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ARTICLE INFO ABSTRACT
Keywords: Background and aims: Lipids play an important role in atherosclerotic plaque development and are interesting
Atherosclerosis candidate predictive biomarkers. However, the link between circulating lipids, accumulating lipids in the vessel

Desorption electrospray ionization-mass spec-

e wall, and plaque destabilization processes in humans remains largely unknown. This study aims to provide new
trometry imaging

insights into the role of lipids in atherosclerosis using lipidomics and mass spectrometry imaging to investigate

Lipidomics c . . .
Plaque destabilization lipid signatures in édyance.d human carot.ld plaque and pl;'isrn.a se}mples. ' .
Histology Methods: We used lipidomics and desorption electrospray ionization mass spectrometry imaging (DESI-MSI) to

Carotid endarterectomy investigate lipid signatures of advanced human carotid plaque and plasma obtained from patients who under-
went carotid endarterectomy (n = 14 out of 17 whose plaque samples were analyzed by DESI-MSI). Multivariate
data analysis and unsupervised clustering were applied to identify lipids that were the most discriminative
species between different patterns in plaque and plasma. These patterns were interpreted by quantitative
comparison with conventional histology.

Results: Lipidomics detected more than 300 lipid species in plasma and plaque, with markedly different relative
abundances. DESI-MSI visualized the spatial distribution of 611 lipid-related m/z features in plaques, of which
330 m/z features could be assigned based on exact mass, comparison to the lipidomic data, and high mass
resolution MSI. Matching spatial lipid patterns to histological areas of interest revealed several molecular species
that were colocalized with pertinent disease processes in plaque including specific sphingomyelin and ceramide
species with calcification, phospholipids and free fatty acids with inflammation, and triacylglycerols and
phosphatidylinositols with fibrin-rich areas.

Conclusions: By comparing lipid species in plaque and plasma, we identified those circulating species that were
also prominently present in plaque. Quantitative comparison of lipid spectral patterns with histology revealed
the presence of specific lipid species in destabilized plaque areas, corroborating previous in vitro and animal

studies.
1. Introduction of plaque [2]. When a plaque ruptures, its content comes in contact with
the bloodstream triggering thrombus formation, which subsequently
Ischemic stroke remains a leading cause of death and severe blocks the blood flow causing ischemic stroke. The risk of rupture de-
disability worldwide [1]. Atherosclerosis of the carotid artery is a pends on plaque composition, critically impacting biomechanical sta-
common underlying pathology of ischemic stroke. The accumulation of bility. Plaques most prone to rupture are characterized by a large
lipids and inflammatory cells in the arterial wall results in the formation lipid-rich necrotic core covered by a thin fibrous cap, many

* Corresponding author. P.O. Box 2040, 3000 CA, Rotterdam, the Netherlands.
E-mail address: g.vansoest@erasmusmec.nl (G. van Soest).

https://doi.org/10.1016/j.atherosclerosis.2023.117340
Received 27 April 2023; Received in revised form 5 October 2023; Accepted 10 October 2023

Available online 11 October 2023
0021-9150/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:g.vansoest@erasmusmc.nl
www.sciencedirect.com/science/journal/00219150
https://www.elsevier.com/locate/atherosclerosis
https://doi.org/10.1016/j.atherosclerosis.2023.117340
https://doi.org/10.1016/j.atherosclerosis.2023.117340
https://doi.org/10.1016/j.atherosclerosis.2023.117340
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atherosclerosis.2023.117340&domain=pdf
http://creativecommons.org/licenses/by/4.0/

N. Slijkhuis et al.

inflammatory cells, and intra-plaque hemorrhage [3]. However, the
significant local variation in plaque phenotype makes accurately pre-
dicting the evolution of plaques and clinical outcomes challenging, ul-
timately leading to suboptimal risk stratification [4].

Lipidomic plasma analyses have yielded several circulating lipid
species that are associated with an increased risk of cardiovascular
events [5,6]. However, the relationship between circulating lipids and
plaque pathobiology remains poorly understood, and mechanisms
linking the two are largely unknown. Lipids are both by-products of
disease processes and active mediators of, for instance, inflammation [7,
8]. Invitro and animal studies have identified mechanistic links between
specific lipids, such as sphingomyelins [9,10], ceramides [11] and
cholesteryl esters [12], and atherogenic processes, but these have not
been studied in humans. We hypothesized that spatial lipidomics of
human atherosclerotic plaque can support these associations by
revealing the colocalization of these lipids with atherosclerotic disease
processes.

Desorption electrospray ionization mass spectrometry imaging
(DESI-MS]) is a molecular imaging technique that can detect and visu-
alize a wide range of lipid species in tissue sections in a label-free
manner [13]. Molecules in the tissue sections are first ionized using a
fine nebulized spray of charged micro-droplets aimed at the tissue sec-
tion. Subsequently, the ions travel into a mass analyzer, which, for the
purposes of our study, was set to a specific mass range of 100 to 1200 Da.
In the mass analyzer, the mass-to-charge ratios (m/z) of the ions are
measured and converted to a mass spectrum displaying all m/z values.
During DESI-MSI acquisition, tissue sections are raster scanned, and
mass spectra recorded with X and Y coordinates are generated, which
preserves the spatial distribution of each detected molecule. The pixel
size in DESI-MSI, which reflects the spatial resolution, depends on the
specific setup and configuration. Recent advancements in the technol-
ogy have led to increased resolution capabilities down to 20 pm. Hence,
DESI-MSI gives detailed information about the spatial lipid distribution
on a molecular level.

This study aims to provide new insights into the role of lipids in
atherosclerosis using lipidomics and dual-polarity high spatial resolu-
tion DESI-MSI to investigate lipid signatures in advanced human carotid
plaque and plasma samples from the same patients who underwent ca-
rotid endarterectomy. Previous studies have also utilized MSI to inves-
tigate lipids in atherosclerotic plaque. For example, secondary ion mass
spectrometry (SIMS) was used to analyze the lipid distribution in human
coronary arteries in the context of lesion characteristics and severity
[14]. Additionally, matrix-assisted laser desorption-ionization (MALDI)
MSI and DESI-MSI have been used for the detection of lipids in athero-
sclerotic plaques from mice [15,16] and human [17-20]. However, past
DESI-MSI studies were limited in their capacity to detect a broad range
of lipid species, most likely due to sensitivity constraints. Furthermore,
MALDI and SIMS often encounter in-source fragmentation and their
sample preparation methods can influence the lipids detected. The dif-
ferences between mice and humans also call for cautious interpretation
when translating findings. With these limitations in mind, the present
study employs DESI-MSI with minimal in-source fragmentation, simple
sample preparation, and enhanced detection efficiency. By using
DESI-MSI in positive and negative ionization mode, we were able to
detect 25 different lipid classes. This represents a significant advance-
ment, making this study the first to map the spatial distribution of all
major known lipid classes relevant to atherosclerosis at high image
resolution. The quantitative comparison of lipid spectral patterns with
histology identified prominent plaque lipids, relative to plasma, located
in human carotid plaque areas colocalized with destabilization,
corroborating previous in vitro and animal studies. These findings pro-
vide clues to lipidomic signatures of disease mechanisms that drive
atherosclerotic plaque evolution.
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2. Materials and methods

An overview of the methodology of this study is shown schematically
in Fig. 1 and is described in detail in the sections below.

