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Lipids contribute to atherosclerotic cardiovascular disease but their roles are not fully understood. Spatial lipid
composition of atherosclerotic plaques was compared between species focusing on aortic plaques from New
Zealand White rabbits and carotid plaques from humans (n = 3), using matrix-assisted laser desorption/ioni-
zation mass spectrometry imaging. Histologically discriminant lipids within plaque features (neointima and
media in rabbits, and lipid-necrotic core and fibrous cap/tissue in humans) included sphingomyelins, phos-
phatidylcholines, and cholesteryl esters. There were 67 differential lipids between rabbit plaque features and 199
differential lipids in human, each with variable importance in projection score >1.0 and p < 0.05. The lipid

profile of plaques in the rabbit model closely mimicked that of human plaques and two key pathways (impact
value > 0.1), sphingolipid and glycerophospholipid metabolism, were disrupted by atherosclerosis in both
species. Thus, mass spectrometry imaging of spatial biomarkers offers valuable insights into atherosclerosis.

1. Introduction

Atherosclerotic cardiovascular disease is a major cause of global
mortality, accounting for 50% of deaths in Westernized society despite
considerable advances in prevention and treatment [1]. Atherosclerosis
is an inflammatory condition characterized by development of
lipid-containing plaques in artery walls. The disease advances by lipid
accumulation, chronic inflammation, smooth muscle cell proliferation,
and extracellular matrix deposition. This, combined with cell death,
results in development and expansion of lipid-rich necrotic cores.
Advanced lesions are prone to surface erosion or rupture [2], leading to
embolization or vessel occlusion, which can trigger lethal cardiovascular
events such as myocardial infarction and stroke. Elucidating precise
molecular mechanisms driving atherosclerosis is essential to advance
treatments, diagnostics and prevention.

Lipids play key roles in atherosclerotic plaque development, initi-
ating formation of fatty streaks, and forming a major component of the

necrotic core. Plasma lipidomic signatures have been linked to likeli-
hood of plaque rupture [3,4], but little is known about the risk profile
related to the composition of plaques. Therefore, accurate identification
of lipid deposits in plaque features is key to understanding disease
progression and predicting signatures of plaque vulnerability. Key lipids
accumulating in plaques encompass cholesterol and its derivatives (e.g.
cholesteryl esters), triglycerides, and phospholipids [5]. Technologies to
map individual lipid species within plaque regions are required to un-
ravel the complex composition of these lesions.

Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) imaging is a powerful label-free imaging modality capable
of spatially characterizing biomolecules including lipids. With its ability
to analyze multiple molecules simultaneously, MALDI-MS imaging is
extensively employed to identify new disease biomarkers [6]. For
atherosclerotic plaques, MALDI-MS imaging can be combined with
histological stains to colocalize molecular patterns of plaque features
[7-9].
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Investigating atherosclerosis (a chronic condition that develops
silently over several decades) is challenging in humans. Consequently,
pre-clinical animal models have proven essential tools for investigations
into the pathogenesis and treatment of atherosclerosis. Whilst no animal
model completely replicates the condition in humans, rabbits have been
used extensively because they exhibit aspects of lipoprotein metabolism
consistent with humans, and they develop hypercholesterolemia and
lesions (initially fatty streaks) when exposed to a high cholesterol diet
[10]. Furthermore, accelerated development of fibroproliferative lesions
can be induced in rabbits by combining dietary modification with
intraluminal injury [11]. Although the use of rabbit models has declined
with the advent of mice with genetic modifications in apolipoprotein E
(apoE) and low-density lipoprotein (LDL) receptors [12], rabbits remain
valuable for studying the etiology of atherosclerosis. Indeed, mice do not
readily develop atherosclerosis without genetic manipulation. Further-
more, the lesion-bearing arteries isolated from the rabbits used in this
study were similar in size to the specimens isolated from patients (lesion
bearing arteries from murine models of atherosclerosis would likely
have been at, or beyond, the limit of detection for this technique).
Previous studies have not fully curated and compared the spatial lipid
composition of plaques in rabbits and humans. Utilizing MALDI-MS
imaging, this study tests the hypothesis that plaques in a rabbit model
of atherosclerosis will exhibit lipid profiles comparable to those in
humans.

2. Experimental section

Chemicals and Reagents: Acetonitrile, ethanol, and water (LC-MS
grade, Fisher Scientific, Loughborough, UK); red phosphorous and
gelatin (porcine skin), polyvinylpyrrolidone (PVP), hydroxypropyl
methylcellulose (HPMC), trifluoroacetic acid (TFA), 1,5-diaminonaph-
thalene (DAN) and a-cyano-4-hydroxycinnamic acid (CHCA) (Sigma-
Aldrich Gillingham, UK); monoclonal a-smooth muscle actin (1A4 clone,
GA611, RRID: AB_262054) and antihuman CD68 (L26 clone, M0756,
RRID: AB 2074844) antibodies (Dako Agilent Pathology Solutions,
Cheshire, UK).

