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Abstract

Amyotrophic lateral sclerosis (ALS) is an age-dependent neurodegenerative disease affecting motor neurons in the spinal cord
and brainstem whose etiopathogenesis remains unclear. Recent studies have linked major neurodegenerative diseases with altered
function of multimolecular lipid-protein complexes named lipid rafts. In the present study, we have isolated lipid rafts from the
anterior horn of the spinal cords of controls and ALS individuals and analysed their lipid composition. We found that ALS affects
levels of different fatty acids, lipid classes and related ratios and indexes. The most significant changes affected the contents of
n-9/n-7 monounsaturated fatty acids and arachidonic acid, the main n-6 long-chain polyunsaturated fatty acid (LCPUFA), which
were higher in ALS lipid rafts. Paralleling these findings, ALS lipid rafts lower saturates-to-unsaturates ratio compared to controls.
Further, levels of cholesteryl ester (SE) and anionic-to-zwitterionic phospholipids ratio were augmented in ALS lipid rafts, while
sulfatide contents were reduced. Further, regression analyses revealed augmented SE esterification to (mono)unsaturated fatty acids
in ALS, but to saturates in controls. Overall, these changes indicate that lipid rafts from ALS spinal cord undergo destabilization of
the lipid structure, which might impact their biophysical properties, likely leading to more fluid membranes. Indeed, estimations
of membrane microviscosity confirmed less viscous membranes in ALS, as well as more mobile yet smaller lipid rafts compared
to surrounding membranes. Overall, these results demonstrate that the changes in ALS lipid rafts are unrelated to oxidative stress,
but to anomalies in lipid metabolism and/or lipid raft membrane biogenesis in motor neurons.

Key messages

e The lipid matrix of multimolecular membrane complexes named lipid rafts are altered in human spinal cord in sporadic
amyotrophic lateral sclerosis (ALS).

e Lipid rafts from ALS spinal cord contain higher levels of n-6 LCPUFA (but not n-3 LCPUFA), n-7/n-9 monounsaturates
and lower saturates-to-unsaturates ratio.

e ALS lipid rafts display increased contents of cholesteryl esters, anomalous anionic-to-zwitterionic phospholipids and
phospholipid remodelling and reduced sulphated and total sphingolipid levels, compared to control lipid rafts.

e Destabilization of the lipid structure of lipid raft affects their biophysical properties and leads to more fluid, less viscous
membrane microdomains.

e The changes in ALS lipid rafts are unlikely related to increased oxidative stress, but to anomalies in lipid metabolism
and/or raft membrane biogenesis in motor neurons.
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Introduction

Amyotrophic lateral sclerosis (ALS) is the most common
adult-onset motor neuron disease. ALS is a rapidly progress-
ing neurodegenerative disease characterized by the degen-
eration of motor neurons, leading to paralysis and eventual
death. Multiple pathogenic mechanisms, including lipid dys-
regulation, have been proposed to contribute to ALS [1-4].
Indeed, dyslipidaemia and lipid dysregulation in the central
nervous system and peripheral systems are prevalent in ALS
patients and have been reported to be clinically associated
with disease severity, functional decline and survival [3-9].

However, while such a link between dysregulation of
lipid metabolism and ALS has been often reported, lipidome
alterations in neural cell membranes from the brainstem and
spinal cord along disease progression remain understudied.
Initial evidence for molecular alterations in the lipidome
of ALS spinal cord was reported by Cutler and coworkers
[10], who found accumulations of cholesterol esters, sphin-
gomyelin and ceramides along with increased oxidative
stress-induced death of motor neurons in ALS patients [11].
Targeted mass spectrometry studies from post-mortem ALS
subjects have revealed an altered lipid profile of spinal cord
grey matter. Such alterations consist of elevated levels of
several species of cholesterol esters, and also in a range of
sphingolipids including sphingomyelin itself, ceramides and
complex glycosphingolipids, such cerebrosides, and acidic
glycosphingolipids (mainly gangliosides) [7, 12, 13]. Other
reports have also found increased levels of triglycerides and
lysophospholipids (particularly lysophosphatidylcholine)
[14]. Of note, recent multi-omics study analyses of vulner-
able motor neurons have shown increased ceramide levels in
the spinal cords but not in ocular motor neurons (which are
disease-resistant) derived from ALS patients [15].

Different transgenic models of ALS have been devel-
oped based on genetic mutations associated with familiar
ALS [1]. The most widely used transgenic model car-
ries the G93 A mutation of Zn/Cu superoxide dismutase
(SOD1), which develops progressive motor neuron degen-
eration. Noticeably, lipidomic studies have shown that
some of the changes observed in sporadic ALS also occur
in the spinal cords of hNSOD1-G93A transgenic model [10],
as well as in the spinal cords and motor cortex of hSOD1-
G93A rats [16]. Indeed, the spinal cords of hNSOD1-G93A
mouse model show elevated levels of specific ceramides,
glucosylceramide, gangliosides and cholesterol esters [10].
Noticeably, these results were also observed in the spinal
cord of the transgenic FUS mice model of ALS (unrelated
to mutations in SOD1, and characterized by an aggressive
ALS-like phenotype) [17], indicating a degree of patho-
logical convergence of the different genotypes of familial
ALS, at least from the lipidomic perspective [7].
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Evidence accumulated over the last decades has dem-
onstrated the involvement of lipid alterations in neural
membranes in neurodegenerative diseases. In particular,
lipid raft microdomains have been shown to exhibit abnor-
mal lipid profiles, which severely affect the functional-
ity of these signalling platforms, likely by altering their
physicochemical properties and the lipid-protein and pro-
tein—protein interactions [18—-23]. Whether these lipid raft
alterations are partly determinant or consequence of the
neuropathological process is not known, but changes in
some lipid species detected in lipid rafts have been dem-
onstrated to occur at very early stages of the disease [22,
24, 25]. For instance, in the case of Alzheimer’s disease,
early lipid raft changes in brain cortical and septal tissues
are linked to the amyloidogenic processing of APP and
contribute to amyloid plaque formation [25, 26]. Likewise,
in Parkinson’s disease, lipid raft changes favour the dis-
placement of monomeric a-synuclein outside lipid rafts
and the accumulation of oligomers and high molecular
weight forms of a-synuclein in non-rafts, as demonstrated
in the human frontal cortex [27-31]. More interestingly,
such relationships are also detectable in incidental PD,
considered an early stage of PD [28, 31].

In this context, we have aimed to perform an in-depth
characterization of the lipid matrix of lipid rafts from the
spinal cords of control and ALS human subjects. We have
further extended the analyses of key lipid variables to extrap-
olate the biophysical consequences of lipid alterations in
ALS lipid rafts. To the best of our knowledge, this study
represents the first detailed description of the lipid structure
of lipid rafts from the human spinal cord and the first dem-
onstration of lipid alterations in membrane microdomains in
amyotrophic lateral sclerosis.

