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Abstract 

Lipid dyshomeostasis is associated with the most common form of dementia, 

Alzheimer’s disease (AD). Substantial progress has been made in identifying positron 

emission tomography (PET) and cerebrospinal fluid (CSF) biomarkers for AD, but they have 

limited use as front-line, non-invasive diagnostic tools.  

Small extracellular vesicles (EVs) are released by all cell types and contain an 

enriched subset of their parental cell molecular composition, including lipids. EVs are 

released from the brain into the periphery, providing a potential source of tissue and 

disease specific lipid biomarkers. However, the EV lipidome of the central nervous system 

(CNS) is currently unknown and the potential of brain-derived EVs (BDEVs) to inform on lipid 

dyshomeostasis in AD remains unclear. The aim of this study was to reveal the lipid 

composition of BDEVs in human frontal cortex tissue, and to determine whether BDEVs in 

AD have altered lipid profiles compared to age-matched neurological controls (NC).  

Here, using semi-quantitative mass spectrometry, we describe the BDEV lipidome, 

covering 4 lipid categories, 17 lipid classes and 692 lipid molecules. Frontal cortex-derived 

BDEVs were enriched in glycerophosphoserine (PS) lipids, a characteristic of small EVs. Here 

we report that BDEVs are enriched in ether-containing PS lipids. A novel finding that further 

establishes ether lipids as a feature of EVs.  

While no significant changes were detected in the frontal cortex in AD, the lipid 

profile of the BDEVs from this tissue exhibited disease related differences. AD BDEVs had 

altered glycerophospholipid (GP) and sphingolipid (SP) levels, specifically increased 

plasmalogen glycerophosphoethanolamine (PE-P) and decreased polyunsaturated fatty acyl 

containing lipids (PUFAs), and altered amide-linked acyl chain content in sphingomyelin 

(SM) and ceramide (Cer) lipids relative to vesicles from neurological control subjects. The 

most prominent alteration being a two-fold decrease in lipid species containing 

docosahexaenoic acid (DHA). 

The in-depth lipidome analysis provided in this study highlights the advantage of EVs 

over more complex tissues for improved detection of dysregulated lipids that may serve as 

potential biomarkers in the periphery. 
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Introduction 

Alzheimer’s disease (AD) is a neurodegenerative disorder and the most common 

form of dementia. AD has an extended preclinical window which offers hope in treating the 

disease, however clinical differentiation and diagnosis remains difficult in the absence of 

blood-based biomarkers and current therapies are unable to halt disease progression. 

Lipids are involved in maintenance of cellular homeostasis and are key components 

of cellular membranes. They have multiple functional roles, including regulation of energy 

storage and signal transduction, and also for the segregation of chemical reactions in 

discrete organelles. It has previously been reported that lipid metabolism is extensively 

reprogrammed in AD as detected in brain, cerebrospinal fluid (CSF) and blood (Han et al., 

2011, He et al., 2010, Kosicek and Hecimovic, 2013, Mielke et al., 2014, Mielke and Lyketsos, 

2010, Wong et al., 2017, Wood, 2012, Mielke et al., 2010a, Mielke et al., 2010b, Mielke et 

al., 2011). Glycerophospholipids (GP), as the most abundant structural components within 

cellular membranes, regulate membrane mobility, provide secondary messengers for 

cellular signalling, play a critical role in synaptic transmission between neurons and can 

cause neuronal death when dysregulated (Bennett et al., 2013, Wong et al., 2017). The 

homeostasis of GP has been reported to be altered in AD, with a general downregulation of 

glycerophosphocholine (PC), glycerophosphoethanolamine (PE) and glycerophosphoinositol 

(PI) species (Bennett et al., 2013, Kosicek and Hecimovic, 2013, Wong et al., 2017, Wood, 

2012),  with additional alterations in a specific GP subclass, namely alkenyl (i.e., 

plasmalogen)-containing species in AD brain (Ginsberg et al., 1995, Han et al., 2001, 

Pettegrew et al., 2001). Sphingolipids (SP), as another fundamental structural component of 

cellular membranes, and comprised of sphingomyelin (SM), ceramide (Cer) and other 

glycosphingolipid species, play a critical role in the central nervous system (CNS) and are 

heavily involved in neuronal signalling (Wood, 2012). SM and Cer are major components of 

the myelin sheath, and deregulation of the SM/Cer signalling cascade causes synaptic 

dysfunction in AD, while up-regulation of Cer results in neuro-inflammation and neuronal 

apoptosis (Cutler et al., 2004, Haughey et al., 2010, He et al., 2010, Mielke and Lyketsos, 

2010, Satoi et al., 2005, Wong et al., 2017, Wood, 2012). Moreover, decreases in SM and 

increases in Cer are accompanied by the over-expression of two lipid regulating enzymes in 

the SP pathway, namely acid sphingomyelinase and acid ceramidase, in human AD brain (He 

et al., 2010). However, the relative levels of lipids reported in previous studies are partially 

conflicting, likely due to the differences in brain region, disease severity and comorbidity, 

etc. (Han et al., 2002, Bandaru et al., 2009, Cutler et al., 2004, Han et al., 2001, He et al., 

2010, Kosicek and Hecimovic, 2013, Pettegrew et al., 2001, Wong et al., 2017, Wood, 2012). 

Exosomes are small extracellular vesicles (EVs) released from cells upon fusion of the 

multi-vesicular body (MVBs) with the plasma membrane (Johnstone et al., 1987, Raposo et 

al., 1996). They are surrounded by a lipid bilayer, and packaged with cargo including 

proteins, lipids, nucleic acids and metabolites which reflect their cellular origin and mirror 

the physiological or pathological condition of the parental cell (Kanninen et al., 2016). EVs 

have a unique lipid composition with multiple studies reporting enrichment of specific lipid 
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classes including SM, glycerophosphoserine (PS), and PC and PE ether lipids, in EVs relative 

to their parental origin (Hessvik and Llorente, 2017, Kanninen et al., 2016, Laulagnier et al., 

2004, Lydic et al., 2015, Record et al., 2014, Record et al., 2018, Llorente et al., 2013, Phuyal 

et al., 2015, Simbari et al., 2016). EVs are regarded as critical players in intercellular 

communication by inducing phenotypic changes and altering homeostasis in recipient cells 

upon fusion or uptake (Rai et al., 2019, Record et al., 2014, Simons and Raposo, 2009). Given 

EVs are present in the extracellular environment, including bodily fluids, there is intense 

interest in using EVs as a source of tissue and disease specific biomarkers. Recent studies 

have revealed exosomal proteins as potential biomarkers in non-small cell lung cancer and 

pancreatic cancer (Li et al., 2017, Melo et al., 2015) and certain lipid species in urinary 

exosomes have been reported to serve as biomarkers for prostate cancer diagnosis 

(Skotland et al., 2017a). While the proteomic and nucleic acid compositions of EVs have 

been extensively studied, lipidomic profiling of EVs is still in its infancy (Skotland et al., 2020) 

even though lipids are an essential component of EVs. 

As BDEVs are predicted to participate in AD pathogenesis (DeLeo and Ikezu, 2018, 

Kanninen et al., 2016, Rajendran et al., 2006, Sharples et al., 2008, Thompson et al., 2016, 

Vella et al., 2016, Vingtdeux et al., 2012), we hypothesized that EVs could provide a rich 

source of lipids that reflect alterations observed in the CNS in AD (He et al., 2010, Wood, 

2012). Here, using methods we previously developed for the isolation and enrichment of 

EVs from human brain tissue (Vella et al., 2017), coupled with semi-quantitative ultrahigh 

resolution accurate mass spectrometry (UHRAMS) based lipidome analysis (Ryan and Reid, 

2016), we have determined, for the first time, the lipid composition of BDEVs in human 

frontal cortex and identified the lipidomic signature of EVs in human AD compared to 

gender and age-matched neurological controls (NC).  
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Materials and Methods 

 

Human frontal cortices  

Fresh frozen human post-mortem frontal cortex tissues of n=8 AD male subjects 

(mean age 74.5 ± 7.0 years) and n=8 gender and age-matched NC subjects (mean age 73.5 ± 

5.9 years) with no evidence of neurological disease, stored at −80°C, were obtained from 

the Victoria Brain Bank. The average post mortem delay before tissue collection was 23.3 ± 

17.4 hrs for AD and 42 ± 16.3 hrs for NC. Individual tissue case information, including age, 

PMI and ApoE genotype, is provided in Supplemental Table 1. Tissue handling and 

experimental procedures were approved by The University of Melbourne human ethics 

committee and in accordance with the National Health and Medical Research Council 

guidelines. 

 

BDEV enrichment 

The BDEV isolation method was modified from our previously published protocol 

(Vella et al., 2017). A schematic of the workflow is shown in Supplemental Figure 1. Frozen 

frontal cortex tissues (approximately 2 g) were sliced lengthways on ice to generate 1–2 cm 

long, 2–3 mm wide tissue sections. Approximately 30 mg tissue pieces from each sample 

(“Brain Total”) were collected, weighed and placed in 19x volume of tissue weight of 

Dulbecco’s phosphate buffered saline (DPBS, Thermo Fisher Scientific) solution containing 

1x PhosSTOP
TM

 phosphatase inhibitor (Sigma Aldrich) / cOmplete
TM

 protease inhibitor 

(including EDTA, Sigma Aldrich) for immunoblot analysis. The remaining cut tissue sections 

were weighed and incubated with 50 U/mL collagenase type 3 (#CLS-3, CAT#LS004182, 

Worthington) digestion buffer (at ratio of 8μL / mg tissue) in a shaking water bath (25°C, a 

total of 20 minutes). During incubation, tissue slices were inverted twice at the 10-min time 

point, gently pipetted up and down twice at the 15-min time point and then allowed 

incubation for a further 5 minutes, followed by the addition of ice-cold 10x inhibition buffer, 

which was made of 10x phosphatase inhibitor and 10x protease inhibitor in DPBS. The final 

concentration of inhibition buffer in solution was 1x. The dissociated tissue in solution was 

subjected to a series of centrifugations, including a 300 x g, 4°C for 5 min, a 2000 x g, 4°C for 

10 min and a 10,000 x g, 4°C for 30 min. Representative 300 x g pellets were collected 

(“Brain+C” for collagenase treatment) and either placed in 19x volume of tissue weight of 

DPBS with 1x phosphatase inhibitor / protease inhibitor solution for protein quantification 

and immunoblot analysis or combined with 19x volume of tissue weight of ice-cold 60% 

methanol (LCMS grade, EMD Millipore Corporation) containing 0.01% (w/v) butylated 

hydroxytoluene (BHT, Sigma Aldrich) for lipid extraction. The 10,000 x g supernatant was 

loaded on top of the triple sucrose density gradient (0.6 M, 1.3 M, 2.5 M) as indicated in the 

method (Vella et al., 2017) in ultra-clear SW40Ti tubes (Beckman Coulter). The sucrose 

gradients were centrifuged at 200,000 x g avg at 4°C for 173 min using a SW40Ti rotor 

(Beckman Coulter). After the spin, the three fractions (F1, F2 and F3, 1.2 mL each) were 

sequentially collected and refractive index was measured. Each fraction was subjected to a 
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wash spin in ice-cold DPBS at 128,000 x g avg, at 4°C for 80 min using a F37L-8X100 rotor 

(Thermo Fisher Scientific). The pelleted EVs were resuspended in 150 μL ice-cold DPBS with 

1x phosphatase inhibitor / protease inhibitor solution. In each 150 μL vesicle suspension, 5 

μL were aliquoted for TEM, 65 μL were aliquoted for protein quantification and immunoblot 

analysis and 80 μL were used for lipid extraction. 

