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Comparative Lipidomics Profiling of Human
Atherosclerotic Plaques

Christin Stegemann, PhD; Ignat Drozdov, MSc; Joseph Shalhoub, BSc, MBBS, MRCS;
Julia Humphries, PhD; Christophe Ladroue, PhD; Athanasios Didangelos, PhD; Mark Baumert, BSc;
Mark Allen, PhD; Alun H. Davies, MA, DM, FRCS, FHEA; Claudia Monaco, MD, PhD;
Alberto Smith, PhD; Qingbo Xu, MD, PhD; Manuel Mayr, MD, PhD

Background—We sought to perform a systematic lipid analysis of atherosclerotic plaques using emerging mass

spectrometry techniques.

Methods and Results—A chip-based robotic nanoelectrospray platform interfaced to a triple quadrupole mass spectrometer
was adapted to analyze lipids in tissue sections and extracts from human endarterectomy specimens by shotgun
lipidomics. Eighteen scans for different lipid classes plus additional scans for fatty acids resulted in the detection of 150
lipid species from 9 different classes of which 24 were detected in endarterectomies only. Further analyses focused on
plaques from symptomatic and asymptomatic patients and stable versus unstable regions within the same lesion.
Polyunsaturated cholesteryl esters with long-chain fatty acids and certain sphingomyelin species showed the greatest
relative enrichment in plaques compared to plasma and formed part of a lipid signature for vulnerable and stable plaque
areas in a systems-wide network analysis. In principal component analyses, the combination of lipid species across
different classes provided a better separation of stable and unstable areas than individual lipid classes.

Conclusions—This comprehensive analysis of plaque lipids demonstrates the potential of lipidomics for unraveling the
lipid heterogeneity within atherosclerotic lesions. (Circ Cardiovasc Genet. 2011;4:232-242.)

Key Words: atherosclerosis m endarterectomy carotid m mass spectrometry m lipids m metabolomics

ccording to the response-to-retention hypothesis, the

binding of cholesterol-containing lipoprotein particles to
intimal proteoglycans is the central pathogenic process in
atherogenesis.! Once retained, lipoproteins get oxidized, ac-
cumulate in “foam cells,” and provoke a cascade of inflam-
matory processes that drive the formation of atherosclerosis
and ultimately define the propensity of the plaque to rupture.
In most studies, the lipid content in plaques is just visualized
by oil red O staining. A more detailed characterization,
including the detection of single lipid species rather than lipid
classes, may provide a better classification of atherosclerotic
lesions with the goal of illuminating biology and discovering
clinical biomarkers.?3

Editorial see p 215
Clinical Perspective on p 242

Although the potential of mass spectrometry (MS) has long
been recognized,* it is the recent progress in MS technologies
that has transformed our ability to profile atherosclerotic
plaques by allowing the quantitation of hundreds of individ-

ual lipid species in complex biological samples.>¢ For exam-
ple, a recent study demonstrated that lipids in murine lesions
can be imaged by multiplex coherent antistokes Raman
spectroscopy.? Another study applied desorption electrospray
ionization MS to image and identify 26 distinct lipid species
in a single human plaque.” To our knowledge, an MS-based
analysis comparing different human atherosclerotic lesions
has not been reported to date. To reveal a characteristic lipid
signature for plaque vulnerability, we took advantage of the
latest MS developments in shotgun lipidomics and compared
radial arteries, endarterectomy samples from symptomatic
and asymptomatic patients, and stable and unstable areas
within the same symptomatic lesion.

Methods

Clinical Samples

The study was approved by the Research Ethics Committees of
King’s College London and Imperial College London. All patients
gave written informed consent. Surgical samples were derived from
carotid or femoral endarterectomies and radial arteries. In total, 26
patients were included in this study. Their clinical characteristics are
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provided in the online-only Data Supplement. Control radial arteries
were carefully chosen to ensure that they were free of macroscopi-
cally evident vascular pathology, including atherosclerosis. Samples
were briefly rinsed with cold PBS to remove superficial blood,
snap-frozen in liquid nitrogen, and stored at —80°C (average storage
time, 3.4*1.4 years). Eight carotid plaques from symptomatic
patients were dissected into stable versus unstable areas before
freezing.

Liquid Extraction Surface Analysis Coupled to
Nanoelectrospray Ionization MS

Frozen human plaque samples were cut at 200 um with a rotary
microtome (Microm HM560 cryostat, Thermo Scientific), placed on
electrostatically charged slides (Superfrost Plus, BDH), and air dried
for 15 to 30 minutes. Lipids were directly analyzed from tissue
sections with an Advion TriVersa NanoMate system (Advion Bio-
Sciences) controlled by Chipsoft software version 8.1.0.928 (Advion
BioSciences) coupled to a triple quadrupole mass spectrometer
(QqQ-MS) (TSQ Vantage, Thermo Fisher Scientific). The solvent
extraction volume was 1.5 L (chloroform:methanol:isopropanol
1:2:4 containing 7.5 mmol/L ammonium acetate), and the dispensed
volume was 1.0 uL. Solvents were sprayed through a 4.1-um nozzle

diameter chip (Advion BioSciences) at an ionization voltage of 1.2
kV and a gas pressure of 0.3 psi. The first and third quadrupoles
(mass resolution, 0.7 Thomson) served as independent mass ana-
lyzers, whereas the second quadrupole was used as the collision cell
(argon was used as the collision gas with a pressure of 1.0 mTorr) for
tandem MS. The temperature of the ion transfer capillary was
maintained at 150°C. Full MS spectra and precursor ion (PI) scans
for cholesteryl esters (CEs) (PI 369.3) and phosphatidylcholines
(PCs) (PI 184.1) from different plaque sections were acquired over a
period of 6 minutes.

Lipid Extraction

Lipids were extracted from endarterectomies and control radial
arteries (>25 mg wet weight) using an adaptation of the Folch
method.® A detailed description is available in the online-only Data
Supplement. Plasma samples were obtained from 35 patients under-
going carotid endarterectomy. Ten microliters of plasma were used
for lipid extraction through an adaptation of a recently published
method.® Details are included in the online-only Data Supplement.

Shotgun Lipidomics
Aliquots from tissue extracts were reconstituted in 500 uL chloro-
form:methanol 1:2 and further diluted 1:100 with chloroform:metha-
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Figure 2. LESA compared to lipid extracts. The full mass spectrum in positive ion mode (A) and head group-specific scans for phos-
phatidylcholine (C) (Pl 184.1) and CE species (E) (Pl 369.3) from tissue sections of human endarterectomies. Note the similarity in peak
numbers and correlation of signal intensities compared with tissue extracts (B, D, F). R?=0.84 for the full mass spectra (A, B), R?=0.98
for phosphatidylcholines (C, D), and R?=0.99 for CEs (E, F). Abbreviations as in Figure 1.

nol:isopropanol 1:2:4 containing 7.5 mmol/L ammonium acetate.
Plasma extracts were diluted 1:10 with chloroform:methanol:isopro-
panol 1:2:4 containing 7.5 mmol/L ammonium acetate for MS
analysis. Just before analysis, samples were centrifuged at 12 000
rpm for 2 minutes and analyzed with a TriVersa NanoMate coupled
to a QqQ-MS as described. An ionization voltage of 0.95 to 1.40 kV
and a gas pressure of 1.25 psi were used.!® Full MS spectra were
acquired over a 1-minute period of signal averaging in both positive
and negative profile modes. The intensity of the full MS in positive
mode was 1 magnitude higher than the one in negative ion mode. For
neutral loss (NL) and PI scans, the collision gas (argon) pressure was
set at 1.0 mTorr; the collision energy was chosen depending on the
classes of lipids. Spectra were automatically acquired with rolling
scan events by a sequence subroutine operated under Xcalibur
version 2.0.7 software (Thermo Fisher Scientific). The different NL
and PI scans were set according to Brugger et al'! or Han and
Gross'2!13 (online-only Data Supplement Table 1). The main classes
of lipids in positive ion mode were phosphatidylethanolamine/
lysophosphatidylethanolamine, phosphatidylserine/lysophosphati-
dylserine, CE, triacylglycerol, PC/lysoPC (IPC), and sphingomyelin
(SM). The PI scan of the acetate ion of the most abundant PC species
in the negative ion mode was used for the identification of PC-
derived fatty acids. The same parent ion scan at 184.1 was used for
the identification of SMs, but the nitrogen rule allowed a discrimi-
nation of these 2 lipid classes. SMs with 2 nitrogen atoms appear at
odd mass-to-charge ratio (m/z) values, whereas PC signals occur at
even m/z values.!! To further separate PCs from SMs, SMs were
identified in negative ion mode by PI scan at m/z 168.0'" (online-
only Data Supplement Figure 1). For lipid quantification, 392 pmol
of CE 19:0 (Avanti Polar Lipids) was added to 100 uL of each
sample as an internal standard and analyzed for 2 minutes using a PI

scan at m/z 369.3. The coefficient of variation for these measure-
ments was <10% in 58% (53%) of the analytes, 10% to 20% in 18%
(28%), 20% to 40% in 5% (5%), and >40% in the remainder for
intraday (interday) measurements. For quantification of PC, IPC, and
SM species, 52 pmol PC(17:0/17:0), 46.4 pmol/uL 1PC(19:0), and
61.2 pmol SM(d18:1/12:0) were added per 100-uL sample (all
Avanti Polar Lipids) and analyzed for 2 minutes using a PI scan at
m/z 184.1.

