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Introduction 

SAD is the most common form of dementia, and CADASIL is the most frequent hereditary 
ischemic small vessel disease of the brain (7, 37). Those diseases are forms of dementia and 
have similar characteristics, including damaged small blood vessels with protein deposits 
in different regions of the brain, protein deposits generated, in part, by gamma secretase 
activities, and affected people who develop symptoms at approximately 40–60 years of 
age with weakening dementia that progresses to complete incapacity at the end stage (50). 
CADASIL is a hereditary small-artery disease caused by mutations in the NOTCH3 (Notch 
homolog 3) gene on chromosome 19. Pathogenetic mutations alter the number of cysteine 
residues in the extracellular domain of NOTCH3, which accumulates in the small arteries of 
affected individuals (12, 32, 72). These vascular changes cause ischemic brain events that could 
lead to the main symptoms of CADASIL, characterized by migraine with aura, subcortical 
ischemic events, mood changes, apathy, cognitive impairment and epilepsy (59, 90). 

SAD is manifested by progressive behavioral changes, the loss of recent memory, and decline 
in executive and cognitive functions (51). The traditional AD pathology is associated with the 
accumulation of Aβ peptide (4, 86) and tau hyperphosphorylation, the loss of neurons and 
synaptic terminals, neuro-inflammation, reactive astrocytosis, microvascular disease, and 
increased cellular stress. However, the exact trigger and drivers for disease progression are 
not fully understood (74). To understand the histopathological changes in neurodegenerative 
diseases, new lipidomic approaches have suggested interesting changes in brain phospholipid 
metabolism that could be connected with the pathogenesis of dementia type AD (44). 

The brain is the most lipid-enriched organ in the human body (excluding adipose tissue). 
Brain cells avidly take essential fatty acids across the blood-brain barrier to satisfy their 
need to synthesize complex acyl-lipids (6, 67). The plasma membranes of neural cells are 
highly enriched in cholesterol, sphingolipids and phospholipids (PLs). PLs in the brain are 
characterized by the highest level of structural complexity in their hydrophilic head groups. 
The notable heterogeneity in fatty acid composition reveals many different molecular 
species exerting structural and physiological roles in maintaining normal brain function (14,15). 
A better understanding of the molecular changes in the lipidome of both SAD and CADASIL 
might help to clarify the commonalities between the dysregulation of lipid metabolism and 
pathogenesis, as well as the contribution of biomarkers in the pathogenesis in each of these 
diseases, or to identify a common phospholipid-related phenomenon in brain damage. 
Thus, in a cohort of patients with CADASIL and SAD,(29) we developed phospholipid profiles 
of the temporal cortex, white matter and CSF and compared them with those of healthy 
brain samples. 

Abstract 

Sporadic Alzheimer’s disease (SAD) is the most common form of dementia, and cerebral 
autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 
(CADASIL) is the most frequent hereditary ischemic small vessel disease of the brain. Relevant 
biomarkers or specific metabolic signatures could provide powerful tools to manage these 
diseases. Therefore, the main goal of this study was to compare the postmortem temporal 
cortex gray matter, corpus callosum and cerebrospinal fluid (CSF) between a cognitively 
healthy group and CADASIL and SAD groups. We evaluated 352 individual lipids, belonging 
to 13 lipid subclasses, using mass spectrometry, and the lipid profiles were subjected to 
multivariate analysis to discriminate between the dementia groups (CADASIL and SAD) and 
healthy controls. Our data showed differential lipidic patterns between the pure vascular 
dementia groups, CADASIL and SAD, and the healthy controls. The main species of lipid 
profiles showing greater discrimination by partial least squares-discriminant analysis (PLS-
DA) and a higher significance multivariate correlation (sMC) index were as follows: PS 44:7 
(18:1/22:6)/LPE 18:2 in gray matter (GM); PE 32:2 (16:1/16:1)/PC 44:6 (18:0/22:6) in white 
matter (WM), and ePE 38:2 (18:0/20:2)/ePC 34:3 (14:0/20:3) in CSF. Those findings were 
supported by a high correlation profile of the phospholipids (PLs) between the pathologies 
in heat maps. Interestingly, common subphospholipidic species were obtained in both 
dementias when these brains were compared with healthy brains, such as PS 44:7/LPC 22:5 
in GM, PE 32:2 in WM and PA 38:5/PC 42:7 in CFS. Nevertheless, the heat maps indicated 
other possibilities, including other sublipidic species with a lower weight index. Our 
findings suggest that PLs involved in neurotransmission alteration, connectivity impairment 
and inflammation response in GM, WM and CSF are a transversal phenomenon affecting 
dementias such as CADASIL and SAD independent of the etiopathogenesis, thus providing a 
possible common prodromal phospholipidic biomarker of dementia.

Key words: Phospholipids, biomarkers, gray matter, white matter, Cerebrospinal fluid, 
dementia.
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Table 1. Demographic and pathologic data for control, CADASIL and SAD groups. SAD cases showed angiopathy only 
SAD* show vasculopathy. NA= not available; NAP= not applicable. B = Histological findings suggest the diagnosis 
of Alzheimer´s disease. C = Histologic findings indicate the diagnosis of Alzheimer´s disease. CADASIL-Notch3 
mutation.