Materials and methods
Subjects

The characteristics of cases and post-mortem delay are
shown in Table 1. Samples were obtained from the Insti-
tute of Neuropathology brain bank (HUB-ICO-IDIBELL
Biobank) under the guidelines of the Spanish legislation
(Real Decreto 14/2007) and the approval of the Bellvitge
University Hospital local ethics committee (PI-2019/108).
The duration of the disease was between 18 and 33 months.
Control cases did not show clinical evidence of neurologic
and mental disease, and the neuropathological examination
revealed no lesions other than those indicated in the table.
All ALS cases were sporadic. The genetic study of SOD1
showed no mutations; no expansion of G4C2 hexanucleotide
repeats in C9orf72 was identified in any case.
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Table 1 Summary of cases Case number Sex Age PMD Neuropathological Other
diagnosis neuropathological
alterations
Amyotrophic lateral sclerosis (ALS)
1 M 70 3 ALS bulbar NFT II, AGD III
2 M 54 5 ALS spinal NFT II
3 F 59 14 ALS spinal NFT II, TDP43 (LATE 2)
4 M 76 13 ALS spinal NFT III
5 M 65 9 ALS spinal NFT
No significative lesions (NSL)
5 M 43 6 -
6 M 80 5 NFT III
7 M 39 3 -
8 M 46 15
9 M 47 5 - -
10 F 71 6 - NFT III
11 F 64 5 - NFT I

PMD post-mortem delay, ALS amyotrophic lateral sclerosis, NFT neurofibrillary tangle pathology, Braak
stage, AGD argyrophilic grain disease, stage; TDP43 proteinopathy (LATE limbic age-related TDP-43

encephalopathy)

Tissue extraction and lipid raft isolation

Samples of the spinal cord were obtained at post-mortem
from four ALS cases and six age-matched controls (NSL
group), immediately frozen and stored at — 80 °C until use.
The anterior horn of the lumbar and cervical spinal cord
was dissected in every case and used for the present study.

Lipid raft fractions were isolated from the human brain,
as described in detail elsewhere [26, 32]. Briefly, 0.1 g of
brain cortex was homogenized at 4 °C in eight volumes
of Tris/CIH isolation buffer containing 1% TritonX-100
and a cocktail of phosphatase and protease inhibitors. The
homogenate was centrifuged at 500 X g; the supernatant was
then collected and mixed in an orbital rotor for 1 h at 4 °C.
The new supernatant was mixed with an equal volume of
80% sucrose in isolation buffer and overlaid with 7.5 ml of
a 36% sucrose solution and 2.7 ml of a 15% sucrose solution
in ultracentrifuge tubes. Sucrose gradients were centrifuged
at 150,000 x g for 18 h at 4 °C using a Beckman SW41Ti
rotor. The purity of lipid rafts (corresponding to fractions
1+2) was checked by using anti-flotillin-1 and anti-SOD1
antibodies in Western blot assays, as described in our previ-
ous studies [28, 32].

Lipid analyses

The lipid composition of spinal cord fractions was analysed
according to the method previously reported for isolated
lipid rafts [26, 28, 32]. Briefly, total lipids were extracted
with chloroform/methanol (2:1 v/v) containing butylated
hydroxytoluene (0.01%). Fatty acids were extracted after

acid-catalysed transmethylation, and the resultant FAMEs
(fatty acid methyl esters) and DMAs (dimethylacetals) were
purified by thin-layer chromatography (TLC) and quantified
by gas chromatography using a TRACE GC Ultra (Thermo
Fisher Scientific). Individual FAME and DMA were iden-
tified by reference to a multi-standard mixture (Supelco
PARK) and confirmed using a DSQ II mass spectrometer
(Thermo Fisher Scientific). Lipid classes were separated
by one-dimensional double development high-performance
thin-layer chromatography (HPTLC) and were quantified by
scanning densitometry using a Shimadzu CS-9001PC dual-
wavelength spot scanner.

Microviscosity analyses

Lipid raft microviscosity was determined following the pro-
cedures previously described for human brain cortex raft
membranes [24, 33]. Apparent microviscosities (napp) were
estimated at the membrane plane from TMA-DPH steady-
state anisotropies using Perrin equation-based regression
analyses for 77,,,, and lipid variables [25, 34].

Mathematical modelling

We used an agent-based mathematical model to predict the
2D mobility of the lipid elements in the cell membrane, the
lipid raft composition and their physical properties. The
model was initially designed to explain changes in frontal
cortex lipid rafts in WT and APP/PS1 transgenic mice [21]
and subsequently optimized to predict lipid raft changes
in human brains [23]. Seven lipid groups were included
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in the model, i.e., cholesterol (CHO), sterol esters (SE),
docosahexaenoic acid (DHA), n-6 long-chain polyunsatu-
rated fatty acids (LCPUFA), monounsaturated fatty acids
(MUFA), saturated fatty acids (SFA) and sphingolipids.

Statistical methods

All lipid variables were initially assessed by non-parametric
Mann—Whitney U test for differences between control and
ALS groups and ANOVA-like Cohen’s d for quantification
of effect sizes [35, 36]. Individual lipid classes and fatty
acids were submitted to multivariate analyses using principal
components analysis (PCA), in order to obtain the extrac-
tion coefficient vectors and contributions to overall variance.
Factor scores were further analysed by one-way ANOVA to
assess the differences in lipid signatures. Pearson’s correla-
tion, simple and multiple linear regression, ANCOVA and
Cohen’s f//R? analyses were performed to assess the statisti-
cal significances and effect sizes of bivariate and multiple
relationships between different lipids and groups.

Results and discussion

Alterations in levels of fatty acids and lipid classes
in lipid rafts from ALS samples

In order to analyse the lipid profiles of lipid rafts from
ALS and NSL groups, we designed a whole database
including new variables for indexes, ratios and totals rel-
evant to lipid raft biochemical structure. Lipid data was
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Fig. 1 Multivariate analyses of lipid profiles in lipid rafts from spinal
cords of control and ALS subjects. A Scatter plot of principal com-
ponents (PC1 and PC2) for individual lipid species in rotated space.
Values in parentheses indicate the percent of variance explained by
each principal component. DMA, dimethylacetals; PE, phosphatidyle-
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initially submitted to PCA and the results are shown in
Fig. 1. The two principal components explain 68% total
variance, with similar contributions (above 30% each) for
components 1 and 2. PC1 was positively related to satu-
rates (16:0 and 18:0), n-6 PUFA (18:2n-6 and 22:5n-6)
and n-3 PUFA (18:3n-3 and DHA) and negatively to lipid
classes phosphatidylcholine (PC) and phosphatidylserine
(PS). PC2 was associated with n-6 LCPUFA (20:4n-6
and 20:3n-6), monoenes (18:1n-9 and 18:1n-7) and cho-
lesteryl esters (SE) and negatively to phosphatidylethan-
olamine (PE), sulfatides and dimethylacetals (16:0 DMA,
18:0 DMA, 18:1n-9 DMA and 18:1n-7 DMA) which are
indirect indications of plasmalogens. The scatterplot of
factor scores for each principal component discloses two
groups of lipid rafts with a high degree of segregation
(Fig. 1B). One-way ANOVA revealed differences between
groups within factor scores, which were statistically sig-
nificant for factor score 2 (Fig. 1C). Interestingly, factor
scores exhibited linear relationships (R>=0.847 in ALS
vs R*=0.149 in NSL) with regression coefficients signifi-
cantly larger for ALS group (p <0.05).

Detailed analyses of fatty acids (Fig. 2A) indicate that
lipid rafts from ALS group contain larger levels of n-9
and n-7 monoenes (16:1n-9, 18:1n-9, 16:1n-7 and 20:1n-
7) and lower saturates (especially stearic acid, 18:0). The
remarkable increase in n-9 monoenes 18:1n-9 and 16:1n-7
(oleic and palmitoleic acids, respectively) likely reflects
the increased activity of stearoyl-CoA desaturase (SCD-1
or A-9 desaturase) in ALS neurons. It is worth mentioning
the significant change observed for hypogeic acid (16:1n-9),
which was 85.6% higher in ALS samples. As this fatty acid

C)
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Factor score 1
—- |
|

Factor score 2

.