Data Processing

QqQ-MS data were analyzed with Xcalibur version 2.0.7 software.
Lipid identifications were based on their characteristic head groups
and corresponding fatty acids by the LipidMaps database and Lipid
MS Predictor version 1.5 (available at www.lipidmaps.org). For
quantitation, a peak list was generated and imported into LIMSA
version 1.0 software'* using the following settings: linear fit; offset,
0; peak full width at half maximum, 0.5; and sensitivity, 0.1.

Nomenclature

We followed the designations and abbreviations recommended by
the International Union of Pure and Applied Chemistry (www.
chem.qmul.ac.uk/iupac/lipid). Glycero- and glycerophospholipids
were named with shorthand notification, and numbers separated by
colons refer to carbon chain length and number of double bonds. The
composition of the side chains for the glycero- and glycerophospho-
lipids were not assigned and were used randomly for glycerolipids.
For glycerophospholipids, the unsaturated fatty acid was set on sn-1
position and the saturated on sn-2. Sphingolipids are presented in the
order of long-chain base and N-acyl substituent.
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Statistical Analysis

Statistical analysis was performed using the Student ¢ test or
ANOVA and Scheffé post hoc test. A P<<0.05 was considered
significant. Principal component analysis (PCA) was performed in
Matlab version 2009a (The Mathworks Ltd). Capacity of each lipid
to differentiate plaque or plasma samples was assessed using the
out-of-bag estimates of feature importance provided by the TreeBagger
class for Matlab. Data were normalized by expressing individual lipid
intensities as percentages of accumulative intensities in each lipid class.

Results

Workflow Overview

Using a QqQ-MS, 2 different approaches were compared
(Figure 1A): (1) liquid extraction surface analysis (LESA) for
direct extraction of plaque lipids from tissue sections'>-1¢ and
(2) shotgun lipidomics as described by Han and Gross!'? for
the analysis of tissue extracts. First, a full MS scan in positive
and negative ion mode was acquired. Then, PI and NL scans
characteristic for different lipid classes unambiguously iden-
tified certain lipids by their characteristic MS/MS product
ions (see example for CE identification in Figure 1B).

LESA Versus Tissue Extracts

For LESA, frozen human carotid endarterectomy samples
were cut into thin sections without optimal cutting tempera-
ture compound to avoid contamination with polyethylene
glycol. A 1.5-uL extraction solution was sufficient to provide
a stable spray for >10 minutes. The signals within the
lipid-relevant m/z range of 400 to 1000 in the full MS scan
(Figure 2A) were comparable to the ones obtained by shotgun
lipidomics from tissue extracts (Figure 2B). Additionally, the
lipid class-specific head group scans (see Figure 2C and 2D
for PI 184.1 for IPC, PC, and SMs and Figure 2E and 2F for
PI 369.3 for CEs) showed similar peaks and signal intensities
(see Figure 2C and 2E for tissue sections and Figure 2D and
2F for tissue extracts). Notably, IPC species within the m/z
range of 490 to 540 were detected in tissue sections as well as
in tissue extracts, confirming that these degradation products
are present in human atherosclerotic plaques and are not
artifacts of the extraction procedure.

Identification of Plaque-Lipids

A comparative lipid analysis of radial arteries and carotid and
femoral endarterectomies was performed. Patient clinical
characteristics are provided in online-only Data Supplement
Table 2. Six scans in positive ion mode and 14 in negative ion
mode resulted in the identification of 150 different lipid
species (online-only Data Supplement Tables 3 and 4) of
which 24 were detected in atherosclerotic plaques only (Table
1). Triacylglycerols accounted for the few prominent signals
between m/z 790 and 930 in the full MS of radial arteries (C1
to C3 in Figure 3A). In contrast, the full MS scan of
endarterectomy samples was dominated by CE, SM, PC, and
triacylglycerol species (P1 to P3 in Figure 3A). Scans for
specific lipid head groups detected 1PCs, PCs, lysophosphati-
dylethanolamine, phosphatidylethanolamines, lysophosphati-
dylserines, SMs, CEs, and triacylglycerols. Unlike previous
studies in human aortas,'”-'® phosphatidylserine species were
also identified. Scans for acylcarnitine, phosphatidylinositol,
phosphatidylinositol-phosphates, phosphatidylinositol 4,5-

Lipidomics of Atherosclerotic Plaques 235

Table 1. Plaque-Enriched Lipids
Lipid Species m/z
Positive ion mode
IPS IPS(20:0) 554.3
PS PS(38:5) 810.5
PS(38:2) 816.5
IPC IPC(14:0) 468.3
IPC(0-16:0) 482.3
IPC(0-18:0) 510.3
IPC(18:2) 520.3
IPC(22:5) 570.4
IPC(22:4) 572.3
PC PC(0-16:0/22:5) 7945
PC(18:0/20:3) 812.7
CE CE(10:0) 558.5
CE(14:0) 614.6
CE(16:1) 640.6
CE(18:3) 664.6
CE(18:1) 668.7
CE(22:6) 7145
CE(22:5) 716.7
CE(22:4) 718.6
CE(22:3) 720.7
PE PE(38:3) 770.8
Negative ion mode
SM SM(d18:1/14:0) 709.7+733.4
SM(d18:1/15:0) 723.8+747.5
SM(d18:0/15:0) 7495

CE indicates cholesteryl ester; IPC, lysophosphatidylcholine; m/z, mass-
to-charge ratio; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
SM, sphingomyelin.

biphosphate, sulfatides, acylCoA, ceramides, and cerebro-
sides did not reveal strong enough signals for these lipid
classes in our shotgun lipidomics analysis.

Quantitation of Plaque-Lipids

A comparison between control arteries and endarterectomies
revealed that the signal intensities of the head group scans for
IPCs, PCs, and SMs differed by 1 order and for CE by 2
orders of magnitude (Figure 3B). To calculate the total
amount of CEs, IPCs, PCs, and SMs in atherosclerotic
plaques, authentic standards were spiked into the samples.
The highest accumulation was observed for CE species
(Table 2). The average CE content was 23.9 mg/g in plaques
compared to 0.2 mg/g in control arteries (Figure 4A). As
expected, oleic acid (18:1) and linoleic acid (18:2) were the
most common fatty acids (online-only Data Supplement
Table 5). The relative distribution of CEs identified in plaque
and control arteries is depicted in Figure 4B.

Comparison of Carotid Endarterectomies

Next, we compared the lipid content of carotid endarterecto-
my samples from closely matched symptomatic and asymp-
tomatic patients (n=6 per group). Their clinical characteris-
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Figure 3. Endarterectomies versus radial arteries. A, Full mass spectra in positive ion mode for 3 control radial arteries (C1 through C3)
and 3 endarterectomies (P1 through P3). B, Comparison among patient samples P1, P2, and P3 and control samples C1, C2, and C3
for their CE head group scan at m/z 369.3. The values next to the y-axis are the signal intensities. Abbreviations as in Figure 1.
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Table 2. Total Amount of CE, IPC, PC, and SM Species in
Plaques and Control Arteries

Lipid Class Endarterectomies (n=3) Controls (n=3) A*

CE 23.95+3.50 0.20+0.10 119.5
IPC 0.36+0.15 0.02+0.01 18.0
PC 3.82%+1.05 0.73+0.17 5.2
SM 4,05+1.36 0.27+0.03 15.0

Data are presented as mean=SEM milligram/gram tissue. The total amount was
calculated from the femtomole- and picomole-per-microliter values provided in
online-only Data Supplement Table 5 using the average molecular weight from all
detected species of each lipid class. Abbreviations as in Table 1.

*Fold enrichment in plaques (n=3) compared with control specimens (n=3).

tics are provided in online-only Data Supplement Table 6.
PCA was performed to investigate the global variation of the
patient samples in their lipid profiles. The distance between
symptomatic and asymptomatic patients in PCA was negli-
gible, although the 2 first principal components captured 97%
of the variance (online-only Data Supplement Figure 2).
Given the heterogeneity of carotid endarterectomy samples,
plaques excised from symptomatic and asymptomatic pa-
tients may share similar features. To reduce heterogeneity, in
another cohort of patients (online-only Data Supplement
Table 7), the stable area of the plaque with no signs of rupture
was carefully separated from the unstable area in which there
was “ulceration” of the surface with or without thrombosis
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and intraplaque hemorrhage, thereby providing an internal
control for each sample and minimizing interpatient variabil-
ity. Quantitative data for all lipid measurements in stable and
unstable plaque areas are included as online-only Data
Supplement Table 8. The 10 most differentially expressed
species from 4 different lipid classes were sufficient to
separate stable and unstable areas within the same lesion in
PCA (Figure 5). No separation was obtained with individual
lipid classes (Figure 5).