Diagnosis Gender Age of on-
set (years)

Age of death 
(years)

Postmortem time 
(hours)

Braak NF 
stage NIA-RI CERAD score

SAD F 77 88 5.5 II A2,B1,C2 B
SAD* M 74 83 < 24 V A3,B3,C3 C
SAD F 76 81  2.8 IV A2,B2, C3 C
SAD F 75 90 4.5 II A2,B1,C2 B
SAD M 74 81 2.1 III A2,B2,C3 C
CADASIL M 61 65 3.9 NAP NAP NAP
CADASIL F 52 58 3.5 NAP NAP NAP
CADASIL F 45 47 2.1 NAP NAP NAP
CADASIL F NA 49 5.7 NAP NAP NAP
CADASIL M 42 59 5.7 NAP NAP NAP
Control M NAP 60 < 24 NAP NAP NAP
Control F NAP 84 4.3 NAP NAP NAP
Control F NAP 67 3.8 NAP NAP NAP
Control F NAP 75 14.7 NAP NAP NAP
Control M NAP 69 6.8 NAP NAP NAP

Lipid analyses 
Cerebral cortex (0.5 gr), white matter (0.5 gr) and CSF (0.5 ml) were processed individually 
according to the FOLCH technique for the extraction of lipids (26) using a mixture of 2 mL 
of chloroform (CHCl3) and 1 mL of methanol (CH3OH) in a 2:1 (v/v) ratio. Next, 0.005% 
butylated hydroxytoluene (BHT) was added, and this mixture was used to homogenize the 
samples. Consequently, 1 mL of 0.9% sodium chloride (NaCl) was added, and the mixture 
was centrifuged at 3,000 rpm for 3 min. The organic layer (lower layer) was removed 
and transferred to a new glass tube. The solvents were evaporated, and the extract was 
lyophilized to remove the excess humidity. Dry lipid in average was 11 mg, 13 mg and 2,5 
mg for Cerebral cortex, white matter and CSF, respectively. Finally, the lipid composition was 
analyzed by mass spectrometry. 

Mass spectrometry
An automated ESI-MS/MS method was used, and data acquisition and analysis was carried 
out at the Kansas Lipidomics Research Center using an API 4000™ and Q-TRAP (4000Qtrap) 
detection system as described previously (89). This protocol allowed the detection and 
quantification of low concentrations of polar lipid compounds. The molecules were 
determined by the mass/charge ratios and then were compared with their respective 
internal standard to define which species of lipids were in the evaluated extract: 0.30 nmol 
of 14:0 lysoPG, 0.30 nmol of 18:0 lysoPG, 0.30 nmol of 14:0 PG, 0.30 nmol of 14:0-lysoPE, 
0.30 nmol of 18:0-lysoPE, 0.60 nmol of 13:0-lysoPC, 0.60 nmol of 19:0-lysoPC, 0.60 nmol of 
12:0-PC, 0.60 nmol of 24:1-PC, 0.30 nmol of 14:0 lysoPA, 0.30 nmol of 18:0 lysoPA, 0.30 nmol 

Materials and Methods 

Human brain samples 
Postmortem tissue and CSF were obtained from the University of Antioquia Brain´s BioBank. 
The consent forms were signed by the patients themselves or their next of kin, and this study 
was approved by the Bioethical Committee for Human Studies at the University of Antioquia. 
Five subjects with SAD, 5 subjects with CADASIL and 5 control subjects, categorized by age 
and cognitive function, were included. The characteristics of the individuals are shown in 
Table 1, and the postmortem index was the time lapse between the patient´s death and 
sampling. Histological/pathological classification was assessed in the Neuroscience group 
of Antioquia using the Braak stage to classify the degree of AD (9), NIA-RI criteria for the 
pathological diagnosis of AD´s “high likelihood” (29) and the Consortium to Establish a Registry 
for Alzheimer’s Disease (CERAD), a neuropsychological battery developed to screen AD (24). It 
comprises the following eight subtests: Mini-Mental State Examination (MMSE/30), Verbal 
Fluency (VF/24), Modified Boston Naming Test (BNT/15), Word List Learning (WLL/30), Word 
List Recall (WLR/10), Word Recognition Discriminability (WLRD/10), Constructional Praxis 
Copy (CP/11), and Constructional Praxis Recall (PR/11). The temporal cortex, white matter 
and CSF samples were flash frozen and stored at −80°C for biochemical analyses.

Sectioning and histology 
Sections (50 µm) of formaldehyde-fixed embedded temporal cortices were cut by using a 
vibratome. The neuronal population morphology was evaluated using Nissl staining with 
toluidine blue (Sigma). Briefly, the sections were rinsed in distilled water and then were 
immersed in 1% toluidine blue. Next, the slides were dehydrated, immersed in xylene, and 
mounted in Depex. For immunostaining, the sections were rinsed in distilled water for 5 
min and then were heated at 80°C for 20 min in 0.1 M citrate buffer at pH 9. After cooling, 
the sections were incubated with the primary antibodies against anti-MAP-2 (monoclonal 
mouse, 1:500; Sigma M9942), anti-Iba-1 (polyclonal rabbit, 1:500; Wako 019-19741), 
anti-GFAP (polyclonal rabbit, 1:500; Sigma G3893), claudin-5 (monoclonal mouse, 1:250; 
Ruo AC3C2) and Vimentin (polyclonal rabbit, 1:500; Abcam ab137321) overnight at 4°C. 
Thereafter, the sections were incubated with biotinylated secondary antibodies and with 
the avidin–biotin-peroxidase complex kit (Vector) with 3,3′-diaminobenzidine- 4HCl/H2O2 
(DAB, Sigma, St. Louis, MO, USA) as a substrate. Negative controls were run identically 
except for the incubation with the primary antibody. The sections were then mounted and 
examined under a Nikon microscope (Eclipse E200, Kawasaki, Japan). The images were 
modified to a binary system and integrated densities (relative units), which were obtained 
for each image. The background was automatically subtracted in each image to quantify the 
relative intensity of immunostaining at 40×.
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group and dendrite loss with apparent disassembly of dendrites in the GM from LI to LVI 
in the SAD group compared with the control group. These findings were supported by the 
aggregation of neurons visualized by Nissl staining, exhibiting disorganization in the cortical 
layers and neuronal shrinkage compared with round and pale stained nuclei, which are 
typical of normal healthy cells (Fig. 1). Additionally, when we evaluated the microglia by Iba-
1 IR, we detected significant hyperreactivity in the CADASIL and SAD groups in the layer I-III, 
as well as in layer IV-VI and WM in the CADASIL group, compared with those in the control 
group. (Fig. 1).