2.1. Sample collection

Seventeen carotid plaques were obtained from symptomatic patients
who underwent carotid endarterectomy. Corresponding plasma samples
were obtained from these patients in a non-fasted state one day prior to
surgery and subsequently stored at —80 °C. Plaques were snap-frozen in
liquid nitrogen and stored at —80 °C until further processing. Upon
further processing, plaques were cut in 3 mm cross-sections. One 3 mm
cross-section from each plaque was used for plaque lipidomics. Out of 17
plaques, 14 were sufficiently intact for DESI-MSI. The cross-section with
the highest plaque burden was selected for DESI-MSI. Written informed
consent was obtained from all patients and ethical guidelines were
approved by the Erasmus Medical Center Ethics Board and followed
during sample collection and processing (MEC 2018-079).

2.2. Plaque and plasma lipidomics

The Lipidyzer platform was used to detect lipid species in both pla-
que homogenates and plasma samples. The platform consists of a SCIEX
QTRAP 5500 mass spectrometer (AB Sciex, Framingham, United States)
with a SelexION differential ion mobility interface and a Nexera X2 SIL-
30AC ultrahigh-performance liquid chromatography (Shimadzu, Kyoto,
Japan) operated with Analyst software. Plaque homogenates were pre-
pared by grinding one snap-frozen 3 mm cross-section of every plaque
into a fine powder, diluting the weight of the powder ten times using
methanol:water 15:85 (%v/v) solution and homogenizing the suspen-
sion using a TissueLyser LT (QIAGEN) with glass beads. Lipid extraction
for plaque homogenates and plasma was performed using a modified
Bligh-Dyer extraction protocol according to the Lipidyzer protocol. In
short, 50 pL of plaque homogenate or plasma was used for liquid-liquid
extraction using water, methanol, and dichloromethane (DCM). Then,
50 pL of internal standard mix solution (AB Sciex, Framingham, United
States), containing 54 isotopically labeled internal standards across 13
lipid classes, was added to the samples. The lower phase (DCM) con-
taining the lipids was transferred to a clean tube. Then the procedure
was repeated by performing another extraction by adding DCM to the
upper phase and interphase. The DCM phases were pooled and dried
under a stream of nitrogen. The residue was dissolved in Lipidyzer
eluent containing 10 mM ammonium acetate in methanol:DCM 1:1 (v/v)
and was delivered to the autosampler. For data analysis, we used the
lipid species composition data of the Lipidyzer platform. This is the
relative contribution of each lipid species (e.g., phosphatidylcholine
(36:2)) within its lipid class (e.g., phosphatidylcholines) calculated as a
percentage, which was normalized to 100 % per lipid class.

2.3. Multivariate analysis of lipidomics data

Multivariate analysis was employed to compare plaque and plasma
lipid content to identify the circulating species that accumulate promi-
nently in plaque. An orthogonal projections to latent structures
discriminant analysis (OPLS-DA) model was fitted in SIMCA 17 (Ume-
trics, Sweden) for all plasma and plaque lipids. In the model, the lipid
composition percentages per class were defined as variables and sample
IDs as observations. The quality of fit was reported as R%, and the pre-
dictability of the model was reported as Q. The model was considered
significant when RZ > 0.5 and Q% > 0.5 and was further validated with a
permutation test and by sevenfold cross-validation analysis of variance
(CV-ANOVA). Variable influence on projection (VIP) values above 1.0
were considered significant in influencing the separation of plasma and
plaque samples.
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Fig. 1. Schematic overview of the study design.

2.4. MSI and histology sample preparation

To conduct DESI-MSI measurements, the 3 mm cross-section with the
highest plaque burden from each plaque (n = 14) was embedded in 10 %
porcine type A gelatin (Sigma-Aldrich, The Netherlands), snap-frozen,
and stored at —80 °C until cryosectioning. Cryosectioning (CM3050 S,
Leica Biosystems) was performed at —20 °C with a cutting thickness of
10 pm. Sections were thaw-mounted onto glass slides and stored at —80
°C until further usage. Per plaque, two glass slides were used for DESI-
MSI measurements in positive and negative ionization mode, and
eight glass slides were used for histology. Additionally, one plaque was
selected for MALDI-FTICR-MSI measurements, one slide was used for
positive ionization mode and one slide was used for negative ionization
mode. For these measurements an organic matrix (2,5-dihydrox-
ybenzoic acid for positive ionization mode, and 1,5-diaminonaphtha-
lene for negative ionization mode) was sublimated onto the tissue
sections.

2.5. DESI-MSI measurements

DESI-MSI measurements were performed on a Synapt XS mass
spectrometer with a DESI-XS source (Waters, Wilmslow, United
Kingdom) in positive and negative ionization mode. All measurements
were performed in sensitivity mode. DESI spray solvent was methanol:
water 98:2 (%v/v) (Honeywell, Germany), which was delivered with a
solvent flow rate of 2 pL/min. The capillary voltage was optimized be-
tween 0.6 and 0.8 kV, and the nitrogen gas pressure was 69-103 kPa
(10-15 psi). A heated transfer line was used at 370 °C to improve
ionization and transmission of the molecules into the mass spectrometer.
All samples were measured with a pixel size of 100 x 100 pm? Addi-
tionally, a subset of samples (n = 4) was measured with a pixel size of 20
x 20 pm? in positive ionization mode. The mass range was m/z
100-1200, and the scan acquisition rate was two scans per second. Data
were acquired using MassLynx v4.2 software. Lock mass correction was
performed on the raw data using a prominent and known lipid species,
namely SM(34:1) [M+Nal" (m/z 725.5) in positive ion mode and Cer
(34:1) [M+CI]" (m/z 572.5) in negative ion mode. HDI v1.4 software
was used to export the data in imzML format (Waters, Wilmslow, United
Kingdom). An in-house developed data processing pipeline [21] in
MATLAB™ 2017a (The Mathworks, Inc., Natick, Massachusetts, USA)
was used in combination with mMass software [22] to select lipid m/z

features and remove isotopes. For further data analysis, a subset of lipid
m/z features was selected that were present in at least five out of four-
teen samples.