: : : : : : : ; F=18.18 p=0.001
45 40 -5 0 5 10 15 NeL s
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thanolamine; PISPE/PIsPC, phosphatidylethanolamine/phosphatidyl-
choline plasmalogens. B Scatter plots for factor scores from individu-
als from control and ALS groups. C Box plots and ANOVA results
for factor scores 1 and 2
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Fig.2 Lipid profiles in lipid rafts from control (NSL) and ALS spinal
cords. A Forest plot for individual fatty acids, totals and indexes. B
Forest plot for individual lipid classes, totals and indexes. Data in A
and B are represented as Cohen’s d value+95% CI to indicate effect
sizes. M-W test—p-values from Mann—Whitney U test. Dashed lines
around zero indicate the threshold for large effects (+0.8). *p <0.05,

is a beta-oxidation product of 18:1n-9 (and not produced by
A-9 desaturase), it suggests an alteration in mitochondrial
beta-oxydation, which might influence the overall oxidative
conditions in spinal motor neurons.

Consequently, lipid rafts from ALS spinal tissue con-
tain higher unsaturated and lower saturate levels, which is
reflected in the significant reduction of the saturates-to-
unsaturates ratio (Sat/Unsat). No changes were observed for
fatty acids of the n-3 series, including DHA, which under-
went only a slight reduction (—6.5%). However, some of the
LCPUFA from the n-6 series were significantly augmented
in ALS; in particular, for arachidonic acid (AA, 20:4n-6) and
20:3n-6, increases were+ 16.5% and + 68.8%, respectively.
These opposed changes in LCPUFA were responsible for the
small effect of the disease on the peroxydability and unsatu-
ration indexes (PIx and UIXx, respectively) of lipid rafts. The
elevated arachidonic acid has been proposed to play a role
in the selective vulnerability of spinal cord motor neurons
in ALS [7, 15]. Of note, a recent study in ALS patients has
identified a discriminatory subset of plasma metabolites,
which include elevated levels of arachidonic acid, that cor-
relates positively and with high specificity with disease
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##p <0.01. C Heatmap representation of correlation effect sizes (R?)
for the relationships between main fatty acid variables and phospho-
lipids/sphingolipids groups in lipid rafts from ALS and control (NSL)
groups. Black rectangles indicate the main significant differences
according to Cohen’s f

severity [37]. A possible association between increased ara-
chidonic acid levels and ALS might be linked to the hydroly-
sis of membrane phospholipids by cytosolic phospholipase
A2 (cPLA2), which would give rise to proinflammatory
eicosanoids contributing to neurotoxicity via activation of
neuroinflammation. In support of this, the expression and
activity of cytosolic PLA2 have been found to be increased
in the spinal cords of ALS patients and also in motor neu-
rons from hSOD1-G93A mice [38, 39].

Relevant changes in lipid classes were also observed in
ALS spinal cord (Fig. 2B). The most significant changes
were the 223% increase in cholesteryl esters (SE) and
the 17.9% reduction of sulfatides (sulphated sphingolip-
ids, p <0.05, Cohen’s d=1.503), which mostly accounts
for the decrease in total sphingolipids (TSL, p =0.073,
Cohen’s d=1.47). ALS lipid rafts also displayed alteration
in glycerophospholipids, consisting in the reduction of PE
(—12.9%) and increased levels of glycerophosphoglycerol
(PG) (+69.2%), glycerophosphoinositol (PI) (+22.5%) and
PS (+17.46).

In agreement with our findings, a recent study using
multi-omics approaches in iPSC-derived neurons from ALS
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patients has revealed higher levels of arachidonic acids and
certain phospholipids (PE, PS, PG and lysophospholipids)
compared to control motor neuron cultures [15]. Interest-
ingly, these effects were specific for spinal cord motor neu-
ron cultures and not observed in ocular motor neuron cul-
tures derived from human ALS-iPSCs cells [15].

Evidence for disease-related phospholipid remodelling

The first indication for the occurrence of phospholipid
remodelling was the significantly higher anionic-to-
zwitterionic phospholipids ratio (p <0.01, Cohen’s
d= —2.23) in ALS lipid rafts (Fig. 2B), which due to both
reduction of neutral PE and increased levels of all anionic
phospholipids, i.e. PG, PI and PS.

Therefore, we next performed analyses of effect size
using the determination coefficient (R?) to assert the frac-
tional variance shared by each pair of variables. The results
shown in Fig. 2C revealed a significant overall difference
between ALS and NSL groups, with the former showing
higher degrees of bivariate associations compared to NSL,
particularly for glycerophospholipids and specific fatty acid

groups and indexes (highlighted in rectangles in Fig. 2C).
Strongest size effects were observed for total DMAs, total
n-3 (mostly represented by DHA), total n-6 (mostly repre-
sented by arachidonic acid), total LCPUFA and Sat/Unsat,
yet the magnitude depended on the type of phospholipid.
For instance, the Sat/Unsat ratio for PC class indicates a
strong covariation in NSL compared to ALS (R? values 0.36
vs 0.01, respectively), very similar to PS, where R? values
for the same index were 0.43 (NSL) and 0.00 (ALS). Effect
sizes were severely altered for total LCPUFA, total n-3, total
n-6 and total DMAs in all phospholipids, with R* values
being considerably larger in the ALS group compared to
NSL. These results pinpoint a strong remodelling of lipid
raft phospholipids by the effect of ALS.

The relationships between individual phospholipids and
individual fatty acids were further assessed by Pearson’s
correlation (Table 2). The results demonstrated important
changes in the association of glycerophospholipids and
fatty acids, often exhibiting opposed relationships between
the two groups. Thus, the relevant positive relationships
between total PE and DHA (r=0.48, p <0.05) and AA
(r=0.72, p<0.01) observed in NSL were inverted in ALS

Table 2 Pearson’s correlation analyses for main fatty acids and lipid classes in NSL and ALS groups
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18:1n-9DMA| 0,82(-0,94| 0,54|-0,70 0,54 0,99|-0,77 0,97 -0,70| 0,58|-0,70|-0,80 -0,87 -0,90| 0,74| 0,94|-0,85|-0,90| 0,87,
18:1 n-7 DMA| 0,83/-0,91 0,89 -0,87|-0,96 0,66 0,64|-0,77 -0,92 -0,95| 0,80| 0,95/-0,93|-0,95| 0,81 0,58
18:0 0,64 0,92 -0,64|-0,73 0,76 0,52 0,91 0,91|-0,84|-0,82| 0,99 0,93 0,76/ 0,67| 0,89)-0,60
18:1n-9 0,51 0,84/-0,59| 0,83| 0,92 0,93 0,95/-0,60/-0,99 0,82| 0,83/-0,93
18:2n-6 0,67 0,73 -0,65|-0,71| 0,90| -0,51 -0,93| 0,51 0,99 -0,58/-0,85 0,69/ 0,87,
18:3n-3 0,82 0,76 0,76 -0,73| 1,00/ 0,99| -0,70| 0,73|-0,53| 0,73 -0,83 0,93
20:1n-9 0,93/-0,94 -0,66 0,62| 0,85 0,77 -0,76/-0,69 0,93 0,83 0,67 0,78
20:4n-6 -0,74| 0,60 -0,75/-0,52 -0,51 0,77 0,98/ -0,70| 0,70|-0,57| 0,70 -0,81 0,94, 0,53
22:5n-6 -0,72| 0,83/ -0,70| 0,65| 0,52 -0,95|-0,79| 0,65 0,56 -0,70 0,58| 0,83 0,83 -0,91| 0,57| 0,55/-0,96
24:0 0,59/-0,65 0,69 0,84 -0,55 0,57 -0,58|-0,52 0,53 -0,66 0,60| 0,90
22:6n-3 -0,80| 0,75 0,68 -0,61|-0,72| 0,76 -0,71| 0,79| 0,63|-0,67 1,00|-0,64|-0,97| 0,92| 0,85|-0,75 0,59-0,75,
24:1n-9 0,88/-0,94 0,59 -0,54 0,94| 0,97|-0,72 -0,65 0,81 -0,89| 0,73/-0,78 0,59| 0,90| 0,60| 0,62
M 0,52 0,64 0,53| 0,64 -0,58| 0,67 0,64 -0,67|-0,98| 0,93| 0,88/-0,77 0,76
PC 0,82 0,74 0,60| 0,63/-0,71 0,75 0,70/ 0,73 0,60-0,88| 0,94 -0,68-0,90| 0,72
PS 0,64 -0,88 0,60| 0,51/-0,81 -0,63]-0,71 0,76 0,61 0,38 -0,86| 0,84/ 0,88
PI 0,51 0,51 0,97|-0,56| 0,68| 0,67
PG 0,53 0,61 0,97 -0,59| 0,59 0,71/-0,55
PE 0,55 0,72 0,61 0,64 0,58 0,81/-0,86,
Sulfitidos 0,69| 0,68 0,57 -0,85|-0,78| 0,61 0,67 0,85/-0,75| 0,65|-0,78|-0,60|-0,74|-0,67 0,81 0,57
Cerebrosidos | 0,71|-0,83 -0,54 0,73/ 0,78 -0,63 0,85/-0,68 0,77/-0,57| 0,70 0,52 0,89|-0,60
CHO 0,51 0,63 -0,63|-0,61|-0,71| 0,61|-0,57 -0,90)
SE 0,70 0,81 -0,60| -0,80| 0,93|-0,62| 0,91| 0,72 0,52/ -0,55 0,74 -0,56/-0,62 0,55/-0,58] J

