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Alzheimer’s disease (AD) is an irreversible neurodegenerative disorder with the clinical symptom of
the progressive loss of cognitive function and mild cognitive impairment (MCI) is a translational state
between cognitive changes of normal aging and AD. Lipid metabolism and pathogenesis of Alzheimer’s
disease (AD) are closely linked. Despite obviously discrete lipidome constitutions across lipoproteins,
lipidomic approaches of AD has been mostly conducted without considering lipoprotein-dependent
alterations. This study introduces a combination of asymmetrical flow field-flow fractionation (AF4)

IL(ieyi‘évgrr:isc:s and nanoflow ultrahigh performance liquid chromatography-tandem mass spectrometry (nUHPLC-ESI-
Ligoproteins MS/MS) for a comprehensive lipid profiling in different lipoprotein level of patients plasma with AD

and amnestic MCI in comparison to age-matched healthy controls. Lipoproteins in plasma samples
were size-sorted by a semi-preparative scale AF4, followed by non-targeted lipid identification and
high speed targeted quantitation with nUHPLC-ESI-MS/MS. It shows 14 significantly altered high abun-
dance lipids in AD, exhibiting >2-fold increases (p <0.01) in LDL/VLDL including triacylglycerol, ceramide,
phosphatidylethanolamine, and diacylglycerol. Three lipid species (triacylglycerol 50:1, diacylglycerol
18:1.18:1, and phosphatidylethanolamine 36:2) showing a strong correlation with the degree of brain
atrophy were found as candidate species which can be utilized to differentiate the early stage of MCI
when simple Mini-Mental State Examination results were statistically incorporated. The present study
elucidated lipoprotein-dependent alterations of lipids in progression of MCI and further to AD which
can be utilized for the future development of lipid biomarkers to enhance the predictability of disease
progress.
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1. Introduction

Alzheimer’s disease (AD) is an irreversible neurodegenerative
disorder that is the most common cause of dementia in adults older
than 65 years of age; notably, it presents a challenging task for

* Corresponding authorat : Department of Chemistry, Yonsei University, Seoul
03722, Republic of Korea.
**  Co-corresponding author at: Department of Psychiatry and Neuroscience
Research Institute, Seoul National University College of Medicine, Seoul 03080,
Republic of Korea.
E-mail addresses: benji@snu.ac.kr (J.-Y. Lee), mhmoon@yonsei.ac.kr
(M.H. Moon).

https://doi.org/10.1016/j.chroma.2018.07.018
0021-9673/© 2018 Elsevier B.V. All rights reserved.

health care in the developed countries, since it will dramatically
increase in the future [1-3]. The clinical symptoms of AD comprise
a progressive loss of cognitive function, typically memory; AD is
pathologically distinguished by an extensive loss of synapses and
neurons, as well as by the presence of neuritic plaques enriched
with amyloid [ (AB) peptides in brain [4] and of neurofibrillary
tangles composed of hyperphosphorylated tau proteins [5]. Mild
cognitive impairment (MCI) refers to a transitional state between
the cognitive changes of normal aging and AD. Because 80% of MCI
has been reported to progress to AD over a period of 6 years [6], and
changes in the brain caused by AD pathogenesis may occur earlier
than the onset of MCI symptoms [ 7], the identification of the earliest
signs of disease progression is important in establishing preven-
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tive treatments for potential AD patients [8,9]. Therefore, reliable
and convenient blood biomarkers, which clinicians could use to
predict the potential of AD development, are crucial to enable the
commencement of preventive intervention at the earliest stages.

Although several AD biomarkers, such as Af peptides and
tau protein have been developed using cerebrospinal fluid (CSF)
[10-13], lumbar puncture to obtain CSF is rather invasive. Few
plasma proteins, based on proteomic approaches have been
reported to predict the progression of MCI to AD [9,14,15]; how-
ever, most of them require further clinical validation. Alterations in
lipid levels are known to modulate the generation of A [3,16,17].
Studies show decreased levels of phosphatidylethanolamine
plasmalogen and sulfatide, but increases in ceramide and diacyl-
glycerol, in the AD-brain or CSF [3,18-20], as well as few putative
lipid signatures from AD-plasma [21]. Also reported are higher lev-
els of low-density lipoprotein (LDL) cholesterol, which is closely
linked with AD [22]. While the roles and consequences of lipids
in AD have been described, detailed profiles of blood lipids with
AD, especially those of different lipoproteins, have not yet been
thoroughly investigated.