Comparison to Plasma Lipids

Plasma samples of 35 patients undergoing carotid endarter-
ectomies were analyzed by shotgun lipidomics. Their clinical
characteristics are provided in online-only Data Supplement
Table 9. Compared with recent studies on plasma lipids using
either direct injection'® or ultraperformance liquid chroma-
tography MS,*!° twice as many CE species were detected by
our shotgun approach. In total, 10 CEs, 9 SMs, 8 IPCs, and 31
PCs were identified (online-only Data Supplement Table 10).
As expected, plaque and plasma samples were well separated
by PCA (Figure 6A). The main lipids contributing to this
separation were CE, PC, and SM species (Figure 6B). The
quantitative values of the different species and their relative
distribution are provided in online-only Data Supplement
Figures 3 through 6. In agreement with previous reports,?®
CE(18:2) constituted ~40% of all CE species in plasma from
patients with endarterectomies but accounted for only 28% in

B Endarterectomies

" Controls

3.92 pmol/uL

P—1

N N N~ N~ s N N N~~~ o~~~ o~ o~ o~

I N N N N N N ) L A N S

Endarterectomies

CE
CE

16:0 18:0 18:2

?
/

Control Arteries

s

Figure 4. Plaque-enriched CE species. A, Quantification of CE species in plaque and control samples with CE(19:0) as internal stan-
dard. B, Relative distribution of CE in atherosclerotic plaques compared with control arteries. Plaque-specific CE species are high-

lighted in color. Abbreviation as in Figure 1.
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Figure 5. Plaque heterogeneity. Principal component analyses for lipid profiles of unstable and stable areas of the same symptomatic
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lesion. The numbers correspond to the patients in online-only Data Supplement Table 7. IPC indicates lysophosphatidylcholine; P,
patients; PC, phosphatidylcholine; S, stable; SM, sphingomyelin; U, unstable.

plaques. In contrast, the relative contribution of CE(18:1) to
the total CE content was similar in plaques and plasma
(=30%). Polyunsaturated CE with long-chain fatty acids,
which were previously undetectable in plasma by thin-layer
chromatography,?® showed the strongest relative enrichment
in plaques among all CE species analyzed (Figure 6A, Table
3). Their relative contribution to the total CE content declined
in unstable compared to stable regions (ie, CE(20:3)
[P<<0.006]).

Systems-Wide Analysis of Plaque Lipids

Lipid expression similarity in plaques from asymptomatic
and symptomatic patients as well as in stable and unstable
areas within the same lesion was inferred using Pearson
correlation coefficients and visualized as networks where

nodes correspond to lipids and edges link correlated pairs
(Pearson correlation coefficient =0.70). Clusters of inter-
linked lipids were identified using an unbiased network
clustering algorithm.?! This systems-wide analysis revealed
plaque-specific lipid signatures consisting of 19 lipid species
in asymptomatic-symptomatic lesions (Figure 7A), 12 lipid
species in stable-unstable plaque areas (Figure 7B), and 33
common lipid species that were differentially linked in the 2
networks (Figure 7A and 7B). Network clustering demon-
strated that lipid species belonging to the same class were
more likely to be linked in the stable-unstable network of
different areas within the same lesions [eg, CE(22:4),
CE(22:5), CE(22:6)]. These connectivity patterns were not
observed in the asymptomatic-symptomatic network compar-
ing plaques from different patients. Thus, the lipid composi-
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Asymptomatic, ~ Symptomatic, Unstable, Stable, Plasma,

CE Species % (n=6) % (n=6) P* % (n=8) % (n=8) Pt % (n=35) P§

CE(10:0) 0.0+0.013 0.1+0.033  0.480 0.2+0.083 0.1x0.025 0.283 0.0+0.000  <0.001|
CE(14:0) 0.4=0.036 0.4+0.047  0.689 0.5+0.173 0.3+0.031  0.425 0.3+0.016 0.015||
CE(16:0) 7.1+0.598 710204  0.967 6.3+0.284 6.2+0.190  0.857 6.9+0.167 0.209
CE(16:1) 2.8+0.498 2.5+0.211 0.698 2.8+0.393 2.4+0.187 0.189 2.6+0.199 0.769
CE(18:0) 1.0+0.644 1.1+0.738  0.954 2.1+0.799 0.0+0.000  0.036| 0.0+0.000 0.001||
CE(18:1) 25.4+1.831 26.01.740  0.826 26.3+1.885 29.2+1.247  0.154 30.0+0.446 0.001||
CE(18:2) 31.8+3.166 28.1+1.755  0.326 31.2+1.655 27.8+1.745 0.147 41.4+0.766  <0.001|
CE(18:3) 1.3+0.208 1.2+0.222  0.894 1.7£0.242 1.4+0.095 0.145 1.9+0.174 0.026||
CE(20:0) 6.4+1.323 6.7+1.297  0.854 3.7+0.589 2.2+0.458  0.058 0.5+0.054  <0.001||
CE(20:1) 3.3x0.131 440908  0.260 2.2+0.117 2.1+0.508 0.789 0.0+0.000  <0.001|
CE(20:2) 1.1+0.155 2.3+0.732  0.146 1.9+0.447 1.9+0.311  0.991 0.0+0.000  <0.001||
CE(20:3) 3.1+0.380 46+0.690  0.082 3.6+0.345 6.7+0.777  0.006| 0.0+0.000  <0.001|
CE(20:4) 9.0+0.978 6.7+0.947  0.114 8.5+0.960 9.4+0.850 0.325 12.6=0.738  <0.001||
CE(20:5) 3.7=0.758 3.8+0.757  0.935 3.5+0.343 3.3x0.302 0.617 2.5+0.235 0.002||
CE(22:3) 0.4+0.070 0.6+0.078  0.064 0.8+0.359 0.8x0.171  0.974 0.0+0.000  <0.001||
CE(22:4) 0.4=0.086 0.8+0.152  0.037| 0.8+0.175 1.5+0.311  0.053 0.0+0.000  <0.001|
CE(22:5) 0.8+0.168 1.5+0.414  0.145 1.8+0.236 1.9+0.325 0.525 0.0+0.000  <0.001||
CE(22:6) 1.9+0.267 2.0+0.242  0.738 2.2+0.425 2.7£0.404 0.262 1.3+0.081  <0.001|

Data are presented as mean+SE. Abbreviation as in Table 1.

*P values from unpaired ¢ test for differences between asymptomatic and symptomatic patients.
1P values from paired ¢ test for differences between stable and ruptured (unstable) areas of the same plaque.
§P values from unpaired t test for differences of all plague (n=28) and plasma samples (n=35).

[|Significant at P<<0.05.

tion and connectivity between lipid species may contribute
toward a better characterization of atherosclerotic lesions.

Discussion
Although lipids of human atherosclerotic plaques have been
analyzed previously, target-focused measurements restricted
to individual lipid classes remain insufficient to reveal the
global lipid imbalances in atherosclerosis. This study dem-
onstrates the integration of advanced MS toward a better
characterization of the lipid composition in atherosclerosis.

QqQ-MS
The different scan options of the QqQ-MS can resolve

isobaric lipids from different lipid subclasses and detect
less-prominent species in the presence of high-abundant
lipids. Notably, LESA allowed a rapid analysis of plaque
lipids directly from tissue sections without time- and labor-
intensive sample preparation. To the best of our knowledge,
this is the first time that LESA was used in combination with
a QqQ-MS for lipid profiling. The signals as well as the
signal intensities were comparable to shotgun lipidomics of
tissue extracts (Figure 2). For quantification, lipid extracts
were spiked with class-specific internal standards. Because
specificity is achieved by the characteristic head group scans
on the QqQ-MS, only a single standard per lipid class is
required. Thus, the shotgun lipidomics approach is less
expensive compared with other MS-based lipid analysis
techniques and is applicable to tissue sections as well as to
extracts.

Lipids in Atherosclerosis

Cholesterol within the vasculature accumulates as CE as a
droplet either in the cytosol or in lysosomes.?? Infiltrating
low-density lipoprotein (LDL) particles contain a CE-rich
core, with linoleic acid [CE(18:2)] as the most abundant
polyunsaturated fatty acid.?* The intimate relationship of
plasma lipids, vascular matrix, and CE deposits in the arterial
wall is well documented.?*-2¢ Currently, our knowledge at the
biological level is mostly related to the classes of lipids rather
than to the bioactivity of a single lipid species within these
classes.> Yet, the actual species composition of the lipid
classes is likely to be an important atherogenic factor; that is,
LDL particles enriched with monounsaturated cholesteryl
oleate [CE(18:1)] are typically larger and more active in
binding to arterial proteoglycans, thereby favoring retention
and subsequent formation of early atherosclerotic lesions.?” In
comparison, LDL particles enriched with polyunsaturated
cholesteryl linoleate are thought to be less atherogenic.

