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Aims Molecular characterization of vulnerable atherosclerotic plaques often relies on transcriptomic data. However, RNA expression may not
consistently align with protein expression. The proteomic landscape linked to plaque vulnerability is underexplored in human lesions. In this
study, we analyzed a large mass spectrometry-based proteomics dataset from the plaque tissue of 320 patients to identify the molecular
mechanisms associated with vulnerable plaques. Previous studies have shown significant differences in cell metabolism in murine athero-
sclerosis models, prompting an in-depth description of expression of key enzymes in glycolysis in human atherosclerotic plaques.

Methods Atherosclerotic lesions from 320 patients undergoing carotid endarterectomy surgery were collected (200 discovery set and 120 for
and results the validation set) and underwent proteomic analyses. Plaque samples were digested, enriched for extracellular matrix proteins, and
processed for untargeted proteomics analysis. The resulting protein levels were linked to pathological plaque characteristics, bulk and
single cell transcriptomics, and clinical data. Proteomic analysis of 200 human atherosclerotic carotid lesions detected 1499 proteins
with most showing poor correlation with RNA levels. We identified 240 proteins associated with plaque vulnerability index
(FDR < 0.05), including key glycolysis enzymes: Hexokinase 3 (HK3) (P=0.003, FDR =0.03), PKM (P=0.008, FDR = 0.05), and
LDHA (P=0.006, FDR = 0.04). The observed associations were mainly driven by macrophage content and fat content, reflected
the severity of pre-operative symptoms, exhibited significant sex differences, and correlated with plaque haemorrhage biomarker

BLVRB. Validation in 120 patients confirmed HK3 and PKM’s association with plaque progression and clinical symptoms (all P < 0.001).

Conclusion Enzymes involved in the glycolysis process are more abundant in plaques with vulnerable histological characteristics and are signifi-
cantly associated with plaque haemorrhage biomarker BLVRB. This implies that plaque destabilisation may be driven by higher
glycolysis metabolism, which may contribute to plaque haemorrhage. This association was stronger in women, underlining the
important role of energy metabolism in sex-specific mechanisms of atherosclerotic disease.
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1. Introduction

Atherosclerosis, a chronic disease of the arteries, is a major contributor to
worldwide morbidity and mortality.! Advanced atherosclerotic plaques are
commonly categorized in two main types of lesions: stable solid fibrous le-
sion and vulnerable lipid-rich thin capped inflammatory lesions.” In recent
years, histological and multi-omics studies utilized the analysis of cell struc-
ture, ultrastructure of the matrix components, and the histochemical com-
position of the lesion to identify mechanisms that are relevant for plaque
progression and destabilisation.>* The histological composition of human
plaques is associated with clinical manifestations of atherosclerotic dis-
ease.”® Molecular mechanisms behind the different pathological features
are less understood and have mostly been studied extensively in animal
studies.” Furthermore, supportive evidence from human studies is often
limited to immunohistochemical staining to understand spatial relevance
of a protein of interest. However, with the increasing availability of more
affordable sequencing platforms, the number of reports on single cell
and bulk transcriptomic analyses of human atherosclerotic lesions has risen
significantly.®~"" Despite this, previous studies have reported that gene and
protein expression are poorly correlated.'*"?

The search for the proteomic architecture linked with vulnerable patho-
logical phenotypes remains relatively unexplored in human atherosclerotic
lesions. We hypothesized that the proteomic analysis of atherosclerotic le-
sions of many patients would expose potential mechanistic pathways that
play a role in plaque destabilisation. Therefore, we analysed a large mass
spectrometry-based proteomics dataset from human plaque tissue of
320 patients (200 discovery and 120 validation) and integrated it with clin-
ical, histological, bulk and single cells transcriptomics to unravel the mo-
lecular mechanisms linked to vulnerable plaques. We highlight the
increased presence of key enzymes involved in glycolysis in vulnerable pla-
ques, which exhibit destabilising features such as high macrophage content
and atheromatous tissue.

2. Methods
2.1 Study design

A selection of atherosclerotic plaque samples in this study were retrieved
from the Athero-Express biobank, an ongoing study that collects plaque
tissue, blood, and extensive clinical data, from patients undergoing carotid
endarterectomy (CEA) surgery.™ A total of 200 plaques samples were
selected with the highest possible overlap with existing bulk RNAseq,
bulk methylation, histological, and GWAS data. Additionally, we ensured
that this subset was representative of the broader Athero-Express ca-
rotid cohort by maintaining comparable distributions of age, sex, diabetes
status, smoking status, and plaque characteristics. Clinical data was
retrieved from patient files and through standardized questionnaires.
The indication for a CEA was based on recommendations from the
Asymptomatic Carotid Surgery Trial for asymptomatic patients and the
European Carotid Surgery Trial and the North American Symptomatic
Carotid Endarterectomy Trial for symptomatic patients.” Indications
for CEA were evaluated by a multidisciplinary vascular team."* The re-
moval of atherosclerotic plaques was performed by a team of experi-
enced surgeons, and standardized treatment protocols were applied.
All patients were examined by a neurologist for assessment of their pre-
operative neurologic status. The performed study is in line with the
Declaration of Helsinki, and informed consent was provided by all study
participants after approval for this study by the medical ethical commit-
tees of the respective hospitals (University Medical Centre, Utrecht,
The Netherlands, and St. Antonius Hospital, Nieuwegein, The
Netherlands) was obtained.

2.2 Histology examination

All CEA plaque samples were histologically examined as described before.
According to a standardized protocol, the human carotid artery plaque
was divided in segments of 5-mm thickness along the longitudinal axis.