Lipid analysis at the molecular level is often complicated, due
to the diversity in lipid molecular structures. Rapid growth in
mass spectrometry (MS) has facilitated lipidomic analysis. Direct
analysis of lipids using electrospray ionization-tandem MS (ESI-
MS/MS) provides the high throughput analysis and the accurate
determination of lipid molecular structures [23,24], however, it
can not avoid the ion suppression effect caused by high abun-
dance lipid species and the difficulty in identifying isobaric lipids.
Lipid analysis has been empowered by hyphenating chromato-
graphic methods with ESI-MS/MS such as reversed phase liquid
chromatography (RPLC) in most cases, hydrophilic-interaction
liquid chromatography (HILIC), supercritical fluid chromatogra-
phy (SFC), two-dimensional LC, and etc. [25-31]. Lately, we
have demonstrated that nanoflow ultrahigh performance liquid
chromatography-electrospray ionization-tandem mass spectrom-
etry (nUHPLC-ESI-MS/MS) can facilitate the identification of lipid
structures at low fmol levels with a high speed quantitation: lipid
profiles in the plasma of patients with Gaucher diseases upon
enzyme replacement therapy, in the muscle tissues of diabetic rats
upon physical exercise, and in urinary exosomes from patients with
prostate cancer [32-34].

In this study, a comprehensive targeted profiling of lipids
has been performed with human plasma lipoproteins of patients
who were diagnosed with AD and MCI in comparison to age-
matched healthy controls. Lipoproteins were size-sorted into high
density lipoprotein (HDL) and LDL including very low-density
lipoprotein (VLDL) using semi-preparative scale asymmetrical flow
field-flow fractionation (AF4), an elution-based size-separation
technique [35]. Then, lipids in HDL and LDL/VLDL were analyzed
for non-targeted identification of molecular structures, followed
by targeted quantitation using nUHPLC-ESI-MS/MS based on selec-
tive reaction monitoring method and statistical evaluation of the
dependence of lipids with brain damage. This study aimed to elu-
cidate the lipoprotein-dependent lipids in the progression of MCI
and AD, which can be utilized in the future as candidate molecules
to enhance the predictability of disease by engaging with the mini-
mental state examination (MMSE) results.

2. Experimental
2.1. Materials & reagents
A total of 25 lipid standards were used to optimize

nUHPLC-ESI-MS/MS run conditions, together with 14 inter-
nal standards having odd-numbered acyl chains. These

were lysophosphatidylcholine (LPC) 12:0, phosphatidyl-
choline (PC) 13:0/13:0, PC 16:0/14:0, PC 16:0/16:0, PC

18:1/18:0, PC 20:0/20:0, lysophophatidylethanolamine
(LPE)  14:0, phophatidylethanolamine  (PE)  12:0/12:0,
phophatidylethanolamine  plasmalogen (PEp) 18:0p/18:1,

lysophosphatidic acid (LPA) 14:0, phosphatidic acid (PA) 12:0/12:0,
lysophosphatidylglycerol (LPG) 14:0, phosphatidylglycerol (PG)
15:0/15:0, PG 16:0/16:0, lysophosphatidylinositol (LPI) 18:0,
phosphatidylinositol (PI) 16:0/18:2, lysophosphatidylserine (LPS)
18:1, phosphatidylserine (LPS) 18:0/18:1, sulfatide (SulfoHexCer)
d18:1/12:0, ceramide (Cer) d18:1/14:0, monohexosylceramide
(HexCer) d18:1/16:0, dihexosylceramide (Hex2Cer) d18:1/16:0,
cardiolipin (CL) (14:0)4, diacylglycerol (DG) 16:0/18:1, and tria-
cylglycerol (TG) 16:0/16:0/14:1. Lipids used for internal standards
at selected reaction monitoring (SRM) were LPC 17:0, LPE 17:1,
PE 17:0/17:0, LPA 17:0, PA 17:0/17:0, LPG 17:1, PI 17:0/20:4,
SulfoHexCer d18:1/17:0, SM d18:1/17:0, Cer d18:1/17:0, Hex-
Cer d18:1/17:0, CL (14:1)3(15:1), DG 17:0/17:0-Ds, and TG
17:0/17:1/17:0-Ds. All lipid standards were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Standard materials
of bovine serum albumin (BSA), lipoprotein standard high-
density lipoprotein (HDL), and low-density lipoprotein (LDL) were
purchased from Sigma-Aldrich Co. (St. Louis, MO), and very low-
density lipoprotein (VLDL) was from Merck Millipore (Darmstadt,
Germany). Methyl-tert-butyl ether (MTBE), CHCl3, NH4HCO,, and
NH4OH were purchased from Sigma-Aldrich. HPLC grade H,O,
CH3CN, (CH3),CHOH, and CH30H were purchased from ].T. Baker,
Inc. (Phillipsburg, NJ, USA). Capillary tubes (inner diameter: 25 and
100 pwm, outer diameter: 360 pm) were purchased from Polymicro
Technologies, LLC (Phoenix, AZ).