Biological Samples: Three male New Zealand White rabbits (Charles
River Laboratories, Elphinstone, UK) were housed for >1 week prior to
being fed a high cholesterol diet (C30262 Purina 5322 Rabbit chow with
0.2% cholesterol; Research Diets Inc., New Brunswick, USA). The New
Zealand White rabbit strain has a well-characterized genetic background
and has been used extensively for investigation of arterial remodeling in
atherosclerosis. The New Zealand White rabbit is notably susceptible to
diet-induced atherosclerosis (and development of lesions can be accel-
erated by combination with intra-luminal injury), making it the model of
choice for the pharmaceutical industry and preclinical studies of
atherosclerosis. It has been used both for investigations into the patho-
genesis of atherosclerosis and for pre-clinical testing of potential new
therapies [10,13]. Procedures were performed in accordance with
ARRIVE guidelines, under the provisions of the Animals Scientific Pro-
cedures Act (1986) and approved by the local Ethics Committee
(60/3867). Animals underwent repeated balloon injury to the abdom-
inal aorta (1 and 3 months after start of diet), and were allowed to
recover for 6 months to induce atherosclerosis-like neointimal lesions
[11]. Rabbits were then killed by overdose of sodium pentobarbitone (i.
v. Euthatal, via marginal ear vein) and lesion-bearing sections of aortae
harvested onto dry ice and stored at —80 °C.

Carotid plaques were collected from three male patients (72-80
years; NHS Lothian) who presented with symptoms such as stroke or
transient ischemic attack and underwent endarterectomy (Royal In-
firmary of Edinburgh, East of Scotland Research Ethics Service REC 1
(15/ES/0094). The patients’ total cholesterol concentrations ranged
from 3.3 to 4.1 mmol/L, and their triglyceride levels from 0.6 to 1.7
mmol/L. Two patients had a history of smoking, and one patient was on
statin therapy. Carotid plaques were snap-frozen in liquid nitrogen
immediately after carotid endarterectomy and stored at —80 °C.
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Tissue Handling and Preparation for MS Imaging: Rabbit aortae
were attached to the chuck using gelatin (10% w/v), while human ca-
rotid plaques were embedded in 7.5% HPMC and 2.5% PVP [14]. Serial
tissue cryosections (10 pm) were cut using a CryoStar NX50 cryostat
(Fisher Scientific) at —16 °C with MX35 Premier Blades (Fisher Scien-
tific) and thaw-mounted onto either SuperFrost Plus (Fisher Scientific)
or indium-tin oxide (ITO)-coated glass slides (Bruker Daltonics, Bremen,
Germany). The sections were vacuum-sealed and stored at —80 °C. Prior
to imaging, slides were desiccated for 30 mins at room temperature
(20-22 °C) and coated with CHCA (10 mg/mL in 70/29.9/0.1 acetoni-
trile/water/TFA) or 1,5-DAN (5 mg/mL in 90/10 acetonitrile/water)
using an HTX M3 sprayer (Table S1). Spray parameters for CHCA/DAN
were: temperature, 75/77 °C; flow rate, 0.24/0.12 mL/min; nozzle ve-
locity, 1200 mm/min (both); track spacing, 1.0/3.0 mm; nitrogen
pressure, 10 psi (both); drying time, 5 s (both); number of passes, 2/12;
matrix density, 4/2 pg/mm? Slides were scanned using an Epson
Perfection V370 optical scanner (London, UK).

MALDI Q-ToF MS Imaging: Data acquisition was performed using
High-Definition Imaging v1.5 and MassLynx v4.2 (Waters Corporation,
Wilmslow, UK) software in MALDI™ and MALDI" modes on a MALDI
quadrupole time-of-flight (Q-ToF) mass spectrometer (Synapt G2Si MS,
Waters) equipped with a 355 nm Nd:YAG laser rastered at a frequency of
1 kHz and spatial resolution of 75 x 75 pm?. Before data acquisition,
external calibration was carried out with red phosphorous signals in
both modes. Final MS imaging was performed in sensitivity mode, with
trap and transfer collision energies of 4 and 2 V respectively, resulting in
mass resolution of ~17 000 full-width at half-maximum (FWHM) at m/z
400 in the range m/z 100-1200.