The segment with the greatest plaque burden was subjected to histological
examination. Semi-quantitative estimation of the plaque morphology was
performed for macrophage infiltration (CD68), smooth muscle cell
(SMC) content (a-actin), amount of collagen (picrosirius red), and calcifica-
tion (haematoxylin and eosin). Histological plaque characteristics were
scored as (i) no or minor staining or (i) moderate or heavy staining of
macrophages, SMCs, and collagen content. The criteria for classification
were defined as follows: for macrophages: (i) absent or minor CD68 stain-
ing with negative or clusters with <10 cells present; (i) moderate or heavy
staining, cell clusters with >10 cells present or abundance of positive cells;
for SMCs: (i) no or minor a-actin staining over the entire circumference
with absent staining at parts of the circumference of the arterial wall; (ii)
positive cells along the circumference of the luminal border, with locally
at least few scattering cells; for collagen staining: (i) no or minor staining
along part of the luminal border of the plaque; (i) moderate or heavy stain-
ing along the entire luminal border; and for calcification: (i) no or minor
staining along part of the luminal border of the plaque or a few scattered
spots within the lesion; (i) moderate or heavy staining along the entire lu-
minal border or evident parts within the lesion. In addition, macrophage
infiltration and SMC content were scored as the percentage of the total
plague area with the specific staining by using computerized analyses to val-
idate the semi-quantitative analyses. Plaque haemorrhage was defined as
the composite of plaque bleeding at the luminal side of the plaque as a re-
sult of plaque disruption and intraplaque haemorrhage, which is observed
as a haemorrhage within the tissue of the plaque.’®!” Plaque haemorrhage
was examined with haematoxylin, eosin, and fibrin stainings and rated as
being absent or present.'®!” Using CEA plaques samples from the
Athero-Express biobank the presence of plaque Hexokinase 3 (HK3) ex-
pression was assessed using rabbit polyclonal anti-human HK3 (1/1000,
Atlas Antibodies, Cat#HPA056743 RRID:AB_2683222) as described pre-
viously by Ménégaut et al."® Presumed artefacts of surgery such as accumu-
lation of erythrocytes along the border of the specimen were not included
in the definition of plaque haemorrhage. Intraplaque vessels were stained
with CD34 antibody. Plaque vessel density was determined by the average
number of vessels of 3 to 4 hot spots within every single plaque, with in-
creased vessel density defined as an average vessel count per hot spot high-
er than the median (=8) of the cohort. Overall plaque phenotype was
determined using Picrosirius red with polarized light and haematoxylin
stains to assess the percentage of atheroma of the total area of the plaque,
which resulting in three groups: fibrous plaques containing <10% fat;
fibro-atheromatous, 10 to 40%; or atheromatous, > 40% fat.'* Plaque vul-
nerability was assessed using plaque vulnerability index (PVI), a variable pre-
viously described before,"* which is a semi-quantitative score that
summarizes the presence of various plaque characteristics associated
with plaque instability, such as heavy/moderate macrophage, no/minor col-
lagen, no/minor SMC, moderate/heavy calcification, and moderate/heavy
fat content. A score of 1 is given for each of these when present in the pla-
que. While, for each plaque characteristic that defines a stable plaque, a
score of 0 is added. The summation of the scores results in a final plaque
score ranging from O (most stable), to 5 (most vulnerable). The histological
examinations were performed by two independent observers who were
blinded for clinical outcome on a regular basis after processing of the tissue.
The histological examination showed good to excellent intra-observer and
inter-observer reproducibility on the different items (x = 0.6 to 0.9). In
addition, the stainings for macrophages and SMCs were scored quantita-
tively with the use of computer-based analyses. The semi-quantitative
and quantitative scorings revealed an excellent correlation. Furthermore,
plaque neutrophil levels were assessed by method of immunostaining of
CEA plaque segments with mouse anti-human CDé6b and MPO anti-
bodies or napthol AS-D chloroacetate esterase. The presence of neutro-
phils was analysed using image-analysing software and identified by the
number of CD66b positive cells expressed as the number of neutrophils
per plaque.' Similarly, plaque mast cell levels were estimated by method
of immunostaining of CEA plaque segments with monoclonal mouse anti-
body against tryptase and visualized with Liquid Permanent Red. Using
Olympus cellSens Dimension 1.15 software mast cells were counted
manually and expressed as mast cell/mm?” plaque size per CEA plaque
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segment. This method is known to have good intra-observer variability
(Spearman’s rho = 0.947; P < 0.001).2%%"

2.3 Sample preparation and protein

extraction

25-65 mg of human carotid artery cross-section samples from culprit (thickest
part of the plaque) specimens were cut into smaller pieces and washed with
ice-cold phosphate buffered saline wash solution containing 24 mM EDTA
and protease inhibitor cocktail (Sigma Aldrich). To ensure removal of plasma
contaminant, the samples were washed three times. Loosely bound proteins
were isolated using NaCL extraction buffer (0.5 M NaCl, 25 mM EDTA,
10 mM Tris pH 7.5, plus protease inhibitor) for two hours. The NaCl liquid ex-
tract was collected and a NaCl wash was performed on the remaining tissue.
After, guanidine hydrochloride buffer (4 M GuHCI, 50 mM sodium acetate pH
5.8 and protease inhibitors) was added to the remaining samples for 72 h to
solubilize mature extracellular matrix proteins. 20 pg of Extracted protein
was quantified using Pierce BCA protein assay kit (Thermo Scientific). After
protein quantification, 20 pg of each GUHCI sample extract was aliquoted
into new Eppendorf tubes. Pre-chilled (—20°C) ethanol (10X volume) was
used to precipitate the samples overnight at —20°C. Samples were centrifuged
at 16 000 x g for 40 min at 0°C and the supernatant subsequently discarded.
Protein pellets was dried using a speed vac (Thermo Scientific, Savant
SPD131DDA). Dried extracts were frozen at (—20°C) ready for deglycosyla-
tion. Then the extract was treated with a 2-step deglycosylation procedure
(see Supplementary material online, Methods) before the samples were dena-
tured and reduced with 9 M urea and 3 M thiourea, 100 mM DTT, and
500 mM iodoacetamide. Samples were then precipitated overnight with pre-
chilled acetone and the resulting protein pellet were dried using speed vac
(Thermo Scientific, Savant SPD131DDA) and then digested with Trypsin/
LysC (1:50 protease:protein) overnightat 37°C, 240 rpm. Digestion was halted
with the addition of 1% TFA. After further sample purification with Bravo
AssayMAP liquid handling system (Agilent) (see Supplementary material
online, Methods), the samples were ready for untargeted proteomics analysis.

2.4 Untargeted proteomics and data analysis
Untargeted proteomics analysis was achieved using nanoflow LC system
(Dionex Ultimate 3000 RSLC nano) (see Supplementary material online,
Methods). 2 pL, 1 pg of protein samples was injected at 0.25 pL/min to separ-
ate peptides. Spectra were collected from an Orbitrap mass analyser (Q ex-
active plus, thermos Fisher Scientific) at a resolution of 60 000 at 200 mass to
charge range (m/z). Data-dependent MS2 scan was performed using the top
15 ions in each full MS scan (resolution of 15 000 at 200 m/z) with dynamic
exclusion enabled. The generated data was further analysed using thermos sci-
entific proteome discoverer software (version 2.5.0.4.00) and the data was
searched against the human database (UniProtKB/Swiss-Prot version from
January 2021, 20,396 protein entries) using Mascot (version 2.6.0, Matrix
Science). After, ECM and related protein categories were assigned using
Matrisome DB (http:/matrisomeproject.mit.edu/) and further in-house selec-
tion and assignment. Then, protein abundances were normalized based on to-
tal protein per sample and scaled using log2 transformation for relative protein
quantities. The data was subsequently filtered to only include protein data with
<30% missing values. Any remaining missing values within the data were im-
puted using KNN-Impute method.

2.5 Linear regression models

The proteomics data was tested for significant associations between pro-
tein expression (outcome) and multiple histological features (predictors)
(see Supplementary material online, PDF Table S7) using a linear regression
model.

2.6 Bulk and single cell RNA data

RNA expression data was generated as described by Mokry et al."® from
700 atherosclerotic plaque segments retrieved from the Athero-Express
biobank in the study between 2002 and 2016. Differential expression

analysis was performed using DESeq2 R package and to correct for mul-
tiple testing, Benjamini-Hochberg (BH) adjustment was applied with an
FDR < 0.05 considered significant. Plaque vulnerability groups were de-
fined using PVI scores as follows: 0—1 = least vulnerable, 2-3 = medium,
4-5 = most vulnerable, with ‘least vulnerable’ (reference group) vs. ‘most
vulnerable’ as main comparison.” Single cell sequencing was performed
using 46 plaque segments retrieved from the Athero-Express biobank as
described by Slenders et al.?? and® (See Supplementary material online,
Methods). A total of 20 different cell clusters were identified from 46 pa-
tients. We used the addModuleScore (..., assay="RNA',...) within Seurat**
to calculate module scores for the expression of the selected genes of
interest. This module score calculates the average expression levels of
the genes differentially on a single plaques cell level, subtracted by the ag-
gregated expression of control gene sets. All analysed genes are binned
based on averaged expression, and the control genes are randomly se-
lected from each bin.