2.2. Patient’s plasma sample

From a total of 172 participants recruited in a memory clinic of
University-affiliated general hospital (Seoul, Korea) with informed
consent according to the permission of the Institutional Review
Boards, 13 individuals (age =71.5 + 3.6) with normal cognition, 23
(age=72.5+3.1) with MCI, and 14 (age=72.6+3.1) with AD were
finally selected. Inclusion criteria were female (65-80 years) with
Clinical Dementia Rating (CDR) of 0-1.0. Exclusion criteria were
1) history of major psychiatric or neurologic illness (stroke, head
trauma, epilepsy), 2) significant medical condition that may affect
mental functioning, 3) no current diagnosis of diabetes, and 4)
CDR > 2.0. In addition, patients with hyperlipidemia or a high level
of BMIwere notincluded in order to reduce the influences of obesity
or hyperlipidemia on the lipid profiles. The study was conducted in
accordance with the current version of the Declaration of Helsinki.
Demographic data for selected plasma samples are listed in Table
S1 of Supplementary material.

Overnight fasting blood samples were collected in the morn-
ing (around 10a.m.) by venipuncture at antecubital vein. Plasma
was immediately prepared by centrifuge (2000 x g) for 15 min from
whole blood collected in a heparin tube after gently mixing. Plasma
was allocated into several Eppendorf tubes by 0.7 cc each and
immediately stored in —80°C. Blood sample for genotyping was
collected into an EDTA tube, allocated into Eppendorf tubes and
stored in —80°C. APOE &4 genotyping was performed from whole
blood as described previously [36]. Rest of blood sample was imme-
diately sent to clinical laboratory for routine blood tests including
complete blood cell count, BUN/creatinine, albumin, liver function
tests, fasting serum glucose, glycated hemoglobin (HbA1c), serum
lipids, homocysteine, thyroid function test etc.
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2.3. Neuropsychological & neuroimaging assessment

All participants were evaluated and diagnosed by trained board-
certified psychiatrists, based on clinical interview and results
from neuropsychological tests, neuroimaging (magnetic resonance
imaging, MRI) studies, and blood tests, together with CDR global
score and CDR-Sum-of-boxes [37], Mini-Mental State Examination
[38,39], and the Consortium to Establish a Registry for Alzheimer’s
disease (CERAD)[40] neuropsychological batteries. Diagnostic clas-
sification (control, MCI, and AD) was conducted based on the
National Institute of Neurological and Communicative Disorders
and Stroke and the Alzheimer’s Disease and Related Disorders Asso-
ciation (NINCDS-ADRDA) criteria [41] and on Peterson’s criteria for
MCI [42].

Structural brain MRI, including T1-weighted, T2-weighted,
and fluid-attenuated inversion recovery (FLAIR) sequences, were
obtained on a 3.0T scanner (Intera Achieva; Philips Medical Sys-
tems, Best, The Netherlands). The degree of atrophy of the medial
temporal lobe (MTA) was rated by the visual rating: 0 (none), 1
(equivocal), 2 (mild), 3 (severe),and 4 (severe) inright and left brain
by Scheltens criteria [43]. White matter hyperintensity was rated
separately regarding deep white matter hyperintensity (DWH)
and periventricular hyperintensity (PVH) according to a previous
method [44]: 0 (none), 1 (mild), 2 (moderate), and 3 (severe).

2.4. Size fractionation of lipoproteins by AF4

Size-separation and collection of HDL and LDL/VLDL fractions
was achieved with semi-preparative scale AF4 channel system
with the depleted plasma sample. Prior to size sorting of lipopro-
teins from plasma samples, albumin and immunoglobulin G (IgG)
were depleted by using ProteoPrep® Immunoaffinity Albumin &
IgG Depletion Kit from Sigma-Aldrich. Collection periods were
established from AF4 separation of stained plasma samples, of
which lipoproteins were preliminary stained with Sudan Black B
(SBB) for the detection of lipoproteins at A = 600 nm using a model
730D UV detector from Young-Lin Instrument (Seoul, Korea). The
semi-preparative scale AF4 channel (model Eclipse® Channel SP3,
26.6 cm long) from Wyatt Technology Europe GmbH (Dernbach,
Germany) was utilized with a regenerated cellulose membrane
(MWCO 10kDa) purchased from Millipore (Danvers, MA). The
channel spacer was made from a 250 pum thick polyvinyl chlo-
ride (PVC) sheet cut to 4.4 cm in initial breadth with a trapezoidal
decrease to a final breadth of 0.4 cm. An SP930D HPLC pump from
Young-Lin Instrument (Seoul, Korea) delivered carrier liquid to the
channel via a model 7125 loop injector from Rheodyne (Cotati,
CA, USA). The carrier liquid was 0.1 M phosphate buffered saline
(PBS) solution prepared with ultrapure water (>18 M2 cm) and was
filtered with 0.22 pwm nitrocellulose membrane filter from EMD
Millipore (Billerica, MA, USA) prior to use. 50 wL of raw plasma
sample was injected to AF4 channel and the collection of HDL and
LDL/VLDL fractions were made twice for each sample. Thus, a total
of 100 L of each plasma sample was utilized for the collection of
lipoproteins.