Shotgun Lipidomics of Plaques

In total, 150 lipid species were identified in plaques. The lipid
classes accounting for the major differences between control
and diseased arteries were CEs, SMs, IPCs, and PCs. Re-
markable differences were observed for the relative amount
of CEs with linoleic acid and other polyunsaturated fatty
acids like arachidonic acid [CE(20:4)] and eicosapentaenoic
acid [CE(20:5)] compared to control arteries (Figure 4). The
relative decrease in polyunsaturated fatty acids coupled with
an excess in linoleic acid in human plaques could be an

Downloaded from circgenetics.ahajournals.org by guest on June 14, 2011


http://circgenetics.ahajournals.org/

240 Circ Cardiovasc Genet June 2011

Lipids

O Common

0 Stable-Unstable

Links

A Asymptomatic-Symptomatic s

CE(22:5) IPC(22:4)
@ ®

PC(44:10)
Q

5M(d18:1/24:2)
CE(ZZS% PC(32:1)

44:0) CE(20:3)

CE(18:2)

IPC(18:1) PC(0-34:1)
A—A

PC(O-38:4) PC(26:0)

SM(d18:1/18:0)

PC(0436:5)

IPC(16:0) SM(d18:1/15:0)
A—A

Figure 7. Systems-wide relationships
between lipids involved in atherosclerosis
showing lipid-lipid coexpression network
where each node represents a lipid and
each edge a correlation in expression
between 2 lipids. Only lipid pairs with a
Pearson correlation coefficient =0.70 were
included in the network. Lipids and coex-
pressions specific for the asymptomatic-
symptomatic phenotype (A) are represented
as triangles and red links, respectively,
whereas lipids and coexpressions specific
for the stable-unstable network (B) are rep-
resented as diamonds and blue links. Lipids
and coexpressions common to both pheno-
types are represented as circles and black
edges. Lipid colors correspond to unique
clusters computed with an unbiased net-
work clustering algorithm.2" Abbreviations
as in Figures 1 and 5.
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indicator for altered substrate availability for inflammatory
mediators and mediators of resolution (lipoxins, resolvins,
and protectins).?® A simple, rapid macroscopic method of
classification based on the definitions of plaque progression
and instability by Stary et al*® was used to differentiate
unstable versus stable segments of the same plaque (Figure
5).3031 In the present comparison, where each patient serves
as his or her own control, the lipidomics approach was most
successful and provided insights into the lipid heterogeneity
within atherosclerotic plaques. Consistent with previous re-
ports,2° CE(18:2) was the major CE species in atherosclero-
sis, and the relative distribution of most CEs was comparable

to results obtained by thin-layer chromatography, providing
independent validation of the quantitative accuracy of our
approach. The sensitivity of shotgun lipidomics, however,
allowed the identification of additional CE species and other
lipid classes, such as IPCs (a by-product of LDL oxidation
and formed by the enzymes phospholipase A,, phospholipase
A,, or lecithin:cholesterol acyltransferase) and SMs (a ubig-
uitous component of cell membranes and of the LDL sur-
face). Plasma lipoproteins are the main source for SMs, '8 and
high SM plasma levels were associated with coronary artery
disease.’> SM and its hydrolyzing enzyme SMase are be-
lieved to mediate biological effects, but the mechanistic links
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between SM and atherosclerosis remain elusive.’* SMs with
long-chain fatty acids were substantially lower in plaques com-
pared with plasma, whereas certain SM species [ie, SM(d18:1/
16:0) and SM(d18:1/14:0)] were enriched, supporting the hy-
pothesis that they are either selectively retained or de novo
synthesized in atherosclerotic plaques.?* Similarly, the enrich-
ment of IPCs3 is supposed to contribute to the pathogenesis of
atherosclerosis and, in particular, inflammation.3¢

Systems-Wide Network Analysis

The postgenomic shift in paradigm acknowledges the fact
that biological systems are pleiotropic and interconnected.?”
Similarly, systemic relationships between lipid classes in
atherosclerotic lesions are important for understanding geno-
type-phenotype relationships3® and for working toward a lipid
signature for risk prediction, early diagnosis, and personal-
ized treatment of this disease. Previous studies enabled only
a partial analysis of plaque lipids and mainly focused on LDL
cholesterol?+3°-41 and its derivatives.*!*> There are also
publications about individual lipid classes in atherosclerotic
plaques (ie, isoprostanes,?? lipid mediators,* IPCs,3> oxidized
PCs,** phospholipids*#), but no comprehensive comparison
between control and diseased arteries across different lipid
classes has been performed to date. Manicke et al” recently
applied desorption electrospray ionization MS to atheroscle-
rotic plaque tissue. As proof of principle, lipid profiling was
performed on a single human plaque in positive and negative
ion mode, and 26 lipid species were identified. Our shotgun
lipidomic approach identified all of the 26 lipids except
SM(22:0) (online-only Data Supplement Tables 3 and 4).
Moreover, we were able to show that 16 of the 26 lipids in the
former study were present in control arteries and, therefore,
are not plaque specific. Using a network approach, we
demonstrate that homogeneous lipid clusters were identified
in the stable-unstable network from the same lesion (Figure
7) and that sampling differentially expressed species across
lipid classes improves the separation in PCA (Figure 5).

Limitations

Although MS has proven a valuable tool for comparative
lipid analysis, minor components like signaling molecules
(sphingosine-1-phosphate*> or isoprostanes) or oxidized lip-
ids remain undetected. Chromatographic separation would be
essential to analyze these scarce lipid species. Additionally,
modified lipids with alterations in the characteristic head
groups and free cholesterol and other species, which do not
readily ionize by electrospray ionization, were not detected in
our analysis. Finally, LESA only provides a qualitative
comparison of plaque lipids. Lipid extracts have to be spiked
with authentic standards for quantitation.

Conclusions

To our knowledge, this study is the most comprehensive MS
analysis of the lipid content in human atherosclerotic plaques
to date. An in-depth comparison of the lipid composition in
different atherosclerotic lesions combined with systems-wide
network analysis unraveled plaque-specific lipid signatures.
In the future, these advanced technologies could be exploited
for diagnostic purposes or as a platform for drug screening.
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CLINICAL PERSPECTIVE
Although lipids of human atherosclerotic plaques have been analyzed previously, target-focused measurements restricted
to individual lipid classes remain insufficient to reveal the global lipid imbalances in atherosclerosis. We have adapted a
liquid extraction-based surface sampling device for the analysis of plaque lipids from tissue sections. For quantitation,
shotgun lipidomics was performed on lipid extracts using the different scan options of a triple quadrupole mass
spectrometer. In total, 150 lipid species from 9 different classes were identified, of which 24 were detected in
endarterectomies only. A comparison of 28 carotid endarterectomy specimens revealed lipid signatures of symptomatic-
asymptomatic lesions as well as stable-unstable plaque areas. This comprehensive analysis of plaque lipids highlights the
importance of measuring individual lipid species rather than lipid classes to obtain insights into the lipid heterogeneity

within atherosclerotic lesions.
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SUPPLEMENTAL MATERIAL

Supplemental Methods

Lipid extraction. Tissue was pulverized with a mortar and pestle or a ball-grinding
method (Mikro Dismembrator, Sartorius). All subsequent steps were performed in glass vials
that were thoroughly rinsed with water, methanol, and chloroform before use. 300 uL water
(HPLC grade, Fisher Scientific), 2 mL methanol (HPLC grade, Fisher Scientific) and 4 mL
chloroform (GLC-pesticide residue grade, Fisher Scientific) were added to each sample. Then,
the mixture was vortexed for 10 min and centrifuged for 10 min at 3000 rpm. The supernatant
was transferred, mixed with 1.2 mL water and vortexed for 10 min. After centrifugation at
1000 rpm for 5 min the lower organic phase was transferred into a new glass vial and 2 ml of
chloroform/methanol/water (3:48:47) was added. To extract any remaining lipids, the upper
phase was washed with 2 mL chloroform and centrifuged for 5 min at 1000 rpom. The two
organic phases were combined and split into aliquots corresponding to 50 mg of tissue. The
organic solvent was evaporated and samples stored at -80°C.

Plasma extraction. 10 uL of plasma were added to an aliquot (110 uL) of an internal
standard mixture in a glass vial. 10 uL 0.15 M sodium chloride were added and each sample
was homogenized by vortexing for 5 sec. After 30 min incubation at room temperature the
samples were centrifuged for 3 min at 10000 rpm and an exact aliquot of the lower phase
(50 uL) was transferred in a new glass vial. The internal standard mixture included 2600 pmol
CE(17:0), 750 pmol IPC(19:0), 5000 pmol PC(17:0/17:0) and 750 pmol SM(d18:1/12:0) (all
Avanti polar lipids, Alabaster, AL) in chlorform/methanol 2:1 containing butylated hydroxytoluene
(BHT, 20 mgl/L).

Network analysis. The PCC threshold was set to >0.70 on the basis of the following

evidence: (i) -omic correlation profiles with PCC over 0.60 were demonstrated to be more
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biologically relevant' and (ii) below this cut-off all networks were excessively large (>700 co-
expressions), suggesting a presence of false-positive edges. A more stringent PCC threshold
was avoided due to rapid elimination of most lipid co-expressions. For the unbiased network
clustering algorithm we used the Louvain Method for fast community detection in graphs. The
algorithm is parameter-free and identifies community structures by maximizing network

modularity.?
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Supplemental Figures

Supplemental Figure I: A full MS scan (A) and a Pl scan at m/z 168.0 for SM species (B) in

negative ion mode.

Supplemental Figure Il: PCAs for lipid profiles of symptomatic and asymptomatic patients. The
red circles denote symptomatic patients; the blue squares denote asymptomatic patients. The
numbers correspond to the patients in Supplemental Table VI. The plot on the right show the
magnitude of the first 2 principal components based on all measurements. The black and green
lines represent the mean value of the weights in symptomatic and asymptomatic plaques. CE
and, to lesser, extent SM, contributed to most of the composition of the first two principal

components.