 

Homogenization and protein quantification for immunoblot 

Tissue in DPBS solution with 1x phosphatase inhibitor / protease inhibitor was 

homogenised for 12 sec at 50% intensity using a tapered microtip attached to the Sonifier 

Cell Disruptor (Branson) and sonicated in ice-cold water bath for 20 min before submitted to 

clarification spin (10,000 x g, 10 min, 4°C). The EV suspensions were sonicated in ice-cold 

water bath sonicator for 20 min. Protein content in tissue homogenates and EV suspensions 

were determined by Pierce
TM

 BCA assay kit (Thermo Fisher Scientific) according to the 

manufacturer’s instructions.  

 

SDS-PAGE and Western Blot (WB) analysis 

Samples were prepared in 4 x Laemmli sample buffer, then boiled (10 minutes, 90ºC) 

followed by centrifugation (14,000 x g, 1 min). Normalised samples (1 – 3 µg) were 

electrophoresed on 12% Mini-Protean TGX Stain-Free gels (BioRad) or 4-20% Criterion TGX 

Stain-Free Precast gels (BioRad) in Tris/Glycine/SDS running buffer (BioRad) for 30 minutes 

at 245 V. Proteins were transferred onto nitrocellulose membranes using either a Trans-

Blot® Turbo™ Transfer System (7 minutes, 25V, BioRad) or an iBlot
TM

 2 Dry Blotting System 

(P0 method, Thermo Fisher Scientific). Membranes were blocked with 5% (w/v) skim milk in 

TBS-T (1 hour, room temperature) followed by overnight incubation with primary antibodies 

(calnexin #ab22595 from Abcam, syntenin #ab133267 from Abcam, TSG101 #T5701 from 

Sigma) at 4°C. Membranes were washed 4 times with TBS-T (30 min, room temperature) 

following a 1 hr, room temperature incubation of the secondary anti-rabbit antibody either 

conjugated to HRP (#7074S from Cell Signalling Technology) or the IRDye® 800CW Goat anti-

Rabbit IgG secondary antibody (#925-32211, LICOR). All antibodies were diluted in 5% (w/v) 

skim milk in TBS-T. Membranes were washed 4 times with TBS-T (30 min, room 

temperature). The membranes were visualised either on a ChemiDoc MP Imager (BioRad) 

following development with Clarity™ Western Enhanced Chemiluminescence Blotting 

Substrate (BioRad) or on an Odyssey® Fc Imaging System (LI-COR).  

 

Transmission electron microscopy (TEM) 

A 5 μL EV suspension from F1, F2 or F3 in 1% (w/v) electron microscopy-grade 

glutaraldehyde was absorbed onto neutralised 300-mesh carbon-coated formvar copper 

grids (ProSciTech, QLD, Australia) for 5 min. Excessive liquid was removed and grids were 

washed with DPBS and MilliQ water, and negatively stained with 2% (w/v) saturated 

aqueous uranyl acetate for 12 sec.  Excessive stain was removed and grids were dried. 

Images were taken on a Tecnai G2 F30 (FEI, Eindhoven, The Netherlands) transmission 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 21, 2020. ; https://doi.org/10.1101/2020.08.20.260356doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.20.260356


7 | P a g e  

 

electron microscope operating at 300 kV wide field images encompassing multiple vesicles 

were captured to provide an overview of the fraction in addition to close up images. 

Electron microscopy was performed in the Bio21 Advanced Microscopy Facility, Bio21 

Molecular Science and Biotechnology Institute, at The University of Melbourne. 

 

Monophasic lipid extraction from tissues and derived exosomes 

The “total brain with collagenase” tissue pellets in ice-cold 60% methanol containing 

0.01% (w/v) BHT were homogenised using a cell disrupter as described above. 100 μL of the 

homogenates were combined with 100 μL of 60% methanol containing 0.01% (w/v) BHT. 80 

μL of the F2 BDEV suspensions were combined with 20 μL of ice cold methanol with 0.1% 

(w/v) BHT and 100 μL of ice-cold methanol to make a final volume of 200 μL 60% methanol 

containing 0.01% (w/v) BHT. All samples were sonicated in an ice cold water bath sonicator 

(20 min) prior to lipid extraction. Monophasic lipid extraction followed the method 

previously reported by Lydic et al. (Lydic et al., 2015) with modification as described below. 

120 μL of MilliQ water, 420 μL of methanol with 0.01% (w/v) BHT, and 270 μL of chloroform 

were added to all samples. For every 10 μg protein present in the samples, 1 μL of a 

customised isotope labelled internal standard lipid mixture and 1 μL of a d5-TG Internal 

Standard Mixture I (Avanti Polar Lipids, Alabaster, AL, USA) were added. The customised 

isotope labelled internal standard mixture was comprised of 14 deuterated lipid 

standards (Avanti Polar Lipids, Alabaster, AL, USA): 15:0-18:1(d7) PC (250 µM), 15:0-

18:1(d7) PE (240 µM), 15:0-18:1(d7) PS (250 µM), 15:0-18:1(d7) PG (20 µM), 15:0-

18:1(d7) PI (220 µM), 15:0-18:1(d7) PA (180 µM), 18:1(d7) LPC (45 µM), 18:1(d7) LPE 

(10 µM), 18:1(d7) Chol Ester (10 µM), 18:1(d7) MG (10 µM), 15:0-18:1(d7) DG (17 µM), 

18:1(d9) SM (80 µM), d18:1(d7)-15:0 Cer (40 µM) and Cholesterol(d7) (20 µM). The d5-

TG Internal Standard Mixture I contained 20:5-22:6-20:5 (d5) TG (4.03 µM), 14:0-16:1-14:0 

(d5) TG (3.99 µM), 15:0-18:1-15:0 (d5) TG (3.97 µM), 16:0-18:0-16:0 (d5) TG (4.05 µM), 

17:0-17:1-17:0 (d5) TG (4.14 µM), 19:0-12:0-19:0 (d5) TG (4.01 µM), 20:0-20:1-20:0 (d5) 

TG (3.81 µM), 20:2-18:3-20:2 (d5) TG (3.96 µM), 20:4-18:2-20:4 (d5) TG (3.90 µM). The 

15:0-18:1-15:0 (d5) TG was used for semi-quantification of endogenous TG lipids. 

Samples were vortexed thoroughly and incubated with 1,000 rpm shaking at room 

temperature for 30 min, followed by centrifugation at 14,000 rpm at room temperature for 

15 min.  Supernatants containing lipids were transferred to new tubes. The remaining 

pellets were re-extracted with 100 µL of MilliQ water and 400 μL of chloroform:methanol 

(1:2, v:v) containing 0.01% (w/v) butylated hydroxytoluene (BHT) following incubation and 

centrifugation as described above. The supernatants from the repetitive extractions were 

collected and pooled, dried by evaporation under vacuum using a GeneVac miVac sample 

concentrator (SP Scientific, Warminster, PA, USA) and then reconstituted in 

isopropanol:methanol:chloroform (4:2:1, v:v:v, containing 0.01% BHT) at a final 

concentration of 4 μL lipid extract per μg protein.  
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Sequential functional group derivatization of aminophospholipids and plamalogen-

containing lipids 

Derivatization of aminophospholipids (i.e., PE and PS) and plasmalogen-containing 

lipids followed the method previously reported by Ryan & Reid (2016). Prior to 

derivatization, a 2.5 mM stock solution of triethyamine (TEA) in chloroform was freshly 

prepared by adding 3.4 μL TEA to 10 mL of chloroform. A 2.5 mM stock solution of S,S'-

dimethylthiobutanoylhydroxysuccinimide ester iodide (
13

C1-DMBNHS) was freshly prepared 

by dissolving 4.87 mg 
13

C1-DMBNHS in 5 mL of dimethylformamide (DMF). A stock solution 

of 3.94 mM iodine was freshly prepared by dissolving 10 mg iodine in 10 mL chloroform. A 

stock solution of 90 mM ammonium bicarbonate was freshly prepared by dissolving 35.6 mg 

ammonium bicarbonate in 5 mL of HPLC methanol. A solution of 2:1 (v:v) 

chloroform:methanol containing 266 μM iodine and 2 mM ammonium bicarbonate was 

prepared by adding 160 μL of 3.94 mM iodine in chloroform to 1.44 mL chloroform, and 

53.3 μL of 90 mM ammonium bicarbonate in methanol to 746.7 mL methanol, then 

combined and placed in an ice bath. Due to the limitations in sample amounts, no replicate 

derivatization reactions were performed. 4 μL of brain tissue or BDEV lipid extracts were 

aliquoted to individual wells of a Whatman® Multi-Chem™ 96-well plate (Sigma Aldrich, St. 

Louis, MO, USA). The solvent was evaporated under vacuum with a GeneVac miVac sample 

concentrator. 40 μL of a solution of 39:1.1:1 (v:v:v) chloroform:2.5 mM TEA:2.5 mM 
13

C1-

DMBNHS reagent was added to each dried lipid extract and the 96-well plate was sealed 

with Teflon Ultra Thin Sealing Tape. Samples were then incubated at room temperature 

with gentle shaking for 30 min. After incubation, the solvents were evaporated under 

vacuum with a GeneVac miVac sample concentrator and samples were chilled on ice for 10 

min prior to addition of 40 μL of the 2:1 (v:v) chloroform:methanol containing 266 μM 

iodine and 2 mM ammonium bicarbonate. Reactions were mixed by careful pipetting and 

the plate was sealed with aluminium foil and then placed on ice for 5 min before solvents 

were completely removed by evaporation under vacuum with a GeneVac miVac sample 

concentrator. The dried lipid extracts were washed three times with 40 μL of 10 mM 

aqueous ammonium. Remaining traces of water were then removed by evaporation under 

vacuum with a GeneVac miVac sample concentrator. The derivatized brain tissue lipid 

extracts and BDEV lipid extracts were then resuspended in 50 μL and 25 μL of 

isopropanol:methanol:chloroform (4:2:1, v:v:v) containing 20 mM ammonium formate 

respectively. The 96-well plate was then sealed with Teflon Ultra Thin Sealing Tape prior to 

mass spectrometry analysis. 