To evaluate astrocytes, we used the GFAP antibody and detected no changes in the 
immunoreactivity level, but we found notable differences in the staining pattern in all 
cortical layers and WM in the CADASIL group compared with those in the control group, as 
well as a drastic reduction of GFAP in the SAD group. Additionally, vimentin showed reduced 
immunostaining in the CADASIL group; however, vimentin was distributed in vessels and 
surrounding astrocytes in the CADASIL group and was significantly reduced in the GM and 
WM in the SAD group (Fig. 1). These observations were supported by the localization of 
claudin-5 to the length of the shrunken vessels (as rapes) in the CADASIL samples and 
almost any claudin-5 IR in SAD samples. These results suggest that increased BBB leakage 
in the dementia groups might be correlated with dendrite retraction and microgliosis as 
a product of the altered lipidomic profile that presents a common pattern between the 
dementia groups. 

Phospholipid profile in the temporal cortex and discrimination between the dementia 
groups (CADASIL and SAD) and healthy brains 
Three hundred fifty-two species of PLs were evaluated by mass spectrometry to understand 
the effects of CADASIL and SAD on the cerebral cortex phospholipid profile. The temporal 
cortex lipid profile was detected in 13 lipid species, where similar changes were obtained 
in the PL concentrations in the dementia groups (CADASIL and SAD) compared with those 
in the healthy group (C); major variability was found more often in SAD than in CADASIL 
profiles. The findings showed a significant increase in PC (C 34 vs CADASIL 50/SAD 38%Mol) 
compared with the reduction in lysophosphatidylcholine (LPC) (C 1,3 vs CADASIL 0,4 SAD 
0,7%Mol). Furthermore, we observed increased concentrations of PE (C 7,6 vs CADASIL 
16,1/SAD 13,7%Mol) and LPE (C 0,34 vs CADASIL 0,62/SAD 0,61%Mol) and decreased 
concentrations of PI (C 11,9 vs CADASIL 2,4/SAD 8,5%Mol), PS (34,5 vs CADASIL 10,1/SAD 
18,2%Mol), PA (C 1,3 vs CADASIL 0,2/SAD 0,7%Mol) and PG (C 0,43 vs CADASIL 0,08/SAD 
0,3%Mol) (Fig. 2A).

Partial least squares-discriminant analysis was used to discriminate PLs between the 
CADASIL/SAD patients and controls. Scores plots of the three factors were constructed to 
analyze the trends among the different groups. PLS-DA indicated that the three groups were 
located differently at the quadrant (Fig. 2B), showing different identities. The CADASIL and 

of 14:0-PA, 0.30 nmol of 20:0 (phytanoyl)-PA, 0.20 nmol of 14:0-PS, 0.20 nmol of Phy PS, 
0.28 nmol of 16:0-18:0 PI, and 0.10 nmol of 18:0-PI. The system identified 13 different lipid 
species and their respective subspecies, which were recognized by the number of carbons 
and degree of unsaturation of the chain. The lipid concentration was normalized by the 
molar concentration across all species for each sample, and the final data were presented 
as the mean % Mol. 

Statistical analysis

The lipid levels for each sample were calculated by summing the total number of moles of 
all lipid species measured and then normalizing that total to % Mol. Comparisons among 
groups were assessed either by one-way ANOVA followed by Tukey’s post hoc test or 
the Kruskal-Wallis test, depending on the normal distribution of the experimental data. 
Multivariate analysis was performed using partial least squares-discriminant analysis (PLS-
DA) (45). PLS-DA was included because it is particularly useful for the analysis of datasets 
with few samples and many variables. PLS-DA was carried out using the routines described 
by Ballabio & Todeschini (5) and was performed to identify differences among the study 
groups (SAD, CADASIL and healthy controls). An index representing the importance of the 
variables according to the first three components was estimated: the PLS-DA index used 
was called the variable importance in projection (VIP)(53), a weighted sum of the squares of 
the PLS weight that indicates the importance of each variable in the model and reflects the 
proportion of the explained variance weighted by the covariance between the predictor 
variables and dependent variable—i.e., the groups. For comparison, the recently proposed 
significance multivariate correlation (sMC) (76) index was also included in the analyses. sMC is 
similar to VIP but discards residual variance in the predictor variables that can be considered 
nonrelevant information to discriminate among the groups. The confidence ellipsoids per 
group and treatment were also included. Furthermore, PLS-DA was performed iteratively 
until the smallest subset of variables was identified to obtain separability among the 
confidence ellipsoids of the groups whenever such a separability was observed with the 
whole set of variables. To evaluate the similarities among the % Mol values of the lipid 
species, Pearson’s linear correlation coefficient was also measured. The data from the 
univariate statistics were expressed as means ± standard error of the mean. The statistical 
significance is indicated in the figures. 

Results 
Dendrite retraction and microgliosis are common histopathologies in CADASIL and 
sporadic Alzheimer’s disease
To assess the neural state of the analyzed postmortem tissue from the dementia and control 
groups, we used immunostaining for markers of neurons, astroglia, microglia and vessels. 
We observed no significant changes in the quantification of MAP-2 immunoreactivity (IR); 
however, we detected an aggregation pattern for MAP-2 in LI-III and LVI in the CADASIL 
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Figure 2. Lipid composition of the temporal cortex from human CADASIL, SAD, and healthy subjects. A) The 
lipid class profiles are expressed as % Mol composition. All lipid species were measured (means), and the error 
bars represent the SEM. The data for CADASIL tissue were significantly different from the control subjects (*p < 
0.05, ANOVA followed by the Tukey post hoc test or Kruskal-Wallis test). B) PLS-DA analysis of the lipid profiles 
from the temporal cortex of CADASIL, SAD, and healthy subjects. The panel show the factor score plots for PLS-
DA and C) show the projections of the data with the sMC and VIP metrics. D) Values from sMC and VIP in a table. 
LPC, Lysophosphatidylcholine; PC, phosphatidylcholine; SM, sphingomyelin; ePC ether phosphatidylcholine; LPE, 
lysophosphatidylethanolamine; PE, phosphatidylethanolamine; PE-Cer, Phosphatidylethanolamine Ceramide; ePE, 
ether phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; ePS, ether phosphatidylserine; 
PA, phosphatidic acid; PG, phosphatidylglycerol. n = 5 per group.
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SAD groups showed a differential distribution pattern, indicating that the phospholipid (PL) 
profile was different for each type of dementia (Fig. 2B). Additionally, 53,9% of the total 
variance may be explained by factor 1, followed by the factor 2 with 41.29% and factor 3 
with 4,63%. According to the sMC and VIP, the six most changing species were confirmed to 
be PS (44:7) (sMC: 13,17/VIP: 1,0699), LPE (18:2) (sMC: 9,20/VIP: 1,0052), PC (42:4) (sMC: 
7,21 VIP: 1.0104), PE (30:1) (sMC: 5,84/VIP: 0.9959), LPC (20:5) (sMC: 5,02/VIP: 0,9674) and 
LPC (22:5) (sMC: 4,85/VIP: 0,9469), as shown in Fig. 2.C-D. 