MALDI FT-ICR MS Imaging: High-mass-resolution data were ac-
quired from sections on ITO-coated slides using a 12T SolariX Fourier
transform ion cyclotron resonance mass spectrometer (FT-ICR MS),
operated by ftmsControl v.2.2 (Bruker Daltonics) and equipped with a
Smartbeam II 2 kHz frequency Nd:YAG laser (355 nm). A time domain
file size of 1 M was used to acquire positive and negative ion mode data
by firing 300 laser shots/pixel (power 42%, mass resolution of ~400
000 at FWHM at m/z 400).

Histology and Immunohistochemistry: After MS imaging, tissue
sections were washed with ethanol to remove matrix and stained with
hematoxylin and eosin (H&E). Adjacent sections (5 pm) were stained by
oil red O (neutral lipids) [15], alizarin red S (calcium deposits), or un-
derwent immunohistochemical analysis (Supplementary information)
for smooth muscle cells (alpha-smooth muscle actin) or macrophages
(CD68). High-resolution optical images of stained tissues (ZEISS Axi-
oscan 7 xMicroscope Slide Scanner, 20x magnification) were overlaid
with MS images.

Data Processing: Raw data were imported into LipostarMSI (Mo-
lecular Horizon Srl, Perugia, Italy) [16]. Peak detection was performed
with signal-to-noise ratio thresholds of 5. Average spectra were Lock-
Mass corrected using sphingomyelin, SM 34:1 as [M+Nal™* or [M-CH3]".
Peaks were filtered with a tolerance of 0.05 for Synapt and 0.0025 Da for
FT-ICR, respectively. Images were subject to hotspot removal at 99.98%.
Unsupervised clustering methods including the bisecting K-means al-
gorithm revealed regions defined by spatial segmentation. Training
Regions of Interest (ROIs) were defined following histological annota-
tions to compare media and neointima (rabbit) and necrotic core, and
fibrous cap (human). We defined 6 ROIs within each lesion area to
capture intra-lesional heterogeneity (Fig. S1). The size of each ROI was
standardized to ensure comparable data points across samples. Each ROI
comprised 4 (rabbit aorta) or 9 (human carotid plaque) ablation pixels.
ROI data were normalized against total ion current (TIC) and data
matrices exported.

Lipid Identification: Lipids were identified by searching FT-ICR MS
data against the LIPID MAPS database (LipostarMSI) with a threshold of
<2 Appm [17]. m/z values (Synapt G2Si MS) were compared to those in
the FT-ICR MS dataset. Potential isobaric lipids linked to m/z values
were evaluated. MALDI MS/MS fragmentation (Synapt G2Si MS) was
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performed on plaque sections, guided by spatial features. Fragmentation Genomes (KEGG).

of individual ions was optimized by customized adjustments of collision

energy (20-40 V). A uniform low mass (LM) resolution was set at 15 and 3. Results and discussion

used across all MS/MS experiments to ensure consistency. Final identi-

ties were manually inspected, considering isotopic patterns. Potential Method Optimization: Sectioning efficiency of highly calcified

misidentifications were excluded. human plaques was improved by embedding plaques in 7.5% HPMC and
Statistical Analyses: Data matrices underwent pre-processing, 2.5% PVP [14] (Fig. S4). Structural support reduced tissue distortion

including median normalization and Pareto scaling, prior to multivar- and damage and maintained spatial precision with negligible ion sup-

iate analysis (Figs. S2-53) (MetaboAnalyst 6.0 www.metaboanalyst.ca). pression. CHCA (70/29.9/0.1 acetonitrile/water/TFA) and DAN (90/10

Heatmaps were generated on open-source R v4.1.3/R Studio software acetonitrile/water) were deemed most suitable matrices and offered

v4.2.2 using R package, pheatmap v1.0.12, to identify patterns of lipids substantial lipid coverage. Previous studies of lipid detection in

among ROIs following ‘Euclidean distance’ function. Orthogonal partial atherosclerotic plaques have predominantly employed 2,5-dihydroxy-

least squares for discriminant analysis (OPLS-DA) highlighted differ- benzoic acid, applied through sublimation [8,9], instead of a wet

ences between plaque features, including neointima and media (rabbit) spray technique.

and the fibrous cap and necrotic core (human).The measure of the Histopathological Observations (Rabbit): Distinct features

model’s quality was R2Y, while its predictability was represented by Q2 including neointima and media, were evident in the rabbit atheroscle-

(0.5 threshold for both) [18]. Identification of significantly different rotic aorta (Figs. S1, S5). Oil Red O staining revealed that most neutral

lipids was based on variable importance in the projection (VIP) scores lipids accumulated in the neointima (Fig. S5A), while alizarin red

derived from the OPLS-DA model and p-values from Student’s t-test, staining showed lack of calcification in rabbit plaques (Fig. S5B).

