated in patients with
mild cognitive impairment (MCI) than in AD subjects or healthy controls [175,176] as an indicative of
the high lipid peroxidation scenario in early stages of this neuropathology. Similarly, 4-hydroxynonenal
(4-HNE), an unsaturated moiety that is produced by lipid peroxidation in cells, appears to modify its
production in AD patients according to the degree of cognitive impairment [176].

Another interesting candidate for AD detection may be the fatty acid-binding protein (FABP3).
The levels of this protein appears significantly elevated in CSF from either early stages of AD or patients
with clinical AD and concomitant cerebrovascular disease as compared with age-matched controls [177].
According to the available data, peripheral concentration of FABP3 discriminated between AD cases
and healthy controls with a high sensitivity (76%) and significant specificity (84%) [178]. Moreover,
FABP3 strongly correlated with both tau and phosphorylated tau related to AD [179]. Interestingly, the
FABP3/Aβ42 ratio follows a similar trend to p-tau/Aβ42, suggesting that FABP3 may be an independent
prognostic factor of the disease [180].

In the case of PD, the development of well-established biomarkers of the pathology remains
challenging as the early molecular events have been poorly characterized. Nevertheless, significant
progress has been performed in recent years to elucidate the initial causes of PD. From the pathological
point of view, it seems that non-motor symptoms precede motor symptoms in contrast with the
classical dogma [181]. Indeed, autopsy data indicate that pathological signs of PD are initiated in
non-nigrostriatal neurons, suggesting the presence of early pathological events in non-motor brain
areas prior to affections in the dopaminergic circuits [182].

A main hallmark under study is based upon the quantification of α-synuclein configuration
in peripheral fluids [183,184]. However, the variations found in α-synuclein concentrations in the
CSF do not provide unified criteria. Thus, several studies have found similar CSF total α-synuclein
levels in PD patients and in controls [185–189], while other research has reported decreased CSF levels
of α-synuclein in PD subjects [190–195]. Furthermore, even though the majority of recent studies
have shown decreased α-synuclein levels in PD-CSF with respect to age-matched controls, similar
protein downturn also appears in other synucleinopathies. For instance, Aerts y col. reported similar
CSF α-synuclein levels in PD patients as compared with those suffering dementia with Lewy bodies,
progressive supranuclear palsy and multiple system atrophy. These data led to the conclusion that
α-synuclein variations may be a useful marker to distinguish synucleinopathic cases from control
subjects but not to distinguish amongst distinct synucleinopathies [196].
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Others promising candidates involved in lipid homeostasis and metabolism, oxidative stress
influencing α-synuclein oligomerization are presently under study as potential PD diagnostic tools
detectable in CSF [197]. As an example, endocannabinoids are a group of lipids derivate of
monoacylglicerol (MAG) linked with PD disease [198]. Two studies have reported high levels
of anandamide (AEA), a type of endocannabinoid, in the CSF of untreated PD patients that were
restored upon dopamine treatment [199,200]. This finding suggests that AEA may act as a monitoring
biomarker of PD progress. Moreover, some lipid carriers may be potential candidates to be monitored
during PD development. In this sense, Apo1A is an apolipoprotein that participates in lipid transport
in brain in cooperation with ApoE [201,202]. Detriment of Apo1A serum levels correlates with less
efficient transport of high density lipoproteins, ultimately reducing brain cholesterol homeostasis and
function. The fact that Apo1A concentrations show lower levels in CSF from PD patients indicates a
deficit in cholesterol balance, a parameter that may be detected in peripheral CSF as a biomarker of PD
progression [203–205].

Oxidative stress also occurs during the course of PD enhancing biological damage. For instance,
oxidative stress is at the basis of decreased levels of both PI and PC phospholipids [204]. Similar to
AD, some lipid peroxidative metabolites such as MDA were shown to be increased in PD brains, in
particular in the substantia nigra pars compacta (SNpc) as compared with other Parkinsonian brain
regions [205]. The levels of HNE are also increased in dopaminergic cells of SNpc and in peripheral
fluids from PD patients [206–208]. Also, reactive oxygen species (ROS), such as oxide 8-hydroxyguanine
(8-OHG) and its derivative 8-hydroxy-2’-deoxyguanosine (8-OHdG), increase their levels in the serum
of PD patients compared with healthy individuals [209–211], thereby representing another group of
potential biomarkers for PD. Overall, these findings suggest that a multiparametric analysis of distinct
molecular species associated with lipid peroxidation and oxidative stress may be good candidates
as CSF biomarkers in PD diagnosis. Indeed, the in-depth study of these alterations as a strategy to
develop possible new diagnostic tools is paramount to improve clinical diagnosis of synucleinopathies.
Table 1 summarizes the distinct lipid species changes observed in both human brain and peripheral
tissues during AD and PD development.

Table 1. Changes of lipid species in human bran and peripheral fluids under Alzheimer’s disease or
Parkinson’s disease.