Similarities and differences of the lipidic subspecies in the temporal cerebral cortex among 
the CADASIL, SAD and healthy brain groups
Phosphatidylcholine (PC) is the most abundant phospholipid of all mammalian cell types 
and subcellular organelles and plays structural roles defined primarily by chain length (77). 
To our best knowledge, this is the first description of a lipid profile for CADASIL. However, 
in previous studies in AD, several PC and LPC species were reported to be significantly 
decreased, increased or unchanged depending on the sample and technique used for the 
analysis (43, 46, 54). 

A general overview revealed a significant increase in PC (p: 0,04), while LPC (p:0,0216) was 
reduced, in the CADASIL group compared with control in the temporal cortex. Additionally, 
PI and PS showed a clear decrease in the CADASIL group (Fig. 2A). The SAD group showed a 
similar tendency of changes compared with the CADASIL group. However, we observed no 
significative differences via ANOVA, probably because of the variability of the data.

Additionally, a heat map was computed to visualize the trends for the 352 lipid classes and 
correlation between dementia groups (Fig. 3A), showing that PC was correlated strongly 
with PE, and LPE, LPC with PS (highlighted square). Furthermore, we observed novelty 
correlations between PI and PS, ePS, PA, or PG (Fig. 3 A). When we performed PLS-DA 
considering both dementias in one group (SAD & CADASIL) compared with the controls, the 
figure showed ellipsoids, with a closer distribution between the dementias, and different 
quadrants, explained by the first component in 92,13% and second one in 7,9% (Fig. 3B). The 
four subspecies more discriminant of dementias compared with control were as follows: 
PS (44:7), LPC (22.5), PC (32:2) and LPC (20:1) (Fig. 3C). Concordantly, when we compared 
the CADASIL and control groups, the CADASIL group was fairly homogeneous, with the 
first component explaining the discrimination in 99,66% and second one in only 0,34%%: 
PC (42:4), PS (44.7), LPC (22:5) and PS (36:5) were different from those of the control (Fig. 
suppl 1A). Additionally, when we compared the SAD and control groups, the first component 
explained the discrimination in 98,59% and the second in 1,41%; some species similar to 
those in CADASIL were highlighted: PS (44:7), LPC (22:5), PS (44:4) and ePC (34:4) (Fig. suppl 
1B). However, when we compared the CADASIL and SAD groups, we found that the first 
component explained the discrimination in 94.74% and the second in 5,26%. We detected 

Figure 3. Correlation matrix in Dementias from Temporal Cortex. A) Heat map of the Pearson’s linear correlation 
among the 352 measured metabolites. Metabolites are clustered using subspecies per families for CADASIL and 
SAD. B) PLS-DA analysis of the lipid profiles from dementia groups (CADASIL & SAD) with control group and C) 
show the projections of the data with the sMC and VIP metrics. n = 5 per group. LPC, Lysophosphatidylcholine; PC, 
phosphatidylcholine; SM, sphingomyelin; ePC ether phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, 
phosphatidylethanolamine; PE-Cer, Phosphatidylethanolamine Ceramide; ePE, ether phosphatidylethanolamine; 
PI, phosphatidylinositol; PS, phosphatidylserine; ePS, ether phosphatidylserine; PA, phosphatidic acid; PG, phos-
phatidylglycerol. Black square: higher correlations between PI with PS, ePS, PA, PG
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specifically abundant in the inner mitochondrial membrane. PE plays a main role as lipid 
chaperone, supporting the folding of certain membrane proteins; PE is needed for the 
activity of several respiratory complexes (60) and is a critical constituent of myelin (25). We 
detected by PLS-DA that PE (32:2) is the more relevant species to separate the three study 
groups. PE comprising two chains of 16:1 (palmitoleic acid) was decreased in the CADASIL 

Figure 4. Lipid profile of the white matter from human CADASIL, SAD, and healthy subjects. A) The lipid class 
profiles are expressed as % Mol composition. All lipid species were measured (means), and the error bars represent 
the SEM. B) PLS-DA analysis of the lipid profiles from the temporal cortex of CADASIL, SAD, and healthy subjects. 
The panel show the factor score plots for PLS-DA and C) show the projections of the data with the sMC and VIP met-
rics. D) Values from sMC and VIP in a table. LPC, Lysophosphatidylcholine; PC, phosphatidylcholine; SM, sphingomy-
elin; ePC ether phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, phosphatidylethanolamine; PE-Cer, 
Phosphatidylethanolamine Ceramide; ePE, ether phosphatidylethanolamine; PI, phosphatidylinositol; PS, phos-
phatidylserine; ePS, ether phosphatidylserine; PA, phosphatidic acid; PG, phosphatidylglycerol. n =4-5per group.

differences in LPE (18:2), PS (44:9), PA (34:3) and PS (42:8) in the CADASIL group compared 
with those in the SAD group (Fig. suppl 1C). 