corrected for multiple comparisons (Benjamini-Hochberg-based false Lipid Annotation (Rabbit): Key lipid classes were identified (Fig. 1),

discovery rate (FDR)). Lipids meeting criteria of VIP score >1.0 [19] and including diacylglycerols (DG), lysophosphatidylcholines (LPC), phos-
p < 0.05 were considered statistically different. Lipid pathways were phatidylcholines (PC), sphingomyelin (SM), lysophosphatidic acids
analyzed by MetaboAnalyst 6.0 and Kyoto Encyclopedia of Genes and (LPA), phosphatidic acids (PA), lysophosphatidylethanolamines (LPE),
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Fig. 1. Mass spectra from atherosclerotic rabbit aorta’s neointima, acquired using a SYNAPT G2-Si HD MS in A) MALDI'" mode and B) MALDI" mode. C) Venn
diagram: Lipids detected in MALDI* and MALDI" modes, with overlap shown. D) MALDI-MS/MS spectrum shows fragmentation of a sphingomyelin [SM 42:1-CH3]" at
m/z 797.65. Cer: ceramide, HexCer: monohexosylceramide, CerP: ceramide-1-phosphates, DG: diacylglycerol, LPC: lysophosphatidylcholine, SM: sphingomyelin, PC:
phosphatidylcholine, PC-O: 1-alkyl,2-acylglycerophosphocholines, PS: phosphatidylserine, LPE: lysophosphatidylethanolamine, PI: phosphatidylinositol, PA: phos-
phatidic acids.
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cholesterol esters (CE), phosphatidylglycerols (PG), phosphatidylinosi-
tols (PI), and phosphatidylserines (PS), amongst others. High abun-
dances of SM and PC species were seen in both MALDI™ (Fig. 1A) and
MALDI modes (Fig. 1B). The most abundant ion in both modes was m/z
725.5568, identified as [SM 34:1+Na]™, (A0.78 ppm). Following pu-
tative identification, MS/MS was pivotal in identification (Figs. S6-S7).
155 lipids were identified in rabbit aortic plaques, with 109 detected in
MALDI" and 62 in MALDI" modes (Fig. 1C). 16 lipids were detected in
both modes, comprising SM and PC species identified as both [M+Na] "
and [M-CHgs] ions. An example of fragmentation of [SM 42:1-CHgs] is
shown (Fig. 1D) with further examples in Figs. S6-S7.
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In MALDI', post-source decay artifacts from phosphocholine head-
group, mainly from SM, LPC and PC species were identified, generated
through loss of trimethylamine ([M+Na-59]") (Fig. 1A), phosphocho-
line ([M+Na-183]" and [M+Na-205]") [20]. These artifacts can be
easily misidentified since they are isobaric to LPA and PA sodiated ions,
in the cases of LPC and PC, respectively. Multiple adducts of the same
lipid were also observed ([M+Na] ™, [M+H]*, [M+K]™). Only the most
abundant lipid adducts (mainly [M+Na]™) were considered.

Differential lipids (Rabbit): ROIs were combined and lipids not
consistently present across replicates excluded. The unified data matrix,
(three biological replicates), underwent multivariate classification, and
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Fig. 2. Orthogonal partial least squares for discriminant analysis scores plot demonstrating distinct separation of regions of interest (ROIs) (n = 6 ROIs/aortic
feature) in the neointima (NI) and media (M) of rabbit aortic plaques based on data acquired in (A) MALDI* and (B) MALDI". R?Y and Q? values represent goodness of
fit and predictability, respectively. C-E) H&E-stained images of rabbit aortic tissue sections. F-H) MALDI-MS imaging of an exemplar lipid, cholesterol ester [CE
18:2], enriched in the neointima (NI) (Scale bar, 1000 pm). Six cloned square regions of interest comprising 4 ablation pixels were profiled in aortic features
(neointima, media). I-K) Unsupervised bisecting k-means segmentation of lipids following MALDI" MS imaging of three rabbit atherosclerotic aortas. L-N) Unsu-
pervised hierarchically clustered heatmaps of the top 25 differential lipids with variable importance in projection score >1.0. CAR: acyl carnitine, CE: cholesterol
ester, Cer: ceramide, CPA: monoacyl cyclic glycerophosphatidic acid, DG: diacylglycerol, DG dO: dialkylglycerols, DG-O: 1-alkyl, 2-acylglycerols, HexCer: mono-
hexosylceramide, LPC: lysophosphatidylcholine, LPC-O: monoalkylglycerophosphocholines, LPS-O: monoalkylglycerophosphoserines, MG: monoacylglycerols, PC:
phosphatidylcholine, PC-O: 1-alkyl, 2-acylglycerophosphocholines, PI: phosphatidylinositol, PS-O: 1-alkyl,2-acylglycerophosphoserines, SM: sphingomyelin,