2.6. Lipid annotation

Identity assignment of lipid-related m/z features in the DESI-MSI
data was performed using two complementary approaches. We first
created a list of lipid species detected with the Lipidyzer platform in the
plaque homogenates. The exact m/z with possible adducts of the lipid
identities were obtained from the Lipid Maps database [23] and
matched to the DESI-MSI m/z values.

Additionally, we performed high-mass-resolution measurements
using MALDI-FTICR-MSI on the most lipid-rich plaque section. MALDI-
FTICR-MSI measurements were conducted using a Bruker Daltonics
solariX xR mass spectrometer equipped with a 12 T superconductive
magnet, a dynamically harmonized ParaCell™, and a Combi-Source™.
The system was controlled using ftmsControl (v2.10 Build 98, Bruker
Daltonics). The data were collected with a transient length of 3.3554 s
(4 M data points in the time domain), resulting in an estimated resolu-
tion of 776,000 at m/z 400. The MALDI source was equipped with a
SmartBeam™-II laser (A = 355 nm) operating at 200 Hz and 15 % power
and using the "Small” focusing setting (ablation area approximately 70
x 70 pm?). The measurements were performed in positive and negative
ionization mode with a pixel size of 100 x 100 pm? The MALDI matrices
used were 2,5-dihydroxybenzoic acid (Sigma Aldrich, The Netherlands)
for positive ionization mode (sublimation, 50 mg dissolved in 5 ml
aceton, 125 °C, 10 min), and 1,5-diaminonaphthalene (Sigma Aldrich,
The Netherlands) for negative ionization mode (sublimation, 50 mg
dissolved in 5 ml acetonitrile, 145 °C, 20 min). A total of 50 shots per
pixel were acquired, covering a mass range between m/z 300-1200.
Data were converted to imzML format using SCiLS Lab software
(v2016b, Bruker Daltonics) for further processing. FTICR data was
processed with an in-house developed data processing pipeline [21] in
MATLAB™ 2017a (The Mathworks, Inc., Natick, Massachusetts, USA) in
combination with mMass software [22] for peak picking and isotope
removal. Lipid m/z values were matched to the exact m/z values with
possible adducts of the identities found with the Lipidyzer platform to
increase confidence in identifications. Lipid annotations were consid-
ered when the mass error was under 15 parts per million (ppm).



N. Slijkhuis et al.
2.7. Histology

Tissue sections consecutive to the section used for DESI-MSI analysis
were stained by hematoxylin & eosin (HE) (VWR, The Netherlands), Oil
Red O (ORO) (Sigma Aldrich, The Netherlands), Martius Scarlet Blue
(MSB) (Martius Yellow, Brilliant Crystal Scarlet, Aniline Blue) (Sigma
Aldrich, The Netherlands), Alizarin Red S (Sigma Aldrich, The
Netherlands), Miller’s elastin stain (VWR, The Netherlands), and the
immunohistochemical stains Recombinant Anti-CD68 antibody (Abcam,
United Kingdom), polyclonal rabbit a-human acid sphingomyelinase
(ASMase) (BS-6318R, Bio-connect, The Netherlands), and Mouse anti-
human Anti- Apolipoprotein B100 (ApoB) (LS-B13962-0.5, Bio-
connect, The Netherlands). Whole slides were digitized with a Nano-
zoomer 2.0HT slide scanner (Hamamatsu Photonics, Hamamatsu,
Japan) at 20x magnification with a pixel size of 0,455 pm. Quantifica-
tion of calcified plaque areas (Alizarin-Red S), macrophage-infiltrated
areas (CD68 antibody), fibrin-rich areas (MSB), lipid-rich areas (ORO),
ASMase positive areas, and ApoB positive areas were performed using
Visiopharm software (Horsholm, Denmark, version 2022.07). The slide
images were imported in the Visiopharm image analysis software, and
rough tissue detection was done by a deep learning algorithm (U-Net) at
2x input magnification to reduce the area to be measured at higher
magnification. Artifacts were manually excluded from the analysis. Per
staining, an algorithm was designed on normalized images at 20x input
magnification by setting a threshold for the stained features of interest.
Precise positive and total tissue areas were measured per section, and
the percentage of positively stained areas was calculated by (positive
area/total area)*100.

2.8. Quantification of the colocalization of positive histological areas and
DESI images

A MATLAB™ 2019b pipeline was developed to match positive his-
tological regions of interest as defined by Visiopharm software (calcifi-
cations, macrophages, and fibrin) with DESI-MSI images to quantify the
colocalization of lipid spectral patterns with these areas. The Visio-
pharm TIF image of histology containing the positive histological seg-
mentation was registered to the total ion current (TIC) image of the
DESI-MSI sample. The positive stained region image was down-
sampled by block-averaging to match the resolution of the DESI-MSI
images. Then, the transform of the registration was applied to the
down-sampled positive mask, which was matched with the 10 % most
intense pixels of every DESI-MSI lipid image. Some plaque samples were
excluded from the analysis. For calcified regions, 4 plaque samples were
excluded from the colocalization efforts due to heavy calcification. This
made the lipid distributions nonspecific to these calcified areas, leaving
us with 10 samples for this particular analysis. For CD68 positive and
fibrin-rich regions, samples with a positive histological area of <1 %
were excluded (n = 1 and n = 5, respectively) since these areas were too
small and scattered to match with DESI-MSI images. This resulted in the
analysis of 13 samples for colocalization analysis with CD68 positive
regions, and 9 samples for the colocalization analysis with fibrin-rich
regions. A list was generated showing the percentage of the most
intense pixels that colocalize with histological regions for each DESI-MSI
image.