2.5. Lipid extraction from lipoprotein

Each lipoprotein fraction was concentrated to a final volume of
approximately 500 pL for each sample, using Amicon Centrifugal
Filters (MWCO 10 kDa) from Millipore. The modified Folch method,
using MTBE/CH30H [45], was used to extract lipids from the col-
lected lipoprotein fractions. The concentrated lipoprotein solution
was transferred to 2 mL tube. 300 p.L of CH3OH was added the solu-
tion and then it was vortexed briefly. The tube was placed in an
ice bath for 10 min. 1000 pL of MTBE was added to the tube and
the mixture was vortexed for 1 h at 25°C. 250 L of MS-grade H,0

was added to the tube, followed by vortexing for 10 min. and then
centrifugation (1000 x g) for 10 min. The upper organic layer was
pipetted out and transferred to a pre-weighed tube. 300 L of MTBE
was added to the remaining aqueous layer and the mixture was
tip-sonicated for 2 min. After centrifuge (1000 x g) for 10 min, the
upper organic layer was pipetted out and transferred to the pre-
viously collected organic layer. The tube was sealed with 0.45 pm
MilliWrap PTFE membrane from Millipore to avoid lipid evapora-
tion during lyophilization for 12 h. Lyophilized lipids were weighed,
reconstituted in CH3OH:CHCl3 (9:1, v/v), and stored at —80 °C. For
nUHPLC-ESI-MS/MS analysis, each frozen sample was diluted to
5 pg/wL with CH30H:H,0 (8:2, v/v).

2.6. Nanoflow UHPLC-ESI-MS/MS of lipids

Lipid analysis was performed in two steps. At first, global identi-
fication of lipid molecular structure was made for the lipid extract
of HDL and LDL/VLDL fractions collected from the control, MCI, and
AD groups by using nUHPLC-ESI-MS/MS: A Dionex Ultimate 3000
RSLCnano System with an autosampler coupled with LTQ Velos ion
trap mass spectrometer from Thermo Scientific™ (San Jose, CA,
USA). Homemade capillary columns were prepared with a fused
silica capillary tube (100 wm I.D. and 360 p.m O.D.) from Polymicro
Technologies, LLC (Phoenix, AZ). Prior to packing, one end of capil-
lary tube was pulled by flame to make a sharp needle for a direct
ESI emitter. For column packing, Watchers” ODS-P C18 particles
(3 wm) from Isu Industry Corp. (Seoul, Korea) was packed for the
first 0.5 cm from the pulled tip to make self-assembled frit and then
packed with 1.7 wm C18 particles (130A) which were unpacked
from XBridge® BEH C18 from Waters for 7 cm under nitrogen gas
at 1000 psi. The connection of the analytical column with a capillary
tube from UHPLC was made with a micro-cross from IDEX Health &
Science (Oak Harbor, WA, USA) by linking a Pt wire for ESI voltage
at one port and a vent tube at the remaining port leading to the
on/off switching valve to split flow. Mobile phase solutions for gra-
dient elution were (9:1, v/v) H,0:CH3CN for A and (2:2:6, v/v/v)
CH30H:CH3CN:IPA for B, which were added with a mixed ion-
ization modifier, 5mM NH4HCO, and 0.05% NH4OH. Lipid extract
sample was loaded to an analytical column directly by using mobile
phase A at 650 nL/min with the on/off valve closed for 15 min and
then the pump flow was raised to 6.5 p.L/min with the on/off valve
open so that only 300 nL/min of flow was allowed to the analytical
column. Gradient elution began by ramping mobile phase B to 40%
for 2 min, increasing it to 80% for 10 min/6 min (positive/negative
ion mode), then to 99% for 20 min/10 min, and it was maintained at
99% for 10 min/15 min. Then it was resumed to mobile phase A and
reconditioned for 7 min for both ion modes. Applied ESI voltage
was 3.0kV and 40% of normalized collision energy was for non-
targeted identification of lipids. Mass range was 350-1100 amu
for positive ion mode and 300-1100amu for negative ion mode.
Molecular structures of lipids were determined by LiPilot, a com-
puter software program developed in our laboratory [46], followed
by manually verification.