Phosphatidylserine disbalance comprising docosahexaenoic acid, erucic acid derivates 
and linoleic acid, and the similarities and differences between the CADASIL and SAD 
groups in the temporal cerebral cortex
Phosphatidylserine (PS) is localized in the plasma membrane, solely in the cytoplasmic 
leaflet, where it forms part of protein docking sites necessary to activate several key signaling 
pathways. In mammalian tissues, PS is synthesized from either PC or PE exclusively by Ca 
2+-dependent reactions where the head group of the substrate PL is replaced by serine (42). 
We detected that PS (44:7), comprising docosahexaenoic acid (DHA) 22:6 and erucic acid 
22:1, was the species with more importance for separating the three groups, with the ability 
to distinguish between the dementia groups or between each one independently with 
respect to the control group. However, the main differences between the CADASIL and SAD 
groups concerned LPE (18:2) and PS (44:9). In all the scenarios, the dementia groups showed 
alterations in the family of phospholipids related to cell signaling and neurotransmission in 
the temporal cerebral cortex, such as PS, LPC, and PC (Fig. 3 B-C).

Phosphatidylethanolamine (16:1/16:1) shows convergent deficiency in the white 
matter of the CADASIL and SAD groups
The white matter lipid profile was detected for 13 lipid species: PS (34%), PC (26%), and SM 
(16%) showed higher % Mol in control samples, PC (29%), SM (18%) and PS (17%) showed 
higher % Mol in CADASIL samples, and PC (40%), PS (17%) and SM (16%) showed higher % 
Mol SAD samples (Fig. 4.A). However, when we compared the lipid families, we detected 
no changes by ANOVA. Considering the above results, a supervised analysis was performed 
by PLS-DA to classify the samples and highlight the discriminant features among the white 
matter of the CADASIL, SAD and control subjects. The score plot of the PLS-DA model (Fig. 
4.B) shows the intergroup separation along the three axes. Additionally, the CADASIL and 
SAD groups presented a different distribution pattern, showing that the phospholipid 
profile was different for each disease. Factor 1 explained 49% of the total variance, followed 
by factor 2 with 45% and factor 3 with 6%. The most discriminant signals were selected 
according to the significance multivariate correlation (sMC) and variable importance in the 
projection (VIP), through which the six species showing the most change were confirmed for 
PE (32:2) (sMC: 13,79/VIP: 0,9671), PC (44:6) (sMC: 8,67/VIP: 0,9954), PC (44:4) (sMC: 6,83 
VIP: 1.1456), PA (32:1) (sMC: 5,83/VIP: 1.0849), PE (34:3) (sMC: 4,05/VIP: 0,9175) and PG 
(36:1) (sMC: 3,41/VIP: 0,8617), as observed in Fig. 4 C-D.

Phosphatidylethanolamine (16:1/16:1) has a convergent deficiency in the white matter 
of CADASIL and SAD. Phosphatidylethanolamine (PE) is the second most abundant 
phospholipid in mammalian cells. It is enriched in the inner leaflet of membranes and is 
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and SAD groups compared with that in the control group. Similarly, we detected that PE 
(34:3) comprising 16:1 and 18:2 (Linoleic acid) shows differences in the dementia groups 
compared with that in the control (Fig. 4.D). Accordingly, a heat map for the correlation 
between CADASIL and SAD in the white matter showed a high divergence in these diseases. 
Nevertheless, we observed a high correlation among the PE species as well as for PE with 
some species of PC and LPC (Fig. 5.A). Interestingly, the PE correlationship was supported 
by PLS-DA, considering both dementias in one group (SAD & CADASIL) compared with the 
controls. We observed ellipsoids with a similar distribution pattern between dementias 
and different quadrants compared with the control. This finding was explained by the first 
component in 97,77% and the second one in 2,23% (Fig. 5.B), and the four subspecies more 
discriminant of dementias compared with the control were as follows: PE (32:2), PS (44:11), 
PS (44:12) and PA (34:2) (Fig. 5.C).

Phospholipidic differential pattern in the cerebrospinal fluid profile from CADASIL and 
sporadic Alzheimer’s disease brains compared with healthy brains 
The cerebrospinal fluid is a clear colorless liquid that fills the subarachnoid spaces 
surrounding the brain, spinal cord, and ventricles. It is a metabolically active substance with 
bidirectional flow involved in the diffusion of metabolites in and out of the brain. Alterations 
in the composition of the cerebrospinal fluid markedly influence the functions of the 
central nervous system (17). We investigated the lipid pattern in the CSF to identify relevant 
clinical biomarkers of CADASIL and SAD. The cerebrospinal fluid lipid profile revealed 13 
lipid species: the % Mol values in the control samples were PC (52%), PS (18%), and SM 
(18%), those in the CADASIL samples were higher, with values of PC (58%), SM (23%) and 
ePC (7%), and those values in the SAD samples were PC (56%), SM (23%) and ePC (7%). 
This information is visualized in Fig. 6A, and a clear increasing tendency can be observed 
for PE and ePE in both dementias. The PLS-DA model built with our data set provided a 
good separation among the CADASIL, SAD and control subjects (Fig. 6.B), demonstrating 
the potential of cerebrospinal fluid PLs as biomarkers for dementias. Factor 1 explained 
49,55% of the total variance, followed by factor 2 with 47,65% and factor 3 with 2,80%. 
Thus, numerous altered PLs were identified using the VIP as well as the sMC metric, where 
the six more changing species were confirmed as ePE (38:2) (sMC: 4,7/VIP: 1,2240), ePC 
(34:3) (sMC: 3,6/VIP: 0,8937), PC (42:2) (sMC: 3,08/VIP: 0.7849), PC (42:4) (sMC: 3,00/
VIP: 1.1651), ePC (38:0) (sMC: 2,6/VIP: 0,9769) and PC (42:6) (sMC: 1,99/VIP: 0,8805), as 
observed in Fig. 6 C, D. Furthermore, among the lipids highlighted by the heat map in Fig. 
7.A, we observed an interesting correlation between some species of PE with ePE and PI that 
could be related to the tendency of these three species to increase in the dementia groups, 
as shown in Fig. 6.A. In general, ether lipids are peroxisome-derived glycerophospholipids, in 
which the hydrocarbon chain at the sn-1 position of the glycerol backbone is attached by an 
ether bond, and are important for the organization and stability of lipid raft microdomains 
involved in cellular signaling (19).