Supplemental Figure Ill: Comparison of relative distribution of CE species in plasma (n = 35)

and plaques (n = 28).

Supplemental Figure IV: Comparison of relative distribution of SM species in plasma (n = 35)

and plaques (n = 28).

Supplemental Figure V: Comparison of relative distribution of IPC species in plasma (n = 35)

and plaques (n = 28).

Supplemental Figure VI: Comparison of relative distribution of PC species in plasma (n = 35)

and plaques (n = 28).
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Supplemental Table I: Neutral loss (NL) and precursor ion (Pl) scans plus their collision

energy (CE) used for shotgun lipidomics on a QqQ-MS (TSQ Vantage, ThermoFisher).

Lipid class Precursorion MS mode MS/MS mode CE (eV)
PC, lysoPC, SM [M+H]" pos Pl 184.1 30
acylcarnitine [M+H]* pos Pl 85.1 20
CE [M+NH,]* pos Pl 369.3 20
PE [M+H]* pos NL 141.0 25
PS [M+H]* pos NL 185.0 22
flom TAGHCE species  M#NHIT pos NL + NH, 35
PC, lysoPC, SM [M-CIT neg NL 50.0 24
PS [M-HT neg NL 87.0 28
Glycerophospholipids [M-HT neg Pl 153.0 50
Pl [M-HY neg Pl 241.0 45
PIP [M-HY neg Pl 321.1 53
PIP, [M-HY neg P1401.1 62
Sulfatides [M-HT neg P197.0 65
acylCoA [M-2H]* neg P1339.0 30
Ceramide (non-hydroxy) [M-HT neg NL 256.0 32
Ceramide (2-hydroxy) [M-HT neg Pl 327.3 32
Ceramide (general) [M-HT neg NL 240.2 32
Cerebroside [M-CIT neg NL 36.0 30
SM [M-HT neg Pl 168.0 35

scans for different FAs

from PC species [M-Ac] neg Pl 28
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Supplemental Table II: Clinical characteristics from patients undergoing endarterectomy and control subjects.

Age Gender BMI DM  COPD  HIN f*:ﬁ:fé blo:&ers ASA  ACEl Statins
Patient 1 66 Male 21 No No Yes No No Yes No Yes
Patient 2 82 Male 23 No No Yes No No No No No
Patient 3 70 Male 26 No No Yes No Yes Yes Yes No
Control 1 60 Male 27 No No Yes No No Yes No Yes
Control 2 61 Male 26 No No No No Yes Yes Yes Yes
Control 3 55 Male 24 No No Yes No Yes Yes Yes Yes

Patient 1 and 3 were undergoing carotid endartectomy, Patient 2 was undergoing femoral endarterectomy, and macroscopically normal radial arteries from
individuals undergoing coronary bypass grafting were used as controls

BMI indicates body mass index; DM, diabetes mellitus; COPD, Chronic obstructive pulmonary disease; HTN, hypertension; ASA, acetyl salicylic acid; ACElI,
angiotensin-converting enzyme inhibitors.
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Supplement Table IlI: Lipids identified in endarterectomies (P1-P3) and radial control

arteries (C1-C3) in positive MS mode.

m/z Lipid P1 P2 P3 c1 c2 C3
IPE 4544 IPE(16:0) v v v
480.4 IPE(18:1) v v v v
482.2 IPE(18:0)" v v v
526.3 IPE(22:6) v
528.4 IPE(22:5)" 7 v
530.4 IPE(22:4) v v v
554.4 IPE(24:6)" v v v
556.4 IPE(24:5)" v v - v
558.5 IPE(24:4)" v v
566.5 IPE(24:0) v v v
PE  636.5 PE(28:0) v
716.6 PE(34:2)" v v v v v
718.5 PE(34:1)" v v v v v 7
724.9 PE(O-36:5)" v v v
740.6 PE(36:4) v v v v
742.5 PE(36:3)" v v v v v
744.5 PE(36:2)" v v 7 v
746.6 PE(36:1)" v v v v v v
762.5 PE(O-38:0) v
764.6 PE(38:6)" v v v v
766.5 PE(38:5)" v v v
768.5 PE(38:4)" v v v v v -
770.8 PE(38:3)" v v v
790.7 PE(0-40:0)" v v
792.6 PE(40:6)" v v v v
794.7 PE(40:5) v v v v
796.7 PE(40:4) v v v v
IPS  526.3 IPS(18:0) v v
554.3 IPS(20:0) v v v
PS 762.8 PS(34:1) v v v v
764.6 PS(34:0) v v
788.6 PS(36:2)" v v v v
790.5 PS(36:1) v v v v 7
792.6 PS(36:0)" v v v v
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SM

IPC

PC

810.8
812.8
814.6
816.5
836.7
838.6
840.5
675.5
689.4
701.6
703.7
705.5
731.6
811.7
813.8
815.7
468.3
480.2
482.3
494 .4
496.3
510.3
520.3
522.4
524.5
544.4
546.3
548.3
568.4
570.4
572.3
580.4
596.3
608.5
594.5
622.5
650.5
732.6

PS(38:5)
PS(38:4)
PS(38:3)"
PS(38:2)
PS(40:6)
PS(40:5)
PS(40:4)-
SM(d18:1/14:0)- *
SM(d18:1/15:0)- *
SM(d18:1/16:1)- *
SM(d18:1/16:0)" *
SM(d18:0/16:0)"
SM(d18:1/18:0)" *
SM(d18:1/24:2)" *
SM(d18:1/24:1)- *
SM(d18:1/24:0)
IPC(14:0)"
IPC(O-16:1)"
IPC(O-16:0)"
IPC(16:1)"
IPC(16:0)" *
IPC(O-18:0)
IPC(18:2)- *
IPC(18:1)- *
IPC(18:0)- *
IPC(20:4)
IPC(20:3)"
IPC(20:2)"
IPC(22:6)
IPC(22:5)"
IPC(22:4)"
IPC(22:0)
IPC(24:6)
IPC(24:0)
PC(22:0)
PC(24:0)-
PC(26:0)"
PC(16:0/16:1)"
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CE

734.5
746.5
758.6
760.6
766.7
768.5
782.5
784.6

786.5

788.7
794.5
796.6
806.6
808.6
810.6
812.7
814.7
834.6
836.7
838.7
876.6
878.6
558.5
614.6
640.6
642.6
664.6
666.7
668.6
670.6
688.6
690.7
692.6
694.6
696.7
698.6
714.7

PC(16:0/16:0)" *
PC(O-34:1)- *
PC(18:2/16:0) *
PC(16:0/18:1)- *
PC(0-16:1/20:4)"
PC(0-16:0/20:4)
PC(16:0/20:4) *
PC(18:1/18:2) *
PC(18:0/18:2) *
PC(18:1/18:1)- *
PC(18:0/18:1)"
PC(0-16:0/22:5)
PC(0-38:4)"
PC(16:0/22:6)"
PC(18:1/20:4)"
PC(18:0/20:4)
PC(18:0/20:3)"
PC(38:2)"
PC(40:6)
PC(18:0/22:5)
PC(40:4)
PC(43:6)
PC(44:12)"
CE(10:0)"
CE(14:0)-
CE(16:1)-*
CE(16:0)" *
CE(18:3)
CE(18:2)- *
CE(18:1)-*
CE(18:0)
CE(20:5)"
CE(20:4)- *
CE(20:3)- *
CE(20:2)
CE(20:1)
CE(20:0)
CE(22:6)

N XX X X X X
N XX XX XX
<\

\
NN N NN <
| <
| <
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716.7 CE(22:5) v v v
718.7 CE(22:4) v v v
720.7 CE(22:3) v v v
TAG 7926 TAG(46:2) v v v v v v
794.6 TAG(46:1)" v v v v v v
796.6 TAG(46:0)- v v v v v v
818.6 TAG(48:3) v v v v v
820.6 TAG(48:2)" v v v v v v
822.6 TAG(48:1) v v v v v v
824.6 TAG(48:0) v v v v v v
844.6 TAG(50:4) v v v v v
846.6 TAG(50:3)" v v v v v v
848.6 TAG(50:2) v v v v v v
850.7 TAG(50:1)- v v v v v v
862.7 TAG(0-52:2) v v v v v v
870.6 TAG(52:5) v v v v v
872.6 TAG(52:4) v v v v v v
874.7 TAG(52:3) v v v v v v
876.8 TAG(52:2)- v v v v v v
878.7 TAG(52:1) v v v v v v
896.7 TAG(54:6) v v v v v
898.7 TAG(54:5) v v v v v v
900.7 TAG(54:4) v v v v v v
902.7 TAG(54:3) v v v v v v
904.8 TAG(54:2)- v v v v v v
906.7 TAG(54:1) v v v v v v
920.7 TAG(56:8)" v v v 7 v
922.8 TAG(56:7)" v v v v v v
924.8 TAG(56:6)" v v v v v
926.7 TAG(56:5)- v v v v v
928.7 TAG(56:4)" v v v v v
930.7 TAG(56:3) v v v v v
946.7 TAG(58:9) v v 7
948.8 TAG(58:8) v v v v
950.8 TAG(58:7)" v v v 7
952.8 TAG(58:6) v v v v

For TAG species, different neutral loss scans for identification of fatty acids were used and in most cases >3 fatty
acids were identified. Thus, a single peak in the full MS scan is an overlay of different isobaric TAG species. There
are no class specific scans for TAG species, so they were identified from the full MS scan. In the m/z area of 790 to
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890 an overlay of PC and TAG species can occur. PC species are unambiguously identified by a NL scan for the PC
headgroup. In addition a MS/MS spectrum of all signals above m/z of 790 was recorded. Compared to PC species,
MS/MS spectra of TAG species show very intensive signals due to loss of fatty acids. Thus, MS/MS spectra were
used to identify TAG species and resolve the possibility of an overlay with PC species, which show a characteristic
signal at m/z 184.1. Lipids marked with an (*) were detected with Liquid Extraction Surface Analysis (LESA) in
positive ion mode with NL or Pl scans (phospholipids and CEs) or in the full MS mode (TAG). Lipids marked with an
asterisk (*) were previously identified with DESI-MS.?