Targeted quantitation of identified lipids was made for indi-
vidual samples using a model nanoACQUITY UPLC system from
Waters™ (Milford, MA, USA), equipped with a TSQ Vantage triple-
stage quadrupole MS system from Thermo Scientific™ utilizing
the same analytical column utilized for the non-targeted analysis.
For gradient elution, the pump flow rate employed was 15 pL/min
but only 300 nL/min of flow was delivered to the column. Gradient
elution began by ramping the mobile phase B to 50% for 1 min, to
80% for 10 min, further to 100% for 15 min, and it was maintained
for 15 min. Selected reaction monitoring (SRM)-based quantifica-
tion was performed by analyzing precursor and product ions in
data-dependent collision induced dissociation (CID) experiments
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in positive and negative ion modes alternatively in a single run
using a scan width at m/z 1.5, scan time at 0.001 s, and ESI voltage
of 3kV. Lipid classes of LPG, PG, LPI, PI, LPA, PA, and CL were ana-
lyzed at negative ion mode and those of The LPC, PC, LPE, PE, PEp,
DG, TG, Cer, SM, HexCer, Hex2Cer, and SulfoHexCer were at posi-
tive ion mode. Collision energy was differently applied depending
on the type of lipid classes: 20V for LPE, PE, and PEp; 25V for LPA,
and LPC; 30V for LPG; 35V for PG, DG, and TG; 40V for PA, CL, PC,
Cer, SM, HexCer, Hex2Cer, and SulfoHexCer; and 50V for LPI, and
PI. For quantification of each lipid, 16 lipid (odd numbered carbon
chain) standards of different lipid classes were added to each lipid
extract sample as internal standards (IS). Amount of individual lipid
was calculated as the corrected peak area which was the ratio of
a specie’s peak area to that of the IS (1 pmol per each injection) of
the same lipid class. Statistical analysis of data was accomplished
with Student’s t-test, using SPSS software (version 24.0, IBM Corp.,
Armonk, NY, USA), and principal component analysis (PCA), using
Minitab 17 statistical software (http://www.minitab.com).

2.7. Method validation

The limit of detection (LOD) and the limit of quantitation (LOQ)
of the nUHPLC-ESI-MS/MS method were determined using plasma
sample spiked with a set of lipid standards by varying injection
amounts (0.025-3.0 pmol) based onthe S/N =3 and 10, respectively.
Each measurement was made in triplicate. Calibration curves were
established with the peak area vs. injection amount of individual
lipid standard and LOD was based on the standard deviation of y-
intercept.

3. Results
3.1. Size sorting of lipoproteins and lipid identification

Size separation of plasma lipoproteins by preparative scale AF4
channel is shown with the fractograms of the control, MCI, and
AD patient plasma samples (50 wL each) in Fig. 1 obtained at
0.4 mL/min of outflow rate and 3.6 mL/min of crossflow rate. It
appears that LDL and VLDL peak intensities of cognitively impaired
groups (MCI and AD groups) are larger than those of age-matched
healthy controls, supporting that the LDL and VLDL levels are ele-
vated in the patient groups. While HDL and LDL were separated
at the baseline under the applied run condition, LDL and VLDL
were not completely resolved. Therefore, collections were made
using HDL and a combined LDL/VLDL fraction. Lipids extracted
from each lipoprotein fraction were analyzed by nUHPLC-ESI-
MS/MS, at a run condition equivalent to the separation of lipid
standards, as shown in Fig. S1 of Supplementary material. lon chro-
matograms of lipid standards in Fig. S1 demonstrates the ultrahigh
performance of lipid separation employed in this study which was
enhanced by utilizing a homemade nUHPLC column packed with
1.7 pmreversed phaseresin: 18.0 + 9.6 s for the average peak width
(based on 40¢) and 0.9 +0.5% for average RSD in retention time
of all lipid standards, and 184,500 for the calculated plate num-
ber of (14:0)4-CL. Identification of lipid molecular structure was
based on data-dependent collision induced dissociation experi-
ment of nUHPLC-ESI-MS/MS at the same run condition used in
Fig. S1 and the base peak chromatograms of each lipoprotein frac-
tion is shown in Fig. S2. LOD values (S/N=3) were in the range
of 0.059 (LPC)-0.507 pmol (LPG) and LOQ values (S/N=10) were
0.197-1.689 pmol, respectively, based on the calibration curves in
Fig. S3 and the calculated data are in Table S2. Non-targeted lipid
identification was achieved with a pooled plasma sample from 13
controls, resulting in a listing of 363 lipids in Table S3.

HDL

VLDL
LDL v Control 1

Control 2
Control 3

Detector Response

0 10 '.2'0 30 4'q '50 60
Time (min.)

Fig. 1. Fractograms of individual plasma samples (controls and patients with MCI
and AD) showing the size separation of HDL, LDL, and VLDL obtained by semi-prep
asymmetrical flow field-flow fractionation at V;,/Voyr =4.0/0.4in. mL/min (50 pL
injection for each plasma sample). Plasma lipoproteins were stained with Sudan
Black B prior to separation.