2.9. Unsupervised clustering algorithm

A non-negative matrix factorization (NMF) algorithm was applied to
the combined DESI-MSI spectral data of all tissue sections to reduce
dimensionality. An NMF toolbox for biological data mining was used
[24,25]. The optimal number of clusters was calculated based on
dispersion coefficients.
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3. Results
3.1. Sample characteristics

We collected 17 plasma and 17 carotid plaque samples from patients
who underwent carotid endarterectomy. Our patient population con-
sisted of 10 male and 7 female patients with a mean age of 69 years with
a standard deviation of 9 years. Detailed patient characteristics can be
found in Supplementary Table S1. Fourteen plaque samples were suffi-
ciently intact to employ DESI-MSI and histology.

3.2. Plasma and plaque lipid class composition

We detected 330 and 310 lipid species from 13 different lipid classes
in plasma and plaque homogenates, respectively, using the Lipidyzer
platform. We compared the lipid class composition of plasma and plaque
samples; Fig. 2A displays the relative distribution (expressed as average
10-log percentage composition) of each lipid class in plasma and plaque.
Plasma lipids consisted on average of 37% cholesteryl esters (CEs), 22%
triacylglycerol (TAG), 21 % phosphatidylcholine (PC), 8% free fatty acid
(FFA), 6% sphingomyelin (SM), 3% lysophosphatidylcholine (LPC), 2%
phosphatidylethanolamines (PE), 1% diacylglycerol (DAG), 0.2% cer-
amide (Cer), which include dihydroceramide (DCer), hexosylceramide
(HexCer) and lactosylceramide (LacCer), and 0.1% lysophosphatidyle-
thanolamines (LPE). Plaque homogenates consisted on average of 63%
CE, 10% SM, 7% TAG, 7% FFA, 5% PC, 3% DAG, 3% LPC, 2% PE, 1% Cer
(including DCer, HexCer, and LacCer) and 0.4% LPE.

3.3. Comparison of lipid spectra in plasma and plaque

Differences between the lipid class composition of plasma and plaque
can be refined by unraveling the differences on the species level. An
OPLS-DA multivariate model, see Supplementary Fig. S2, resulted in
significant parameters, namely, R? of 0.99 and a Q° of 0.97, and a p-
value of 3.80E-23 as calculated by CV-ANOVA. Fig. 2B displays the
loadings of the OPLS-DA model, with the lipids near the blue and orange
star being more prevalent in plaque and plasma, respectively. The size of
the circles represents the relative abundance of the lipid species in
plaque. The lipids with the strongest influence (VIP >1.0) on the sepa-
ration between plasma and plaque and their relative abundance in
plaque compared to plasma are listed in Supplementary Table S2 and S3.
The lipids contributing to the separation of plasma and plaque samples
that were elevated in plaque were 18 FFAs, 2 PCs, 2 Cers, 4 PEs, 3 SMs,
28 TAGs, 3 LacCer, 1 DAG, 14 CEs, 1 DCer, 7 LPCs, and 2 HexCer.

The FFA lipid class had the largest influence (high VIP) on the sep-
aration between plaque and plasma, with 18 out of 20 species with a VIP
>1.0 being more prevalent in plaque compared to plasma. The three
FFAs with the highest VIP values were FFA(12:0), FFA(20:3), and FFA
(20:2). While FFA(18:1) and FFA(16:0) were the most abundant species
within the FFA class in both plasma and plaque, the ratio FFA(18:1)/FFA
(16:0) differed between plasma and plaque, namely 1.28 and 0.61,
respectively. We found two PC species relatively enriched in plaque, PC
(32:0) and PC(34:1), and 16 PC species with a VIP >1.0 that were more
abundant in plasma. The relatively elevated SM species in plaque were
SM(34:1), SM(42:1), and SM(32:1). Interestingly, SM(34:1) constituted
almost half (45 %) of all SM species in plaque, while it comprised 26 % of
the SM species in plasma, see Fig. 3A. When looking at Cer, we found 8
species with a VIP >1.0. Two of those were more present in plaque
compared to plasma, namely Cer(34:1) and Cer(36:1). Similar to SM
(34:1), Cer(34:1) constituted a large part, that is 40 % of the total Cer
content, in plaque. In contrast, Cer(34:1) made up less than 10 % of the
Cer content in plasma, see Fig. 3A. Another prominent lipid differenti-
ating plasma from plaque lipids is DAG(40:0). DAG(40:0) constituted 65
% of the total DAG content of plaque, while for plasma DAG(40:0)
comprised less than 1 % of the total DAG content. Lastly, of the 15 CE
species with a VIP >1.0, only CE(18:2) was lower in plaque compared to
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(A) Lipid class composition
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Fig. 2. Comparison of lipid classes and individual species between plasma and plaque samples.

(A) Average lipid class composition of plasma and plaque samples in 10-log percentages with error bars representing the standard deviation, and circles representing
all individual data points. (B) Loadings of the OPLS-DA model discriminating plaque and plasma samples based on their lipid content. Lipid species near the orange
star are relatively more present in plaque samples, while lipids near the blue star are relatively more present in plasma. The size of the circles indicates the average
overall abundance in plaque: for example, LPC(16:0), LacCer(34:1), Cer(42:1), and CE(18:2) are more prominent in plasma, but also relatively abundant in plaque
samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

plasma. CE(18:2) and CE(18:1), also known as cholesteryl linoleate and
cholesteryl oleate, make up the majority of the total CE content in both
plasma (65 %) and plaque (56 %). However, their CE(18:2)/CE(18:1)
ratio differs, namely 2.08 for plasma and 1.42 for plaque.

3.4. DESI-MSI visualized 611 lipid species from 25 different lipid classes

DESI-MSI analysis identified 611 lipid-related m/z features in posi-
tive and negative ionization mode, with 267 and 344 m/z features
detected in each mode, respectively. Of these m/z features, 330 were
successfully assigned to a lipid identification, as listed in Supplementary
Table S4 and S5. After subtracting different adducts and duplicates
detected in both polarities, we assigned 280 unique lipid species. These
lipids belonged to 25 distinct lipid classes. In positive ionization mode,
these lipid classes were: sterols (ST), CE, Cer, PC, LPC, SM, DAG, and
TAG. In negative ionization mode, we detected lipids from the following
lipid classes: Cer, DCer, HexCer, LacCer, Cer 1-phosphates (CerP), Cer
phosphoethanolamine (CerPE), Cer phosphoinositol (CerPI), FFA,

monoacylglycerol (MG), phosphatidic acid (PA), PC (as [M+Cl] ions)
phosphoinositol (PI), PE, phosphatidylserine (PS), phosphatidylglycerol
(PG), lysophosphoinositol (LPI), LPE, lysophosphatidylserine (LPS),
lysophosphatidylglycerol (LPG) and SM (as [M-+Cl] ions). Lipid species
belonging to the same lipid class often showed similar distributions,
although interesting differences exist. Supplementary Fig. S1 shows the
distribution of a representative lipid from every lipid class.