10
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Supplement Table IV: Lipids identified in endarterectomies (P1-3) and radial control

arteries (C1-3) in negative MS mode.

m/z [lon] Lipid P4 P2 P3 C1 C2 C3

SM  709.7[M-CIf  SM(d18:1/14:0)* v v
7238 [M-CI  SM(d18:1/15:0)* v v

733.4 [M-Ac]  SM(d18:1/14:0)* v v v

735.6 [M-CI]  SM(d18:1/16:1)* v v

737.4 [M-CII  SM(d18:1/16:0)* v v v v

739.5 [M-CII SM(d18:0/16:0) v v v
747.5[M-Ac]  SM(d18:1/15:0)* v v v

749.5 [M-Ac]  SM(d18:0/15:0)* v v v

759.5 [M-Ac]  SM(d18:1/16:1)* v v v v
761.5[M-Ac]  SM(d18:1/16:0)* v v v v v v
763.5[M-Ac]  SM(d18:0/16:0) v v v v v

789.5 [M-Ac]  SM(d18:1/18:0)* v v v

795.7 [M-CIT SM(d18:0/20:0) v v

843.5 [M-CII SM(d18:1/24:3) v v v

845.7 [M-CII  SM(d18:1/24:2)* v v v

847.5 [M-CI] SM(d18:1/24:1) v v

869.6 [M-Ac]  SM(d18:1/24:2)* v v v

871.6 [M-Ac]  SM(d18:1/24:1)* v v v v

873.6 [M-CII SM(d18:1/24:0) v v v

IPC 530.3 IPC(16:0)* v v
554.2 IPC(18:2)* v v

PC 792.4 PC(34:2) v v -
816.8 PC(36:4) v v

818.7 PC(36:3) v v

820.8 PC(36:2) v v

822.7 PC(36:1) v v v

848.1 PC(38:2) v v v

850.0 PC(38:1) v v

PS 788.8 PS(36:1) v v v v v v
810.8 PS(38:4) v v v v
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812.8 PS(38:3) S
816.8 PS(38:1)
834.8 PS(40:6) v =
836.8 PS(40:5) v v v
838.8 PS(40:4) v v

Lipids marked with an asterisk (*) were previously identified with DESI-MS.?
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Supplement Table V: Quantitation of CE, SM, IPC and PC species in endarterectomies
and radial arteries.

Endarterectomies

Radial Arteries

Lipid species (n=3) (n=3)
CE CE(10:0) 0.03 (x0.031) 0.00 (+0.000)
CE(14:0) 0.08 (+0.024) 0.00 (x0.001)
CE(16:0) 1.34 (+0.380) 0.01 (+0.004)
CE(16:1) 1.09 (x0.199) 0.00 (+0.003)
CE(18:0) 1.00 (+0.998) 0.01 (x0.005)
CE(18:1) 8.75 (£1.017) 0.00 (+0.003)
CE(18:2) 13.05 (¢1.203) 0.01 (x0.004)
CE(18:3) 0.65 (+0.159) 0.00 (x0.001)
CE (20:0) 1.91 (x1.118) 0.07 (+0.046)
CE(20:1) 0.86 (+0.305) 0.03 (x0.013)
CE(20:2) 0.29 (+0.224) 0.03 (x0.015)
CE(20:3) 1.31 (x0.447) 0.02 (+0.012)
CE(20:4) 3.00 (+0.475) 0.07 (+0.036)
CE(20:5) 0.79 (£0.273) 0.05 (+0.024)
CE(22:3) 0.14 (+0.082) 0.00 (+0.000)
CE(22:4) 0.20 (+0.131) 0.00 (+0.001)
CE(22:5) 0.33 (x0.115) 0.00 (+0.000)
CE(22:6) 0.58 (+0.202) 0.00 (+0.002)
Y 35.40 0.30
SM SM(d18:1/14:0) 198.0 (+84.198) 6.61 (x1.123)
SM(d18:1/15:0) 106.2 (x42.053) 2.81 (x0.428)
SM(d18:1/16:1) 245.8 (£101.061) 13.7 (x2.211)
SM(d18:1/16:0) 2381.2 (£815.959) 130.2 (+18.218)
SM(d18:0/16:0) 0.0 (+0.000) 16.2 (+4.525)
SM(d18:1/18:0) 194.9 (+50.536) 22.0 (x1.215)
SM(d18:1/24:2) 576.3 (£232.9) 48.3 (x7.032)
SM(d18:1/24:1) 1000.0 (£357.210) 75.4 (x18.375)
SM(d18:1/24:0) 779.6 (£237.968) 46.2 (£6.921)
> 5482.0 361.4
IPC IPC(14:0) 0.3 (+0.186) 0.08 (+0.084)
IPC(O-16:1) 0.4 (+0.180) 0.03 (x0.028)
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IPC(0-16:0) 3.2 (x2.224) 0.0 (+0.000)
IPC(16:1) 6.4 (+3.787) 0.2 (+0.173)
IPC(16:0) 226.2 (+82.92) 3.4 (+1.114)
IPC(O-18:0) 10.7 (+4.468) 3.1 (+0.586)
IPC(18:2) 79.7 (£52.028) 1.4 (x0.190)
IPC(18:1) 125.0 (+67.418) 1.5 (x0.283)
IPC(18:0) 139.4 (x45.472) 4.3 (+0.944)
IPC(20:4) 39.6 (+18.225) 8.7 (+6.140)
IPC(20:3) 23.1 (+11.614) 2.8 (+1.498)
IPC(20:2) 6.8 (+2.875) 3.3 (+0.603)
IPC(22:6) 0.0 (+0.000) 0.3 (+0.260)
IPC(22:5) 0.2 (+0.214) 0.5 (+0.347)
IPC(22:4) 2.2 (+2.230) 0.4 (+0.400)
IPC(22:0) 0.0 (+0.000) 0.6 (+0.629)
IPC(24:6) 0.0 (+0.000) 0.3 (+0.327)
IPC(24:0) 0.0 (+0.000) 1.2 (+1.196)

)3 663.5 33.5

PC  PC(24:0) 0.0 (+0.000) 0.6 (+0.612)
PC(26:0) 7.5 (+7.537) 30.0 (+15.883)
PC(32:1) 145.8 (+35.995) 31.3. (+6.251)
PC(32:0) 338.8. (+143.356) 67.3 (+8.742)
PC(0-34:1) 86.7 (x29.938) 11.0 (+2.505)
PC(34:2) 347.9 (+84.022) 71.5 (x22.006)
PC(34:1) 574.0 (+167.714) 155.7 (+31.683)
PC(0-36:5) 118.1 (+23.325) 49.2 (+24.949)
PC(0-36:4) 99.0 (29.058) 23.3 (+1.205)
PC(36:4) 202.0 (+48.470) 71.4 (+18.798)
PC(36:3) 230.1 (+66.385) 40.0 (+11.058)
PC(36:2) 461.5 (+117.019) 70.0 (+16.422)
PC(36:1) 485.5 (+122.935) 67.1 (+11.761)
PC(0-38:5) 95.7 (+31.416) 18.8 (+8.375)
PC(0-38:4) 70.9 (+21.676) 13.5 (+6.486)
PC(38:6) 64.9 (+15.026) 15.6 (+7.430)
PC(38:5) 83.7 (+25.984) 26.0 (+8.381)
PC(38:4) 319.6 (+90.744) 65.4 (+18.571)
PC(38:3) 459.4 (+135.207) 46.0 (+9.378)
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PC(38:2) 567.1 (+177.947) 26.7 (x14.090)

PC(40:6) 33.6 (+10.728) 7.4 (+2.613)

PC(40:5) 26.4 (+12.732) 5.4 (=1.980)

PC(40:4) 30.8 (+10.157) 4.3 (+1.627)

PC(43:6) 1.8 (1.089) 0.7 (+0.128)

PC(44:12) 4.8 (+0.952) 0.7 (+0.198)

PC(44:10) 0.3 (+0.283) 0.0 (+0.000)
y 4855.6 927.7

Data are given in pmol/uL (mean = SE) for CE or fmol/uL (mean = SE) for IPC, PC and SM.

Downloaded from circgenetics.ahajournals.org by guest on June 14, 2011


http://circgenetics.ahajournals.org/

Supplement Table VI: Clinical characteristics of symptomatic and asymptomatic patients.