Significant correlation values (p > 0.05) are highlighted in bold
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(DHA r=-0.75,p<0.01; AA r=—0.94, p<0.01). Unlike
PE, PC correlations with DHA and AA were either negative
(DHA r=—-0.42, p<0.05) or absent (AA r=0.12, p>0.05)
in NSL but remained similar in ALS. Within anionic phos-
pholipids, PS was the only PL which displayed disease-
related changes, being poorly related to AA and DHA in
NSL (r=0.31, p>0.05 for AA and r= —0.23, p>0.05 for
DHA) but strongly negative in ALS (r= —0.81, p<0.01
and r=—-0.97, p<0.01 for AA and DHA, respectively).
Regarding DMAs, as surrogates of plasmalogens, PE was
either negatively or poorly related in NSL, but strongly,
and positively, correlated in ALS (r=0.84, p <0.01 and
r=0.87, p<0.01, for 16:0 DMA and 18:1n-9 DMA). On
the contrary, positive relationships were observed for PC
and 16:0 DMA (r=0.37 p<0.05), 18:1n-9 DMA (r=0.60,
p<0.05) and 18:1n-7 (r=0.67, p<0.05) in NSL, which
were retained (even enhanced) in ALS. These observations
indicate a selective remodelling of PE plasmalogens dur-
ing the development of amyotrophic sclerosis. Recall that
the predominant ether lipid form in nerve cell membranes
derives from glycerophosphoethanolamine and corresponds
to 1-(1Z-alkenyl),2-acylglycerophosphoethanolamines

(PlsEtn, PE plasmalogen or PE(P-)), accounting for 50-60%
of the total PE class [40—42]. On the other hand, anionic
phospholipids also displayed disease-related changes. The
main anionic phospholipid, PS, was strongly correlated
to 16:0 DMA (r=0.98, p<0.01) in ALS but not in NSL
(r=0.25, p>0.05), while AA was positively associated
with PS in NSL (r=0.31, p <0.05) but negatively in ALS
(r=0.81, p<0.01).

In summary, we conclude that besides differences in the
anionic-to-zwitterionic proportions, the development of the
disease alters the contents and compositional structure of
glycerophospholipids and their derived plasmalogens.

Changes in the lipid raft
cholesterol-sterol(cholesteryl) ester binary system

We showed above the significantly higher levels of sterol
esters and moderate-to-strong reduction of cholesterol
in ALS lipid rafts. Bivariate analyses revealed that such
changes are significantly correlated in ALS but not in NSL
(Fig. 3A). Regression analyses revealed a negative linear
relationship between CHO (independent variable) and SE

A) NSL | ALS | NSL | ALS [ NSL | ALS C
| = )
Pearson’s o o w w @ @
z z 7] » o |9 ons
© o z T ons
o o
. o
CHO -0,14/-0,90 0,39 0,70 . .
EE -0,14 /0,90 0,89 -0,85 £, i
CHOJ/EE 0,39 0,70 -0,89 -0,85 H i
- E]
Saturates 0,08 -0,42| 0,94 -0,42 -0,84 -0,89 wi ey o 7
Unsaturated 0,01 0,23/-0,90 0,23 0,80 0,29 ~
Monoenes 0,12 -0,37/-0,82 -0,37 0,85 0,05 ’ - "CNOIEE‘*‘
sat/Unsat 0,07 -0,45/ 0,93 -0,45 -0,81 -0,83
LCPUFA -0,33/.0,96 0,09 -0,75 -0,37 0,55
M -0,50 0,62 -0,25 -0,22 0,10 0,10 D) E)
PC -0,75 0,83 -0,58 0,62 0,84 -0,23 SE vs ALS ALS>NSL  NSL>ALS  ancova
B) . Saturates SE vs NSL | ALS 22:6n3 NS
o Unsaturated 16:0 22:5n6 NS
— o Busoss S Ri=1 |Monoenes 13:0 r=1
p>0.1 p=0.07
] Ozt 1 R2-0.32 . DMAs 16:1n-9
OALS g T n-9 16:1n-7 peoot
Bus=-2.59 °

n-3

n-6
n-3/n-6
DHA/AA
Sat/Unsat
Sat/n-3
Sat/n-6
Sat/n-9
LCPUFA

a0y p=0.037

Sterol Esters
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Fig.3 Cholesterol-sterol(cholesteryl) ester relationships in NSL and
ALS lipid rafts. A Pearson’s correlations between cholesterol (CHO),
cholesteryl esters (SE), CHO/SE ratio, fatty acid groups, saturates-
to-unsaturates (Sat/Unsat) ratio, sphingomyelin (SM) and phosphati-
dylcholine (PC) in lipid rafts. Bold numbers indicate significant cor-
relation values. B Regression analyses of CHO, sterol esters and PC
in NSL and ALS lipid rafts. Box plots for each dependent and inde-
pendent variable are shown in the plots. B, regression coefficient; R,
determination coefficient. C Regression analyses CHO/SE ratios as