3.5. Unsupervised clustering analysis extracts the major spectral patterns

Using unsupervised NMF, we reduced the dimensionality of the
spectral data by extracting the major spectral patterns. The positive ion
mode data could be described in 8 components. The spatial distribution
and mass spectrum of every component can be seen in Supplementary
Fig. S3. All components consisted of mainly one or two lipid classes
each. Component 1 was driven by mainly oxidized and non-oxidized CE
species. The major CE species dominating the spectrum were CE(18:1)
(cholesteryl oleate) and CE(18:2) (cholesteryl linoleate). Component 2
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Fig. 3. Cer(34:1) accumulates in plaque and colocalizes with SM(34:1) and calcified plaque regions.

(A) Average (N = 17) SM(34:1) and Cer(34:1) content in plasma and plaque as a percentage of the total SM and Cer content. Error bars indicate the standard
deviation, and individual data points of all samples are represented as circles. (B) Alizarin-Red S staining, the zoomed regions display the calcified regions; (C) DESI-
MSI image (20 x 20 pmz) of SM(34:1), with the zoomed regions colocalizing with calcified regions; (D) DESI-MSI image (20 x 20 pmz) of Cer(34:1), with the zoomed
regions colocalizing with calcified regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

was driven by TAG species. Component 3 was driven by a combination
of SM and CE species. Component 4 was driven by a combination of CE
and TAG species, where CE(18:2) was the most present. Component 5
was driven by SM species and, to a lesser extent, Cer species. Component
6 described the PC species and, to a smaller extent, the LPC species.
Component 7 was dominated by cholesterol; this component also con-
tained unknown peaks. Finally, component 8 consisted of CE species,
mainly CE(18:1), and some PC species.

The negative ion mode data could be described by 5 components; see
Supplementary Fig. S4 for the spatial distributions and mass spectra per
component. Component 1 was driven by mainly one species, namely PI
(38:4), and contained, to a lesser extent, a mix of other phospholipid
species. Components 2 and 3 were driven by HexCer species, mainly by
HexCer(34:1) and HexCer(38:2), respectively, and, to a lesser degree,
Cer species. Lastly, components 4 and 5 were driven by Cer species,
mainly one species for each component, Cer(34:1) and Cer(42:1),
respectively.

3.6. Quantification of histology

We assessed and quantified the extent of positive staining in tissue
samples for the following stains: CD68 Antibody, Alizarin-Red, MSB,
ORO, ASMase, and ApoB. The relative proportions of each staining are
detailed in Supplementary Table S5. We compared the patterns from
CD68 Antibody, Alizarin-Red, and MSB stains with the lipid profiles

obtained from DESI-MSI (details in subsequent sections). Notably,
ASMase staining patterns were highly similar to those of CD68 antibody,
thus eliminating the need for DESI-MSI comparisons. Additionally, ApoB
staining was widespread across almost the entire plaque section, making
it non-specific for lipid spectral pattern colocalization. Examples for
ASMase and ApoB stains can be found in Supplementary Fig. S5.

3.7. Sphingomyelins and ceramides colocalize with each other and with
calcified plaque regions

When comparing DESI-MSI spectral patterns with histology, we
identified a colocalization of SM and Cer species with calcified plaque
regions as determined by an Alizarin-Red S staining. Fig. 3B provides an
example, illustrating the calcified regions alongside the distributions of
SM(34:1) and Cer(34:1). This figure also reveals a marked difference in
the intensity of SM(34:1) between the upper and lower parts of the
plaque. In positive ionization mode, the species with the highest
colocalization with the calcified plaque regions were SM(34:1) and Cer
(34:1), with, on average, 54 % and 52 %, respectively, of the 10 % most
intense pixels located in the calcified plaque region. This finding was
confirmed in negative mode, where Cer(34:1) showed the highest
colocalization (55 %) with calcified plaque regions and other Cer spe-
cies. See Supplementary Table S7A and B for the complete list of lipids
colocalizing with calcifications.

This data also suggest the colocalization of SM and Cer species,
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which is confirmed by the NMF data. NMF component 3 of the positive
ion data was driven by SMs and Cers. In negative mode, NMF component
4, largely driven by Cer(34:1), displayed a similar distribution as
component 3 in the positive data. Interestingly, although ASMase is
known to facilitate the conversion of SM to Cer, it was not localized in
the same areas as SM and Cer but rather surrounding them, as depicted
in Supplementary Fig. S5B and C. Additionally, low-density lipoprotein
(LDL) particles can carry SMase activity. While our ApoB staining did
reveal some overlap with areas rich in SM/Cer, as shown in Supple-
mentary Fig. 5A and C, its widely spread distribution across the plaque
indicates that this overlap is not specific for SM/Cer.

3.8. Phospholipids and free fatty acids colocalize with macrophage-
infiltrated plaque regions

A comparison between histology and MSI data showed colocalization
between the spectral pattern of phospholipids and FFAs and plaque
areas high in inflammatory cells, such as macrophages, as stained by a
CD68 antibody stain, see Fig. 4. Notably, the intensity of FFA(20:4) in
Fig. 4C was less prominent as compared to regions A and B. In positive
ionization mode, PCs (NMF component 6 of the positive data) colo-
calized with CD68 antibody-positive regions. On average, 43 % of the
most intense DESI-MSI pixels of PC species colocalized with
macrophage-infiltrated regions. PC species displayed a colocalization of
43 % of the most intense DESI-MSI with macrophage-infiltrated regions.
Some species displaying the highest colocalization were PC(38:6)
[M+H]" or PC(36:3) [M+Na]®, PC(38:8) [M+H]" ,and PC(38:5)
[M+Na] ™. In negative ionization mode, lipid species associated with
CD68 positive regions were a mix of phospholipids and FFA species
(NMF component 1 of the negative data). Phospholipids and all four
detected FFAs displayed a colocalization of, on average, 43 % and 35 %,
respectively, of the most intense DESI-MSI pixels with macrophage-
infiltrated regions. These included PE(38:4), PI(0-34:3), and PS(40:6),
and the FFAs, FFA(18:1), FFA(18:2), FFA(20:4), and FFA(22:4) (all

CD68 antibody

FFA(20:4)
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detected as [M — H] ions). See Supplementary Table S7 for the list of
lipids colocalizing the most with CD68-positive plaque regions.