 

Direct infusion nano-electrospray ionization (nESI) - ultrahigh resolution accurate mass 

spectrometry (UHRAMS) and higher energy collision induced dissociation tandem mass 

spectrometry (HCD-MS/MS) shotgun lipidome analysis 

For underivatized samples, 4 μL of brain tissue or BDEV lipid extracts were aliquoted 

in triplicate to individual wells of a twin-tec® 96-well plate (Eppendorf, Hamburg, Germany). 

The brain tissue lipid extracts and BDEV lipid extract were dried and then resuspended in 50 
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μL (brain tissue) and 25 μL (exosome) of isopropanol:methanol:chloroform (4:2:1, v:v:v) 

containing 20 mM ammonium formate respectively. The 96-well plate was then sealed with 

Teflon Ultra Thin Sealing Tape prior to mass spectrometry analysis. 10 μL of each 

underivatized or derivatized lipid sample was aspirated and introduced via nano-ESI to an 

Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) 

using an Advion Triversa Nanomate (Advion, Ithaca, NY, USA) operating with a spray voltage 

of 1.1 kV and a gas pressure of 0.3 psi in both positive and negative ionization modes. For 

MS analysis, the RF lens was set at 10%. Full scan mass spectra were acquired at a mass 

resolving power of 500,000 (at 200 m/z) across a m/z range of 350 – 1600 using quadrupole 

isolation, with an automatic gain control (AGC) target of 5e5. The maximum injection time 

was set at 50 ms. Spectra were acquired and averaged for 3 min. Following initial ‘sum-

composition’ lipid assignments by database analysis (see below), ‘targeted’ higher-energy 

collision induced dissociation (HCD-MS/MS) product ion spectra were acquired on selected 

precursor ions at a mass resolving power of 120,000 and default activation times in positive 

ionization mode using the underivatized lipid extracts to confirm the identities of lipid head 

groups, or in negative ionization mode using underivatized lipid extracts for fatty acid chain 

identification. HCD-MS/MS collision energies were individually optimized for each lipid class 

of interest using commercially available lipid standards whenever possible. 

 

Lipid identification, quantification and data analysis 

‘Sum composition’ level lipid identifications were achieved using a developmental 

version of LipidSearch software 5.0α (Mitsui Knowledge Industry, Tokyo, Japan) by 

automated peak peaking and searching against a user-defined custom database of lipid 

species (including the deuterated internal standard lipid species and allowing for the mass 

shifts introduced by 
13

C1-DMBNHS and iodine/methanol derivatization). The parent 

tolerance was set at 3.0 ppm, a parent ion intensity threshold three times that of the 

experimentally observed instrument noise intensity, and a max isotope number of 1 (i.e., 

matching based on the monoisotopic ion and the M+1 isotope), a correlation threshold (%) 

of 0.3 and an isotope threshold (%) of 0.1.  The lipid nomenclature used here follows that 

defined by the LIPID MAPS consortium (Fahy et al., 2005). Semi-quantification of the 

abundances of identified lipid species was performed using an in-house R script, by 

comparing the identified lipid ion peak areas to the peak areas of the internal standard for 

each lipid class or subclass, followed by normalization against the total protein amount in 

the samples. 

 

Lipidomic statistical analysis 

Data filtering was implemented based on the 4 comparison groups including NC 

tissue, AD tissue, NC BDEV and AD BDEV. For lipid identifications obtained from 

underivatized samples, the mean normalized abundances for each lipid species were 

included only if the lipid was identified in all three measurement replicates, and detected in 

at least 6 out of 8 biological samples in each group. For lipid identifications obtained from 
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derivatized samples, the mean normalized abundances for each lipid species were included 

only if the lipid was identified in at least 6 out of 8 biological samples in each group. 

Differences in the mean normalized abundances, at the lipid category, class, subclass or 

individual ‘sum-composition’ lipid species levels, in NC tissue vs. AD tissue and NC BDEV vs. 

AD BDEV, were determined by multiple t test followed by Holm-Sidak method corrected for 

multiple comparison using GraphPad Prism 8.0 software. Statistical significance was set at P 

< 0.01. 
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Results 

Characterization of BDEVs 

We recently reported a method to isolate small extracellular vesicles from post-

mortem human frontal cortex, that contain the hallmarks of endosomal derived exosomes 

(Cheng et al., 2020, Vella et al., 2017). These vesicles fulfilled the experimental requirements 

as set out by the International Society for Extracellular Vesicles 2018 guidelines (Théry et al., 

2018). Here, we employed this method to isolate BDEVs from post-mortem frontal cortex 

brain tissue obtained from AD and NC subjects. Dissociated collagenase treated tissue 

(“Brain+C”) was subject to sequential centrifugation and the 10,000 x g supernatant loaded 

on top of a triple sucrose density fraction to separate EVs based on density (Supplemental 

Figure 1). Factors such as post-mortem delay and storage can negatively impact tissue 

quality, resulting in contamination of EV pellets with cellular debris (Vella et al., 2017). We 

previously reported that immunoblotting provides the most robust quality-control measure 

for tissue EV isolation, with proteins such as calnexin providing a useful indicator of EV 

purity. Consequently, all BDEVs isolated as part of the current study were subject to western 

blotting and TEM (representative images in Figures 1A and 1B) to screen for EV markers and 

contaminants before subjecting samples to downstream lipidomic analysis. As per our 

previous studies (Vella et al., 2017), small EVs were identified in fraction 2 (F2) with a 

density of approximately 1.08 g/cm
3
. EVs in F2 were enriched in the small EV-specific 

markers TSG101 and syntenin, and depleted of calnexin (Figure 1A). TEM images of F2 

showed small, cup-shaped membrane vesicles with a diameter of 40-200 nm for both AD 

and NC samples (Figure 1B). Together, these results suggest that F2 contains vesicles that 

are consistent with the density, morphology, size and protein co-enrichment of endosome 

derived small BDEVs as we have previously reported. Supplemental Table 2 shows the 

protein content determined for each tissue and BDEV fraction, where on average, AD 

subjects yielded approximately half the BDEV yield compared to NC subjects, a possible 

reflection of the cellular dysfunction occurring in late stage disease.  

 

Lipidome analysis of frontal cortex and derived BDEVs in AD  

To investigate the lipid composition of frontal cortex tissue and their BDEVs, an in-

depth semi-quantitative mass spectrometric analysis was performed on AD and NC tissues, 

and the BDEVs derived from said tissue. To ensure that downstream analysis was conducted 

on highly reproducible and confidently identified lipid species, only lipids that met a 

stringent filtering criteria including identification in all technical replicates and detection in 

at least 6 out 8 biological samples in each group were included in this analysis. In total, 692 

lipid molecules from four main lipid categories, including glycerophospholipids (GP), 

sphingolipids (SP), glycerolipids (GL) and sterol lipids (ST), covering 17 lipid classes, were 

identified and semi-quantified at the ‘sum composition’ level (i.e., where the identity of the 

lipid class, subclass and the total number of carbon atoms and total number of C=C double 

bonds in the fatty acyl/alkyl/alkenyl moieties are assigned. For example, PE(P-38:4) indicates 

a 1-(1Z-alkenyl), 2-acylglycerophosphoethanolamine lipid containing a total of 38 carbons 
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and 4 double bonds in the alkenyl and acyl chains). Initial lipidome analysis comparing 

“Brain Total” and “Brain+C” indicated that collagenase did not result in any significant 

alterations in the number or abundance of the identified lipids in brain tissue (data not 

shown). Therefore, all subsequent comparisons of brain tissue and BDEVs were performed 

using “Brain+C” samples. The number of identified lipid species at the lipid category, class or 

subclass levels, and their mean summed lipid abundances, either normalized to tissue 

weight (i.e., pmol/mg tissue), protein content (i.e., pmol/µg protein), total identified lipid 

concentration (i.e., mol% total lipid), total identified lipid-category concentration (i.e., mol% 

category), or total identified lipid class concentration (i.e., mol% class) are summarised in 

Supplemental Table 3. A complete list of the individual identified lipids and their 

abundances from the n=8 AD and NC tissue samples and BDEVs can be found in 

Supplemental Table 4. 

Comparison between AD and NC tissue was initially performed using the absolute 

lipid abundances normalized to tissue (i.e., pmol/mg tissue) (Supplemental Table 3 and 

Supplemental Figure 2), where no differences were observed at either the total lipid level or 

at the lipid category or lipid class levels of annotation. However, due to the substantial size 

difference between cells and BDEVs, it was not possible to perform comparisons between 

tissue and BDEVs using absolute lipid abundance normalized to tissue, or protein. Therefore, 

the analysis of differences between tissue and BDEVs was performed by normalizing the 

concentrations of identified lipids for a given sample to either the total lipid concentration 

(i.e., mol% total lipid), or total lipid-class concentration (i.e., mol% total lipid class). 

Furthermore, it was not possible to directly compare lipid abundances between AD and NC 

BDEVs using absolute lipid abundances normalized to their respective tissue amounts 

because of the significant difference in BDEV yields (Supplemental Table 2), so absolute 

lipid abundances normalized to protein (i.e., pmol/µg protein), total lipid concentration (i.e., 

mol% total lipid), and total lipid class concentration (i.e., mol% class) were used. 

Figure 2A shows the mean of the summed lipid abundances at the lipid category 

level for AD and NC frontal cortex, and their BDEVs.  Features common to BDEVs included 

significantly higher GP (p <0.0001, mol%) and lower SP (p <0.0001, mol%) compared to 

parental tissue, independent of diagnosis. At the lipid class level, BDEVs were significantly 

enriched in PS (p <0.0001, mol%) with a corresponding decrease in ganglioside lipids (p 

<0.0001, mol%) (Figure 2B). Encouragingly, the BDEVs were not abundant in GL or 

cholesterol ester (CE) lipids, suggesting limited lipoprotein contamination (Serna et al., 

2015, Sun et al., 2019, Wang and Eckel, 2014). Cardiolipins (CL), which reside on the inner 

membrane of mitochondria, was also limited in abundance, further validating the 

methodological approach we used here to isolate EVs from tissue.    