2.7 Validation cohort

In Supplementary material online, Figure S2, the patient characteristics of
the Vienna CEA validation cohort are summarized. 120 patients with ca-
rotid artery stenosis undergoing CEA were included in the validation cohort
from Medical University of Vienna, Austria. Proteins were extracted using
sequential incubation with 0.5 M sodium chloride (NaCl), 0.1% sodium do-
decyl sulfate, and 4 M guanidine hydrochloride (GuHCI). All extracts were
labelled using tandem mass tags and analyzed on an Orbitrap Fusion Lumos
Tribrid MS for proteomics (Thermo Scientific). A parallel reaction monitor-
ing method was developed on a Q Exactive HF MS (Thermo Scientific).
ELISA measurements were conducted in plasma samples of the discovery
cohort using DuoSet ELISA Ancillary Reagent Kit 2 (DY008B). All clinical in-
vestigations were conducted according to Declaration of Helsinki princi-
ples. All participants gave written informed consent prior to inclusion in
the study. The study of the CEA samples was approved by the local
Research Ethics Committee (London, United Kingdom, Research Ethics
Committee, REC reference number 08/H0706/129). Summary data and
additional analyses that support the findings of this study are available
from the corresponding authors on reasonable request. Proteomics and
spatial transcriptomics data were deposited at the Proteomics
Identifications and Gene Expression Omnibus repositories, respectively.

2.8 Data analysis

Athero-Express CEA samples were divided for subsequent analysis, with
subsets used to generate transcriptomic data (n = 654), proteomic data
(n=1200), and single cell sequencing data (n = 46). All data were analysed
using Rstudio version 2023.06.1 + 524 [Team, R. S. (2020)]. Data are pre-
sented as the median + IQR unless indicated otherwise. Pathway enrich-
ment analysis was performed using the Enrichr® or clusterProfiler®
package. Significant associations between variables were calculated using
a linear model with a false discovery rate P-value of <0.05 or adjusted P
value (FDR) of <0.05 with BH adjustment. Mean differences between
groups were analysed using a t-test or one way ANOVA, with P <0.05
used to determine statistical significance. Correlation analysis was per-
formed using Pearson correlation coefficient test. For the validation co-
hort, differential expression between clinical and histological
characteristics was assessed using DESeq2 R studio package, with P <
0.05 used to determine statistical significance.

3. Results

3.1 Discovery and validation patient cohort

In this study, we used carotid plaques of 200 patients from the
Athero-Express biobank study for ECM-proteome analysis (Figure 1A).
Patients’ pre-operative baseline characteristics stratified by PVI scores by
dividing into three groups: low vulnerability (LV) (0—1), medium vulnerabil-
ity (MV) (2-3), and high vulnerability (HV) (4-5) are summarized in Table 1.
The patient population consists of 51 females and 149 males with a median
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age of 70. Furthermore, 23% of the patient population suffers from dia-
betes, 36% are current smokers, 34% have a history of CAD, and 80%
have mild to moderate kidney disease (Table 7). Notable significant differ-
ences include a larger percentage of males and self-reported alcohol use in
plaques with higher PVI (P <0.05). In addition, a nominal difference is
found in the glomerular filtration rate. The remaining baseline character-
istics were not significantly different between the groups. Like the
Athero-Express patient population, roughly a quarter of the Vienna val-
idation cohort consisted of female patients with significantly higher HDL
levels compared with male patients. Furthermore, Diabetes mellitus type
2 and smoking is more prevalent in male patients compared with female
ones. Like the Athero-Express patient population, the Vienna validation
cohort does not show a significant difference in the prevalence of major
cardiovascular events (P=0.4) (See Supplementary material online,
Table S2 validation cohort Vienna).

3.2 Untargeted proteomics detected a broad
spectrum of proteins in atherosclerotic

plaques

Atherosclerotic plaque samples (n = 200) were enriched for extracellular
matrix proteins (to deplete abundant soluble protein histones and riboso-
mal proteins), digested, and analysed using untargeted proteomics. A total
of 2148 proteins were detected, with a mean of 1698 measured proteins

per patient (Figure 1B). Among the detected proteins, further data process-
ing using Matrisome DB (http:/matrisomeproject.mit.edu/) identified 497
ECM and ECM-related proteins, of which 130 were recognized as core
ECM proteins. Subsequent data normalisation and quality filtering (the ex-
clusion of proteins based on 30% missing values) resulted in 1499 reliably
measured proteins (Figure 1C); this set was used for all downstream ana-
lyses. Pathway enrichment indicated that these 1499 proteins were in-
volved in multiple biological processes such as the immune response,
haemostasis, ECM organisation, transcription/translation, and transport.
They were linked to the endoplasmic reticulum, collagen-containing extra-
cellular matrix, and cytosolic ribosome (Figure 2A). Individual histological
plaque measures as part of the PVI revealed multiple metabolism-related
processes involved in plaque macrophage content and fat content, includ-
ing glycolysis, pyruvate metabolism, and the carbohydrate catabolic pro-
cess (Figure 2B).

3.3 ECM-associated proteins show
associations with PVI scores and clinical
symptoms

In order to identify the proteins that might underpin the mechanisms in-
volved in plaque destabilisation, we performed a linear regression analysis

using protein expression as an outcome and the PVI scores as predictor
variable. Plaque stability is assessed using PVI scores, which is defined as
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Figure 1 (A) A diagram summarising the workflow of this study which included 200 human atherosclerotic plaques. (B) Histogram represents the number of
measured proteins per patient before quality filtering (mean = 1698). (C) Workflow for protein annotation and quality filtering.
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Table 1 Summary of patient (n = 200) baseline characteristics stratified by PVI

Patient characteristics of all athero-express patients with available proteomic data

Low vulnerability
0-1

Medium vulnerability

High vulnerability

N =200
Sex = male (%)
Age yrs [median (IQR)]
Diabetes status = Yes (%)
Smoker status (%)
Never smoked
Ex-smoker
Current smoker
Kidney disease outcomes quality initiative (%)
Normal kidney function
Mild chronic kindey disease
Moderate chronic kidney disease
Severe chronic kidney disease
Alcohol use = Yes (%)
Statines = Statines taken (%)
LDL mmol/L [mean (SD)]
HDL mmol/L[median (IQR)]
Total cholesterol mmol/L [mean (SD)]
Triglycerides mmol/L [median (IQR)]
Diastoli mmHg [median (IQR)]
Systolic mmHg [median (IQR)]
Glomular filtration rate mL/min [mean (SD)]
BMI kg/m? [median (IQR)]
Plasma hsCRP mg/L [median (IQR)]

47
30 (63.8)
71.00 [62.00, 75.00]
12 (25.5)

6(13.3)
20 (44.4)
19 (42.2)