3.2. Lipid alterations in MCI and AD

Quantification results of lipids for both HDL and LDL/VLDL frac-
tions of 13 controls, 23 MCI, and 14 AD patient samples are listed
in Table S3, with the corrected peak area (the ratio of peak area of
individual lipid molecule to that of each internal standard (1 pmol)
specificto lipid class), fold changes among the three groups, and rel-
ative abundance of each species within corresponding lipid class.
In Fig. 2, the corrected peak areas of 8 different lipid classes, which
showed more than 2-fold changes in either MCI or AD groups in
HDL and LDL/VLDL, were compared using stacked bar graph. The
remaining 6 lipid species were shown in Fig. S4. Lipids marked
with acyl chain structures are high abundance species in each class,
which is defined by a relative abundance higher than 100%/(num-
ber of lipids within the class). The “low” represents the summed
amount of the low abundance species. Changes in the total level of
each lipid class for MCI and AD patients are not noticeable in the
HDL fraction except for the large decreases in DG and PG; how-
ever TG, PA, PI, PE, PEp, PG, Cer, and HexCer were significantly
increased >2-fold in LDL/VLDL. Fig. 2 clearly shows that the level
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Fig. 2. Stacked bar graphs of individual lipid molecules in 8 lipid classes (based on the summation of corrected peak area) in HDL and LDL/VLDL fractions of control, MCI, and
AD groups. Species with acyl chain structures are high abundance and the “low” represents the summed amount of low abundance species.

a) HDL

d18:1/24:1
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16.2%

‘ 14.3%
. I
13.1%
d18:1/24:0 10.5%
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d18:1/18:0, d18:1/20:2, d18:1/22:1,
b) LDL/VLDL d18:1/22:6, d18:1/23:0, d20:1/24:0
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Fig. 3. Pie charts representing the compositional change in high abundant Cer species among control, MCI, and AD groups along with the relative abundance value by taking
the control as the reference point of 1.00: The pie chart marked with “low” are for the summed amount of the six low abundant species as listed inside the figure.

change of lipids relies on the type of lipoproteins. Among the lipid charts in Fig. 3 in which the total amounts of Cer in MCI and AD are
classes showing a significant difference, alterations in the level of expressed with numbers relative to that of control (set as 1.00) as
individual Cer species can be closely examined by plotting the pie well as with the size variation of pie charts. Apparently, the total
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amount of Cer in AD (0.61) decreased nearly two-folds in the HDL,
butitincreased about two-folds in the LDL/VLDL (2.08). In addition,
the level of MCI shows a progressive increase from that of control
in LDL/VLDL. Cer species marked with the molecular chain struc-
tures in Fig. 3 are the high abundant species out of total 10 identified
species and their relative compositions were rather consistent with
the development of AD in both lipoprotein fractions. The Cer level
was reported to increase in the brain and CSF of AD because of
the AB-mediated activation of sphingomyelinases, which convert

SM to Cer [3,19,47]. In addition, Cer levels were increased in the
insulin-resistant muscle of Zucker rats, related to diabetes rats [48].
The two Cers (d18:1/22:0 and d18:1/24:1) and HexCer d18:1/24:0
were found to significantly increase in the LDL/VLDL of both MCI
and AD, supporting that circulating Cers carried by LDL occur in
the stage of MCI. A similar comparison is found with DG in Fig.
S5 showing that the entire DG level in HDL was largely decreased
by ~2-fold in AD but increased approximately 30% in LDL/VLDL.
However, the relative abundance of DG 18:1.18:1 increased by ~2-
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fold in AD in both lipoprotein fractions with its level increased
noticeably in LDL/VLDL, as 1.96-fold in MCI and 2.57-fold in AD vs.
control. Such anincrease is similar to the results found in both brain
and plasma [18]. Because DG is known to correlate with insulin
resistance as reported with its increase in muscle tissues of type
2 diabetes patients [32,49], increases of DG in AD patients sup-
port a close relationship between AD and diabetes [50]. Since the
present study did not include patients with diabetes, DG increase
from diabetic influence can be excluded.

The changes in the 363 individual lipid species can be illustrated
with the Volcano plots, (—logig (p value) vs. log; (fold change)), in
Fig. 4 showing that a considerable number of lipids were largely
increased >2-fold and p< 0.01 (shown at the upper right domain
of each plot) mostly in LDL/VLDL, for both MCI and AD. There-
fore, lipids showing >2-fold and p <0.01 were selected as a criteria
for significant changes in the further investigations. The relative
changes in individual lipids and in classes were visualized by plot-
ting the heat map with significantly changed lipids (more than
2-fold changes either in MCI or AD vs. controls) in Fig. S6, repre-
senting clear increases of Cer, HexCer, Hex2Cer, DG, TG, PA, and PG
species in the LDL/VLDL fraction.