While no differences were observed in lipid category abundance or at the lipid class 

level in AD frontal cortex tissue relative to NC, presumably due to limited sample size, BDEVs 

in AD were significantly different (Figure 2A). GP was decreased (p < 0.001) with a 

corresponding increase in SP in AD BDEVs relative to NC BDEVs (p < 0.001) (mol% Figure 2A 

and pmol/ug Supplementary Table 3). Due to these significant differences, we investigated 
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the composition of the most abundant lipid classes and subclasses within these categories 

(Figure 3). For the GP category, this included PC, PE and PS lipids at the lipid-subclass (i.e., 

diacyl, alkylether (O), plamalogen (P), lysoacyl (L), lysoether (L-O) and lysoplasmalogen (L-P)) 

(Figures 3A, C and E) and ‘sum-composition’ levels (Figures 3B, D and F) of annotation, and 

for the SP category this included SM and Cer lipids at ‘sum-composition’ levels (Figures 4A 

and 4B, respectively).  

At the GP-subclass level of annotation, common features of BDEVs were apparent 

including significant increases in mol% diacyl-PC (Figure 3A), diacyl-PE (Figure 3C), and PS-O 

and PS-P (Figure 3E) lipids, and corresponding decreases in mol% PC-O, acyl-LPE, diacyl-PS 

and LPS-O species relative to tissue. At the mol% ‘sum-composition’ level of annotation 

BDEVs contained significant increases in PC(34:1) and PC(36:4) lipids, and corresponding 

decreases in PC(32:0), PC(34:0) and PC(36:1) species (Figure 3B), along with more extensive 

acyl chain remodelling of PE and PS lipids, including increased PE(38:4), PS(O-37:6), PS(O-

37:5), PS(O-37:4), PS(O-39:4), PS(39:5), PS(P-36:4), PS(P-38:6), PS(P-38:5) and PS(P-38:4) and 

decreased LPE(18:1), LPE(20:1), LPE(22:4), LPS(O-18:2), PS(36:1) and PS(40:6) relative to 

tissue (Figure 3D and F). The observed increase in certain plasmalogen containing PE and PS 

lipids is consistent with the results observed from the mol% lipid subclass level of analysis 

that indicated dramatic remodelling of the BDEV composition to incorporate more alkyl- and 

alkenyl-containing species (particularly those containing the PS head group) rather than the 

more typical diacyl-containing species (Figure 3A, 3C and 3E). 

Comparing NC with AD at the subclass level revealed an approximately two-fold 

increase in PE-P (mol%) in AD BDEVs relative to NC (Figure 3C). At the mol% ‘sum-

composition’ level, remodelling of the acyl chain compositions was observed in the frontal 

cortex, resulting in several lipid species differentiating AD and NC e.g., decreased PE(38:4) 

and PE(40:6), and increased PS(40:6) (Figures 3D and 3F). 

Most notably, significant acyl chain remodelling was observed in AD BDEVs, enabling 

differentiation from NC samples (mol% ‘sum-composition’ level). These included extensive 

and significant acyl chain remodelling of PE and PS lipids including increased LPE(18:1), PE(P-

34:1), PE(P-36:2), PE(P-38:4), LPS(O-18:2) and PS(36:1), and decreased LPE(22:6), LPE(22:4), 

PE(38:4), PE(40:6) and PS(40:6) (Figures 3D and 3F), along with small but significant 

increases in PC(34:1) species, with corresponding decreases in PC(34:0), PC(36:1) and 

PC(38:4) species (Figure 3B). Similar changes in PC, PE and PS lipids were observed when 

comparing AD and NC BDEVs at the lipid subclass and ‘sum-composition’ levels of 

annotation, based on absolute i.e pmol/µg protein abundances, with AD BDEVs containing 

approximately half the amount of LPE(22:6), PE (38:4), PE(40:6) and PE(40:4) relative to NC 

BDEVs (pmol/ug protein, p<0.0001) (Supplemental Figure 3). The observed significant 

decrease in lipid species in AD BDEVs containing docosahexaenoic acid (C22:6 ω3) e.g., 

LPE(22:6), PE(40:6) and PS(40:6), docosatetraenoic acid (C22:4 ω6) e.g., LPE(22:4) and 

arachidonic acid (C20:4 ω6) e.g., PC(38:4) and PE(38:4) (each confirmed by HCD-MS/MS)  

(Figures 3D and 3F), is consistent with  overall remodelling of the lipid compositions to those 

that contain lower concentrations of polyunsaturated fatty acyl chains.  
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As seen in Figure 4, and in Supplemental Figures 4 and 5, remodelling of the 

composition of several abundant SP lipids also enabled differentiation of AD BDEVs from vs 

NC BDEVs. For example, comparison of the mol% abundance of individual SM and Cer lipid 

species in BDEVs from AD vs. NC samples (Figures 4A and 4B, respectively) revealed 

significant decreases in SM(d36:1), Cer(d36:1) and SM(d38:1) species, and a corresponding 

increase in the very long chain containing SM(d42:2) (predominantly SM (d18:1/24:1)). 

Interestingly, this was offset by a significant decrease in the mol% abundance of the 

sulfatide lipid sulfatide(d42:2) containing the same acyl chain composition (Supplemental 

Figure 4C) in AD BDEVs, suggesting that additional remodelling has occurred within the 

galactosylceramide pathway of sphingolipid metabolism in AD. 

Taken together, these findings demonstrate that AD BDEVs have a unique lipid 

signature that distinguishes them from BDEVs in the frontal cortex of NC subjects, and 

highlight the utility of analysing EVs, where significant changes that would otherwise be 

missed in tissue, are revealed. 
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Discussion  

Using optimised methods for the enrichment of BDEVs, coupled with deuterated 

internal standards and direct infusion nano-electrospray ionization (nESI) and ultrahigh 

resolution accurate mass spectrometry (UHRAMS) analysis (Rustam and Reid, 2018, Wang et 

al., 2017), this study provides the first semi-quantitative characterisation of the lipid 

composition of BDEVs derived from CNS tissue. In addition to comprising a lipid signature 

similar to EVs sourced from other biological materials, frontal cortex-derived EVs were 

enriched in ether-containing PS lipids, a novel finding with implications for EV structure and 

function. The utility of BDEVs as a sensitive tool for the detection of lipid dyshomeostasis 

was highlighted, with significant remodelling of the frontal cortex lipidome revealed in 

BDEVs in AD in the absence of detectable changes in the parent tissue.  

The lipid profiles of EVs have been reported for several cell lines and parasites, and 

from biological fluids including urine, plasma and serum (Brouwers et al., 2013, Haraszti et 

al., 2016, Laulagnier et al., 2004, Llorente et al., 2013, Lydic et al., 2015, Simbari et al., 2016, 

Skotland et al., 2017a, Skotland et al., 2020, Sun et al., 2019). In agreement with these 

studies (Haraszti et al., 2016, Laulagnier et al., 2004, Llorente et al., 2013, Skotland et al., 

2017a, Skotland et al., 2017b, Trajkovic et al., 2008, Chan et al., 2012, Chen et al., 2019, 

Lydic et al., 2015), we show that human frontal cortex derived EVs are enriched in PS lipids. 

PS lipids make up a substantial proportion of the EV membrane and are proposed to play a 

role in facilitating EV uptake by recipient cells (Kastelowitz and Yin, 2014, Laulagnier et al., 

2004, Record et al., 2014, Record et al., 2018, Wei et al., 2016, Matsumura et al., 2019, 

Sharma et al., 2017). Decreased diacyl-PC and higher levels of lysophospholipids, SM, Cer 

and ganglioside have previously been reported in EVs from urine, cell lines and blood 

(Haraszti et al., 2016, Llorente et al., 2013, Skotland et al., 2017a, Skotland et al., 2020, Sun 

et al., 2019, Lydic et al., 2015). These findings were not observed here, likely due to the 

differences in cell and tissue type between studies.  

While PC and PE ethers have been identified previously in EVs, here we reveal that 

EVs are abundant in alkyl- and alkenyl- (i.e., plasmalogen) ether-containing PS species, 

supporting the suggestion that ether lipids are a feature of EVs (Llorente et al., 2013, Lydic 

et al., 2015, Simbari et al., 2016, Skotland et al., 2017a, Skotland et al., 2019).  Ether lipids 

can modulate membrane rigidity and permeability (Dorninger et al., 2017, Glaser and Gross, 

1994, Wallner and Schmitz, 2011), possibly mediating EV interaction with host cells and 

contributing to stability in the environment.  

Lipid remodelling, specifically alterations in GP and SP, are associated with AD 

pathogenesis (Bennett et al., 2013, Han et al., 2011, He et al., 2010, Kosicek and Hecimovic, 

2013, Mielke et al., 2010a, Mielke et al., 2010b, Mielke et al., 2011, Mielke et al., 2014, 

Mielke and Lyketsos, 2010, Wong et al., 2017, Wood, 2012). Down regulation of the 

glycerophospholipids PC, PE and glycerophosphatidylinositol (PI) in AD, with a general 

decline in plasmalogen lipids, mainly PC-P and PE-P, has been observed in multiple brain 

regions in AD (Ginsberg et al., 1995, Grimm et al., 2011, Han et al., 2001, Igarashi et al., 

2011, Kosicek and Hecimovic, 2013, Wood, 2012). No significant changes were detected in 
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plasmalogen levels in AD frontal cortex (relative to NC) in this study, however clear 

differences in ether-PE lipids, including both PE-O and PE-P, were observed in the BDEVs 

isolated from these tissues. Specifically, plasmalogen PE molecules PE(P-36:2) and PE(P-

38:4), were significantly increased in BDEVs in AD. Plasmalogens are abundant in the CNS 

and are considered an antioxidant due to the presence of a carbon-carbon double bond at 

the ether linkage that is prone to oxidation (Dorninger et al., 2017, Su et al., 2019, Wallner 

and Schmitz, 2011). Plasmalogens could play an active role in scavenging oxidative stress 

and reducing inflammatory responses in recipient cells with studies showing that PE-P can 

rescue neuronal cell death (Hossain et al., 2013, Wood et al., 2010). Whether donor cells 

become more susceptible to oxidation following release of PE-P via BDEVs is not yet known, 

with further studies required to determine their role in disease.  

The CNS is highly enriched with poly unsaturated fatty acid (PUFA), with the majority 

of the PUFA content encapsulated in GP (Bazinet and Laye, 2014, Dyall, 2015). The BDEVs in 

this study recapitulated this brain-specific feature. Moreover, the C22:6 fatty acyl chain-

containing species, LPE(22:6), PE(40:6) and PS(40:6) were found to be decreased ~two fold 

in AD BDEVs. The C22:6 is the most abundant PUFA chain in GP and it is derived from 

docosahexaenoic acid, DHA, which is the precursor of a group of beneficial bioactive anti-

inflammatory pro-resolving mediators (Serhan and Levy, 2018, Whittington et al., 2017). 

Notably, the DHA-derived specialised pro-resolving mediators (SPM) are capable of 

attenuating Aß amyloidogenesis and enhancing Aß phagocytosis in AD (Fiala et al., 2015, 

Lukiw et al., 2005). The decreased C22:6 content in AD BDEVs in this study supports DHA 

deficiency in AD, a known feature of the disease (Morris et al., 2003, Tully et al., 2003) and 

suggest that’s that the level of C22:6 in BDEVs could serve as a peripheral marker of AD. 