Symptomatology Age Gender DM COPD HTN ;ﬁgi blogl;ers ASA ACEl Statins
Patient 4 Symptomatic 71 Male No No Yes No No Yes Yes No
Patient 5 Symptomatic 76 Male Yes No Yes No No Yes Yes Yes
Patient 6 Symptomatic 71 Male No No Yes Yes No Yes Yes Yes
Patient 7 Asymptomatic 62 Male Yes No Yes No No Yes Yes Yes
Patient 8 Asymptomatic 70 Male No No Yes No No Yes Yes Yes
Patient 9 Asymptomatic 71 Male No No Yes No No Yes Yes Yes
Patient 10 Symptomatic 84 Female No No Yes No No Yes Yes Yes
Patient 11 Symptomatic 78 Female No No Yes No No Yes Yes No
Patient 12 Symptomatic 71 Female No No Yes No No Yes Yes Yes
Patient 13 Asymptomatic 80 Female No No Yes No No Yes Yes Yes
Patient 14 Asymptomatic 65 Female No Yes Yes No No Yes No Yes
Patient 15 Asymptomatic 69 Female Yes No Yes No No Yes Yes Yes

For abbreviations, see footnote to Supplemental Table II.
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Supplemental Table VII: Clinical characteristics of plaques divided in ruptured (unstable) and non-ruptured (stable) areas.

Renal b-

Symptomatology Age Gender DM COPD HTN failure blockers ACEI Statins
Patient 16 Symptomatic 81 Male No No Yes No No No Yes
Patient 17 Asymptomatic 70 Male Yes Yes Yes No Yes Yes Yes
Patient 18 Symptomatic 54 Male Yes No Yes No No Yes Yes
Patient 19 Symptomatic 76 Male No Yes Yes No No No Yes
Patient 20 Symptomatic 79 Female Yes No Yes No Yes No Yes
Patient 21 Symptomatic 73 Male No No No No No No Yes (4 days)
Patient 22 Symptomatic 81 Male No No Yes No Yes Yes Yes
Patient 23 Symptomatic 80 Female Yes No Yes Yes No No Yes
For abbreviations, see footnote to Supplemental Table II.
17
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Supplemental Table VIII: Quantitation of CE, SM, IPC and PC species in stable and

unstable areas of the same plaques.

Stable Unstable P value*
(n=8) (n=28) (paired t-test)

CE species

CE(10:0) 0.1 (x0.025) 0.2 (+0.083) 0.283
CE(14:0) 0.3 (+0.031) 0.5 (x0.174) 0.425
CE(16:0) 6.2 (x0.190) 6.3 (z0.284) 0.857
CE(16:1) 2.4 (x0.187) 2.8 (+0.393) 0.189
CE(18:0) 0.0 (+0.000) 2.1 (x0.799) 0.036
CE(18:1) 29.2 (£1.247) 26.3 (+1.885) 0.154
CE(18:2) 27.8 (£1.745) 31.2 (x1.655) 0.147
CE(18:3) 1.4 (x0.095) 1.7 (x0.242) 0.145
CE(20:0) 2.2 (x0.458) 3.7 (x0.589) 0.058
CE(20:1) 2.1 (x0.508) 2.2 (£0.117) 0.789
CE(20:2) 1.9 (x0.311) 1.9 (x0.345) 0.991
CE(20:3) 6.7 (x0.777) 3.6 (x0.345) 0.006
CE(20:4) 9.4 (+0.850) 8.5 (x0.960) 0.325
CE(20:5) 3.3 (+0.302) 3.5 (x0.343) 0.617
CE(22:3) 0.8 (x0.171) 0.8 (+0.359) 0.974
CE(22:4) 1.5 (x0.311) 0.8 (x0.175) 0.053
CE(22:5) 1.9 (x0.325) 1.8 (x0.236) 0.525
CE(22:6) 2.7 (x0.404) 2.2 (£0.425) 0.262
SM species

SM(d18:0/16:0) 3.6 (x1.399) 3.2 (£1.839) 0.827
SM(d18:1/24:0) 11.6 (x2.180) 13.1 (x2.110) 0.687
SM(d18:1/24:1) 18.9 (x1.199) 20.9 (+1.451) 0.330
SM(d18:1/24:2) 14.0 (x1.602) 12.6 (x0.632) 0.371
SM(d18:1/14:0) 3.2 (x0.277) 3.5 (x0.316) 0.680
SM(d18:1/15:0) 1.2 (x0.111) 1.6 (x0.174) 0.033
SM(d18:1/16:0) 39.9 (£2.273) 38.0 (x2.407) 0.548
SM(d18:1/16:1) 4.0 (x0.414) 3.8 (x0.203) 0.612
SM(d18:1/18:0) 3.4 (x0.209) 3.3 (x0.216) 0.678

IPC species
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IPC(0O-16:0) 0.1 (x0.064) 0.2 (x0.140) 0.171
IPC(16:0) 36.1 (x1.870) 35.2 (£1.994) 0.688
IPC(16:1) 0.2 (+0.099) 0.1 (x0.046) 0.180
IPC(0O-18:0) 0.8 (+0.250) 1.3 (x0.284) 0.171
IPC(18:0) 22.3 (£1.674) 27.0 (+1.001) 0.026
IPC(18:1) 17.3 (x1.661) 12.1 (+1.852) 0.132
IPC(18:2) 10.1 (x0.967) 10.5 (x1.071) 0.650
IPC(20:2) 1.0 (x0.417) 5(x0.713) 0.029
IPC(20:3) 2.8 (x0.478) 1 (x0.579) 0.626
IPC(20:4) 4.3 (x0.556) 7 (x0.848) 0.691
IPC(22:0) 0.1 (x0.056) 1 (x0.047) 0.540
IPC(22:4) 3.9 (x2.002) 9 (£1.041) 0.295
IPC(22:5) 0.3 (+0.193) 5(+0.182) 0.365
IPC(22:6) 0.6 (+0.304) 8 (+0.318) 0.805
IPC(24:6) 0.1 (x0.110) 0.1(10.093) 0.940
PC species

PC(26:0) 0.2 (x0.062) 6 (x0.244) 0.081
PC(32:0) 5.3 (+0.365) 5 (+0.252) 0.193
PC(32:1) 2.2 (x0.216) 8 (x0.171) 0.018
PC(0O-34:1) 1.8 (x0.214) 8 (x0.173) 0.942
PC(34:1) 15.2 (x0.824) 12.1 (x1.122) 0.004
PC(34:2) 8.3 (x0.829) 8.7 (£0.792) 0.645
PC(0O-36:4) 2.0 (x0.286) 2.4 (x0.208) 0.375
PC(36:1) 5.7 (x1.169) 7.1 (£0.750) 0.331
PC(36:2) 9.4 (+0.485) 10.3 (+0.382) 0.204
PC(36:3) 5.8 (x0.241) 9 (x0.344) 0.791
PC(36:4) 7.5 (x0.518) 6 (+0.385) 0.047
PC(0O-36:4) 2.9 (+0.598) 5 (+0.289) 0.570
PC(0O-38:4) 1.5 (x0.276) 5 (x0.301) 0.993
PC(0-38:5) 2.6 (x0.333) 6 (x0.226) 0.960
PC(38:2) 5.2 (x1.222) 4 (x2.104) 0.336
PC(38:3) 6.6 (0.990) 5 (£1.317) 0.621
PC(38:4) 8.8 (x0.405) 3 (x0.224) 0.019
PC(38:5) 3.0 (x0.162) 7 (£0.187) 0.308
PC(38:6) 2.1 (x0.346) 1 (x0.350) 0.060
PC(40:4) 1.0 (x0.084) 7 (x0.147) 0.063
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PC(40:5) 1.0 (x0.197) 1.1 (0.159) 0.731
PC(40:6) 1.7 (0.099) 1.5 (+0.213) 0.285
PC(43:6) 0.1 (x0.023) 0.1 (x0.032) 0.344
PC(44:12) 0.1 (x0.022) 0.1 (+0.035) 0.039

Data presented are given in % (mean = SE) for each single lipid class. " P-values were derived from
paired Student’s t-tests since stable and unstable areas were from the same plaque, bold numbers
highlight p-values <0.05.
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Supplemental Table IX: Clinical characteristics of patients with endarterectomies. The
plasma of the patients were extracted with chloroform/methanol and analyzed with

shotgun lipidomics.

Plasma (n = 35)

Demographic

Age, years (mean=SD) 69.0 (= 8.8)
Male, % 714
BMI, kg/m? 25 4
Medical history, %
DM 20.0
COPD 8.6
HTN 71.4
Renal failure 57
Medication
b-blockers 229
ASA 71.4
ACEI 40.0
Statins 97.1

For abbreviations, see footnote to Supplemental Table II.
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Supplemental Table X: Relative amount of CE, SM, IPC and PC species in human plasma

and human atherosclerotic plaques.