ST: sterol.
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feature analysis. OPLS-DA modelling showed distinct separation be-
tween the media and neointima (Fig. 2A and B), with RyY = 0.914 and
Q? = 0.897 (MALDI™) and RyY = 0.822 and Q2 = 0.843 (MALDI) [18].
In MALDI" mode, 45 differential lipids were distinguished, with 30 in
the neointima and 15 in the media. In MALDI 28 differential lipids were
identified, with 16 in the neointima and 12 in the media. In MALDI"
mode, PC 36:2 and SM 36:1 showed the highest VIP scores >1.0
(Table S2), distinguishing neointima and media, respectively. In
contrast, in MALDI', PA 36:3 and PS 38:4 served as notable discrimi-
nators between neointima and media, respectively (Table S2).

Fig. 2 shows H&E (Fig. 2C-E), MS (Fig. 2F-H), segmentation
(Fig. 2I-K) images and heatmaps of the top 25 differential lipids
(Fig. 2L-N) highlighting that most lipids were exclusive to the neo-
intima. However, a subset was exclusive to the media. Many lipids were
distributed throughout the tissue. Triacylglycerols (TG) exclusively
localized in the perivascular adipose tissue surrounding the aorta, and
were excluded in the final analysis (Fig. S8).

Pathway Perturbations in Atherosclerosis (Rabbit): Three differ-
ential lipid pathways (impact values > 0.10) [21] were revealed in
MALDI" mode (Fig. 3A, Table S3), comprising glycerophospholipid,
ether lipid, and sphingolipid metabolism. Three were also identified in
MALDI (Fig. 3B); glycerophospholipid, ether lipid, and glycerolipid
metabolism aligning with previous studies on atherosclerosis [22].

Glycerophospholipid metabolism in rabbit atherosclerosis (Fig. 3C)
involved key constituents including DG, PC, PE, PS, mono-
acylglycerophosphoserines (LPS), LPE, LPA and PA. Most abundant lipid
ions in both MALDI" (Fig. 1A) and MALDI (Fig. 1B) were sodiated PC
and SM species. Glycerophospholipids play crucial roles in cellular
processes including signal transduction and inflammation, central to
atherosclerotic processes [23]. Perturbations in glycerophospholipid
metabolism suggest disruption in cell membrane integrity, lipid ho-
meostasis and inflammation, pivotal factors in plaque formation and
progression.

Mapping of glycerolipid metabolism highlighted LPA and PA for
further consideration. With well-established pro-inflammatory and pro-
atherogenic effects, LPA contributes to endothelial dysfunction, mono-
cyte adhesion, and smooth muscle cell migration, key elements in plaque
formation [24]. An imbalance in PA levels, a crucial phospholipid
biosynthesis intermediate, can modify membrane composition by
altering phospholipid ratios. This could initiate cellular responses such
as signal transduction or morphological changes in arterial walls.

Distinctive perturbations in ether lipid metabolism linked predomi-
nantly to monoalkylglycerophosphocholines (LPC-0), 1-alkyl,2-acylgly-
cerols (DG-0), 1-alkyl,2-acylglycerophosphocholines (PC-O), and 1Z-
alkenylglycerophosphoethanolamines (LPE-O). Ether lipids are a class
of peroxisome-derived glycerophospholipids and glycerolipids. Platelet
activating factor (PAF) for example belongs to the group of 1-O-alkyl-2-
acetyl-sn-glycero-3-phosphocholines produced by endothelial cells and
macrophages and plays a key pro-inflammatory role in atherosclerotic
plaque formation [25]. PAF comprises a set of 1-O-alkyl-2-acetyl-sn--
glycero-3-phosphocholines (PC-O) with differing hydrocarbon lengths
at sn-1 and a consistent acetyl group at sn-2 (e.g., PC 0-34:1).
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Key components of sphingolipid metabolism implicated include SM
and Cer which were elevated in the neointima relative to the media. Pro-
atherogenic sphingolipids influence initiation and progression of
atherosclerosis [26], modifying signal transduction, differentiation,
proliferation, and apoptosis [27,28]. In plaques, enzymatic hydrolysis of
SM to Cer by acid sphingomyelinase initiates aggregation and fusion of
lipoproteins including low-density lipoprotein [29,30]. Cer underpins
cellular processes such as apoptosis, necrosis, and autophagy-dependent
cell death [31].