(6.5)
(58.7)
15 (32.6)
22
29 (65.9)
40 (85.1)
2.63 (0.89)
1.06 [0.83, 1.31]
441 (1.04)

141 [0.96, 1.69]
80.00 [68.50, 90.00]
155.00 [140.00, 173.00]
66.02 (17.53)
26.70 [24.74, 30.79]
1.61[0.89, 4.70]

3
27
5
1

CAD history = No CAD history (%) 33 (70.2)
Major cardiovcular events = No major events (%) 30 (63.8)
Overall plaque phenotype (%)
Atheromatous 2 (43)
Fibro-atheromatous 8 (17.0)
Fibrous 37 (78.7)

2-3 4-5 P value
120 33
89 (74.2) 30 (90.9) 0.024
70.00 [62.00, 75.00] 71.00 [62.00, 77.00] 0.839
29 (24.2) 5(15.2) 0.494
0373
13 (11.3) 8 (24.2)
60 (52.2) 14 (42.4)
42 (36.5) 11 (33.3)
0.326
25 (21.0) 7(212)
62 (52.1) 20 (60.6)
30 (25.2) 6 (18.2)
2(1.7) 0 (0.0)
71 (62.3) 28 (87.5) 0.026
88 (73.9) 25 (75.8) 0.303
2.55 (0.92) 3.16 (1.15) 0.335
1.06 [0.86, 1.40] 1.01 [0.83, 1.23] 0.655
445 (1.12) 4.96 (1.28) 0.122
1.17 [0.98, 1.70] 1.40 [1.06, 1.94] 0.335
80.00 [75.00, 90.00] 82.00 [80.00, 93.00] 0.113
151.00 [138.00, 169.00] 160.00 [135.00, 170.00] 0.788
73.38 (19.74) 75.89 (18.93) 0.041
26.13 [24.53, 28.54] 26.43 [24.30, 28.63] 0.238
1.79 [0.73, 4.34] 2.34[1.16,8.77] 0.701
79 (65.8) 20 (60.6) 0.670
93 (77.5) 26 (78.8) 0.157
<0.001
36 (30.0) 24 (72.7)
55 (45.8) 9 (27.3)
29 (24.2) 0 (0.0)

Data are presented as percentages/counts or, mean values with standard deviation (SD), or as median values with Interquartile range (IQR). Signficant associations are highlighted in bold.

a semi-quantitative score that summarizes established determinants of pla-
que destabilisation such as fat content and the presence of macrophage and
SMCs™ (Figure 3A). Subsequent linear regression analysis identified 240
proteins that were significantly associated with PVI scores after adjustment
for multiple testing, of which S100A8/9, HNRNPA1, and PLIN2 were
found among the top 15 most upregulated proteins (Figure 3B) (See
Supplementary material online, excel Table ST for complete results).
Subsequent pathway enrichment analysis of 195 positively associated PVI
proteins identified more specific connections with biological processes
such as immune response, inflammation, and glycolysis (Figure 3C). The
downregulated 45 PVI proteins exhibited significant associations with bio-
logical processes such as ossification and extracellular matrix organisation
(Figure 3C). Significant differences between PVI levels of vulnerability were
found for self-reported alcohol-use and sex in this cohort (Table 7).
However, when correcting for such confounders, almost all associations
between protein expression and PVI remained significant (See
Supplementary material online, excel Table S5).

PVlscores consist of multiple independent morphological features. In or-
der to determine which histological features could explain the associations
found, we performed a correlation analysis between the abundance levels

of the 240 PVl-associated proteins and the histological characteristics of
the plaques (Figure 4A). Strongly correlated trends were observed especially
for macrophage content (R =0.95, P < 0.001), fat content >10% (R = 0.95,
P < 0.001), and fat content >40% (R =0.96, P < 0.001), as well as for overall
plague phenotype (R=0.83, P<0.001), neutrophil content (R=0.89,
P < 0.001), and plaque haemorrhage (R =0.88, P < 0.001) (Figure 4A). Our
data show that PVI proteins such as HK3, HNRNPA1, and S100A8/9 are
among the most positively associated with high macrophage content and fat
content. Similarly, our findings indicate that S1T00A8/9, LTF, and KPNB1 are
highly expressed in plaques with plaque haemorrhage, while HK3, S100A8/
9, and HNRNPAT1 are highly upregulated in plaques with increasing neutrophil
content (See Supplementary material online, excel Table S6).

3.4 Protein expression levels are not

reflected in the transcriptome

To study whether the differences in processes observed between the vul-
nerability groups were also reflected by differences in transcriptional states
in the plaques, we used bulk RNAseq from continuous plaque segments
to those used for protein analysis and investigated gene expression


http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaf077#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaf077#supplementary-data
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Figure 2 (A) Biological processes and cellular components enrichment results for 1499 reliably measured proteins from 200 human atherosclerotic lesions
from the Athero-Express biobank. (B) Top 20 biological processes enrichment results for proteins significantly associated with macrophage content (n =353,
FDR < 0.05) and fat content (n = 329; n =295, FDR < 0.05).
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Figure 3 (A) Diagram describing PVI score, calculated based on the presence of plaque destabilising and plaque stabilising histological characteristics. (B)
Volcano plot with top 15 most upregulated and downregulated proteins associated with PVI scores (labelled). The x-axis represents the change in protein
expression (beta change), and the y-axis represents the -log10 P-value. Differential protein expression was assessed using a linear regression model, which
revealed 240 differentially expressed proteins after BH adjustment (red). Proteins above the dashed gray line are considered nominally significant (pink),
with P-values <0.05. n=200 (C) Pathway enrichment results of 240 proteins significantly associated with PVl scores (P < 0.05). Left, pathway enrichment results
for 195 upregulated differentially expressed proteins. Right, pathway enrichment results for 45 downregulated differentially expressed proteins.

differences between the vulnerability groups (See Supplementary material
online, excel Table S4). Notably, differential gene expression analysis using
transcriptome datasets generated from the same plaque tissue revealed a
significant, but weak, correlation with 227 corresponding protein expres-
sion differences (R? = 0.19, P < 0.001) (Figure 4B). Similarly, many individual
proteins, including those with the most significant associations with PVI,
showed no or even negative correlation with transcript levels. Among
these are genes associated with glycolysis such as HK3, PKM, LDHA, and
LDHB (Figure 4C).