Plasma Plaques P value*
(n = 35) (n = 28) (unpaired t-test)

CE species

CE(10:0) 0.0 (+0.000) 0.1 (x0.026) <0.001
CE(14:0) 0.3 (x0.016) 0.4 (x0.051) 0.015
CE(16:0) 6.9 (z0.167) 6.6 (x0.176) 0.209
CE(16:1) 2.6 (x0.199) 2.6 (x0.163) 0.769
CE(18:0) 0.0 (+0.000) 1.0 (x0.329) 0.001
CE(18:1) 30.0 (+0.446) 26.9 (£0.847) 0.001
CE(18:2) 41.4 (£0.766) 29.7 (+1.032) <0.001
CE(18:3) 1.9 (x0.174) 1.4 (=0.100) 0.026
CE(20:0) 0.5 (+0.054) 4.5 (+0.556) <0.001
CE(20:1) 0.0 (x0.000) 2.9 (x0.294) <0.001
CE(20:2) 0.0 (+0.000) 1.8 (x0.210) <0.001
CE(20:3) 0.0 (+0.000) 4.6 (+0.390) <0.001
CE(20:4) 12.6 (x0.738) 8.5 (x0.482) <0.001
CE(20:5) 2.5 (x0.235) 3.6 (x0.250) 0.002
CE(22:3) 0.0 (+0.000) 0.7 (x0.115) <0.001
CE(22:4) 0.0 (x0.000) 0.9 (x0.131) <0.001
CE(22:5) 0.0 (+0.000) 1.6 (x0.163) <0.001
CE(22:6) 1.3 (+0.081) 2.2 (£0.185) <0.001
SM species

SM(d18:0/16:0) 1.6 (x0.182) 2.8 (x0.773) 0.107
SM(d18:1/14:0) 1.2 (+0.057) 3.6 (x0.184) <0.001
SM(d18:1/15:0) 0.5 (x0.037) 1.4 (x0.091) <0.001
SM(d18:1/16:1) 2.0 (z0.079) 4.2 (x0.174) <0.001
SM(d18:1/16:0) 13.2 (x0.381) 43.1 (£1.675) <0.001
SM(d18:1/18:0) 5.2 (x0.167) 3.3 (x0.182) <0.001
SM(d18:1/24:2) 41.8 (x0.704) 11.8 (x0.683) <0.001
SM(d18:1/24:1) 23.3 (x0.410) 19.0 (x0.753) <0.001
SM(d18:1/24:0) 11.3 (x0.480) 10.8 (+1.146) 0.681

IPC species
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IPC(0O-16:0) 0.0 (=0.000) 0.1 (£0.045) 0.041
IPC(16:0) 40.7 (x0.803) 36.5 (x1318) 0.006
IPC(16:1) 0.5 (x0.087) 0.1 (x0.033) <0.001
IPC(0O-18:0) 0.0 (=0.000) 1.1 (x0.162) <0.001
IPC(18:0) 13.3 (x0.317) 24.6 (+1.094) <0.001
IPC(18:1) 14.9 (x0.411) 14.5 (+1.179) 0.708
IPC(18:2) 17.2 (x0.611) 4 (£0.629) <0.001
IPC(20:2) 0.0 (+0.000) 2 (x0.551) <0.001
IPC(20:3) 2.4 (x0.180) 2 (x0.489) 0.080
IPC(20:4) 8.1 (x0.363) 7 (£0.962) 0.015
IPC(22:0) 0.0 (+0.000) 1 (x0.028) 0.011
IPC(22:4) 0.0 (=0.000) 7 (+0.688) 0.008
IPC(22:5) 0.0 (+0.000) 3 (+0.083) 0.001
IPC(22:6) 0.8 (x0.121) 5(x0.139) 0.142
IPC(24:6) 0.0 (+0.000) 1 (+0.041) 0.044
PC species

PC(26:0) 0.0 (+0.000) 7 (£0.264) 0.004
PC(0-32:0) 0.1 (x0.005) 0 (=0.000) <0.001
PC(0-32:1) 0.1 (x0.005) 0 (=0.000) <0.001
PC(32:0) 0.7 (x0.017) 0 (x0.476) <0.001
PC(32:1) 0.9 (+0.048) 7 (x0.210) <0.001
PC(32:2) 0.3 (+0.007) 0 (+0.000) <0.001
PC(0O-34:1) 0.4 (+0.013) 8 (x0.111) <0.001
PC(0-34:2) 0.3 (x0.012) 0 (+0.000) <0.001
PC(0O-34:3) 0.2 (+0.009) 0 (x0.000) <0.001
PC(34:1) 11.8 (x0.329) 15.0 (x0.711) <0.001
PC(34:2) 15.4 (x0.407) 6 (+x0.408) <0.001
PC(34:3) 0.6 (+0.031) 0 (+0.000) <0.001
PC(35:4) 0.0 (x0.000) 1 (x0.157) <0.001
PC(36:1) 5.2 (+0.258) 3 (+0.523) 0.051
PC(36:2) 10.0 (x0.209) 10.0 (+0.250) 0.920
PC(36:3) 7.4 (x0.170) 5(+0.153) <0.001
PC(36:4) 11.9 (x0.367) 1 (x0.385) <0.001
PC(36:5) 2.2 (x0.151) 0 (+0.000) <0.001
PC(0-36:4) 0.0 (+0.000) 8 (x0.288) <0.001
PC(0O-38:4) 1.4 (x0.032) 3 (x0.142) 0.642
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PC(0O-38:5)
PC(38:2)
PC(38:3)
PC(38:4)
PC(38:5)
PC(38:6)
PC(0-40:5)
PC(0-40:6)
PC(40:4)
PC(40:5)
PC(40:6)
PC(41:5)
PC(41:6)
PC(43:6)
PC(44:12)

1.7 (0.030)
2.0 (+0.090)
3.7 (+0.098)
7.9 (+0.287)
4.5 (+0.1086)
5.8 (+0.262)
0.5 (+0.018)
0.8 (+0.029)
0.4 (+0.017)
1.0 (+0.046)
2.1 (+0.096)
0.1 (+0.004)
0.1 (=0.005)
0.0 (+0.004)
0.1 (+0.005)

+0.168)
+0.947)
652)
309)
133)
172)
000)

0.
0.
0.
0.
0.
0.
0.
0.000)
0.
0.
0.
0.
0.
0.
0.

I+

067)
100)
115)
000)
000)
+0.023)
025)

+
+
+
+
+
+

2.2 (
5.9 (
7.2 (
7.6 (
2.5 (
2.4 (
0.0 (
0.0 (
0.8 (
0.9 (
1.4 (
0.0 (
0.0 (
0.1 (
0.1 (

+
+
+
+
+
+

<0.001
<0.001
<0.001
0.372
<0.001
<0.001
<0.001
<0.001
<0.001
0.453
<0.001
<0.001
<0.001
0.090
0.411

Data presented are given in % (mean = SE) for each single lipid class. " P-values were derived from
unpaired Student’s t-tests, bold numbers highlight p-values <0.05.
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Supplemental Figure Il
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45.0

40.0 ¥ Plasma |

35.0 ®Plaque |

30.0

25.0

20.0

15.0

Relative Distribution (%)

10.0

5.0

O . 0 T T T
) N ) ) A N N N A )
69 ‘5"\ N %'.Q Qi‘} Q;.\ S Q'(? Q‘h‘ Q".‘-’
A S A e N N N S
O O O O O O O O O

& R & € f° L R

DS S N S 6

S & G

IV R AN
L &L L

IPC(20:3) IPC(22:6) _|pC(22:5)

_\IPC(TZ:G) 1PC(20:2)

1PC(20:0) _IPC(20:3)
IPC(20:5)

IPC(0-18:0)

Plasma Plaque

Downloaded from circgenetics.ahajournals.org by guest on June 14, 2011


http://circgenetics.ahajournals.org/

Supplemental Figure VI

16.0 T
14.0 . Plasma |-
. ® Plaque

__ 120 ' - -
X
S
c
© 100 m T
it
=
2
f-
- T
@ 8.0 -
o
g |
2 6.0 — -
S
Q -
(14

4.0 —

T -

2.0 l I = 5 — -

OO “j1_ l_I T x-r T T T S S
SroNT oo N ONTYTYIOTOoNCTOhYTohYTOdobonyonowN
LoNNNNNvvvgggwmmmcocoooooooocooocoooooooo‘-‘—m‘.‘.
NP RO PLINOPRNNONOWPPORORLEYIIIIIIIT
O9900OgggoOOgOOOOOOQgOOOOOQgOOOOOODf
CLOO&CLO.OOOD.D.CLOQ.&Q.O.D.QOOO.Q.O.&D.OOQ.D.&&O.Q.O_

B a o oo Q o oo o o
PC(40:4) . PC(32:1) _PC(0-32:1)
PC(40:6) PO Pe40:4) PCA36) -\ pcaaiz) pete)
PC(0-40:5) PC(40:5) PC(32:1)
. ) PC(0-34:3)
PC(0-40:6) PC(40:6)
PC(38:2) \ PC(0-34:1)
P —— J—
\ ) PC(38:2)
FEE) PCE83)

PC(34:2)

PC(38:5) __ - \

PC(38:5)

PC(38:6)

PC(0-38:4) PC(0-38:4)

PC(0-38:5)

PC(36:5) )
PC(0-38:5) PC(0-36:4)

PC(35:4)

Plasma Plaque

Downloaded from circgenetics.ahajournals.org by guest on June 14, 2011


http://circgenetics.ahajournals.org/