 As sphingolipid metabolism has also been reported to be remodelled in AD 

(Haughey et al., 2010, He et al., 2010, Mielke and Lyketsos, 2010, Wood, 2012), we 

investigated lipid profile changes in SM and Cer lipids. SM is predominantly found on the 

plasma membrane and is one of the main components of lipid-rafts. The abundances of SM 

lipids appear to be modified in AD, however there is some contention as to whether SM is 

decreased or increased, with reports suggesting variability between brain regions (Bandaru 

et al., 2009, Chan et al., 2012, Cutler et al., 2004, He et al., 2010, Kosicek and Hecimovic, 

2013, Pettegrew et al., 2001). SM(d36:1) and SM(d38:1) were decreased in AD BDEVs, 

accompanied by an increase in very long chain SM (d42:2), predominantly the 

SM(d18:1_24:1) species.  

With the knowledge that lipid metabolism is altered in AD in the CNS, researchers 

have examined the lipidome of CSF and blood in the search for potential biomarkers, with 

varied results (Han et al., 2003, Koal et al., 2015, Kosicek et al., 2012, Mielke et al., 2010a, 

Mielke et al., 2010b, Mielke et al., 2011, Mielke et al., 2014). Anand et al. (2017) discovered 

that LPC and a group of lipid peroxidation products, including oxidized PC, oxidized-

triacylglyceride (TG) and F2-isoprostanes, were up-regulated, while PC, SM, PE, especially 

PE-P, were found to be declined in AD serum (Gonzalez-Dominguez et al., 2014, Goodenowe 

et al., 2007, Barupal et al., 2019). PUFA PC species (e.g., PC(16:0/20:5), PC(16:0/22:6), 
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PC(18:0/22:6) etc.) have been reported to be decreased in preclinical AD plasma (Fiandaca 

et al., 2015, Mapstone et al., 2014, Whiley et al., 2014). The major drawback of these 

approaches relates to the complexity of the lipidome and measurement of changes not 

necessarily specific to the CNS or disease which reduces diagnostic accuracy and 

reproducibility. Other diseases, or co-morbidities such as diabetes and cardiovascular 

disease, can also contribute to the alteration of the lipid profile, further complicating lipid 

biomarker discovery.  

An ideal lipid peripheral biomarker would ideally be brain-derived to reflect early 

changes in the CNS in AD. BDEVs can readily cross the blood brain barrier (BBB) (Kanninen et 

al., 2016, Saeedi et al., 2019, Skoumalová et al., 2011), enabling the study of BDEV lipids in 

the periphery, effectively eliminating many of the caveats associated with studying complex 

fluids such as serum or plasma. Our research suggests that future studies should assess 

ether PE lipids and polyunsaturated fatty acyl containing lipids in peripherally-sourced 

BDEVs alongside other clinical measures (CSF and neuroimaging assessments) to determine 

if BDEVs can predict progression from Mild Cognitive Impairment to AD. 

 

 

 

 

 

 

 

 

 

Acknowledgements 

This work was supported by grants from the Australian National Health and Medical 

Research Council (GNT1041413 and GNT1002349 to AFH; 628946 to CLM, KJB, and AFH), the 

Australian Research Council (LE160100015 to GER), the Bethlehem Griffiths Research 

Foundation to LJV (Australia), the Alzheimer’s Australia Dementia Research Foundation John 

Shutes Project Grant to LJV and The Alzheimer’s Association (AARF-18-566256) to LJV 

(U.S.A). We thank Fairlie Hinton and Geoffrey Pavey from the Victorian Brain Bank.   

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 21, 2020. ; https://doi.org/10.1101/2020.08.20.260356doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.20.260356


18 | P a g e  

 

References 

 

BANDARU, V. V., TRONCOSO, J., WHEELER, D., PLETNIKOVA, O., WANG, J., 
CONANT, K. & HAUGHEY, N. J. 2009. ApoE4 disrupts sterol and sphingolipid 
metabolism in Alzheimer's but not normal brain. Neurobiol Aging, 30, 591-599. 

BARUPAL, D. K., BAILLIE, R., FAN, S., SAYKIN, A. J., MEIKLE, P. J., ARNOLD, M., 
NHO, K., FIEHN, O., KADDURAH-DAOUK, R. & ALZHEIMER DISEASE 
METABOLOMICS, C. 2019. Sets of coregulated serum lipids are associated with 
Alzheimer's disease pathophysiology. Alzheimers Dement (Amst), 11, 619-627. 

BAZINET, R. P. & LAYE, S. 2014. Polyunsaturated fatty acids and their metabolites in brain 
function and disease. Nat Rev Neurosci, 15, 771-85. 

BENNETT, S. A., VALENZUELA, N., XU, H., FRANKO, B., FAI, S. & FIGEYS, D. 2013. 
Using neurolipidomics to identify phospholipid mediators of synaptic (dys)function in 
Alzheimer's Disease. Front Physiol, 4, 168. 

BROUWERS, J. F., AALBERTS, M., JANSEN, J. W., VAN NIEL, G., WAUBEN, M. H., 
STOUT, T. A., HELMS, J. B. & STOORVOGEL, W. 2013. Distinct lipid 
compositions of two types of human prostasomes. Proteomics, 13, 1660-1666. 

CHAN, R. B., OLIVEIRA, T. G., CORTES, E. P., HONIG, L. S., DUFF, K. E., SMALL, S. 
A., WENK, M. R., SHUI, G. & DI PAOLO, G. 2012. Comparative lipidomic analysis 
of mouse and human brain with Alzheimer disease. J Biol Chem, 287, 2678-2688. 

CHEN, S., DATTA-CHAUDHURI, A., DEME, P., DICKENS, A., DASTGHEYB, R., 
BHARGAVA, P., BI, H. & HAUGHEY, N. J. 2019. Lipidomic characterization of 
extracellular vesicles in human serum. J Circ Biomark, 8, 1849454419879848. 

CHENG, L., VELLA, L. J., BARNHAM, K. J., MCLEAN, C., MASTERS, C. L. & HILL, 
A. F. 2020. Small RNA fingerprinting of Alzheimer’s disease frontal cortex 
extracellular vesicles and their comparison with peripheral extracellular vesicles. 
Journal of Extracellular Vesicles, 9. 

CUTLER, R. G., KELLY, J., STORIE, K., PEDERSEN, W. A., TAMMARA, A., 
HATANPAA, K., TRONCOSO, J. C. & MATTSON, M. P. 2004. Involvement of 
oxidative stress-induced abnormalities in ceramide and cholesterol metabolism in 
brain aging and Alzheimer's disease. Proceedings of the National Academy of 
Sciences, 101, 2070-2075. 

DELEO, A. M. & IKEZU, T. 2018. Extracellular vesicle biology in Alzheimer's disease and 
related tauopathy. J Neuroimmune Pharmacol, 13, 292-308. 

DORNINGER, F., FORSS-PETTER, S. & BERGER, J. 2017. From peroxisomal disorders to 
common neurodegenerative diseases - the role of ether phospholipids in the nervous 
system. FEBS Lett, 591, 2761-2788. 

DYALL, S. C. 2015. Long-chain omega-3 fatty acids and the brain: a review of the 
independent and shared effects of EPA, DPA and DHA. Front Aging Neurosci, 7, 52. 

FAHY, E., SUBRAMANIAM, S., BROWN, H. A., GLASS, C. K., MERRILL, A. H., 
MURPHY, R. C., RAETZ, C. R. H., RUSSELL, D. W., SEYAMA, Y., SHAW, W., 
SHIMIZU, T., SPENER, F., VAN MEER, G., VANNIEUWENHZE, M. S., WHITE, 
S. H., WITZTUM, J. L. & DENNIS, E. A. 2005. A comprehensive classification 
system for lipids. Journal of Lipid Research, 46, 839-862. 

FIALA, M., HALDER, R. C., SAGONG, B., ROSS, O., SAYRE, J., PORTER, V. & 
BREDESEN, D. E. 2015. Omega-3 supplementation increases amyloid-beta 
phagocytosis and resolvin D1 in patients with minor cognitive impairment. FASEB J, 
29, 2681-2689. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 21, 2020. ; https://doi.org/10.1101/2020.08.20.260356doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.20.260356


19 | P a g e  

 

FIANDACA, M. S., ZHONG, X., CHEEMA, A. K., ORQUIZA, M. H., CHIDAMBARAM, 
S., TAN, M. T., GRESENZ, C. R., FITZGERALD, K. T., NALLS, M. A., 
SINGLETON, A. B., MAPSTONE, M. & FEDEROFF, H. J. 2015. Plasma 24-
metabolite panel predicts preclinical transition to clinical stages of Alzheimer's 
disease. Front Neurol, 6, 237. 

GINSBERG, L., RAFIQUE, S., XUEREB, J. H., RAPOPORT, S. I. & GERSHFELD, N. L. 
1995. Disease and anatomic specificity of ethanolamine plasmalogen deficiency in 
Alzheimer's disease brain. Brain Research, 698, 223-226. 

GLASER, P. E. & GROSS, R. W. 1994. Plasmenylethanolamine facilitates rapid membrane 
fusion: A stopped-flow kinetic investigation correlating the propensity of a major 
plasma membrane constituent to adopt an HII phase with its ability to promote 
membrane. Biochemistry, 33, 5805-5812. 

GONZALEZ-DOMINGUEZ, R., GARCIA-BARRERA, T. & GOMEZ-ARIZA, J. L. 2014. 
Using direct infusion mass spectrometry for serum metabolomics in Alzheimer's 
disease. Anal Bioanal Chem, 406, 7137-7148. 

GOODENOWE, D. B., COOK, L. L., LIU, J., LU, Y., JAYASINGHE, D. A., AHIAHONU, 
P. W. K., HEATH, D., YAMAZAKI, Y., FLAX, J., KRENITSKY, K. F., SPARKS, 
D. L., LERNER, A., FRIEDLAND, R. P., KUDO, T., KAMINO, K., MORIHARA, 
T., TAKEDA, M. & WOOD, P. L. 2007. Peripheral ethanolamine plasmalogen 
deficiency: a logical causative factor in Alzheimer's disease and dementia. Journal of 
Lipid Research, 48, 2485-2498. 

GRIMM, M. O., KUCHENBECKER, J., ROTHHAAR, T. L., GROSGEN, S., 
HUNDSDORFER, B., BURG, V. K., FRIESS, P., MULLER, U., GRIMM, H. S., 
RIEMENSCHNEIDER, M. & HARTMANN, T. 2011. Plasmalogen synthesis is 
regulated via alkyl-dihydroxyacetonephosphate-synthase by amyloid precursor 
protein processing and is affected in Alzheimer's disease. J Neurochem, 116, 916-925. 