Histopathological Observations Human Carotid Plaques: Human
plaques showed distinct regions including necrotic core, fibrous cap and
other fibrous tissue but were more variable in structure than the rabbit.
A necrotic core was observed in the plaque from Patient 01 (Fig. 4D), but
a clearly defined fibrous cap was lacking. Instead, distinct regions of
acellular fibrous areas (including calcium deposits) were observed. The
plaque from Patient 02 (Fig. 4E) was advanced and fibrocalcific [32,33],
featuring extensive sheet calcification within the underlying intimal
layer, supported by fibrous tissue and a relatively thin but discernible
fibrous cap, rich in vascular smooth muscle cells (Fig. S9). Notably, a
necrotic core was absent. The advanced plaque of Patient 03 (Fig. 4F),
featured a large necrotic core shielded by fibrous cap. Thick fibrous caps
associate with more stable plaques, less likely to lead to acute cardio-
vascular events [34]. Conversely, fibrous caps can be a site of inflam-
mation, and a thin cap makes it more vulnerable to rupture [35].
Therefore, lipids present in the cap may influence stability. Necrotic
cores are a sign of advanced disease linked with plaque instability.

Lipid Identification in Human Carotid Plaque: Given the pro-
nounced variability, each specimen underwent individual analysis. 383
lipids were identified in human carotid plaques across all three patients,
with 120 in MALDI™ and 297 in MALDI and 34 lipids in both ion modes
(Fig. S10). Lipids identified encompassed diverse classes, the most
abundant being SM, PC, DG, Cer and LPC. PC 34:2 and SM 34:1 were
consistently highly abundant. Distinct distributions were found for PC
(fibrous cap) and SM (necrotic core). In the MALDI" ion mode data, 43,
43, and 58 lipids discriminated the necrotic core/neointimal fibrous
tissue from the fibrous cap for Patients 01, 02, and 03, respectively.
Similarly, differential lipids in MALDI" mode were 72, 49, and 87 for
Patients 01, 02, and 03, respectively.

Exemplar MS images of human carotid plaques (Fig. 4G-I) show
LPC16:0 detected as [M+Nal™, one of the most abundant ions, along
with segmentation maps (Fig. 4J-L) defining important features. Heat-
maps (Fig. 4M—0) show the top 25 significantly different lipids across
distinct plaque features. Notably, the necrotic core exhibits high abun-
dance of lipids such as LPC, CE, SM, Cer, PS, and TG. These localization
patterns are consistent with those observed in previous spatial lipidomic
studies [8,9] and are indicative of processes associated with cell death,
inflammation, and lipid accumulation. Conversely, the fibrous cap is
characterized by elevated levels of PC and DG, which are essential
components in cellular signaling and structural stability. These nuanced
spatial variations in lipid composition provide critical insights into the
underlying molecular processes driving plaque heterogeneity. The
OPLS-DA model was satisfactory in discriminating plaque features
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Fig. 3. Contributing pathways in rabbit atherosclerosis (aortae) from A) MALDI* and B) MALDI" data (MetaboAnalyst 6.0). Node size represents impact values of
pathways and colour gradation (white to red) significance (p-value), with most reliable pathways in the upper right. C) Glycerophospholipid metabolism - Oryctolagus
cuniculus (rabbit) pathway map from KEGG showing key lipid classes from data acquired in both modes. Green boxes represent enzyme catalysed reactions.
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(Table S4), in both MALDI" (Fig. 4A-C) and MALDI (Fig. S11) modes.
Similar to rabbit, glycerophospholipid metabolism was the most
significantly affected pathway in all patients, followed by sphingolipid
metabolism.

Pathway Perturbations in Atherosclerosis (Human): The results
from both MALDI" and MALDI" modes (Table 1, Tables S5-S7) high-
lighted four crucial lipid pathways including metabolism of glycer-
ophospholipids, glycerolipid, ether lipids and sphingolipids.
Representative lipidome maps derived from the plaque 03 illustrate
perturbed lipid pathways in both MALDI" (Fig. 5A, Table S4) and
MALDI (Fig. 5B-Table S4) analyses (Figs. S12-513).

Sphingolipid metabolism (Fig. 5C) in human carotid plaques pre-
dominantly involved SM, Cer, CerP, glucosylceramide (GluCer), gal-
actosylceramide (GalCer) and lactosylceramide (LacCer), mainly
localised in the necrotic core. SM constitute a significant portion of the
phospholipids in the necrotic core, a finding that has been confirmed by
several studies to date [8,9,35,36]. Some studies have further associated
SM with plaque instability and inflammation [8,9]. As in previous
studies, GluCer and LacCer accumulated within plaques [37], other
sphingolipids including GluCer is a precursor of various glyco-
sphingolipids, including Cer, important for cell membrane structure and
signaling. GluCer are hydrolyzed by glucosylceramidase (EC:3.2.1.45)
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Table 1

Most impactful metabolic pathways in human carotid artery atherosclerotic plaques following MALDI analyses.