Figure 5. Correlation matrix in Dementias from White matter. A) Heat map of the Pearson’s linear correlation 

among the 352 measured metabolites. Metabolites are clustered using subspecies per families for CADASIL and 

SAD. B) PLS-DA analysis of the lipid profiles from dementia groups (CADASIL & SAD) with control group and C) 

show the projections of the data with the sMC and VIP metrics. n = 5 per group. LPC, Lysophosphatidylcholine; PC, 

phosphatidylcholine; SM, sphingomyelin; ePC ether phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, 

phosphatidylethanolamine; PE-Cer, Phosphatidylethanolamine Ceramide; ePE, ether phosphatidylethanolamine; 

PI, phosphatidylinositol; PS, phosphatidylserine; ePS, ether phosphatidylserine; PA, phosphatidic acid; PG, phos-

phatidylglycerol. Black square: higher correlations between PE with some species of PC and LPC
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Figure 7. Correlation matrix in dementias from Cerebrospinal fluid. A) Heat map of the Pearson’s linear correla-
tion among the 352 measured metabolites. Metabolites are clustered using subspecies per families for CADASIL 
and SAD. B) PLS-DA analysis of the lipid profiles from dementia groups (CADASIL & SAD) with control group and C) 
show the projections of the data with the sMC and VIP metrics. n = 5 per group. LPC, Lysophosphatidylcholine; PC, 
phosphatidylcholine; SM, sphingomyelin; ePC ether phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, 
phosphatidylethanolamine; PE-Cer, Phosphatidylethanolamine Ceramide; ePE, ether phosphatidylethanolamine; 
PI, phosphatidylinositol; PS, phosphatidylserine; ePS, ether phosphatidylserine; PA, phosphatidic acid; PG, phos-
phatidylglycerol. Black square: higher correlations between PE with some species of PE with ePE and PI.

Figure 6. Phospholipid profile in the cerebrospinal fluid from human CADASIL, SAD, and healthy subjects. A) The 
lipid class profiles are expressed as % Mol composition. All lipid species were measured (means), and the error bars 
represent the SEM. B) PLS-DA analysis of the lipid profiles from the temporal cortex of CADASIL, SAD, and healthy 
subjects. The panel show the factor score plots for PLS-DA and C) show the projections of the data with the sMC 
and VIP metrics. D) Values from sMC and VIP in a table. LPC, Lysophosphatidylcholine; PC, phosphatidylcholine; 
SM, sphingomyelin; ePC ether phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, phosphatidylethanol-
amine; PE-Cer, Phosphatidylethanolamine Ceramide; ePE, ether phosphatidylethanolamine; PI, phosphatidylinosi-
tol; PS, phosphatidylserine; ePS, ether phosphatidylserine; PA, phosphatidic acid; PG, phosphatidylglycerol. n =4-5 
per group.
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dementia. Therefore, proposing lipidomic profiles and lipidomic signatures could be useful 
to expand the understanding of pathologic mechanisms in neurodegenerative diseases. 
Interestingly, in this study, we obtained a significant model for discriminating between 
CADASIL and SAD patients and controls subjects that can identify similarities between these 
two different dementias.

PLs are biologically important molecules that form cellular membranes and are involved in 
the behavior of membrane proteins, receptors, enzymes and ion channels. They are also 
involved in maintaining lipid asymmetry, a dynamic process required to maintain normal 
neural membrane functions, such as neuroplasticity and vesicular transport (23). Different 
areas of the brain differ in phospholipid composition, and alterations of PL metabolism 
appears to have a multifactorial origin involving the overactivation of phospholipases, 
increased anabolism of lysophospholipids, peroxisomal dysfunction, imbalances in the 
levels of saturated/unsaturated fatty acids contained in the structure of PLs and oxidative 
stress (33).

The CADASIL group exhibited a significant reduction in the levels of LPC and increased 
levels of PC in the temporal cortex, whereas the SAD group has the same tendency but 
without significance because of the intrinsic variability of the group. In general, these 
results suggest an imbalance between phospholipid and lysophospholipids that is regulated 

Figure 8. Hypothetical scheme of a common inverse relationship of phospholipidic profile in GM/CSF respect to 
WM in CADASIL and SAD. Main changes of lipid profile and tissue relationship at the A) White matter (WM), B) 
Gray matter (GM) and C) Cerebrospinal fluid (CSF) in CADASIL and SAD.

PA/PS downregulation and PC upregulation as common changes in the CSF of the CADASIL 
and sporadic Alzheimer’s disease groups 
Common changes in the sublipidic species between both dementias with respect to the 
control—PA (38:5), PC (42:7, 44:11)—were detected by PLS-DA (Fig. 7.B-C). Phosphatidic 
acid (PA) is a minor component of biological membranes (approximately 1% of PLs). PA is 
a central element in the synthesis and turnover of glycerophospholipids and is essential in 
numerous cellular functions, such as vesicular trafficking, signal transduction, cytoskeletal 
organization and cell proliferation (87). Interestingly, in the general overview, PLS-DA did not 
show species such as PA. However, when we performed individual analysis of the dementia 
group compared with the control group, the sMC for PA (38:5) was 13,47, comprising oleic 
(18:1) and arachidonic acid (20:4) and PC (42:7), thus differentiating the dementia groups 
from the control group (Fig. 7B-C). Taken together, our data showed that PLs of the CSF 
differ between healthy people and those with CADASIL and SAD, mainly with regard to PA, 
as confirmed by pro-inflammatory fatty acids. 