HAN, X., FAGAN, A. M., CHENG, H., MORRIS, J. C., XIONG, C. & HOLTZMAN, D. M. 
2003. Cerebrospinal fluid sulfatide is decreased in subjects with incipient dementia. 
Ann Neurol, 54, 115-119. 

HAN, X., HOLTZMAN, D. M. & MCKEEL, D. M. 2001. Plasmalogen deficiency in early 
Alzheimer's disease subjects and in animal models: molecular characterization using 
electrospray ionization mass spectrometry. J. Neurochem, 77, 1168-1180. 

HAN, X., HOLTZMAN, D. M., MCKEEL, D. M., KELLEY, J. & MORRIS, J. C. 2002. 
Substantial sulfatide deficiency and ceramide elevation in very early Alzheimer’s 
disease: potential role in disease pathogenesis. J. Neurochem, 82, 809-818. 

HAN, X., ROZEN, S., BOYLE, S. H., HELLEGERS, C., CHENG, H., BURKE, J. R., 
WELSH-BOHMER, K. A., DORAISWAMY, P. M. & KADDURAH-DAOUK, R. 
2011. Metabolomics in early Alzheimer's disease: identification of altered plasma 
sphingolipidome using shotgun lipidomics. PLoS One, 6, e21643. 

HARASZTI, R. A., DIDIOT, M. C., SAPP, E., LESZYK, J., SHAFFER, S. A., 
ROCKWELL, H. E., GAO, F., NARAIN, N. R., DIFIGLIA, M., KIEBISH, M. A., 
ARONIN, N. & KHVOROVA, A. 2016. High-resolution proteomic and lipidomic 
analysis of exosomes and microvesicles from different cell sources. J. Extracell. 
Vesicles, 5, 32570. 

HAUGHEY, N. J., BANDARU, V. V. R., BAE, M. & MATTSON, M. P. 2010. Roles for 
dysfunctional sphingolipid metabolism in Alzheimer's disease neuropathogenesis. 
Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids, 1801, 
878-886. 

HE, X., HUANG, Y., LI, B., GONG, C.-X. & SCHUCHMAN, E. H. 2010. Deregulation of 
sphingolipid metabolism in Alzheimer's disease. Neurobiology of Aging, 31, 398-408. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 21, 2020. ; https://doi.org/10.1101/2020.08.20.260356doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.20.260356


20 | P a g e  

 

HESSVIK, N. P. & LLORENTE, A. 2017. Current knowledge on exosome biogenesis and 
release. Cell Mol Life Sci, 75, 193-208. 

HOSSAIN, M. S., IFUKU, M., TAKE, S., KAWAMURA, J., MIAKE, K. & KATAFUCHI, 
T. 2013. Plasmalogens rescue neuronal cell death through an activation of AKT and 
ERK survival signaling. PLoS ONE, 8. 

IGARASHI, M., MA, K., GAO, F., KIM, H. W., RAPOPORT, S. I. & RAO, J. S. 2011. 
Disturbed choline plasmalogen and phospholipid fatty acid concentrations in 
Alzheimer's disease prefrontal cortex. J Alzheimers Dis, 24, 507-17. 

JOHNSTONE, R. M. A., MOHAMMED., HAMMOND, J. R., ORR, L. & TURBIDE, C. 
1987. Vesicle formation  during reticulocyte  maturation. The Journal of Biological 
Chemistry, 262, 9412-9420. 

KANNINEN, K. M., BISTER, N., KOISTINAHO, J. & MALM, T. 2016. Exosomes as new 
diagnostic tools in CNS diseases. Biochimica et Biophysica Acta (BBA) - Molecular 
Basis of Disease, 1862, 403-410. 

KASTELOWITZ, N. & YIN, H. 2014. Exosomes and microvesicles: identification and 
targeting by particle size and lipid chemical probes. Chembiochem, 15, 923-928. 

KOAL, T., KLAVINS, K., SEPPI, D., KEMMLER, G. & HUMPEL, C. 2015. 
Sphingomyelin SM(d18:1/18:0) is significantly enhanced in cerebrospinal fluid 
samples dichotomized by pathological amyloid-beta42, tau, and phospho-tau-181 
levels. J Alzheimers Dis, 44, 1193-1201. 

KOSICEK, M. & HECIMOVIC, S. 2013. Phospholipids and Alzheimer’s disease: alterations, 
mechanisms and potential biomarkers. International Journal of Molecular Sciences, 
14, 1310-1322. 

KOSICEK, M., ZETTERBERG, H., ANDREASEN, N., PETER-KATALINIC, J. & 
HECIMOVIC, S. 2012. Elevated cerebrospinal fluid sphingomyelin levels in 
prodromal Alzheimer's disease. Neurosci Lett, 516, 302-5. 

LAULAGNIER, K., MOTTA, C., HAMDI, S., ROY, S., FAUVELLE, F., PAGEAUX, J., 
KOBAYASHI, T., SALLES, J., PERRET, B., BONNEROT, C. & RECORD, M. 
2004. Mast cell- and dendritic cell-derived exosomes display a specific lipid 
composition and an unusual membrane organization. The Biochemical Journal, 380, 
161-171. 

LI, W., LI, C., ZHOU, T., LIU, X., LIU, X., LI, X. & CHEN, D. 2017. Role of exosomal 
proteins in cancer diagnosis. Mol Cancer, 16, 145. 

LLORENTE, A., SKOTLAND, T., SYLVÄNNE, T., KAUHANEN, D., RÓG, T., 
ORŁOWSKI, A., VATTULAINEN, I., EKROOS, K. & SANDVIG, K. 2013. 
Molecular lipidomics of exosomes released by PC-3 prostate cancer cells. Biochimica 
et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids, 1831, 1302-1309. 

LUKIW, W. J., CUI, J. G., MARCHESELLI, V. L., BODKER, M., BOTKJAER, A., 
GOTLINGER, K., SERHAN, C. N. & BAZAN, N. G. 2005. A role for 
docosahexaenoic acid-derived neuroprotectin D1 in neural cell survival and 
Alzheimer disease. J Clin Invest, 115, 2774-2783. 

LYDIC, T. A., TOWNSEND, S., ADDA, C. G., COLLINS, C., MATHIVANAN, S. & 
REID, G. E. 2015. Rapid and comprehensive ‘shotgun’ lipidome profiling of 
colorectal cancer cell derived exosomes. Methods, 87, 83-95. 

MAPSTONE, M., CHEEMA, A. K., FIANDACA, M. S., ZHONG, X., MHYRE, T. R., 
MACARTHUR, L. H., HALL, W. J., FISHER, S. G., PETERSON, D. R., HALEY, J. 
M., NAZAR, M. D., RICH, S. A., BERLAU, D. J., PELTZ, C. B., TAN, M. T., 
KAWAS, C. H. & FEDEROFF, H. J. 2014. Plasma phospholipids identify antecedent 
memory impairment in older adults. Nat Med, 20, 415-418. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 21, 2020. ; https://doi.org/10.1101/2020.08.20.260356doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.20.260356


21 | P a g e  

 

MATSUMURA, S., MINAMISAWA, T., SUGA, K., KISHITA, H., AKAGI, T., ICHIKI, T., 
ICHIKAWA, Y. & SHIBA, K. 2019. Subtypes of tumour cell-derived small 
extracellular vesicles having differently externalized phosphatidylserine. J. Extracell. 
Vesicles, 8, 1579541. 

MELO, S. A., LUECKE, L. B., KAHLERT, C., FERNANDEZ, A. F., GAMMON, S. T., 
KAYE, J., LEBLEU, V. S., MITTENDORF, E. A., WEITZ, J., RAHBARI, N., 
REISSFELDER, C., PILARSKY, C., FRAGA, M. F., PIWNICA-WORMS, D. & 
KALLURI, R. 2015. Glypican-1 identifies cancer exosomes and detects early 
pancreatic cancer. Nature, 523, 177-182. 

MIELKE, M. M., BANDARU, V. V. R., HAUGHEY, N. J., RABINS, P. V., LYKETSOS, 
C. G. & CARLSON, M. C. 2010a. Serum sphingomyelins and ceramides are early 
predictors of memory impairment. Neurobiology of Aging, 31, 17-24. 

MIELKE, M. M., HAUGHEY, N. J., BANDARU, V. V., SCHECH, S., CARRICK, R., 
CARLSON, M. C., MORI, S., MILLER, M. I., CERITOGLU, C., BROWN, T., 
ALBERT, M. & LYKETSOS, C. G. 2010b. Plasma ceramides are altered in mild 
cognitive impairment and predict cognitive decline and hippocampal volume loss. 
Alzheimers Dement, 6, 378-385. 

MIELKE, M. M., HAUGHEY, N. J., BANDARU, V. V. R., WEINBERG, D. D., DARBY, 
E., ZAIDI, N., PAVLIK, V., DOODY, R. S. & LYKETSOS, C. G. 2011. Plasma 
sphingomyelins are associated with cognitive progression in Alzheimer's disease. 
Journal of Alzheimer's Disease, 27, 259-269. 

MIELKE, M. M., HAUGHEY, N. J., BANDARU, V. V. R., ZETTERBERG, H., 
BLENNOW, K., ANDREASSON, U., JOHNSON, S. C., GLEASON, C. E., 
BLAZEL, H. M., PUGLIELLI, L., SAGER, M. A., ASTHANA, S. & CARLSSON, 
C. M. 2014. Cerebrospinal fluid sphingolipids, beta-amyloid, and tau in adults at risk 
for Alzheimer's disease. Neurobiol Aging, 35, 2486-2494. 

MIELKE, M. M. & LYKETSOS, C. G. 2010. Alterations of the sphingolipid pathway in 
Alzheimer's disease: new biomarkers and treatment targets? Neuromolecular Med, 12, 
331-340. 

MORRIS, M. C., EVANS, D. A., BIENIAS, J. L., TANGNEY, C. C., BENNETT, D. A., 
WILSON, R. S., AGGARWAL, N. & SCHNEIDER, J. 2003. Consumption of fish 
and n-3 fatty acids and risk of incident Alzheimer Disease. Arch Neurol, 60, 940-946. 

PETTEGREW, J. W., PANCHALINGAM, K., HAMILTON, R. L. & MCCLURE, R. J. 
2001. Brain membrane phospholipid alterations in Alzheimer’s disease. 
Neurochemical Research, 26, 771-782. 

PHUYAL, S., SKOTLAND, T., HESSVIK, N. P., SIMOLIN, H., OVERBYE, A., BRECH, 
A., PARTON, R. G., EKROOS, K., SANDVIG, K. & LLORENTE, A. 2015. The 
ether lipid precursor hexadecylglycerol stimulates the release and changes the 
composition of exosomes derived from PC-3 cells. J Biol Chem, 290, 4225-37. 