3.9. Triacylglycerols and phosphatidylinositols colocalize with areas rich
in fibrin

As determined by the MSB staining, the plaque regions rich in the
thrombus-associated coagulation protein fibrin were rich in TAG (NMF
component 3 of the positive data) and PI species (see Fig. 5). The TAG
species colocalizing the most with fibrin-rich areas, on average, 36 % of
the most intense DESI-MSI pixels, were the polyunsaturated long-tail
species TAG(58:8), TAG(58:9), and TAG(60:9) (all detected as
[M+Na]* ions). The PI species colocalizing the most with fibrin-rich
areas, that is, on average, 30 % of the most intense DESI-MSI pixels,
were PI(36:1), PI(36:2), PI(34:1), and PI(38:3) (all detected as [M — H]"
ions). See Supplementary Table S7 for the complete list of lipids coloc-
alizing with fibrin.

4. Discussion

Lipids are a group of highly multifunctional molecules in the
atherosclerotic disease process; they can act as signaling or initiating
molecules, or be present as traces of plaque-forming mechanisms.
Traditional lipidomics studies characterize this interplay by sampling
the plasma lipid spectrum. Here, we studied the presence and location of
lipids in atherosclerotic plaque to characterize their spatial distribution
in the vessel wall and their association with plaque destabilization
processes as seen in histology. In particular, we characterized lipids in
three critical regions of plaque destabilization. Firstly, we focused on
calcified regions, since spotty and superficial calcifications are in-
dicators of plaque instability [26,27], and the progression of calcifica-
tions in coronary plaques has been significantly linked with increased
mortality [28]. Secondly, we explored areas abundant in inflammatory
cells. These cells play a prominent role in plaque destabilization by

Intensity (AU)

Fig. 4. PC and FFA species colocalize with plaque regions rich in macrophage infiltration.
(A-C) display the regions rich in macrophage infiltration shown in brown in the CD68 antibody stain, and the colocalizing regions of PC(38:5) [M+Na]* (20 x 20
um?) and FFA(20:4) [M — H] (100 x 100 pm?) in the DESI-MSI images. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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Fig. 5. TAG and PI colocalize with fibrin-rich plaque regions.
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(A) MSB staining of a plaque with fibrin-rich regions in bright red and the colocalizing region of a DESI-MSI image (20 x 20 pm?) of TAG(58:8) [M+Na]*. (B) MSB
staining of another plaque with a fibrin-rich region in bright red and the colocalizing DESI-MSI image (100 x 100 pm?) of PI(38:4) [M — H]" in that plaque. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

weakening the fibrous cap [29], enlarging the necrotic core, and
amplifying the inflammatory response [30]. Lastly, we incorporated
regions rich in fibrin. Fibrin represents remnants of intra-plaque hem-
orrage, a consequence of neoangiogenesis within the plaque. This pro-
cess leads to the formation of rupture-prone microvessels known to
further exacerbate plaque instability [31,32]. To gain a comprehensive
understanding, we also analyze plasma lipids in conjunction with their
counterparts in plaque to locate salient circulating lipid species in pla-
que development. For this purpose, we performed lipidomics on carotid
plaque and plasma samples from seventeen patients that underwent
carotid endarterectomy.

To investigate the role of lipids in composition-related plaque
instability, we used DESI-MSI to visualize lipid distributions in tissue
sections from fourteen carotid plaques. We compared lipid distributions
to plaque areas of interest as defined by histology. We detected 611
lipid-related m/z features, of which 330 could be assigned to a lipid
identification. Annotated lipids belonged to 25 different lipid classes.
Unsupervised NMF clustering revealed patterns largely dominated by
one or two lipid classes per component in both positive and negative
mode. Colocalization of a few specific components with identifiable
pathologic features on histology supported the identification of highly
abundant lipids in these areas, for instance, positive ion mode NMF 3
and negative ion mode NMF 4 with calcifications and positive ion mode
NMF 6 with inflammation.

Plasma lipidomics can provide individualized risk assessment.
However, the mechanisms linking plasma lipids to elevated cardiovas-
cular risk still need to be discovered. Our study locates prominent
plasma lipids in plaque and recognizes plaque formation processes that
coexist with these lipids. Lipids can interact with plaque either by the
deposition of circulating species or by shedding lipids by plaque. In the
former, lipids produced in systemic metabolism may enter the circula-
tion and be deposited in plaque through leaky vasa vasorum, dysfunc-
tional endothelium, or lipoprotein deposition [33-35]. These lipids may
then drive plaque development by stimulating inflammation, (micro-)
calcification, and other mechanisms [36]. In the latter, plaque lipid
species may migrate into the bloodstream through the release of extra-
cellular vesicles containing intracellular lipids [37,38], via leaky vasa
vasorum [35] or (asymptomatic) plaque ulceration or rupture releasing

extracellular plaque lipids into the bloodstream. Through these mech-
anisms, lipids that originate in plaques may be released into the blood,
albeit in very small quantities which renders the possibility of their
detection uncertain. Several enzymatic processes convert lipids in the
course of plaque development, creating specific molecular species that
are enriched in plaque.

Lipidomics showed differences in lipid class composition between
plasma and plaque samples. As expected, both plasma and plaque
samples consisted for a large part of CEs, with cholesteryl oleate and
cholesteryl linoleate being the most prominent species. In contrast to
plasma, plaque exhibited a higher proportion of cholesteryl oleate than
cholesteryl linoleate, which is consistent with previous research findings
[39]. Although both species are considered pro-atherogenic, cholesteryl
oleate is considered more pro-atherogenic compared to cholesteryl
linoleate by forming a more crystalline structure within the plaque [40]
making it more rigid and prone to rupture [41]. Additionally, plasma
CEs accounted for 37 % of the total lipid content, whereas in plaque, this
was increased to 63 %. The relatively higher CE content in plaque
compared to plasma can be explained by the transformation of choles-
terol to CE by enzymatic activity in the vessel wall. CEs tend to accu-
mulate in macrophages and smooth muscle cells, which leads to foam
cell formation, and thus plaque formation and growth [42]. Similar
differences exist between plaque and plasma for other lipid classes.