Distinct Changes of Lipid Species in Human Brain and Peripheral Fluids

Alzheimer’s Disease

Lipid Variation Sample Reference

Ceramide Increase Brain tissue [209]

Sphingomyelin Decrease Brain tissue [209]

Phosphatidylcholine Decrease Serum [210]

Phosphatidylinositol Decrease Serum [210]

Phosphatidylethanolamine Decrease Serum [210]

DHA Decrease Lipid rafts [36]

Linolenic acid Decrease Plasma [211]

ARA Increase Brain tissue [212]

Palmitic acid Increase Brain tissue [213]

Stearic acid Increase Brain tissue [213]

Oleic acid Decrease Lipid rafts [36]
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Table 1. Cont.

Distinct Changes of Lipid Species in Human Brain and Peripheral Fluids

Alzheimer’s Disease

Lipid Variation Sample Reference

Gangliosides Decrease Brain tissue / Lipid rafts [36,46]

Cerebrosides Decrease Lipid rafts [36]

Sulfatides Decrease Lipid rafts [36]

Lipid Metabolites

24-OH Increase Brain tissue [172]

27-OH Increase Brain tissue [171]

Oxidative Stress Markers

MDA Increase Serum/Plasma [174,175,214]

4-HNE Increase Brain tissue [176]

Proteins Related with Lipid Metabolism

HDL Decrease Serum [77]

LDL Increase Serum [77]

FABP3 Increase CSF [177]

Parkinson’s Disease

Lipids Variation Sample Reference

Ceramide Increase Brain tissue [109]

Sphingomyelin Decrease Brain tissue [215]

Phosphatidylcholine Decrease Brain tissue [216]

Phosphatidylserine Increase Lipid rafts [154]

Phosphatidylinositol Decrease Brain tissue [204]

Phosphatidylethanolamine Decreased Brain tissue [215]

EPA Decrease Lipid rafts [49,154].

DHA Decrease Lipid rafts [49,154].

Palmitic acid Increase Lipid rafts [154]

Stearic acid Increase Lipid rafts [154]

Oleic acid Decrease CSF [217]

Palmitoleic acid Decrease CSF [217]

Linoleic acid Decrease CSF [217]

Gangliosides Increase Lipid rafts [150]

Lipid Metabolites

Endocannabinoids Increase CSF [199,200]

Apo1 Decrease CSF [204,205]

Oxidative Stress Markers

MDA Increase Brain tissue [205]

4-HNE Increase SNPc/CSF [206]

8-OHdG Increase Serum/CSF [209–211]
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4. Conclusions

The brain lipidome is vast and complex. The variety of lipid species in this organ plays key
functions ranging from activation of neurogenesis and synaptogenesis to modulation of synaptic
transmission. Since lipids are responsible of a huge number of physiological functions in the brain, their
altered metabolism is consequently a potential reflect of brain dysfunctioning. Therefore, new advances
to better characterize the brain lipidome as well as the exploration of the specific role of targeted lipid
species are a matter of intense research. In this sense, membrane lipid microstructures such as lipid rafts
may be particularly relevant to explore the early events of age-dependent neurodegenerative diseases.
In particular in neurons, early lipid impairment of these microdomains are key factors affecting
the conformation and intracellular signaling of raft integrated proteins involved in pathological
events. Therefore, the characterization of lipid raft patterns in different brain areas may be a key
point to identify early neurodegeneration events, even in asymptomatic stages. These analyses may
provide new hints for the development of measurable multiparametric tools of early diagnosis
of neurodegeneration. Furthermore, determination of brain lipid alterations and their effects
on lipid/protein and protein/protein associations may provide a hint in the research of potential
pharmacological targets for clinical early intervention of these devastating disorders.
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Abbreviations

24-OH Cho 24-hydroxycholesterol
27-OH Cho 27- hydroxycholesterol
8-OHdG 8-hydroxyguanosine oxized
4-HNE 4-hydroxynonenal
8-OHG 8-hydroxyguanine
AA Arachidonic acid
AD Alzheimer’s Disease
ALA Linolenic acid
Aβ β-amyloid peptide
B4GALNT1 beta-1,4 N-acetylgalactosaminyltransferase 1
CNS Central nervous system
cPLA2 Cytosolic phospholipase A2
CSF Cerebrospinal fluid
DHA Docosahexaenoic acid
DHEA Dehydroepiandrosterone
DLBD Dementia with Lewy bodies disease
EPA Eicosapentaenoic acid
FABP Fatty acid-binding protein
GM1 Ganglioside 1
GM2 Ganglioside 2
GPI Glycosylphosphatidylinositol
LA Linoleic acid
LB Lewy Body
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MDA Malondialdehyde
MCI Mild cognitive impairment
NFTs Neurofibrillary tangles
PC phosphatidylcholine
PD Parkinson’s Disease
PE Phosphatidylethanolamine
PG Phosphatidylglycerol
PI Phosphatidylinositol
PREG Pregnenolone
PS Phosphatidylserine
PUFA Polyunsaturated fatty acid
ROS Reactive oxygen species
TBARS Thiobarbituric acid-reactive substances
sAPPβ Soluble amyloid precursor protein
SMase Sphingomyelinase
SNpc substantia nigra pars compacta
Sphk1 Sphingosine Kinase
PSP Progressive supranuclear palsy
MSA Multiple system atrophy
HDL High density lipoprotein
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