18:1n-9 NS
20:1n-9

24:1n-9

NS

p<0,05
18:2n6
18:3n-3 p<0,01
20:4n6 r=-1

22:5n-6

p=0.06

NS

22:6n-3

ACohen'sf

independent variables and saturates, unsaturates and Sat/Unsat ratios
as dependent variables in NSL and ALS samples. Box plots for each
dependent and independent variable are shown in the plots. D Heat-
map representation for correlation effect sizes (R?) for the relation-
ships between SE and main fatty acid variables (left panel). Correla-
tion coefficients for SE and specific fatty acids are illustrated in the
right panel. E Effect size analyses (Cohen’s f) and covariate analyses
(ANCOVA) for regression coefficients of relationships between SE
and fatty acids analysed in D
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(dependent variable) in the whole dataset (Fig. 3B) with
slope (f*) of — 1.57. Moreover, inter-group analyses indi-
cated that most of such negative associations derived from
ALS lipid rafts (B, .g= —2-59 compared to fyg. = —0.07,
F=15.55, p=0.004), which indicates that esterification of
cholesterol is strongly favoured in ALS. 103The esterifica-
tion reaction of cholesterol in nerve cells is mostly catalysed
by acyl coenzyme-A cholesterol acyltransferase (ACAT1)
in the endoplasmic reticulum [43]. Alternatively, choles-
terol esters may be synthesized by lecithin:cholesterol
acyl transferase (LCAT), with concomitant formation of
1-acyl-lysophosphatidylcholine (LPC) [43]. However, this
second route may be discharged in ALS lipid rafts because
of (1) the levels of LPC that were undetectable in either
group (Fig. 2A), (2) the absence of significant associations
between PC and sterol esters (Fig. 3B) and (3) the negative
relationship between PC vs cholesterol, which was unaf-
fected by the disease (Fig. 3B). Therefore, the cholesterol-
to-sterol ester ratio (CHO/SE) may be used as an indicator
of ACAT1 activity. Hence, as CHO/SE was significantly
reduced in ALS lipid rafts by 57.6%, it may be accepted that
the enormous increase in SE levels (ALS > NSL) derives
from increased ACAT1 activity and/or expression in ALS
neurons. In agreement with our findings, several studies in
ALS models and human spinal cord have reported increased
levels of cholesteryl esters in whole grey matter preparations
(10, 14, 16). Further, increased levels of ACAT1 and cPLA2
mRNA have been demonstrated in the hSOD1-G93A trans-
genic ALS model [14]. In human grey matter, these changes
correlated with increased activity of cPLA2 [14, 38], the
enzyme responsible for supplying fatty acids to ACAT1 to
generate SE upon activation by esterification with CoA [43].

Besides total levels of cholesteryl esters, lipidomic stud-
ies have demonstrated selective ALS-related alterations
in the fatty acid composition of SE molecular species, in
particular concerning saturates, monounsaturated and poly-
unsaturated fatty acids, in the spinal cord [14, 16]. Mass
spectrometry-based techniques were not suitable for the
lipid raft preparations in the present study; therefore, we
used a statistical approach to assess the potential relation-
ships between specific fatty acids and SE in lipid rafts.
We initially considered fatty acids that were significantly
correlated to SE in Table 2 and/or exhibited strong effect
sizes in Fig. 2C in either group. Effect sizes for correla-
tion analyses for SE on fatty acid groups and indexes are
shown in Fig. 3D (left panel). Major differences between
NSL and ALS groups were observed for total unsaturates,
total LCPUFA, n-6 series and Sat/Unsat and n3/n6 ratios.
Cholesteryl esters were similarly related to long-chain
n-9 fatty acids (18:1n-9, 20:1n-9 and 24:1n-9) as well as
to 18:2n-6 in both groups (Fig. 3D, middle panel). How-
ever, correlation analyses of SE on individual fatty acids
revealed opposed relationships for specific fatty acids from

@ Springer

all groups, i.e. saturates (18:0), unsaturates (16:1n-7 and
16:1n-9) and LCPUFA (22:6n-3) (Fig. 3D, middle panel).
Covariance analyses and Cohen’s f on regression coefficients
shown in Fig. 3E indicate higher esterification rates for 16C
monoenes (16:1n-7 and 16:1n-9) and lower for 18:0, 18:1n-9
and 18:2n-6 in ALS lipid rafts, compared to NSL counter-
parts. Although using a different methodology, our results
substantially agree with the observations reported recently in
whole lipids from spinal motor neurons in ALS subjects [14]
and mutant hNSOD1-G93A mice [14, 16]. Noticeably, these
studies also showed increased esterification of SE with ara-
chidonic acid as a signature of ALS, a finding that was also
observed here (Fig. 3D) in spinal cord lipid rafts (p =0.072,
Cohen’s f= —0.88). Therefore, we may conclude that lipid
rafts undergo changes in cholesteryl ester species, which,
at least in part, result from altered ACAT1 activity in ALS
motor neurons.

Recent studies in ALS have revealed disturbances in the
mitochondria-associated membrane systems called MAMs
[44, 45]. MAMs are specialized endoplasmic reticulum
(ER)-like membrane subdomains tightly associated with
mitochondria, which are endowed with physical and bio-
chemical properties of lipid rafts [46, 47]. There exist essen-
tial links between our present results and MAM-associated
enzymes for lipid biogenesis. First, we detected lower levels
of phosphatidylethanolamine and higher anionic/zwitteri-
onic ratios in ALS samples, which is coherent with aug-
mented PSS1/2 (phosphatidylserine synthase-1/2) activi-
ties. Second, the high abundance of cholesteryl esters and
lower CHO/SE in ALS are mediated by increased ACAT1
activity and/or expression, and third, the larger amounts of
AA in ALS phospholipids are most likely due to increased
ACSLA4 (long-chain fatty acid-CoA ligase type 4) activity,
the enzyme determining the rate of arachidonoyl-CoA syn-
thesis and their incorporation into glycerophospholipids.
Further studies on MAMs are necessary to elucidate whether
the altered lipid profiles observed in lipid rafts are derived
from altered MAMs.

Evidence for alterations in lipid raft microviscosity
and membrane domain fluidity and mobility

In order to estimate potential changes in lipid raft biophysi-
cal properties as a result of differences in lipid profiles
between NSL and ALS preparations, we used the multi-
ple regression models approach obtained for lipid rafts
from human and mice nerve cell membranes [25, 34]. We
observed a significant reduction of lipid raft microviscos-
ity in ALS as compared to NSL groups (Cohen’s d=2.71,
p<0.01), representing a 14.8% increase in membrane fluid-
ity in ALS membranes (Fig. 4A). This observation agrees
with the changes in the values of n-6 LCPUFA, 18:1n-9
and Sat/Unsat observed in ALS, which collectively point
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to more fluid membranes in the diseased motor neurons.
So far, only one study has evaluated membrane fluidity in
ALS nerve cells [48]. By measuring steady-state TMA-DPH
anisotropy in the transgenic SOD1G93A mice, the authors
report reduced membrane fluidity in the spinal cord com-
pared to wild-type [48]. The authors explained this result
as a consequence of increased lipid peroxidation of PUFA
in membrane phospholipids in response to deficient SOD1
activity [48]. However, the hypothesis that membrane desta-
bilization in ALS is secondary to lipid peroxidation initi-
ated by mutated SOD1-induced ROS and oxidative stress is
unlikely for two reasons. First, LCPUFA levels (in particular
n-6) were not decreased in ALS lipid rafts, and second, most
ALS subjects do not carry mutated SODI genes (approxi-
mately 20% of familial ALS, or<0.2% of total cases) [2, 11].
Instead, according to our data, changes in membrane fluidity
occur in the opposite direction and in response to dysregula-
tion of lipid metabolism and/or membrane biogenesis.