3.5 Abundance of glycolytic rate-limiting
enzymes are associated with plaque

vulnerability

Altered metabolism is commonly observed in the progression of various
diseases such as cancer, and neurodegenerative disease.””*® Similarly,

altered glycolytic flux reportedly accelerates disease progression of athero-
sclerosis in mice.”” Among the 240 proteins significantly associated with
PVI we identified 17 proteins involved in the glycolysis process, of which
the glycolysis rate-limiting enzyme HK3 exhibited a positive association
with PVI scores (f=0.40, P=0.003, FDR =0.03) (See Supplementary
material online, excel Table S1 for complete results). For this reason, we
studied the association between glycolysis rate-limiting enzymes with
multiple plaque histological characteristics and PVl scores. The rate-limiting
enzymes consist of three proteins, namely, Hexokinase (HK),
PhosphoFructoKinase (PFK), and Pyruvate Kinase (PK).*® Another glycoly-
sis enzyme of interest is lactate dehydrogenase (LDH), which is responsible
for the conversion of pyruvate into lactate at the end of the glycolysis pro-
cess. Notably, it has been implicated in the pathogenesis of accelerated ath-
erosclerosis in patients that suffer from diabetes mellitus.>' The LDHA
isoform is predominantly expressed in skeletal muscle and converts pyru-
vate to lactate, while the LDHB isoform, mainly found in the heart and
brain, preferentially converts lactate to pyruvate (LDHB).*?
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Figure 4 (A) Left, heatmap depicting the difference in expression of the 240 proteins associated with PVI across multiple plaque characteristics generated
from 200 human CEA plaques. Right, bar plot with a corresponding correlation coefficient between PVI and multiple plaque characteristics. (B) Correlation
plot between RNA expression and protein expression changes of 227 proteins significantly associated with PVI scores. (C) Correlation between RNA and
protein (n = 1499) expression, with significantly correlated proteins highlighted in red and non-significant correlation highlighted in gray. Proteins of interest
are labelled. The correlation coefficients in (A, B, and C) were calculated using Pearson’s correlation, with P < 0.05 considered statistically significant. (D)
Univariate and multi-variate analysis for six glycolysis rate-limiting enzymes. Beta changes were calculated by performing a linear regression model. In blue,
are results for univariate regression between glycolytic enzymes and PVI. In dark yellow, multi-variate regression results between glycolytic enzymes and
PVI corrected for glomerular filtration rate. In purple, multi-variate regression results between glycolytic enzymes and PVI corrected for Diabetes. In turquoise,
multi-variate regression results between glycolytic enzymes and PVI with all confounders present together. In red, multi-variate regression results between
glycolytic enzymes and PVI corrected for Sex. In black, multi-variate regression results between glycolytic enzymes and PVI corrected for self-reported
alcohol-use. Filled in dots indicate significant associations (P < 0.05).
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The proteomics data contained expression data for the following pro-
teins with those enzymatic activities: HK1, HK3, PFKL, PFKM, PFK,
PKM1/2 (PKM), LDHA, and LDHB.

Subsequent linear regression analysis revealed significant differences be-
tween the expression levels of glycolysis enzymes and PVI scores, including
enzymes HK3, PKM, LDHA, and LDHB (5 = 0.40, P = 0.003, FDR = 0.03;
£ =0.19, P=0.009, FDR=0.05, #=0.13, P=0.006, FDR =0.03; $=0.17,
P=0.001, FDR = 0.02) (‘Univariate’, Figure 4B).

Significant differences between PVI groups were found for self-reported
alcohol-use and sex in this cohort (Table 7). Therefore, in order to test
whether the association of glycolytic proteins with PVl was confounded
by these, we performed a multi-variate linear regression to assess the ef-
fects of these confounders. Although no significant differences were found
between diabetic and non-diabetic patients in association with PVI (Table 1;
P =0.494), we still included patient diabetes status in the multi-variate ana-
lysis, given its implication in the pathogenesis of atherosclerosis reported in
previous literature.>® The observed elevated levels of glycolysis enzymes in
high PVI plaques were found to be partly confounded by these risk factors.
However, HK3, PKM, LDHA, and LDHB, all remained significantly asso-
ciated with PVI scores after adjusting for these confounders independently
(Figure 4B). Furthermore, a multi-variate linear regression model revealed
that PKM and LDHA, are negatively associated with PVl in diabetic patients
(f=-0.44,P=0.038; § =0.37, P=0.007; respectively). A similar negative
relationship was found for HK3; however, this was not statistically signifi-
cant (f=—0.49, P=0.213). After adjusting for all confounders, including
patient diabetic status (Diabetic: yes), only HK3, LDHB, and PFKP re-
mained significantly associated with PVI.

Subsequent histological analysis revealed that HK3, PFKL, PKM, LDHA,
and LDHB showed significantly elevated expression in plaque with high le-
vels of macrophage and fat content, which are both indicators of vulnerable
plaques (Figure 5A). Further analysis revealed a strong positive correlation
between LDHA protein expression (R2 > 0.7, P < 0.001) and HK3, PFKL,
and PKM glycolysis rate-limiting enzymes (Figure 5B). As for LDHB, the pro-
tein demonstrated a weaker positive yet significant correlation with the
HK3, PFKL, and PKM.

3.6 Glycolytic rate-limiting enzymes

expression in plaque cells

In order to assess which plaque cells are potentially responsible for this ob-
served increased presence of glycolytic enzymes (HK1, HK3, PFKL, PKM,
PFKP, PFKM, LDHA, and LDHB), previously generated single-cell sequen-
cing data, derived from different patients of the same cohort (see
Supplementary material online, excel Table $3)** was analysed.
Expression of the equivalent genes for each protein was projected onto
the single-cell clusters derived from plaques within the same cohort and
the module score was calculated. The selected glycolysis rate-limiting en-
zymes were expressed in multiple plaque cell types including endothelial
cells, SMCs, inflammatory macrophages, and foam cells (Figure 5C). In com-
parison, downregulated proteins associated with PVI, which belonged to
pathways such as ossification and extracellular matrix organisation, were
more highly expressed in endothelial cells and SMCs (Figure 5C). Further
analysis revealed that most of the glycolysis enzymes of interest are highly
expressed in inflhammatory macrophages, foam cells and SMCs, and they
exhibit expression in other cell types, such as endothelial cells and dendritic
cells. HK3, in comparison, is almost exclusively elevated in inflammatory
macrophages and foam cells (Figure 5D). Anti-HK3 plaque staining further
supports this finding, showing clear overlap between areas with high
macrophage content and elevated HK3 expression (Figure 5E) (See
Supplementary material online, PDF Figure S1).

3.7 Glycolysis rate-limiting enzymes are
higher expressed in the core and associated

with symptoms in a validation cohort

Finally, we validated the significant differences between the glycolysis rate-
limiting enzymes using proteomics data from 121 atherosclerotic plaques

from CEA patients from a validation cohort (University of Vienna) (See
Supplementary material online, PDF Table S8). The carotid endarterecto-
mies from the validation cohort were divided into peripheral and core
(culprit) specimens as the two artery regions differed in their proteomic
profile.** Multiple glycolysis enzymes of interest were found significantly
upregulated in core atherosclerotic lesions and symptomatic patients
(Figure 6A). Correspondingly, our data showed significantly elevated pres-
ence of glycolytic enzymes in patients presenting with severe symptoms
(TIA and stroke) in comparison to those with milder symptoms (asymp-
tomatic and ocular), specifically for HK3, PFKM, PFKL, and LDHA
(#=0761,P=0.031; §=0.388, P=0.006; 5 =0.329, P=0.014; 5 =0.234,
P =0.039, respectively) (Figure 6B).