Talanta 282 (2025) 126954

MALDI*

Lipid pathway

Pathway impact value and p-value

Patient 01

Patient 02

Patient 03

Glycerophospholipid metabolism
Glycerolipid metabolism

Ether lipid metabolism
Sphingolipid metabolism

MALDI"

0.12 and 5.68 x 10™*
0.10 and 2.61 x 107

a

a

0.16 and 4.39 x 10
0.11 and 6.49 x 107
0.22 and 1.63E%2

0.16 and 6.78 x 10
0.30 and 5.05 x 102

a

0.43 and 4.20 x 10

Glycerophospholipid metabolism
Sphingolipid metabolism
Ether lipid metabolism

0.37 and 5.43 x 10
0.35and 1.22 x 10™*
0.24 and 5.84 x 10™*

0.33 and 3.95 x 10
0.07 and 1.13 x 10

0.37 and 6.90 x 107°
0.35 and 2.78 x 10™*
0.41 and 4.06 x 10

Glycerolipid metabolism 0.12 and 8.20 x 107

0.12 and 7.87 x 10

a

0.12 and 5.37 x 10™*

@ Pathway impact value < 0.10.

to free Cer and glucose. Perturbed levels of either Cer or GluCer
contribute to inflammatory responses and induce apoptosis in vascular
smooth muscle cells [38-40]. Imbalance may directly influence pro-
gression of atherosclerotic plaques [41].

The glycerophospholipid pathway in human carotid plaques
involved diverse lipids, including DG, PC, LPC, PS, LPE, LPA, PA,
monoacylglycerophosphoinositols (LPI) and PI. PA is a crucial inter-
mediate in the synthesis of various membrane glycerophospholipids,
including PC. In human carotid plaque, PCs were primarily localized in
the fibrous cap and along the luminal lining but the implications of this
pattern, including whether it has beneficial or detrimental effects, are
not yet fully understood. Plaque stability is associated with character-
istics such as a substantial fibrous cap and increased VSMCs density [34]
but, specific roles of PCs in these processes require further research.

The key mediators of glycerolipid metabolism (Fig. 5) included DG,
monoacylglycerol (MG), LPA, PA, monoacylglycerophosphoinositols
(LPI), and PI. DG and MG are crucial intermediates in triglyceride and
phospholipid synthesis [42]. LPI and PI are essential glycer-
ophosphoinositols involved in signal transduction and membrane dy-
namics [43].

Ether lipids in human carotid plaque included 1-alkyl,2-acylglycero-
phosphates (PA-O), PC-O, LPE-O, and 1-alkyl,2-acylglycerophosphoe-
thanolamines (PE-O), and are all implicated in pro-inflammatory
responses, lipid homeostasis and cellular activities associated with
inflammation [25].

Rabbit vs Human Atherosclerosis: Animal models are crucial in
advancing understanding of molecular mechanisms underlying athero-
sclerosis [44,45]. Rabbits develop severe hypercholesterolemia and
atherosclerotic lesions when fed a cholesterol-rich diet [46]. This com-
bined with repeated balloon angioplasty of rabbit abdominal aortae
produces large complex, plaques, structurally similar to the fibrous
plaques associated with developing disease in humans [47]. Again,
similar to humans, HDL is the predominant plasma lipoprotein in rabbits
[46] (in contrast to rats and mice, where plasma cholesterol is carried in
LDL and VLDL) [46]. Furthermore, the relatively large lesions in rabbits

can be identified and analyzed ex vivo using MS imaging [48] and other
clinical tools, e.g. positron emission tomography-magnetic resonance
imaging (PET-MRI) [11,49,50]. Here rabbit atherosclerotic lesions
demonstrated relatively consistent structure between animals,
providing complete cross-sections of the abdominal aorta exhibiting a
clearly-defined fibroproliferative neointima (bordered by the lumen and
the internal elastic lamina) within a readily identifiable medial layer.
This type of lesion is comparable to the fibrous plaque characteristic of
developing atherosclerosis. In contrast presentation of human carotid
artery plaques was more variable, including features such as necrotic
cores, fibrous caps, and calcifications, more typical of the complicated
plaque associated with advanced disease. The relative consistency and
simplicity of lesions in the rabbit aorta facilitates interpretation of the
lipid data in relation to plaque constituents. Furthermore, the ability to
use the rabbit model to generate different stages of lesion development
(e.g. fatty streaks to replicate the early stages of lesion development;
fibroproliferative lesions to replicate the classic advancing lesion of
atherosclerosis) [10] provides an opportunity for use of MS Imaging to
provide a systematic understanding of the early stages of atheroscle-
rosis, facilitating the study of disease progression and the evaluation of
potential clinical therapeutic interventions.