Discussion 

The current study compares, for the first time, alterations in the phospholipid profile of 
individuals with CADASIL carrying Notch3 mutations with those with sporadic Alzheimer´s 
disease (SAD) and healthy brains to define similarities and differences in the phospholipid 
profile as a potential guide to develop biomarkers. In general, we found a similar disbalance 
in the dementia group (SAD & CADASIL), with a high correlation pattern identified by heat 
map analysis; further, a trend of increasing PC and PE and decreasing PS in the GM temporal 
cortex was found that was similar to the trends identified in the lipidic species detected in the 
CSF and was clearly discriminated by PLS-DA in comparison with the controls. Additionally, 
an inverse relationship of lipidic alterations (PC, PE reduction and PS increase) was observed 
in the white matter (corpus callosum) of both dementia groups (hypothetical scheme, Fig. 
8) that could be supported by PS compensation in the central nervous system due to the 
PS, PC and PE triangular interdependency, the enzyme balance of which could solve the cell 
homeostasis dialogue between the endoplasmic reticulum and mitochondria (77, 78, 80).

Additionally, our findings showed significance in the multivariate correlation index (sMC), 
revealing that PLs such as PS 44:7 (18:1/22:6) in gray matter (GM), PE 32:2 (16:1/16:1) in 
white matter (WM), and PA 38:5 (20:4/18:1) in the cerebrospinal fluid (CSF) are common 
sublipidic species in CADASIL and SAD. These PLs function as neurotransmitter precursors 
(PS 44:7), myelin composition alterations (PE 32:2) and the inflammation response (PA 
38:5), as supported by dendrite disruption and microgliosis in both CADASIL and SAD when 
compared with healthy brains. Those results point to a transversal phenomenon affecting the 
brain parenchyma in dementias, independent of the etiopathogenesis, possibly providing a 
common prodromal biomarker of dementia with potential vascular implications, supported 
by claudin-5 and vimentin labeling changes and suggesting parenchymal disruption in 
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the mitochondrial inner membranes compared with other organelles (77). Reduced levels of 
PE have been correlated with the severity of AD progression in serum (35) and brain tissue (44, 

54). PE has the ability to destabilize existing Aβ fibrils and prevent the formation of new fibrils, 
providing another mechanism by which PE loss facilitates AD pathology; however, a deficit 
in PE is not present in MCl, a previous stage of the disease (85). Similarly, the incorporation of 
ether-linked alkyl chains in PL alters their physical properties, such as packing, and affects 
membrane dynamics, reducing the membrane fluidity and increasing the rigidity (19), which 
could be supported by our previous studies in which alteration in the LPE and ePE levels 
was associated with memory impairment in 3xTg-AD mice (81). Additionally, PE has been 
described as the main component of axon membranes (79) and is associated with myelin 
production (27), suggesting that its alteration is a common pattern in these two dementias.

PS is an endogenously occurring phospholipid that is thought to play a key role in brain cell 
membrane fluidity, transmission of brain cell activity and neural information (31). We observed 
that PS 42:7 is the main discriminant species in the GM of the CADASIL and SAD groups and 
was reduced compared with the controls. However, while Wood et al., 2015 reported that 
the levels of PS were unaltered in the CSF, GM or WM (85), other groups reported that PS 
levels gradually decreased with increasing age, affecting memory and cognitive ability; in 
AD cases, this reduction was higher compared with that in control patients (88). Additionally, 
we observed that PS 42:7 (18:1/22:6), comprising oleic acid and DHA, and a lower plasma 
concentration of these and other fatty acids are associated with cognitive decline in both 
healthy elderly people as well as patients with AD(2, 64).

Postmortem neuropathological staining by MAP-2 showed dendrite retraction in GM, and 
this reduction was more drastic in the SAD group than in the C group. Microtubule-associated 
protein-2 (MAP-2) is distributed in the neuronal cytoplasm, especially in dendrites. MAP-
2 participates in the assembly and stabilization of the cytoskeleton to maintain neuron 
dendritic growth with the microtubules of the cellular cytoskeleton (22, 65). Our results agree 
with MAP2-absent immunolabeling in areas of the entorhinal cortex and hippocampus of 
AD brains that colocalized with BA plaques (18, 71); MAP-2 is detached from the microtubules 
by being sequestered by hyperphosphorylated tau in the AD brain. The removal of MAP2 
contributes to increased microtubule dynamics, thereby inducing aberrant remodeling 
of dendrites in AD (22). However, in the CADASIL group, MAP was associated with damage 
in autophagy through the ERK/MAPK pathway. In this sense, MAP1 is colocalized with 
autophagy markers, such as light chain 3 (LC3), sequestosome 1/p62 and Caspase-3 (39, 40). 
However, PS 44:7 levels and MAP2 disruption, with the detection of an aggregated pattern 
by Nissl staining, support a common neurotransmission and plasticity disorder in both 
dementias.

Microglia are the most abundant mononuclear phagocyte of the CNS, continually 
surveying their microenvironments in normal and diseased brains while providing immune 

by phospholipases. Activation of these phospholipases causes hydrolysis of membrane 
PLs and the generation of second messengers associated with neurodegeneration. In AD, 
overactivation of phospholipase A 2 (PLA 2), which catalyzes the hydrolysis of the ester 
bonds to liberate fatty acids (FA) and lysophospholipids, has been described. This enzymatic 
stimulation leads to decreased total levels of PLs and accumulation of their degradation 
products (34). Our results agree with the previous report by Villamil et al., 2018 where LPC 
20:4 and 22:6 were decreased in AD brains; however, they did not show differences in the 
levels of PC as in the present SAD group (81).