On an individual lipid species level, we found several molecular lipid
species that were significantly different between plasma and plaque (VIP
>1.0), resulting from the OPLS-DA model comparing plasma to plaque.
We focussed on the significantly different lipids with which plaques
were enriched, which could elucidate what lipids are accumulating in
the vessel wall or actively produced in the plaque. Among these plaque-
enriched species were several FFA species. Previous research described a
positive association between increased FFA plasma levels and cardio-
vascular risk [43]. FFAs play a role in the development of atherosclerosis
by impeding endothelium-dependent vasodilation, inducing monocyte
adhesion to endothelial cells, and promoting inflammation in the
vascular wall [44-46]. FFA(16:0) and FFA(18:1) were the most preva-
lent FFA species in both plasma and plaque, however, relatively more
FFA(16:0) is accumulating in plaque. This is of interest, because satu-
rated fatty acids, such as FFA(16:0), or palmitic acid, have been
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associated with inflammation and endothelial dysfunction [47].
DESI-MSI visualized the spatial pattern of four FFAs; these were FFA
(18:1), FFA(18:2), FFA(20:4), and FFA(22:4). All four FFA species were
located in plaque areas rich in macrophage-infiltration, which corrob-
orates their role in inflammatory processes. As illustrated in Fig. 4, the
intensity of FFA(20:4) was notably less dominant in area C than in areas
A and B. This variation might be due to heterogeneity among macro-
phages within the plaque microenvironment. Specifically, area C was
characterized by a discrete cluster of macrophages located at the outer
border of the plaque. This patters suggests that these macrophages in
area C may represent a distinct subset, possibly identified as intrale-
sional macrophages. In contrast, macrophages closer to the lumen or in
the shoulder region of the plaque (area A and B) seemed to align more
with the typical fibrous cap macrophages.

Though most PC species were relatively more present in plasma, two
species, namely PC(32:0) and PC(34:1), were relatively enriched in
plaque. Previous research has found an association between PC(32:0)
and fibroblast cell growth [48]. Fibroblasts play a role in atherosclerotic
plaque progression by regulating inflammation, producing collagen, and
preserving plaque structure [49,50]. Furthermore, the combination of
PC(32:0) plasma levels and six other PC and Cer species was proposed as
a novel risk score for cardiovascular death in coronary artery disease
patients [51]. A vascular lipidomics study in atherosclerotic mice
demonstrated an increase of certain PC species, including PC(34:1), in
the plaque of mice on a high-fat diet compared to mice on a normal diet
[52].

When looking at the spatial patterns of PCs in plaque, we found a
colocalization with plaque regions rich in macrophage infiltration. This
colocalization can be explained by the upregulation of PC biosynthesis
in the cell membrane of lesional macrophages, leading to an increase in
PC mass. The upregulation of PC biosynthesis is thought to be a response
to the accumulation of free cholesterol in the macrophages, which can
reach cytotoxic levels. A healthy PC/free cholesterol ratio in the cell
membrane prevents cytotoxicity and subsequent cell death [53-55].
Different subpopulations of macrophages can occur in plaque, with
different degrees of pro-inflammatory properties. Oxidized PC species,
which we also detected in macrophage-rich regions, induce polarization
of macrophages to the Mox phenotype in mice. Mox macrophages have a
decreased phagocytotic capacity which may contribute to tissue damage
and pro-inflammatory processes leading to the destabilization of plaques
[56].

The interacting processes of lipid accumulation and inflammation
are important drivers of plaque growth and destabilization [2,57].
CE-rich Apo-B100 apolipoproteins have been related to inflammatory
activity in human carotid specimens [58], further detailing the transport
mechanism underlying the NLRP3 inflammasome activation by choles-
terol crystals. Above, we discussed the colocalization of inflammation,
as seen through macrophage proliferation, and specific lipids (FFAs and
PCs). We also stained for ApoB in our study. However, ApoB was
widespread across almost the entire tissue in these advanced plaques,
preventing any specific colocalization with distinct lipid spectral pat-
terns. Thus, even though there is a potential spatial relationship between
the distributions of FFAs, PCs, and apolipoproteins — given that LDL or
very-low-density lipoprotein (VLDL) particles containing these lipids
can deposit them — the prevalence of ApoB staining in our samples
made it challenging to draw definitive conclusions in this context. It’s
worth noting that FFAs and PCs have multiple origins, including local
synthesis and degradation processes that operate independently of
apolipoprotein deposition. Consequently, there may be regions where
these lipid species are detected without corresponding apolipoprotein
presence.

SM and Cer species showed similar spatial patterns located close to
the outer vessel wall. This can be seen from the similar NMF patterns of
component 3 in positive mode containing SM and Cer species and NMF
component 3 in negative mode containing Cer species. As described in
the lipidomics data, SM(34:1) and Cer(34:1) constituted most of the SM
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and Cer content of plaque. Interestingly, Cer(34:1) was identified as the
lipid with the highest associated risk for cardiovascular events in plasma
lipidomics studies [5]. This species is relatively scarce in plasma but is a
prominent lipid in the advanced plaques we study here. Notably, pre-
vious research has found that the sphingolipid signaling pathway is
enriched in human carotid plaque, further underscoring the importance
of these lipids in plaque formation [19]. The observed colocalization of
SM and Cer species and the increased Cer(34:1) content in plaque, but
not in plasma, is sphingomyelinase (SMase) enzyme activity in the vessel
wall [59,60]. SMase activity is deposited from sources including LDL
particles and can hydrolyze SMs into Cers and phosphorylcholine [61,
62]. In line with this work, Schissel et al. have found a SMase-induced
10-50 fold increase of Cers in aggregated LDL particles in atheroscle-
rotic plaque compared to plasma LDL Cers [60]. The high particle Cer
content of these aggregated LDL particles catalyzes further aggregation
of LDL particles by promoting LDL-LDL interactions and, thus, plaque
growth. We conducted an ApoB staining to detect LDL presence. While
this staining revealed areas overlapping with regions abundant in SM
and Cer, it was also widely distributed across the plaque, making it
non-specific to just the SM/Cer-rich areas.