Overall differences in plasma lipid profiles among patient
groups are illustrated with the PCA plot in Fig. 5a for lipids with
significant changes. Each data point in Fig. 5a represents the over-
all lipid profile of individual patient. While the differences among
controls, MCI, and AD in the HDL fractions are not clear, data points
in LDL/VLDL appear to cluster apart upon the progression to AD via
MCI, supporting that alterations in lipid profiles in LDL/VLDL upon
the progress of disease are more distinct than those in HDL. Among
lipids in Table S3, high abundance species with significant changes
either in HDL or LDL/VLDL are selected and listed in Table 1 with
the fold ratio (MCI/control and AD/control), representing that most
of them increased in LDL/VLDL of AD. Species marked with * rep-
resents significant difference (p < 0.01) from control. In Table 1, 14
lipids showing a progressive decrease or increase to AD (underlined
fold ratio) were further selected as potential candidates that can be
comprehensively investigated in the future for the possible early
detection of MCI. The fold changes of the fourteen lipid species are

plotted by bar graphs in Fig. 5b showing large increases only in
LDL/VLDL, except for DG 18:0_22:6 (decrease in HDL) and TG 50:1
(increases in both fractions).This supports the strong dependence
of the disease progress on lipid levels in LDL/VLDL fraction. Signif-
icant increases (approximately 2-4.5 times in AD) of the four high
abundance PE levels in LDL/VLDL in Fig. 5b may be correlated with
AD pathogenesis since a report showed that knock-out of PE syn-
thesis resulted in decreased A3 in mammalian cells by promoting
a-secretase and deactivating y-secretase [51].

3.3. Correlation of lipids with brain pathological results

To investigate the potential of the above selected lipids as
candidate species reflecting brain pathologies, we examined the
relationship between alterations of the14 lipid species in Fig. 5b
and brain atrophy, a hallmark of AD pathology regardless of the
diagnosis, resulting in the strong correlation with the three lipids
(TG 50:1, DG 18:1.18:1, and PE 36:2) in Fig. 6. It revealed that the
lipid levels in HDL moderately increased with the degree of lesion
(PVWML and DWML) and atrophy (left medial temporal lobe atro-
phy (LMTA) and right medial temporal lobe atrophy (RMTA)) in
Fig. 6a; however, they largely increased by 2-4-fold in LDL/VLDL
in Fig. 6b, supporting that these three lipids are closely associated
with the brain damage. Furthermore, the receiver operating charac-
teristic (ROC) curve was plotted for the lipid levels in the LDL/VLDL
of the MCI group, in contrast with controls. When lipid changes
in MCI group were incorporated in combination with the scores
of mini-mental state examination (MMSE), neuropsychiatric inter-
view to measure cognitive impairment, the area under curve (AUC)
values of the three lipid species increased to 0.833 for TG 50:1,
0.847 for DG 18:1.18:1, and 0.917 for PE 36:2 from 0.800 for MMSE
alone in Fig. 7. This conforms to the philosophy of recently proposed
diagnostic criteria that suggest a way of increasing the reliability of
clinical diagnosis of MCI by engaging supporting evidence of known
biomarkers, MMSE. Though the remaining 11 lipid species did not
show a strong correlation with brain atrophy, their AUC values
in combination with MMSE were significantly larger than 0.800
as follows: PE 34:2 (0.861), PE 38:4 (0.873), PE 38:5 (0.892), PA
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Table 1

Fold ratio (vs. control) of high abundance lipid species showing a significant change (>2-folds, p< 0.01) either in high-density lipoprotein (HDL) or low-density lipoprotein
(LDL)/very low-density lipoprotein (VLDL) fractions from the patient groups of mild cognitive impairment (MCI) and Alzheimer’s disease (AD) (vs. control). Percentage value
is the relative abundance in each lipid class. Fold ratio marked with bold in AD represents >2-folds, with * for p< 0.01, and with underline for characteristic lipid species of

MCI under progressive increase of decrease to AD.