Rabbits models bridge the gap between cardiometabolic studies in
mice and humans, since they share most lipid and lipoprotein meta-
bolism features with humans, including, response to a high cholesterol
diet, cholesteryl ester transfer protein (CETP), apolipoprotein B-100
bound to apolipoprotein(a) amongst others [51]. At a lipidomic level
there were notable similarities and differences in profiles and localiza-
tion patterns between species. We found 44 common lipids from 14 lipid
classes between the two species (Fig. S14), highlighting potential
convergent pathways relevant to atherosclerosis. Amongst the common
lipids were the most abundant lipid classes, including CE, Cer, SM, and
PC which have been previously linked to cardiovascular diseases,
including atherosclerosis [4,52]. By comparing these metabolic changes
from the rabbit model to human plaques, we can gain a clearer under-
standing of the specific lipids that contribute to plaque formation. With

1

5 0 p—
A Glycerophospholipids B Glycerophospholipids . C £_m

4 Sphingolipids 8 [Lacw;ylusrarr\de (LacCer)] (Ceramide (Cer) j«—[EC3 1412 :4 ‘Sphingomyelin (SM)
—_ . [ m
o o . N [ J
S 3 S 6 - Ether lipids =z IS EC24.1.80
~ = Glycerolipids SR )
g’ 2 N 87 4 b EC27.1.138
T o Gycerolipds | ¥ o S

hingolioi 22125
1 2 Sphingolipids T
0 0 e} 'Ec 24147 {EC 3.1.34—{ Ceramide-1-phosphate (CerP)
0.0 0.2 0.4 0.0 02 0.4

Pathway Impact

Pathway Impact

Sphingolipid Metabolism

Fig. 5. Contributing pathways in human carotid plaques from A) MALDI" and B) MALDI" data (MetaboAnalyst 6.0). Node size represents impact values of pathways,
and colour gradient (white to red) significance (p-value), with most reliable pathways in upper right. C) Sphingolipid metabolism - Homo sapiens (human) pathway
map generated from KEGG showing key lipid classes involved from data acquired in both modes. Green boxes represent enzyme catalysed reactions.
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further investigations in larger cohorts, this knowledge will be utilized
for diagnostic purposes, identifying vulnerable plaques. Furthermore,
the biomarkers annotated may be integrated with clinical imaging mo-
dalities, such as PET-MRI, to enhance the targeting of these lipids for
improved disease management and treatment.

The predominant localization of PC in the neointima of rabbit lesions
contrasts with their prevalence in fibrous caps of human plaques. PCs
are major components of cellular membranes and mainly co-localized
with smooth muscle cells [53]. Despite variations in plaque features
and disease stages, similar perturbations in glycerophospholipid, glyc-
erolipid, ether lipid and sphingolipid metabolic pathways in athero-
sclerosis were identified in both rabbits and humans, providing valuable
insights into shared pathophysiological mechanisms.

Certain limitations must be acknowledged. Induction of chronic
hypercholesterolemia through cholesterol-rich feeding in rabbits can
lead to inflammation and hepatic toxicity. When considering lesions in
rabbits, the ratio of lipid-rich cores to fibrous caps (sometimes
completely absent) may not mirror the human condition. Similarly,
whereas calcification is common in advanced lesions in humans, it is less
frequently observed in rabbit lesions, more akin to pre-calcific stage
[54]. However, as non-calcified plaques account for most cardiovascular
events [12], lack of calcified lesions does not reduce the translational
validity of the rabbit model in diagnostic and therapeutic studies.

The sample size (n = 3, analyzed in technical triplicates) was rela-
tively low albeit stringent data analysis criteria were applied. Moreover,
challenges in fully characterizing fibrous caps and necrotic cores of
human carotid plaques in a small sample size prevent definitive con-
clusions regarding plaque vulnerability or stability. Nevertheless, our
study successfully identified both distinct and consistent features of
rabbit and human plaques, offering valuable comparative insights into
multifaceted atherosclerotic cardiovascular disease.

4. Conclusions

Integrating histology with MALDI-MS imaging of individual lipid
species in rabbit atherosclerotic aortas and human carotid plaques
yielded spatial information of pivotal pathogenic lipids. Rabbit plaques
exhibited spatial lipid profiles closely resembling those of humans,
reinforcing rabbits as reliable pre-clinical models. Also, comparable
metabolic changes across specific plaque features including neointima,
media, fibrous cap, and necrotic core, hint at similarities in disease
development that may provide potential therapeutic targets.
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