3.8 Glycolytic enzymes are strongly

associated with BLVRB expression

PVl-associated proteins show similar associations to plaque haemorrhage
(R=10.88, P <0.001) (Figure 4A). Among these are proteins with a signifi-
cant relationship with plaque haemorrhage such as S100A8, S100A9,
LTF, and BGN (=058 P=-003; =065 P=0.04 =058,
P =0.03; p=—-0.29, P=0.01, respectively). Another protein among these
is Biliverdin IXB reductase (BLVRB), which is a key enzyme in Hb metabol-
ism that has been identified as a valuable plasma biomarker for IPH and clin-
ical symptoms.®® This enzyme, downstream of HMOX, is responsible for
the final conversion of biliverdin to bilirubin and iron (Fe 2+).%° In concord-
ance with previous studies, we observed a significantly elevated expression
of BLVRB in in symptomatic patients of the Athero-Express cohort
(P =0.027) (Figure 6C). Furthermore, a significant positive association be-
tween BLVRB expression and higher levels of PVI scores was found
(f = 0.26, P=0.001), indicating that plaque BLVRB protein expression is
associated with vulnerable plaques (Figure 6C). Notably, the expression
of BLVRB is highly associated with CDé8+ cells, such as macrophages.®®
This was confirmed in the Athero-Express cohort in which inflammatory
cells such as resident macrophages, inflammatory macrophages, and
foam cells, were found predominantly responsible for the expression of
BLVRB (Figure 6D). Given the observed increased abundance of glycolysis
enzymes in inflammatory cells and in more vulnerable plaques, we investi-
gated how BLVRB expression is associated with the expression of glycolyt-
ic enzymes. After analysis, a significant positive association was found
between BLVRB expression and glycolysis rate -limiting enzymes HK1,
PFKL, PFKM, PKM, and HK3 especially (all, P<0.001, FDR <0.001)
(Figure 6E). Downstream glycolysis enzymes, LDHA and LDHB, were
also significantly elevated with higher levels of BLVRB (b =0.27, P < 0.001,
FDR < 0.001; b=10.30, P < 0.001, FDR < 0.001) (Figure 6E).

3.9 The difference in glycolysis rate-limiting
enzymes between HV and LV lesions is larger

in women than in men

Previous literature has provided evidence that atherosclerosis plaque pro-
gression diverges between the sexes at the histological and transcriptomic
levels.”**” Therefore, crucial differences may exist between key processes
that determine the pathogenesis of atherosclerosis, such as inflammation
and the immune response.’® Given the observed association between
the glycolysis enzymes and plaque macrophage content within our cohort,
we wanted to assess if there are major expression differences between fe-
male and male plaque lesions.

Female (n=51) and male (n = 149) patients in our cohort show signifi-
cant differences in HDL cholesterol levels (1.29 mmol/L vs. 1.08 mmol/L,
P =0.006), frequency of major adverse cardiovascular events within 3 years
(29.5% vs. 13.7%, P = 0.04), and overall plaque phenotype (Table 2). The dif-
ference in HDL concentration is to be expected as women are known to
possess higher HDL concentrations compared with men.>**° All other base-
line characteristics remained similar between the two sexes.

Linear regression analysis demonstrated significantly elevated expres-
sion of HK3, PKM, PFKL, PFKM, and LDHA in male atherosclerotic lesions
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Figure 5 (A) Expression of eight glycolysis enzymes of interest across multiple histological characteristics from 200 atherosclerotic lesions from the
Athero-Express biobank. The associations between the glycolysis enzymes and multiple histological characteristics were calculated using a linear regression
model, with P <0.05 considered significant. (B) Correlation plots between LDHA/B protein expression and six glycolysis rate-limiting enzymes.
Correlation coefficients were calculated using Pearson’s correlation, with P < 0.05 considered statistically significant. (C) Left, UMAP showing single cell se-
quencing data from 46 human carotid atherosclerotic plaques. Right, module scores calculated with genes associated with selected molecular processes.
(D) Single cell expression (n samples =46) of six selected glycolysis enzymes. (E) (H & E) stainings of CEA plaques (n = 2) with moderate/heavy macrophage

content and corresponding HK3, CD68, and a-SMA staining’s.

compared with female lesions (Figure 7A). Subsequent sex-stratified linear
regression analysis showed a stronger association of PVI scores with glyco-
lytic enzymes in females compared with males. Five of the eight glycolytic

enzymes significantly associated with PVl in female-only dataset, whereas in
the male-only dataset, only two glycolytic enzymes show significant associ-
ation with PVI (Figure 7B and C). Furthermore, a significant interaction
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Figure 6 (A) Forest plot with associations between six glycolysis associated enzymes and histological (left) or clinical traits (right) in the CEA Vienna cohort
(n=120). Protein expression is expressed in log fold changes on the x-axis with lower and upper confidence intervals. Significant expression differences were
assessed using differential expression analysis DESeq2 R package. Significant protein associations are highlighted in bold (P < 0.05). (B) Forest plot showing the
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represented on the y-axis, while protein expression is expressed in beta changes and standard deviation on the x-axis. Significant protein associations are
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Figure 6 Continued

highlighted with black dot (P < 0.05). Beta changes and P values were calculated using linear regression model. (C) Expression of BLVRB enzyme (y-axis) across

clinical symptoms or PVI score (x-axis). Mean protein expression differences between BLVRB expression and clinical symptoms in 194 patients were assessed
using a t-test, with P < 0.05 considered statistically significant. Protein expression differences between BLVRB and PVI score were assessed in 200 plaque le-
sions by performing a linear regression model, with P < 0.05 considered statistically significant. (D) Single cell expression of BLVRB from 46 Athero-Express
samples. (E) Scatterplots showing the correlation between eight glycolysis associated enzymes and BLVRB protein expression. Pearson’s correlation coeffi-
cients were calculated using Pearson’s correlation, with P < 0.05 considered statistically significant.

effect of sex is identified on the association between PVI and most of the
glycolytic enzymes, except for HK1, PFKP, and LDHB (Table 3).

Previous literature has attributed elevated levels of glycolysis enzymes
due to the high presence of macrophages, which undergo metabolic repro-
gramming in more vulnerable plaques.*’ This phenomenon is particularly
notable in male atherosclerotic lesions, which are characterized by high
presence of macrophages. Female lesions, in contrast, are commonly
described with low levels of macrophages and high SMC content.
Therefore, sex-stratified histological analysis was performed to uncover
any sex-specific differences. As a result, significantly increased expression
of glycolysis enzymes HK3, LDHA, PFKM, and PKM (8 =1.55, P=0.02
and =182, P=0017, =052, P=0.02 and f=0.58 P=0.02;
p = 063, P=001 and =064, P=0.03; =098 P=0.003 and
p = 0.82, P=0.04, respectively) was found in vulnerable female-only pla-
ques with both moderate/heavy macrophage content as expected; how-
ever, an increased level of these proteins was associated with no/minor
SMC content (Figure 7E). Although the male-only dataset also exhibits simi-
lar associations between the glycolytic enzymes and macrophage content
as compared with the female-only dataset, an inverse trend is observed,
in which male plagques with no/minor SMC content exhibit decreased ex-
pression of glycolytic enzymes.