Class Chain m/z HDL LDL/VLDL
MCI / Control AD/Control (%) MCI/Control AD/Control (%)
LPC 16:0 496.5 0.71+0.03 1.00+0.05 48.84 1.34+£0.05 2.13+0.10* 36.59
PE 34:2 716.5 1.43+0.07 1.86 +0.09* 6.90 1.95+0.12* 4.50+0.32* 6.93
36:2 744.5 1.52+0.16 1.98+0.21* 10.70 1.81+£0.09* 4.65+0.31* 12.31
384 768.5 1.10+0.04 0.87+£0.04 11.84 1.67 £0.09* 2.19+0.15* 11.36
38:5 766.5 0.99+0.05 1.01+0.05 14.48 1.68+0.14* 2.44+0.22* 10.43
40:6 792.5 1.15+0.06 1.02+£0.05 9.65 1.57+£0.13 2.10+0.18* 11.01
PEp 16:0p/20:4 724.5 1.34+0.08 1.11+£0.06 12.27 1.44+£0.09 2.38+0.16* 14.00
18:0p/20:4 752.5 1.28+£0.12 1.07+0.08 22.78 1.34+£0.08 2.69+0.17* 20.63
LPA 16:0 409.5 0.38+0.01* 0.97+0.04 43.87 1.18+£0.04 2.57+0.13* 42.84
LPA 18:0 4375 0.26 +0.02* 0.52+0.04" 38.36 1.38£0.09 0.90+0.06 52.81
PA 18:1/22:6 745.5 0.93+0.04 1.32+0.08 54.68 1.92 £0.08* 3.01+0.14" 49.98
PG 16:0/18:3 743.5 0.90+0.04 0.53+0.03 10.05 2.594+0.19* 2.04+0.14* 12.98
18:1/16:0 747.5 0.80+0.03 0.48 +0.02 21.74 2.74+0.12* 2.00 +0.09* 31.59
18:2/18:1 771.5 0.69+0.03 0.4040.02 21.56 3.28+£0.19* 2.40+0.15* 20.02
LPI 18:2 595.5 0.09+0.01* 0.19+0.01* 85.4 0.724+0.05 0.36+0.03 21.83
PI 18:0/20:4 885.5 1.45+0.04 0.90+0.03 17.17 2.10+0.08* 2.61+0.09* 19.84
18:1/16:1 833.5 0.56+0.03 0.56+0.03 14.74 1.65 £0.08* 3.77 £0.16* 13.55
18:2/16:1 831.5 0.74+0.05 0.62+0.04 37.97 2.09 +0.08* 2.24+0.12* 39.68
Cer d18:1/22:0 622.5 1.05+0.15 0.77+0.16 10.48 2.06 +0.22* 3.08+0.31* 6.71
d18:1/24:0 650.5 1.01+0.14 0.61+0.08 40.99 1.60+£0.11 2.01+0.12% 45.88
d18:1/24:1 648.5 0.87 +£0.07 0.47 +0.05* 21.28 2.09+041* 2.31+045" 14.45
HexCer d18:1/24:0 812.5 1.00+0.12 0.83+0.10 40.36 2.704+ 045" 3.02+0.23* 31.33
Hex2Cer d18:1/24:1 972.5 0.74+0.07 0.87+0.07 48.04 1.59+0.13 229+0.21* 19.36
DG 18:0.22:6 686.5 0.31+0.04* 0.20+0.02* 55.20 0.47 £ 0.06* 1.21+£0.11 52.48
18:1.18:1 638.5 1.00+0.09 1.14+0.10 8.67 1.96+0.12* 2.57 +0.14* 7.33
18:1.18:2 636.5 0.77 £0.05 0.78 £0.05 7.51 2.57+0.13* 2.14+0.09* 5.16
TG 50:1 850.8 1.84+0.15* 1.93+0.14* 4.37 1.61+£0.10 2.37+017* 4.65
50:2 848.8 1.28 £0.07 2.39+0.14* 2.99 1.42+£0.09 1.80+£0.13 3.81

Abbreviations: Cer, ceramide; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; LPI, lysophosphatidylinositol; HexCer, monohexosylceramide; Hex2Cer, dihexo-
sylceramide; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; Pep, PE plasmalogen; PG, phosphatidylglycerol; PI, phosphatidylinositol; DG,

diacylglycerol; TG, triacylglycerol.
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Fig.7. ROC curves of the four candidate markers,a) TG 50:1,b) DG 18:1.18:1,¢c)PA18:1/22:6,and d) PE 36:2 in MCl in combination with MMSE scores (solid line) superimposed

with those of MMSE scores alone (dotted line).

18:1/22:6 (0.880), Cer d18:1/22:0 (0.918), Cer d18:1/24:1 (0.938),
PI18:0/20:4(0.909),P118:1/16:1(0.862),P118:2/16:1(0.887), Hex-
Cer d18:1/24:0 (0.905), and DG 18:0.22:6 (0.907). These results
strongly suggest the potential of these molecules are promising
peripheral candidates as a method to increase the reliability of
clinical diagnosis of MCI provided with the validation.

4. Conclusions

The present study shows that lipid analysis of entire blood sam-
ples without lipoprotein separation may not reveal the perturbed
changes in the development of AD, as is also reported by the evi-
dence of cholesterols in HDL-C and LDL-C associating with A[3 levels
[52]. Although the mechanisms of alterations in individual lipid

levels related to AD development are not yet known, the observed
changes in lipid levels reveal that not all lipids in the same class
show a same trend of changes and a systematic investigation of
lipid expression in different lipoproteins is essential to enrich the
knowledge of the progression of MCI and AD. It is shown that the 28
plasma lipid species in Table 1 were significantly altered in AD and
the three lipid species (TG 50:1,DG 18:1.18:1,and PE 36:2) having a
strong correlation with brain degenerative changes of MCI revealed
and improved selectivity in differentiating MCI when incorporated
with the common test scores of cognitive impairments. This also
means that blood-based lipids, which are readily accessible, rather
than neuroimaging or CSF biomarkers, could be used to facilitate
the validity of mass screening for dementia risk with combined use
of the simple and brief tool, MMSE. Further studies are required
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to validate the candidate lipid species found in this study toward
the detection of the very early stages of MCI with the required
specificity.
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