We also used an agent-based mathematical model [21,
23] to estimate both fluidity and dimensional changes in
ALS lipid rafts. Based on the lipid composition (Fig. 4B),
the agent-based model predicted the increase in lipid
raft mobility in lipid rafts but not in non-raft domains
(Fig. 4C), which agrees with the estimations of membrane

microviscosity, and suggests the selective alteration in
lipid rafts. In addition, model output indicates a reduction
in the membrane proportion of lipid raft, as well as smaller
sizes (Fig. 4D), which would commit the spatio-temporal
dynamics of lipid rafts. In the predicted scenario, the mem-
brane of ALS neurons contains more mobile small-sized
lipid rafts, which are endogenously more fluid than in non-
diseased motor neurons. Clearly, these results are relevant
from the pathophysiological perspective since they sug-
gest a more loosely packing between membrane lipids and
lower restrictions for protein lateral displacements. This
likely affects protein clustering and signalling processes.
In agreement with this, proteomic analyses of membrane
lipid rafts in SOD1-G63A spinal cords have demonstrated
a differential expression pattern of an important number
of raft-associated proteins involved in neurotransmitter
synthesis and release, cytoskeleton organization, vesicular
transport and linkage to the plasma membrane [49]. Also,
there is evidence in transgenic mice and human ALS that
impaired neurotrophic signalling associates with ALS [50,
51], and that deficient neurotrophic signalling associates
with increased neuronal susceptibility to excitotoxicity,
which is proposed as an incipient mechanism underlying
motor neuron vulnerability in ALS [51, 52].
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Conclusions

We propose here that the destabilization of the membrane
lipid composition of lipid rafts along with the consequences
in their biophysical properties is the key factor underlying
cellular anomalies in motor neuron physiology during the
development of sporadic amyotrophic lateral sclerosis.
Such membrane alterations might help to explain the con-
nexions between different pathological events all convey-
ing to the selective vulnerability of motor neurons, such as
glutamatergic excitotoxicity, oxidative stress, neuroinflam-
matory response and probably protein aggregation through
membrane interactions, as reported in other proteinopathies.

The present lipid alterations were observed in spo-
radic ALS. Additional studies on familial ALS linked to
SOD1 mutations and sporadic and familial cases linked to
C9orf72 expansions will increase our knowledge of com-
monalities and differences in lipid raft composition within
the ALS spectrum. Nevertheless, we reckon this initial
study is relevant as it highlights the potential involvement
of key membrane mechanisms during the early develop-
ment of amyotrophic lateral sclerosis.

Author contribution Study conception and design was done by MD
and IF. Dissection of spinal cord from the Brain Bank and membrane
extraction were performed by IF. Biochemical analyses and data collec-
tion were carried out by VM and NF. Mathematical modelling, model
interpretations and statistical analyses were done by GS and MD. The
first draft of the manuscript was written by MD, and all authors com-
mented on previous versions of the manuscript. All authors read and
approved the final manuscript.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. This study was supported by grants
SAF204-52582-R and SAF2017-84454-R, from Ministerio de
Economia y Competitividad (MINECO, Spain).

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations

Ethics approval This study was performed in line with the principles
of the Declaration of Helsinki. Approval was granted by the Ethics
Committee of the Bellvitge University Hospital local ethics committee
(PI1-2019/108).

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are

@ Springer

included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Taylor J, Brown R, Cleveland D (2016) Decoding ALS: from
genes to mechanism. Nature 539:197-206. https://doi.org/10.
1038/nature20413

2. Cluskey S, Ramsden DB (2001) Mechanisms of neurodegenera-
tion in amyotrophic lateral sclerosis. Mol Pathol 54:386-392

3. Fernandez-Eulate G, Ruiz-Sanz JI, Riancho J, Zufirla M, Gereiiu
G, Fernandez-Torron R, Poza-Aldea JJ, Ondaro J, Espinal JB,
Gonzalez-Chinchon G et al (2020) A comprehensive serum lipidome
profiling of amyotrophic lateral sclerosis. Amyotroph Lateral
Scler Frontotemporal Degener 21(3—4):252-262. https://doi.org/
10.1080/21678421.2020.1730904

4. Phan K, He Y, Bhatia S, Pickford R, McDonald G, Mazumder
S, Timmins HC, Hodges JR, Piguet O, Dzamko N et al (2022)
Multiple pathways of lipid dysregulation in amyotrophic lateral
sclerosis. Brain Commun 5(1):fcac340. https://doi.org/10.1093/
braincomms/fcac340

5. Dorst J, Kiihnlein P, Hendrich C, Kassubek J, Sperfeld AD,
Ludolph AC (2011) Patients with elevated triglyceride and cho-
lesterol serum levels have a prolonged survival in amyotrophic
lateral sclerosis. J Neurol 258(4):613-617. https://doi.org/10.
1007/500415-010-5805-z

6. Blasco H, Veyrat-Durebex C, Bocca C, Patin F, Vourc’h P,
Kouassi Nzoughet J, Lenaers G, Andres CR, Simard G, Corcia
P et al (2017) Lipidomics reveals cerebrospinal-fluid sig-
natures of ALS. Sci Rep 7(1):17652. https://doi.org/10.1038/
s41598-017-17389-9

7. Agrawal I, Lim YS, Ng SY, Ling S-C (2022) Deciphering
lipid dysregulation in ALS: from mechanisms to translational
medicine. Transl Neurodegener 11:48. https://doi.org/10.1186/
s40035-022-00322-0

8. Hartmann H, Ho WY, Chang JC, Ling SC (2022) Cholesterol dys-
homeostasis in amyotrophic lateral sclerosis: cause, consequence,
or epiphenomenon? FEBS J 289(24):7688-7709. https://doi.org/
10.1111/febs.16175

9. SolJ, Jové M, Povedano M, Sproviero W, Dominguez R, Pifiol-
Ripoll G, Romero-Guevara R, Hye A, Al-Chalabi A, Torres P
et al (2021) Lipidomic traits of plasma and cerebrospinal fluid
in amyotrophic lateral sclerosis correlate with disease progres-
sion. Brain Commun 3(3):fcab143. https://doi.org/10.1093/
braincomms/fcab143

10. Cutler RG, Pedersen WA, Camandola S, Rothstein JD, Mattson
MP (2002) Evidence that accumulation of ceramides and cho-
lesterol esters mediates oxidative stress-induced death of motor
neurons in amyotrophic lateral sclerosis. Ann Neurol 52:448-457

11. Parakh S, Spencer DM, Halloran MA, Soo KY, Atkin JD (2013)
Redox regulation in amyotrophic lateral sclerosis. Oxid Med Cell
Longev 2013:408681. https://doi.org/10.1155/2013/408681

12. Dodge JC, Treleaven CM, Pacheco J, Cooper S, Bao C, Abraham
M, Cromwell M, Sardi SP, Chuang WL, Sidman RL et al
(2015) Glycosphingolipids are modulators of disease pathogen-
esis in amyotrophic lateral sclerosis. Proc Natl Acad Sci USA
112(26):8100-8105


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nature20413
https://doi.org/10.1038/nature20413
https://doi.org/10.1080/21678421.2020.1730904
https://doi.org/10.1080/21678421.2020.1730904
https://doi.org/10.1093/braincomms/fcac340
https://doi.org/10.1093/braincomms/fcac340
https://doi.org/10.1007/s00415-010-5805-z
https://doi.org/10.1007/s00415-010-5805-z
https://doi.org/10.1038/s41598-017-17389-9
https://doi.org/10.1038/s41598-017-17389-9
https://doi.org/10.1186/s40035-022-00322-0
https://doi.org/10.1186/s40035-022-00322-0
https://doi.org/10.1111/febs.16175
https://doi.org/10.1111/febs.16175
https://doi.org/10.1093/braincomms/fcab143
https://doi.org/10.1093/braincomms/fcab143
https://doi.org/10.1155/2013/408681

Journal of Molecular Medicine (2024) 102:391-402

401

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Bouscary A, Quessada C, René F, Spedding M, Turner BJ,
Henriques A, Ngo ST, Loeffler JP (2021) Sphingolipids
metabolism alteration in the central nervous system: amyotrophic
lateral sclerosis (ALS) and other neurodegenerative diseases.
Semin Cell Dev Biol 112:82-91