4. Discussion

In this study we have employed proteomic analyses in 200 male and female
human atherosclerotic plaques to identify the molecular mechanisms asso-
ciated with vulnerable plaques. With the help of untargeted proteomics
analysis, we have identified 1499 plaque proteins, which are involved in
multiple biological processes such as the immune response, haemostasis,
ECM organisation, transcription/translation, and transport. Subsequent lin-
ear regression analysis identified 240 plaque proteins significantly asso-
ciated with PVI scores. Biological processes such as inflammation, and
glycolysis were among the top enrichment terms within these proteins.
Notably, HK3, a glycolysis rate-limiting enzyme, was found among the
top 10 most upregulated proteins associated with PVI. Given these find-
ings, our focus was drawn towards further investigating the role of glycoly-
sis in atherosclerosis plaque stability using multi-omics approaches and
histology. Although power was limited, our data suggest that glycolysis en-
zymes have a stronger relation with PVI in women compared with men.

4.1 The plaque transcriptome and proteome

are weakly correlated

Previous studies have attempted to define the molecular profile of athero-
sclerosis by relying on transcriptomic data.*> However, our results suggest
that the transcriptome alone cannot thoroughly describe the underlying
mechanisms of atherosclerosis. This assertion is substantiated by the iden-
tification of a weak correlation between the transcriptome and the prote-
ome expressed within the plaque. Among the 1499 proteins that we
detected in the plaque, only 8% were found significantly correlated with
RNA expression. This is partly explained by the shorter half-life experi-
enced by RNA molecules compared with protein.**** Another explan-
ation is found in proteins which RNA expressions do not originally
occur within the plaque. For example, PROC, AHSG, and CTSG, which
are among the topmost upregulated proteins within the plaque, did not

correlate significantly with plaque RNA expression because these genes
are preferentially expressed in the liver or bone-marrow and lymphoid tis-
sues. Furthermore, due to the significantly shorter half-life of RNA mole-
cules, transcriptomic data helps delineate the acute processes involved in
atherosclerosis plaque progression, while protein expression reflects the
more long-term processes that contribute to plaque development, which
may involve proteins from external sources.

Given these differences, potential molecular pathways of interest
may become overlooked when relying on transcriptomic data alone.
Therefore, both transcriptomic and proteomic data should be analysed
in tandem to help shed light on the mechanisms of atherosclerosis. This un-
derlines the importance of multi-omic approaches as one omics data layer
does not necessarily reflect all processes present in the tissue.

Previously, we and others have identified individual proteins that were
studied in relation to plaque composition in the Athero-Express biobank,
such as Forkhead box protein P1 (FOXP1), whose expression was immu-
nohistochemically observed in multiple cell types in human atherosclerotic
plaque lesions. FOXP1 was associated with stable plaque characteristics
and increased collagen and EGR1 expression.”> Another example is the
identification of adipocyte fatty acid binding protein, which was significantly
associated with a two-fold increase in the risk for vascular events or vascu-
lar intervention during follow-up in immunohistochemical stainings of hu-
man atherosclerotic plaques.*®

4.2 Elevated glycolytic enzyme expression is
associated with plaque destabilisation in

human atherosclerotic lesions

The role of the Immune response and inflammation in the disease progres-
sion of atherosclerosis has long been established by others.*’~*° Therefore,
the observed significant association between the PVI associated proteins
with immune response and inflammation was expected. However, the sig-
nificant association between measures of PVl and the glycolytic process has
not been clearly demonstrated in human atherosclerotic tissue. Previous
studies, largely in mice, have confirmed that metabolic reprogramming,
such as changes in glycolysis, can take place in atherosclerotic disease
and are involved in endothelial dysfunction, inflammation, vascular smooth
muscle cell (VSMC) proliferation, and thrombosis.*’*%*" Therefore, key
proteins associated with the regulation of the glycolysis process may con-
tribute to atherosclerosis plaque progression. For this reason, we studied
the association between glycolysis rate-limiting enzymes with multiple pla-
que characteristics and PVI scores. Through proteomic analysis, we have
identified a significant association with PVI and three glycolysis rate-limiting
enzymes (HK, PFK, PK), which hinted at elevated glycolytic activity in vul-
nerable plaques. Further histological analyses provided additional support,
demonstrating a strong positive association between increasing glycolysis
rate-limiting enzyme expression in plaques with heavy/moderate macro-
phage content and fat content, both contributors to plaque vulnerability.
The strong association between plaque vulnerability and glycolysis can be
explained by the influence of glycolysis in various cell types, with functions
that critically determine disease progression of atherosclerosis.>* For ex-
ample, the metabolic transition to glycolysis is known to be crucial for
pro-inflammatory M1 macrophage proliferation, suggesting that the heigh-
tened levels of glycolysis rate-limiting enzymes indicate the presence of
pro-inflammatory activation of macrophages within the plaque.®® The
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Table 2 Summary of patient baseline characteristics (n = 200) stratified by sex

Age yrs [median (IQR)]
Diabetes status = Yes (%)
Smoker status (%)
Never smoked
Ex-smoker
Current smoker
Kidney disease outcomes quality initiative (%)
Normal kidney function
Mild chronic kindey disease
Moderate chronic kidney disease
Severe chronic kidney disease
Alcohol use = Yes (%)
Statines = Statines taken (%)
LDL mmol/L [mean (SD)]
HDL mmol/L[median (IQR)]
Total cholesterol mmol/L [mean (SD)]
Triglycerides mmol/L [median (IQR)]
Diastoli mmHg [median (IQR)]
Systolic mmHg [median (IQR)]
Glomular filtration rate mL/min [mean (SD)]
BMI kg/m? [median (IQR)]
Plasma hsCRP mg/L [median (IQR)]

200
70.00 [62.00, 76.00]
46 (23.0)

27 (14.0)
94 (48.7)
72 (37.3)

35 (17.7)
109 (55.1)
51 (25.8)
3(15)
128 (67.4)
153 (76.9)
2.73 (0.96)
1.06 [0.84, 1.36]
453 (1.14)
127 [0.98, 1.70]
80.00 [73.00, 90.00]
153.00 [138.00, 170.00]
72,09 (19.34)
26.27 [24.49, 29.27]
1.77 [0.87, 4.65]

CAD history = No CAD history (%) 132 (66.0)
Major cardiovcular events = No major events (%) 149 (74.5)
Overall plaque phenotype (%)
Atheromatous 62 (31.0)
Fibro-atheromatous 72 (36.0)
Fibrous 66 (33.0)

Female Male P value
51 149
70.00 [62.00, 74.50] 71.00 [62.00, 76.00] 0.322
8 (15.7) 38 (25.5) 0.213
0.146
9 (184) 18 (12.5)
18 (36.7) 76 (52.8)
22 (44.9) 50 (34.7)
0.331
7 (14.0) 28 (18.9)
29 (58.0) 80 (54.1)
12 (24.0) 39 (26.4)
2 (4.0 1(0.7)
28 (58.3) 100 (70.4) 0172
40 (80.0) 113 (75.8) 0.682
2.63 (1.11) 2.76 (0.91) 0.531
1.25 [0.96, 1.55] 1.03 [0.83, 1.29] 0.017
4.67 (1.32) 4.49 (1.09) 0.433
1.40 [0.99, 1.87] 1.26 [0.98, 1.70] 0.573
80.00 [76.00, 90.00] 80.00 [70.00, 90.00] 0.569
160.00 [135.00, 170.00] 150.00 [138.00, 168.00] 0.554
68.70 (19.05) 73.23 (19.36) 0.152
26.56 [24.95, 29.75] 26.23 [24.49, 28.98] 0.500
2.25 [0.96, 6.35] 1.68 [0.72, 4.30] 0.187
36 (70.6) 96 (64.4) 0.529
44 (86.3) 105 (70.5) 0.040
0.044
9 (17.6) 53 (35.6)
20 (39.2) 52 (34.9)
22 (43.1) 44 (29.5)