RAI, A., GREENING, D. W., CHEN, M., XU, R., JI, H. & SIMPSON, R. J. 2019. Exosomes 
derived from human primary and metastatic colorectal cancer cells contribute to 
functional heterogeneity of activated fibroblasts by reprogramming their proteome. 
Proteomics, 19. 

RAJENDRAN, L., HONSHO, M., ZAHN, T. R., KELLER, P., GEIGER, K. D., VERKADE, 
P. & SIMONS, K. 2006. Alzheimer's disease beta-amyloid peptides are released in 
association with exosomes. Proceedings of the National Academy of Sciences, 103, 
11172-11177. 

RAPOSO, G., NIJMAN, H. W., STOORVOGEL, W., LEIJENDEKKER, R., HARDING, C. 
V. M., CORNELIS J.M.  & GEUZE, H. J. 1996. B lymphocytes secrete antigen-
presenting vesicles. J. Exp. Med, 183, 1161-1172. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 21, 2020. ; https://doi.org/10.1101/2020.08.20.260356doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.20.260356


22 | P a g e  

 

RECORD, M., CARAYON, K., POIROT, M. & SILVENTE-POIROT, S. 2014. Exosomes 
as new vesicular lipid transporters involved in cell-cell communication and various 
pathophysiologies. Biochim Biophys Acta, 1841, 108-120. 

RECORD, M., SILVENTE-POIROT, S., POIROT, M. & WAKELAM, M. J. O. 2018. 
Extracellular vesicles: lipids as key components of their biogenesis and functions. 
Journal of Lipid Research, 59, 1316-1324. 

RUSTAM, Y. H. & REID, G. E. 2018. Analytical Challenges and Recent Advances in Mass 
Spectrometry Based Lipidomics. Anal Chem, 90, 374-397. 

RYAN, E. & REID, G. E. 2016. Chemical Derivatization and Ultrahigh Resolution and 
Accurate Mass Spectrometry Strategies for "Shotgun" Lipidome Analysis. Acc Chem 
Res, 49, 1596-1604. 

SAEEDI, S., ISRAEL, S., NAGY, C. & TURECKI, G. 2019. The emerging role of exosomes 
in mental disorders. Translational Psychiatry, 9, 122. 

SATOI, H., TOMIMOTO, H., OHTANI, R., KITANO, T., KONDO, T., WATANABE, M., 
OKA, N., AKIGUCHI, I., FURUYA, S., HIRABAYASHI, Y. & OKAZAKI, T. 
2005. Astroglial expression of ceramide in Alzheimer's disease brains: a role during 
neuronal apoptosis. Neuroscience, 130, 657-666. 

SERHAN, C. N. & LEVY, B. D. 2018. Resolvins in inflammation: emergence of the pro-
resolving superfamily of mediators. J Clin Invest, 128, 2657-2669. 

SERNA, J., GARCIA-SEISDEDOS, D., ALCAZAR, A., LASUNCION, M. A., BUSTO, R. 
& PASTOR, O. 2015. Quantitative lipidomic analysis of plasma and plasma 
lipoproteins using MALDI-TOF mass spectrometry. Chem Phys Lipids, 189, 7-18. 

SHARMA, R., HUANG, X., BREKKEN, R. A. & SCHROIT, A. J. 2017. Detection of 
phosphatidylserine-positive exosomes for the diagnosis of early-stage malignancies. 
Br J Cancer, 117, 545-552. 

SHARPLES, R. A., VELLA, L. J., NISBET, R. M., NAYLOR, R., PEREZ, K., BARNHAM, 
K. J., MASTERS, C. L. & HILL, A. F. 2008. Inhibition of gamma-secretase causes 
increased secretion of amyloid precursor protein C-terminal fragments in association 
with exosomes. FASEB J, 22, 1469-78. 

SIMBARI, F., MCCASKILL, J., COAKLEY, G., MILLAR, M., MAIZELS, R. M., 
FABRIÁS, G., CASAS, J. & BUCK, A. H. 2016. Plasmalogen enrichment in 
exosomes secreted by a nematode parasite versus those derived from its mouse host: 
implications for exosome stability and biology. J. Extracell. Vesicles, 5, 30741. 

SIMONS, M. & RAPOSO, G. 2009. Exosomes - vesicular carriers for intercellular 
communication. Curr Opin Cell Biol, 21, 575-581. 

SKOTLAND, T., EKROOS, K., KAUHANEN, D., SIMOLIN, H., SEIERSTAD, T., 
BERGE, V., SANDVIG, K. & LLORENTE, A. 2017a. Molecular lipid species in 
urinary exosomes as potential prostate cancer biomarkers. Eur J Cancer, 70, 122-132. 

SKOTLAND, T., HESSVIK, N. P., SANDVIG, K. & LLORENTE, A. 2019. Exosomal lipid 
composition and the role of ether lipids and phosphoinositides in exosome biology. J 
Lipid Res, 60, 9-18. 

SKOTLAND, T., SAGINI, K., SANDVIG, K. & LLORENTE, A. 2020. An emerging focus 
on lipids in extracellular vesicles. Advanced Drug Delivery Reviews. 

SKOTLAND, T., SANDVIG, K. & LLORENTE, A. 2017b. Lipids in exosomes: Current 
knowledge and the way forward. Progress in Lipid Research, 66, 30-41. 

SKOUMALOVÁ, A., IVICA, J., ŠANTOROVÁ, P., TOPINKOVÁ, E. & WILHELM, J. 
2011. The lipid peroxidation products as possible markers of Alzheimer's disease in 
blood. Experimental Gerontology, 46, 38-42. 

SU, X. Q., WANG, J. M. & SINCLAIR, A. J. 2019. Plasmalogens and Alzheimer’s disease: a 
review. Lipids in Health and Disease, 18. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 21, 2020. ; https://doi.org/10.1101/2020.08.20.260356doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.20.260356


23 | P a g e  

 

SUN, Y., SAITO, K. & SAITO, Y. 2019. Lipid profile characterization and lipoprotein 
comparison of extracellular vesicles from human plasma and serum. Metabolites, 9, 
259. 

THÉRY, C., WITWER, K. W., AIKAWA, E., ALCARAZ, M. J., ANDERSON, J. D., 
ANDRIANTSITOHAINA, R., ANTONIOU, A., ARAB, T., ARCHER, F., ATKIN-
SMITH, G. K., AYRE, D. C., BACH, J. M., BACHURSKI, D., BAHARVAND, H., 
BALAJ, L., BALDACCHINO, S., BAUER, N. N., BAXTER, A. A., BEBAWY, M., 
BECKHAM, C., BEDINA ZAVEC, A., BENMOUSSA, A., BERARDI, A. C., 
BERGESE, P., BIELSKA, E., BLENKIRON, C., BOBIS-WOZOWICZ, S., 
BOILARD, E., BOIREAU, W., BONGIOVANNI, A., BORRAS, F. E., BOSCH, S., 
BOULANGER, C. M., BREAKEFIELD, X., BREGLIO, A. M., BRENNAN, M. A., 
BRIGSTOCK, D. R., BRISSON, A., BROEKMAN, M. L., BROMBERG, J. F., 
BRYL-GORECKA, P., BUCH, S., BUCK, A. H., BURGER, D., BUSATTO, S., 
BUSCHMANN, D., BUSSOLATI, B., BUZAS, E. I., BYRD, J. B., CAMUSSI, G., 
CARTER, D. R., CARUSO, S., CHAMLEY, L. W., CHANG, Y. T., CHEN, C., 
CHEN, S., CHENG, L., CHIN, A. R., CLAYTON, A., CLERICI, S. P., COCKS, A., 
COCUCCI, E., COFFEY, R. J., CORDEIRO-DA-SILVA, A., COUCH, Y., 
COUMANS, F. A., COYLE, B., CRESCITELLI, R., CRIADO, M. F., D'SOUZA-
SCHOREY, C., DAS, S., DATTA CHAUDHURI, A., DE CANDIA, P., DE 
SANTANA, E. F., DE WEVER, O., DEL PORTILLO, H. A., DEMARET, T., 
DEVILLE, S., DEVITT, A., DHONDT, B., DI VIZIO, D., DIETERICH, L. C., 
DOLO, V., DOMINGUEZ RUBIO, A. P., DOMINICI, M., DOURADO, M. R., 
DRIEDONKS, T. A., DUARTE, F. V., DUNCAN, H. M., EICHENBERGER, R. M., 
EKSTROM, K., EL ANDALOUSSI, S., ELIE-CAILLE, C., ERDBRUGGER, U., 
FALCON-PEREZ, J. M., FATIMA, F., FISH, J. E., FLORES-BELLVER, M., 
FORSONITS, A., FRELET-BARRAND, A., et al. 2018. Minimal information for 
studies of extracellular vesicles 2018 (MISEV2018): a position statement of the 
International Society for Extracellular Vesicles and update of the MISEV2014 
guidelines. J Extracell Vesicles, 7, 1535750. 

THOMPSON, A. G., GRAY, E., HEMAN-ACKAH, S. M., MAGER, I., TALBOT, K., 
ANDALOUSSI, S. E., WOOD, M. J. & TURNER, M. R. 2016. Extracellular vesicles 
in neurodegenerative disease - pathogenesis to biomarkers. Nat Rev Neurol, 12, 346-
357. 

TRAJKOVIC, K., HSU, C., CHIANTIA, S., RAJENDRAN, L., WENZEL, D., WIELAND, 

F., SCHWILLE, P., BRU�GGER, B. & SIMONS, M. 2008. Ceramide triggers 
budding of exosome vesicles into multivesicular endosomes. Science, 319, 1244-
1247. 

TULLY, A. M., ROCHE, H. M., DOYLE, R., FALLON, C., BRUCE, I., LAWLOR, B., 
COAKLEY, D. & GIBNEY, M. J. 2003. Low serum cholesteryl ester-
docosahexaenoic acid levels in Alzheimer's disease: a case-control study. Br J Nutr, 
89, 483-9. 

VELLA, L. J., HILL, A. F. & CHENG, L. 2016. Focus on extracellular vesicles: exosomes 
and their role in protein trafficking and biomarker potential in Alzheimer’s and 
Parkinson’s disease. International Journal of Molecular Sciences, 17. 

VELLA, L. J., SCICLUNA, B. J., CHENG, L., BAWDEN, E. G., MASTERS, C. L., ANG, 
C. S., WILLAMSON, N., MCLEAN, C., BARNHAM, K. J. & HILL, A. F. 2017. A 
rigorous method to enrich for exosomes from brain tissue. J Extracell Vesicles, 6, 
1348885. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 21, 2020. ; https://doi.org/10.1101/2020.08.20.260356doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.20.260356


24 | P a g e  

 

VINGTDEUX, V., SERGEANT, N. & BUÉE, L. 2012. Potential contribution of exosomes to 
the prion-Like propagation of lesions in Alzheimer’s disease. Frontiers in Physiology, 
3. 