PC is the glycerophospholipid most abundant in all mammalian cell types and subcellular 
organelles; in this PL, a choline is attached to the phosphate group, leading to a cationic 
behavior (75, 77). No study has reported data for PC in CADASIL, while modulation in AD has 
not been consistent across different studies. A decrease in PCs in patients with AD has been 
reported previously in peripheral blood samples (33, 83), postmortem brain samples (38, 54, 56, 

84) and animal models (36, 70). A higher concentration of PC C36:6 was significantly associated 
with a decreased prevalence of dementia (46). Gaudin et al. demonstrated that two PC 
species were drastically depleted in senile plaques using a microdissection step on human 
brain samples and a semitargeted approach by UPLC-ESI-MS/MS (28). On the other hand, 
research in individuals carrying PSEN1 mutations responsible for autosomal dominant AD 
(ADAD) showed a positive correlation between PC species (34:6, 36:5, 40:6) and CSF tau 
(13). Other researchers found no changes in the frontal cortex, parietal, and temporal region 
from AD patients (61, 82). Alterations in PC and LPC can show differences in the plasma of AD 
and MCI patients compared with those in healthy controls. The ratio of PC to LPC could 
represent pathophysiological markers in AD (43), and, generally, in dementias, as reflected by 
the neurotransmitter precursor disbalance.

Interestingly, PA 38:5 (20:4/18:1) and PC 42:7 (20:4/22:3) are common lipids in CSF in the 
dementia group. Free fatty acid 20:4 (Arachidonic acid-AA) is directly involved in synaptic 
functions as a retrograde messenger and a neuromodulator of exocytosis. Additionally, a 
decrease in PA has been associated with synaptosome loss (8). Furthermore, some studies 
have shown that free ARA contributes to AD progression through various mechanisms: 
such as tau phosphorylation and polymerization and pro-inflammatory eicosanoids, which 
participate in neuroinflammation (66, 73). Therefore, it is important to determine the correlation 
between GM and CSF to confirm the potential of some PLs involved in neurotransmission 
failure and proinflammatory environment as biomarkers to identify patients at risk of AD 
progression.

The best discriminant lipids distinguishing CADASIL and SAD patients from controls were PS 
44:7 and LPE 18:2 in GM, PE 32:2 and PC 44:6 n WM and ePE 38:2, ePC 34:3 in CSF. Except 
for PS, all the other species were intermediates or derivates of metabolism of PC and PE. The 
second most abundant phospholipid in mammalian membranes is PE, which is enriched in 
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severely impaired in the CADASIL and SAD groups.

In summary, PLs are a complex metabolic network involved in the fundamental function of 
the brain, and our data suggest a common influence on neurotransmitter precursors, white 
matter composition and the inflammation response in GM, WM and CSF, respectively, as a 
transversal phenomenon of the brain parenchyma is likely occurring with dementias such as 
CADASIL and SAD (Fig 8). Therefore, single phospholipid changes are not sufficiently sensitive 
diagnostic biomarkers, but profiles of PL changes can reflect dishomeostasis. A general 
overview of lipid profile modifications could provide insight into prodromal biomarkers for 
dementia. Additionally, this knowledge could uncover novel strategies for early prevention 
and/or early intervention in dementias. However, further research is required to understand 
the role of PLs in the pathogenesis and progression of dementia.
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surveillance and activation in response to infection, noninfectious diseases, and injury (1, 16, 

30). Although microglial hyperactivation or dysfunction is a potential mechanism leading to 
neurodegenerative and neuroinflammatory diseases, the roles of microglia are still under 
debate (47). We observed strong reactivity of Iba-1 in CADASIL; however, this finding was 
not reported in postmortem tissue but, rather, in an animal model (TgPAC-Notch3 mice), 
which reported that myelin degradation is associated with a weak microglial response (15). 
This finding is supported by the common alteration of PE 32:2 in both dementias because 
PE is crucial to the connectivity of fibers in the white matter region (58), oligodendrocytes (20) 
and astrocytes (11); this type of tissue is widely affected by microvessel disruption in different 
dementias (55). In our study, microgliosis was also observed in the first layers of the temporal 
cortex in SAD and a diffused pattern was observed in the WM. The role of microglia activation 
in AD pathogenesis depends on the internal parenchyma compensation; thus, microglia 
activation can have both beneficial and detrimental effects. However, in chronic disease, 
microglia activity is maintained with proinflammatory properties, causing more neuronal 
loss (41).

In the same way, astrocytes are the most abundant glial cells in the brain and are responsible 
for brain homeostasis. Under pathological conditions, reactive astrocytes are ubiquitously 
detected throughout the CNS (68). It has been described that activated microglia induce 
A1 astrocytes through secreting tumor necrosis factor (TNF), interleukin-1α (IL-1α) and 
complement component 1q (C1q) and lose many neuroprotective functions of astrocytes (48). 
Reactive astrocytes are identified by increased expression of intermediate filament proteins 
such as glial fibrillary acidic protein (GFAP) and vimentin (14). We observed strong reactivity of 
GFAP and Vimentin in the CADASIL group. Accordingly, Hase et al., 2018 showed an increase 
in plasmatodendritic astrocytes and a decrease in the percentage of normal-appearing 
astrocytes (40). However, GFAP expression by qRT-PCR was significantly reduced in the frontal 
cortex and WM from CADASIL patients (10). Fibroblasts and myoblasts from CADASIL did not 
present changes in the actin and vimentin networks compared with those from the control 
(3), and variable levels of vimentin were observed (21), suggesting the heterogeneity of results. 
In AD, hypertrophic reactive astrocytes accumulate in the vicinity of senile plaques and are 
often seen in postmortem human tissue (52) and in animal models of the disorder even when 
variability was found between the evaluated regions (57, 63). However, our data suggest global 
astrocytic loss in chronic impairment, such as in sporadic Alzheimer´s disease.

Claudin-5 is a tight junction (TJ) protein in the blood-brain barrier (BBB) that regulates the 
integrity and permeability of the BBB (49). It has been described that, in AD and vascular 
dementia (VD), all claudin isoforms—2,5, and 11—are significantly higher in the neurons of 
the frontal cortex. A differential pattern in astrocytes and oligodendrocytes was detected, 
and PCA analysis discriminated the expression profile of TJ proteins, clearly separating AD 
from the controls and from other vascular brain diseases, including CADASIL (62, 69). Taken 
together, these findings suggest that the gliovascular unit of the brain parenchyma is 
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