Dodge JC, Jensen EH, Yu J, Sardi SP, Bialas AR, Taksir TV,
Bangari DS, Shihabuddin LS (2020) Neutral lipid cacostasis con-
tributes to disease pathogenesis in amyotrophic lateral sclerosis. J
Neurosci 40(47):9137-9147. https://doi.org/10.1523/INEUROSCI.
1388-20.2020

Lee H, Lee JJ, Park NY, Dubey SK, Kim T, Ruan K, Lim SB,
Park SH, Ha S, Kovlyagina I et al (2021) Multi-omic analysis of
selectively vulnerable motor neuron subtypes implicates altered
lipid metabolism in ALS. Nat Neurosci 24(12):1673-1685.
https://doi.org/10.1038/s41593-021-00944-z

Chaves-Filho AB, Pinto IFD, Dantas LS, Xavier AM, Inague A,
Faria RL, Medeiros MHG, Glezer I, Yoshinaga MY, Miyamoto
S (2019) Alterations in lipid metabolism of spinal cord linked
to amyotrophic lateral sclerosis. Sci Rep 9(1):11642. https://doi.
org/10.1038/s41598-019-48059-7

Burg T, Rossaert E, Moisse M, Van Damme P, Van Den Bosch
L (2021) Histone deacetylase inhibition regulates lipid homeo-
stasis in a mouse model of amyotrophic lateral sclerosis. Int J
Mol Sci 22(20):11224. https://doi.org/10.3390/ijms222011224
Schengrund CL (2010) Lipid rafts: keys to neurodegeneration.
Brain Res Bull 82:7-17. https://doi.org/10.1016/j.brainresbull.
2010.02.013

Hicks DA, Nalivaeva NN, Turner AJ (2012) Lipid rafts and Alzhei-
mer’s disease: protein-lipid interactions and perturbation of signal-
ing. Front Physiol 3:189. https://doi.org/10.3389/fphys.2012.00189
Marin R, Fabelo N, Fernandez-Echevarria C, Canerina-Amaro
A, Rodriguez-Barreto D, Quinto-Alemany D, Mesa-Herrera F,
Diaz M (2016) Lipid raft alterations in aged associated neuro-
pathologies. Curr Alzheimer Res 13:973-984. https://doi.org/
10.2174/1567205013666160314150017

Santos G, Diaz M, Torres NV (2016) Lipid raft size and
lipid mobility in non-raft domains increase during aging and
are exacerbated in APP/PS1 mice model of Alzheimer’s dis-
ease. Predictions from an agent-based mathematical model.
Front Physiol 7:90. https://doi.org/10.3389/fphys.2016.00090
Diaz M, Marin R (2021) Lipid rafts and development of Alzheimer’s
disease. IntechOpen. https://doi.org/10.5772/intechopen.94608
Santos G, Diaz M (2021) Dimensional changes in lipid rafts
from human brain cortex associated to development of Alzhei-
mer’s disease. Predictions from an agent-based mathematical
model. Int J Mol Sci 22(22):12181. https://doi.org/10.3390/
ijms222212181

Fabelo N, Martin V, Marin R, Santpere G, Aso E, Ferrer I, Diaz
M (2012) Evidence for premature lipid raft aging in APP/PS1
double-transgenic mice, a model of familial Alzheimer disease.
J Neuropathol Exp Neurol 71:868-881. https://doi.org/10.1097/
NEN.0b013e31826be03c

Diaz M, Fabelo N, Martin V, Ferrer I, Gomez T, Marin R (2015)
Biophysical alterations in lipid rafts from human cerebral cortex
associate with increased BACE1/AbetaPP interaction in early
stages of Alzheimer’s disease. J Alzheimers Dis 43:1185-1198.
https://doi.org/10.3233/jad-141146

Fabelo N, Martin V, Marin R, Moreno D, Ferrer I, Diaz M
(2014) Altered lipid composition in cortical lipid rafts occurs
at early stages of sporadic Alzheimer’s disease and facilitates
APP/BACEI] interactions. Neurobiol Aging 35:1801-1812.
https://doi.org/10.1016/j.neurobiolaging.2014.02.005

Stockl M, Fischer P, Wanker E, Herrmann A (2008) Alpha-
synuclein selectively binds to anionic phospholipids embed-
ded in liquid-disordered domains. J Mol Biol 375:1394-1404.
https://doi.org/10.1016/j.jmb.2007.11.051

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

Fabelo N, Martin V, Santpere G, Marin R, Torrent L, Ferrer I,
Diaz M (2011) Severe alterations in lipid composition of fron-
tal cortex lipid rafts from Parkinson’s disease and incidental
Parkinson’s disease. Mol Med 17:1107-1118. https://doi.org/
10.2119/molmed.2011.00119

Bucciantini M, Nosi D, Forzan M, Russo E, Calamai M, Pieri
L, Formigli L, Quercioli F, Soria S, Pavone F et al (2012) Toxic
effects of amyloid fibrils on cell membranes: the importance
of ganglioside GM1. FASEB J 26:818-831. https://doi.org/10.
1096/£j.11-189381

Kubo S, Hatano T, Hattori N (2015) Lipid rafts involvement in
the pathogenesis of Parkinson’s disease. Front Biosci 20:263—
279.0.2741/4308

Canerina-Amaro A, Pereda D, Diaz M, Rodriguez-Barreto D,
Casaifias-Sanchez V, Heffer M, Garcia-Esparcia P, Ferrer I,
Puertas-Avendaiio R, Marin R (2019) Differential aggregation
and phosphorylation of alpha synuclein in membrane com-
partments associated with Parkinson Disease. Front Neurosci
13:382. https://doi.org/10.3389/fnins.2019.00382

Martin V, Fabelo N, Santpere G, Puig B, Marin R, Ferrer I,
Diaz M (2010) Lipid alterations in lipid rafts from Alzheimer’s
disease human brain cortex. J Alzheimer Dis 19(2):489-502.
https://doi.org/10.3233/JAD-2010-1242

Diaz ML, Fabelo N, Marin R (2012) Genotype-induced changes
in biophysical properties of frontal cortex lipid raft from APP/
PS1 transgenic mice. Front Physiol 3:454

Diaz M, Pereda de Pablo D, Valdés-Baizabal C, Santos G, Marin
R (2023) Molecular and biophysical features of hippocampal
“lipid rafts aging” are modified by dietary n-3 long-chain poly-
unsaturated fatty acids. Aging Cell 30:e13867. https://doi.org/
10.1111/acel.13867

Cohen J (1988) Statistical power analysis for the behavioural
sciences, 2nd edn. Routledge, New York

Funder DC, Ozer DJ (2019) Evaluating effect size in psycho-
logical research: sense and nonsense. Adv Meth Pract Psychol
Sci 2(2):156-168. https://doi.org/10.1177/2515245919847202
Lawton KA, Brown MV, Alexander D, Li Z, Wulff JE,
Lawson R, Jaffa M, Milburn MV, Ryals JA, Bowser R
et al (2014) Plasma metabolomic biomarker panel to distinguish
patients with amyotrophic lateral sclerosis from disease mimics.
Amyotroph Lateral Scler Frontotemporal Degener 15(5-6):362—
370. https://doi.org/10.3109/21678421.2014.908311

Shibata N, Kakita A, Takahashi H, Thara Y, Nobukuni K,
Fujimura H, Sakoda S, Kobayashi M (2010) Increased expres-
sion and activation of cytosolic phospholipase A2 in the spinal
cord of patients with sporadic amyotrophic lateral sclerosis.
Acta Neuropathol 119:345-354