WALLNER, S. & SCHMITZ, G. 2011. Plasmalogens the neglected regulatory and 
scavenging lipid species. Chemistry and Physics of Lipids, 164, 573-589. 

WANG, H. & ECKEL, R. H. 2014. What are lipoproteins doing in the brain? Trends in 
Endocrinology & Metabolism, 25, 8-14. 

WANG, M., WANG, C. & HAN, X. 2017. Selection of internal standards for accurate 
quantification of complex lipid species in biological extracts by electrospray 
ionization mass spectrometry-What, how and why? Mass Spectrometry Reviews, 36, 
693-714. 

WEI, X., LIU, C., WANG, H., WANG, L., XIAO, F., GUO, Z. & ZHANG, H. 2016. Surface 
phosphatidylserine Is responsible for the internalization on microvesicles derived 
from hypoxia-induced human bone marrow mesenchymal stem cells into human 
endothelial cells. PLoS One, 11, e0147360. 

WHILEY, L., SEN, A., HEATON, J., PROITSI, P., GARCÍA-GÓMEZ, D., LEUNG, R., 
SMITH, N., THAMBISETTY, M., KLOSZEWSKA, I., MECOCCI, P., SOININEN, 
H., TSOLAKI, M., VELLAS, B., LOVESTONE, S. & LEGIDO-QUIGLEY, C. 2014. 
Evidence of altered phosphatidylcholine metabolism in Alzheimer's disease. 
Neurobiology of Aging, 35, 271-278. 

WHITTINGTON, R. A., PLANEL, E. & TERRANDO, N. 2017. Impaired resolution of 
inflammation in Alzheimer's disease: A review. Front Immunol, 8, 1464. 

WONG, M. W., BRAIDY, N., POLJAK, A., PICKFORD, R., THAMBISETTY, M. & 
SACHDEV, P. S. 2017. Dysregulation of lipids in Alzheimer's disease and their role 
as potential biomarkers. Alzheimers Dement, 13, 810-827. 

WOOD, P. L. 2012. Lipidomics of Alzheimer’s disease: current status. Alzheimer’s Research 
& Therapy, 4. 

WOOD, P. L., MANKIDY, R., RITCHIE, S., HEATH, D., WOOD, J. A., FLAX, J. & 
GOODENOWE, D. B. 2010. Circulating plasmalogen levels and Alzheimer Disease 
Assessment Scale–Cognitive scores in Alzheimer patients. Journal of Psychiatry and 
Neuroscience, 35, 59-62. 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 21, 2020. ; https://doi.org/10.1101/2020.08.20.260356doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.20.260356


lv  

Figure 1. Characterization of BDEVs from AD or NC frontal cortex. (A) Western blot analysis. Equivalent amount of protein from 

human frontal cortex brain homogenates (Brain Total), brain homogenates after collagenase treatment (Brain+C) and BDEV 

suspensions (F1, F2, and F3) were subjected to SDS-PAGE. Total proteins were visualized using stain-free technology to ensure 

similar loading. Frontal cortex brain tissue homogenates, ‘Brain Total’ and ‘Brain+C’, were enriched in calnexin, while calnexin was 
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not detectable in an equivalent amount of BDEV protein. Proteins typical of endosome derived exosomes, TSG101 and syntenin, 

were observed in F2, illustrating that F2 is enriched in exosome-like vesicles. The densities in F1, F2 and F3 were approximately 1.02 

g/ml, 1.08 g/ml and 1.17 g/ml respectively. Immunoblots images are representative of 8 independent NC and 8 AD human tissue 

samples. (B) Transmission electron microscopy (TEM) of NC BDEV. All BDEVs from F2 were fixed with 1% (w/v) glutaraldehyde, 

negatively stained with 2% (w/v) uranyl acetate and visualized by a FEI Tecnai F30 transmission electron microscope. The zoomed-

out image (left) provides an overview of the BDEV suspensions with scale bar representing 500 nm. The close-up image (right) shows 

clearer small, cup-shaped BDEVs which is consistent with the morphology of exosomes with scale bar representing 200 nm. The TEM 

images of BDEVs in F2 are representative of the BDEVs from all samples (AD and NC). AD, Alzheimer’s disease, NC, neurological 

control, BDEV, brain derived extracellular vesicles. 
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Figure 2. Comparison of mol% total lipid abundance differences between tissue and BDEVs from neurological control (NC) versus 

Alzheimer’s disease (AD). (A) Mol% total lipid abundance distributions at the lipid category level. Four lipid categories, covering 

glycerophospholipids (GPs), sphingolipids (SPs), glycerolipids (GLs) and sterol lipids (STs) were included in this study. The inset shows 

the low abundant GL and ST categories for clarity. BDEVs contained significantly higher levels of GPs and corresponding lower levels 

of SPs in comparison to tissue. No significant difference was found between AD vs. NC tissue while GPs were significantly decreased 
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in AD vs. NC BDEV, with a corresponding significant increase in SPs. (B) Mol% total lipid abundance distributions at the lipid class 

level. A total of 17 lipid classes were identified in this study. The inset shows the low abundant PA, PI, PG, CL, Cer, Hex1Cer, Hex2Cer, 

sulfatide, MG, DG, TG and CE classes for clarity. BDEVs were found to be significantly enriched in PS lipids, making up approx. 30% of 

the total lipid abundance, compared to tissue (approx. 17%). Ganglioside lipids were significantly downregulated in BDEV compared 

to tissue. Data represent the average mol% total lipid abundances ± standard deviation. Statistical significance was determined using 

multiple t test following correction with Holm-Sidak method, * represents comparisons between AD vs. NC in either tissue or BDEV, 

# represents comparisons between tissue vs. BDEV in either AD or NC subjects. *p value < 0.01, ** p value < 0.001, *** p value < 

0.0001, 
#
 p value < 0.01, 

##
 p value < 0.001, and 

###
 p value < 0.0001. NC, neurological control, AD, Alzheimer’s disease, BDEV, brain 

derived extracellular vesicles. N = 8 AD subjects and N = 8 NC subjects. 
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Figure 3. Comparison of PC, PE and PS lipid subclasses abundance (mol% class) and individual lipid molecules (mol% class) 

between tissue and BDEVs from neurological control (NC) versus Alzheimer’s disease (AD). (A) Mol% total PC lipid subclass 

abundance distributions. The inset shows the low abundant PC-O, PC-P, acyl-LPC and LPC-O for clarity. Significant increase in diacyl-

PC was observed in BDEV vs. tissue, accompanied with a decrease in PC-O. No change was observed among PC subclasses between 

AD vs. NC BDEV. (B) Mol% total PC lipid abundance distributions of individual PC molecules. PC(32:0), PC(34:0) and PC(36:1) were 

observed to be decreased while PC(34:1) and PC(36:4) were observed to be increased in BDEV. Significant increases in PC (32:1) and 

PC (34:1) and corresponding decrease in PC(34:0), PC(36:1), PC(38:6) and PC(38:4) were observed in AD vs. NC BDEV. (C) Mol% total 

PE lipid subclass abundance distributions. The inset shows the low abundant LPE-O and LPE-P for clarity. Acyl-LPE is decreased in 

BDEVs relative to tissue. Significant increase in diacyl-PE was observed in BDEV vs. tissue in NC subjects, diacyl-PE was also increased 

in BDEV vs. tissue in AD, albeit not significant The PE subclass profile revealed differences which distinguish AD BDEVs from NC 

BDEVs, with diacyl-PE decreased and PE-P increased in AD BDEV. (D) Mol% total PE lipid abundance distributions of individual PE 

molecules. An overall decrease in LPE (LPE(18:1), LPE(20:1), LPE(22:4)) was observed in BDEV relative to tissueLPE(18:1) was 

increased in AD BDEV realative to NC BDEV. A group of polyunsaturated fatty acid (PUFA) containing PE molecules, including 

LPE(22:6), LPE(22:4), PE(38:4) and PE(40:6), were found to be significantly decreased in AD BDEV. A group of the most abundant PE-P 

lipids, including PE(P-36:2) and PE(P-38:4), was also significantly increased in AD BDEV. (E) Mol% total PS lipid subclass abundance 

distributions. A significant decrease was observed in diacyl-PS and LPS-O in BDEV relative to tissue, accompanied with an 

enrichment of PS-O and PS-P. (F) Mol% total PS lipid abundance distributions of individual PS molecules. An overall increase in 

ether PS species, including PS(O-37:6), PS(O-37:5), PS(O-37:4), PS(O-39:4), PS(P-36:4), PS(P-38:6), PS(P-38:5) and PS(P-38:4), was 

observed in BDEV relative to tissue. LPS(O-18:2) and PS(36:1) were significantly upregulated in AD vs. NC BDEV while PS(40:6) was 

significantly decreased. PS did not show distinct difference in ether species between AD and NC. Only the most abundant lipid 

molecules in each lipid class are shown for clarity. Data represent the average mol% total lipid class abundance ± standard deviation. 

Statistical significance was determined using multiple t test following correction with Holm-Sidak method, * represents comparisons 

between AD vs. NC in either tissue or BDEV, # represents comparisons between tissue vs. BDEV in either AD or NC subjects. *p value 

< 0.01, ** p value < 0.001, *** p value < 0.0001, 
#
 p value < 0.01, 

##
 p value < 0.001, and 

###
 p value < 0.0001. NC, neurological 

control, AD, Alzheimer’s disease, BDEV, brain derived extracellular vesicles. N = 8 AD subjects and N = 8 NC subjects. 
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Figure 4. Comparison of SM and Cer individual lipid molecules (mol% class) of BDEV from neurological control (NC) versus 

Alzheimer’s disease (AD) (n=8 each). (A) Mol% total SM lipid class abundance distributions. Significant decreases in SM(d36:1) and 

SM(d38:1), accompanied with an increase in SM(d42:2), predominantly the SM(d18:1_24:1) species, were observed in AD vs. NC 

BDEV. (B) Mol% total Cer lipid class abundance distributions. Cer(d36:1) was found significantly lower in AD vs. NC BDEV.  
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Only the most abundant lipid molecules in each lipid class are shown for clarity. Data represent the average mol% total lipid class 

abundance ± standard deviation. Statistical significance was determined using multiple t test following correction with Holm-Sidak 

method, *p value < 0.01, ** p value < 0.001 and *** p value < 0.0001. NC, neurological control, AD, Alzheimer’s disease, BDEV, brain 

derived extracellular vesicles. 
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