Furthermore, we described a colocalization between the spatial
pattern of SMs and Cers with the calcified plaque regions, as defined by
an Alizarin Red staining. In Fig. 3B and C, a differential intensity of SM
(34:1) between the upper and lower parts of the plaque was observed, a
distinction that can be linked to the different stages of calcifications
present within these regions. Notably, the pronounced staining in the
upper part signifies the presence of macro-calcifications, whereas the
lower part with less prominent staining reflects the presence of micro-
calcifications, which represent initial calcification stages. This obser-
vation aligns well with SMase activity, represented by SM(34:1) and Cer
(34:1), which can facilitate the transformation of vascular smooth
muscle cells (VSMCs) into an osteogenic cell type. It is plausible to
anticipate higher levels of SM(34:1) in regions where active calcification
is taking place. Neutral and ASMase-derived Cers play a crucial role in
the phenotypic switch of VSMCs to an osteo-chondrogenic phenotype
which can calcify tissue through mechanisms similar to bone formation
[11,63]. Living, but also apoptotic, transdifferentiated VSMCs secrete
exosomes containing enzymes and lipids that stimulate the formation of
solid calcium deposits such as PS and calcium-binding proteins [64].
Inhibiting the ASMase activity attenuated vascular calcification in mice,
and ex vivo isolated perfused arteries [63]. Moreover, mice with
SMC-specific overexpression of the ASMase gene were found to have
increased aortic and coronary medial calcification [65]. In our investi-
gation, ASMase staining showed a distribution pattern similar to that of
CD68, surrounding the calcified plaque areas rather than being located
within the same regions of calcification, SMs, and Cers. The observed
similarity with macrophages is expected, given that they are the primary
source of ASMase within plaques [66]. The relationship between
ASMase and plaque development may be complex and could be influ-
enced by temporal factors. For instance, during an earlier phase of
plaque development, ASMase might have played a more direct role in
Cer production in the calcified area. By the time of our observations,
ASMase may have already exerted its effects and moved to neighboring
regions to continue its biological activities.

We identify an increased abundance of PI in regions with intra-
plaque hemorrhage and subsequent thrombus formation, which can be
identified in histology by their fibrin content. PI compounds, specifically
PI 4,5-biphosphate and PI 3-monophosphate, activate several key pro-
teins involved in the blood coagulation pathway, such as platelet
phospholipase C [67-69]. Previous research has found TAGs surround-
ing neovessels within plaque [14], potentially related to intra-plaque
hemorrhage and the subsequent fibrin formation. This study corrobo-
rates the previously reported [18] association between TAG and
fibrin-rich plaque regions. Relative to MALDI studies, we find a smaller
DAG content in fibrin-rich areas, suggesting that part of the DAGs
observed earlier may result from TAG fragmentation. One plaque in our
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dataset had no colocalization of fibrin with TAG or PI species but with
PC species. Further examination of the histology of this sample suggests
that this lack of colocalization with TAG and PI may be attributed to its
fibrin content that is not associated with intra-plaque hemorrhage but
rather with a mural thrombus fragment, see Fig. S6.

To our knowledge, this is the first study combining plaque and
plasma lipidomics with dual-polarity DESI-MSI for detailed lipid char-
acterization of human carotid atherosclerotic plaque. Furthermore, we
could correlate specific lipid species to histologically-defined plaque
areas of interest by performing histology on consecutive tissue sections.
Compared to earlier MSI studies of human atherosclerotic plaque, we
detected more distinct lipids and could identify a larger fraction. The
larger number of lipid species also produced a more finely-grained
clustering analysis, which means that not all of these patterns could
be matched to known features from histology.

4.1. Limitations

The sample size of our study is relatively small, which could affect
the generalizability of our findings. Furthermore, all patients in this
study were on lipid-lowering medications, which may limit the con-
clusions that can be drawn from our data for the general population.
Additionally, we used one 3 mm cross-section of each plaque for tissue
lipidomics and one section per plaque for DESI-MSI; this may not fully
capture the heterogeneity of each sample. Further research on a larger
sample size would be necessary to confirm our findings.

DAG(40:0) constituted 65 % of the total DAG content in plaque,
while in plasma, it constituted less than 1 %. No previous research has
described a relation between DAG(40:0) and atherosclerotic plaque.
Despite DAG(40:0) being the most prominent DAG species in plaque, we
did not detect this lipid in plaque with DESI-MSI. Since DAG(40:0) is a
relatively unknown lipid and no specific internal standard for DAG
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(40:0) was included, we cannot verify its identification.

Lipids detected with DESI-MSI were annotated based on their exact
mass and guided by common lipid patterns as expected in mammal
biology. Due to the large number of lipid species detected, we did not use
MS/MS to annotate detected peaks. MS/MS provides more structural
information, which would be necessary to identify isobaric species and
distinguish structural isomers. An example related to this limitation was
HexCer species and odd chained PS species, which have almost identical
masses, and, thus, cannot be assigned with confidence based on exact
mass. Since lipid species with odd carbon chain lengths are rare in
mammalian tissue, we decided to discard the odd chained PS annota-
tions. However, some studies reported the presence of PS species with an
odd chain length in mammalian tissues, which suggests that they may
occasionally be present [52,70]. Furthermore, in negative ionization
mode, chloride adducts can be formed from two stable chlorine isotopes
35C] and ¥7Cl. This results in, for instance, Cer(34:1) [M+35cly having
an almost identical mass as Cer(34:2) [M+37Cl]". Because the chlorine
adduct formation occurs from naturally occurring chlorine in the bio-
logical sample, and the natural isotope distribution pattern of chlorine is
35¢1/%7Cl ~3/1, we choose only to report 3°Cl adducts. Similarly,
different chain length, saturation, and adduct (+Nat/+H") combina-
tions were possible in the assignment of PCs we observed. We chose to
report only those species in the DESI analysis that were detected in the
plaque lipidomics data.

4.2. Conclusion

We analyzed a heterogeneous data set comprising lipidomic analyses
of plasma and plaque from patients undergoing carotid endarterectomy.
By comparing the lipid species in plaque and plasma, we identified those
circulating species that accumulate prominently in plaque. Quantitative
comparison of lipid spectral patterns with histology revealed the

Lipid Traces of Atherogenesis

@ Macrophage ——— Fibrin

[

©

Phospholipids & Free Fatty Acids

Triacylglycerols & Phosphatidylinositols

e

S_pflin_gcim_ye_lins & Ceramides

3% Calcification

Fig. 6. Graphical abstract illustrating the presence of lipid species in plaque areas associated with destabilization processes.
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presence of lipid species in areas of plaque associated with destabiliza-
tion processes (Fig. 6), corroborating previous in vitro and animal
studies. Specifically, calcified areas exhibited a high abundance of SM
and Cer, while macrophage infiltration was associated with phospho-
lipids and FFA. In regions rich in fibrin, indicative of intra-plaque
hemorrhage, we observed TAG and PI species.
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