Malada Edelstein YF, Solomonov Y, Hadad N, Alfahel L, Israelson
A, Levy R (2021) Early upregulation of cytosolic phospholipase
A2 in motor neurons is induced by misfolded SOD1 in a mouse
model of amyotrophic lateral sclerosis. J Neuroinflamm 18(1):274.
https://doi.org/10.1186/s12974-021-02326-5

Chan RB, Oliveira TG, Cortes EP, Honig LS, Duff KE, Small
SA, Wenk MR, Shui G, Di Paolo G (2012) Comparative lipid-
omic analysis of mouse and human brain with Alzheimer Dis-
ease. J Biol Chem 287:2678-2688

Jové M, Mota-Martorell N, Obis E, Sol J, Martin-Gari M, Ferrer
I, Portero-Otin M, Pamplona R (2023) ether lipid-mediated anti-
oxidant defense in Alzheimer’s disease. Antioxidants 12:293.
https://doi.org/10.3390/antiox 12020293

Ramirez-Nuiiez O, Jové M, Torres P, Sol J, Fontdevila L,
Romero-Guevara R, Andrés-Benito P, Ayala V, Rossi C, Boada
J et al (2021) Nuclear lipidome is altered in amyotrophic lateral
sclerosis: a pilot study. J] Neurochem 158(2):482-499. https://
doi.org/10.1111/jnc.15373

@ Springer


https://doi.org/10.1523/JNEUROSCI.1388-20.2020
https://doi.org/10.1523/JNEUROSCI.1388-20.2020
https://doi.org/10.1038/s41593-021-00944-z
https://doi.org/10.1038/s41598-019-48059-7
https://doi.org/10.1038/s41598-019-48059-7
https://doi.org/10.3390/ijms222011224
https://doi.org/10.1016/j.brainresbull.2010.02.013
https://doi.org/10.1016/j.brainresbull.2010.02.013
https://doi.org/10.3389/fphys.2012.00189
https://doi.org/10.2174/1567205013666160314150017
https://doi.org/10.2174/1567205013666160314150017
https://doi.org/10.3389/fphys.2016.00090
https://doi.org/10.5772/intechopen.94608
https://doi.org/10.3390/ijms222212181
https://doi.org/10.3390/ijms222212181
https://doi.org/10.1097/NEN.0b013e31826be03c
https://doi.org/10.1097/NEN.0b013e31826be03c
https://doi.org/10.3233/jad-141146
https://doi.org/10.1016/j.neurobiolaging.2014.02.005
https://doi.org/10.1016/j.jmb.2007.11.051
https://doi.org/10.2119/molmed.2011.00119
https://doi.org/10.2119/molmed.2011.00119
https://doi.org/10.1096/fj.11-189381
https://doi.org/10.1096/fj.11-189381
https://doi.org/10.3389/fnins.2019.00382
https://doi.org/10.3233/JAD-2010-1242
https://doi.org/10.1111/acel.13867
https://doi.org/10.1111/acel.13867
https://doi.org/10.1177/2515245919847202
https://doi.org/10.3109/21678421.2014.908311
https://doi.org/10.1186/s12974-021-02326-5
https://doi.org/10.3390/antiox12020293
https://doi.org/10.1111/jnc.15373
https://doi.org/10.1111/jnc.15373

402

Journal of Molecular Medicine (2024) 102:391-402

43.

44.

45.

46.

47.

48.

49.

Gunstone FD, Harwood JL, Harwood JL (2007) The lipid hand-
book with CD-ROM. 3. Boca Raton: CRC Press, pp 1472
Manfredi G, Kawamata H (2016) Mitochondria and endoplasmic
reticulum crosstalk in amyotrophic lateral sclerosis. Neurobiol Dis
90:35-42. https://doi.org/10.1016/j.nbd.2015.08.004

Parakh S, Atkin JD (2021) The Mitochondrial-associated ER
membrane (MAM) compartment and its dysregulation in amyo-
trophic lateral sclerosis (ALS). Semin Cell Dev Biol 112:105-
113. https://doi.org/10.1016/j.semcdb.2021.02.002

Vance JE (2014) MAM (mitochondria-associated membranes)
in mammalian cells: lipids and beyond. Biochim Biophys Acta
1841(4):595-609. https://doi.org/10.1016/j.bbalip.2013.11.014
Giorgi C, Missiroli S, Patergnani S, Duszynski J, Wieckowski
MR, Pinton P (2015) Mitochondria-associated membranes: com-
position, molecular mechanisms, and physiopathological implica-
tions. Antioxid Redox Signal 22:995-1019

Miana-Mena FJ, Piedrafita E, Gonzalez-Mingot C, Larrodé P,
Muiioz MJ, Martinez-Ballarin E, Reiter RJ, Osta R, Garcia JJ
(2011) Levels of membrane fluidity in the spinal cord and the
brain in an animal model of amyotrophic lateral sclerosis. J
Bioenerg Biomembr 43(2):181-186. https://doi.org/10.1007/
$10863-011-9348-5

Zhai J, Strom AL, Kilty R, Venkatakrishnan P, White J, Everson
WYV, Smart EJ, Zhu H (2009) Proteomic characterization of lipid

@ Springer

50.

51.

52.

raft proteins in amyotrophic lateral sclerosis mouse spinal cord.
FEBS J 276(12):3308-3323. https://doi.org/10.1111/j.1742-4658.
2009.07057.x

Mutoh T, Sobue G, Hamano T, Kuriyama M, Hirayama M,
Yamamoto M, Mitsuma T (2000) Decreased phosphorylation
levels of TrkB neurotrophin receptor in the spinal cords from
patients with amyotrophic lateral sclerosis. Neurochem Res
25:239-245. https://doi.org/10.1023/A:1007575504321

Shaw PJ (2006) Molecular and cellular pathways of neurodegen-
eration in motor neurone disease. Neurosci Neurologists 143—-179
https://doi.org/10.1142/9781860948961_0006

Bogaert E, d’Ydewalle C, Van Den Bosch L (2010) Amyotrophic
lateral sclerosis and excitotoxicity: from pathological mechanism
to therapeutic target. CNS Neurol Disord Drug Targets 9(3):297—
304. https://doi.org/10.2174/187152710791292576

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.nbd.2015.08.004
https://doi.org/10.1016/j.semcdb.2021.02.002
https://doi.org/10.1016/j.bbalip.2013.11.014
https://doi.org/10.1007/s10863-011-9348-5
https://doi.org/10.1007/s10863-011-9348-5
https://doi.org/10.1111/j.1742-4658.2009.07057.x
https://doi.org/10.1111/j.1742-4658.2009.07057.x
https://doi.org/10.1023/A:1007575504321
https://doi.org/10.1142/9781860948961_0006
https://doi.org/10.2174/187152710791292576

	Evidence for alterations in lipid profiles and biophysical properties of lipid rafts from spinal cord in sporadic amyotrophic lateral sclerosis
	Abstract 
	Key messages
	Introduction
	Materials and methods
	Subjects
	Tissue extraction and lipid raft isolation
	Lipid analyses
	Microviscosity analyses
	Mathematical modelling
	Statistical methods

	Results and discussion
	Alterations in levels of fatty acids and lipid classes in lipid rafts from ALS samples
	Evidence for disease-related phospholipid remodelling
	Changes in the lipid raft cholesterol-sterol(cholesteryl) ester binary system
	Evidence for alterations in lipid raft microviscosity and membrane domain fluidity and mobility

	Conclusions
	References