Data are presented as percentages/counts or, mean values with standard deviation (SD), or as median values with Interquartile range (IQR). Significant associations are highlighted in bold.

resulting heightened pro-inflammatory macrophage activity can contribute
to plaque vulnerability and the disruption of the renewal of structural ele-
ments that promote mechanical stability.>® Thus, inhibiting HK3 may have
stabilising effects, as previously reported with corosolic acid, a potent HK3
inhibitor, in treated apolipoprotein E-deficient mice.”**> Another example
of abnormal metabolism in plaque cells is the transition of contractile into
synthetic SMCs.>® During arterial injury, lipid infiltration, and inflammatory
stimulation, SMCs switch to a synthetic phenotype which is characterized
by a lower level of contractile proteins, higher ECM component expres-
sion, and ECM remodelling enzymes. Following the switch, SMCs can ex-
acerbate plaque development by migrating into the intima where they
are able to take up ox-LDL and transition into new foam cells.>"*¢ SMC
phenotype switching is triggered by lactate, which accumulates when
LDH converts pyruvate, another product of glycolysis, into lactic acid dur-
ing enhanced glycolytic activity in atherosclerosis.’ Furthermore, expres-
sion of glycolysis rate-limiting enzymes in single cell RNA sequencing was
found in SMC, inflammatory macrophages, and foam cells in atherosclerot-
ic plaques. Additionally, histological analysis revealed significantly elevated
levels of rate-limiting glycolysis enzyme proteins in plaques with moderate
to high macrophage content.

Thus, high levels of extracellular lactate could be expected in more vul-
nerable plaques, though further analysis of plaque lysates are required to
confirm this hypothesis. Indeed, increased blood lactate concentrations
have been observed in a previous cross-sectional study in association
with carotid atherosclerosis.®® Furthermore, lactate has been reported

to be enriched in the necrotic core, whereas pyruvate can promote fibrous
cap formation and PK M2 has been identified as a key regulator of murine
SMC function in vascular remodelling,>*°

Our observed heighted expression of glycolytic enzymes, the expression
of which was detected in inflammatory macrophages, SMCs, and foam cells
in 200 human atherosclerotic lesions further corroborates our hypotheses
that elevated presence of glycolytic enzymes may be involved in
pro-inflammatory and plaque destabilising effects.

4.3 More vulnerable female atherosclerotic
lesions exhibit a more pronounced presence
of glycolysis rate-limiting enzymes

Major differences exist between male and female atherosclerotic lesions,
such as plaque composition and symptoms. Some well-known reported
characteristics are a larger plaque size, more calcification, lipid-rich necrotic
core, and a higher risk for intraplaque haemorrhage, which occur more fre-
quently in male cases compared with female ones.>”*" Previous molecular
phenotyping of atherosclerotic plaques by sex has also uncovered gene
regulatory networks that point to different networks within fibrous lesions
that are common in women.?*? In this study, we have uncovered that sex
differences extends further into the proteome where glycolysis rate-
limiting enzymes are found in significantly elevated levels in more vulner-
able male plaques. However, we also identified that the increase in
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A Linear regression analysis of glycolysis enzymes of interest across sex
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Figure 7 (A) The expression of eight selected glycolysis proteins across sex (149 males; 51 females). Protein expression differences in (A, B, C, and E) were
assessed using a linear regression model, with P < 0.05 considered significant. (B) Beta changes for eight selected proteins associated with PVl in male-only (n =

149) and female-only (n = 51) datasets. Significant associations with PVI are highlighted with filled in dot. (C) Volcano plots showing differentially expressed
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Figure 7 Continued

proteins associated with PVI in male-only (n = 149) and female-only (n = 51) datasets in a volcano plot. The x-axis represents the change in protein expression
(beta change), and the y-axis represents the -log10 P-value. Proteins above the dashed gray line are considered significant, with P-values <0.05. D) Interaction
plots for eight selected glycolysis proteins demonstrating relationship between PVI and glycolysis enzyme expression across sex (149 males; 51 females). E)
Beta changes in the expression of eight glycolysis enzymes are shown between plaques with none/minor SMC and moderate/heavy macrophage content.

Significant differences in enzyme expression are indicated by filled in dot.

Table 3 Summary of interaction analysis results for eight glycolysis
enzymes with additional sex stratified analysis with female and male
only datasets

Interaction effect PVI*Sex

Protein beta P value
HK1
Male only 0.007 0.869
Female only 0.09 0.225
Interaction effect (female) 0.08 0.341
HK3
Male only 0.18 0.241
Female only 0.88 0.004 bl
Interaction effect (female) 0.69 0.042 *
PKM
Male only 0.06 0.41
Female only 0.46 0.003 bl
Interaction effect (female) 0.39 0.033 *
PFKM
Male only —-0.048 0.454
Female only 0.404 <0001 ok
Interaction effect (female) 0.452 0.001 *k
PFKL
Male only —0.011 0.865
Female only 0.35 <0001 Hokok
Interaction effect (female) 0.361 0.008 *k
PFKP
Male only —0.1 0.042 *
Female only -0.027 0.823
Interaction effect (female) 0.077 0.512
LDHA
Male only 0.054 0.055 .
Female only 0.341 <0001 Fokok
Interaction effect (female) 0.287 0.015 *
LDHB
Male only 0.144 0.017 *
Female only 0.207 0.088
Interaction effect (female) 0.06 0.639

Beta changes and P-values were calculated using interaction linear regression model, with P
< 0.05 considered statistically significant. *P < 0.05, **P < 0.01, ¥¥*P < 0.001.

glycolysis enzyme protein expression is more pronounced in female pla-
ques as PVl scores increases. This may indicate that the increased presence
of glycolysis enzymes may play a larger role in female atherosclerosis pla-
que stability. Furthermore, the structural differences between female
and male atherosclerotic lesions could warrant an additional explanation
for the more profound elevated expression of glycolysis rate limiting en-
zymes seen in female lesions. For example, female plaques with no/minor
SMCs content exhibited higher levels of glycolysis enzyme expression.

In fact, previously reported evidence supports that SMC to myofibroblast
transition, which was found to be high in female plaques,”>®? is dependent
on aerobic glycolysis and its inhibition would reduce expression of multiple
ECM genes, which are essential for lesion-stabilising functions.®® Therefore,
the altered metabolic activity in the plaque may be in part driven by loss of
SMC content in addition to macrophage content in female plaques.

Nevertheless, it is important to note the large population bias for male
samples. Therefore, additional female samples are required to confirm
these findings.

4.4 High glycolysis activity may be a sign of
IPH

Enhanced glycolysis in pro-inflammation macrophages has been reported
to drive reactive oxygen species-mediated II-1b production and tumour ne-
crosis factor translation.”” However, this association has been thoroughly
described previously. A potential alternative connection lies in the expres-
sion of BLVRB and its implication in IPH and adverse cardiovascular
events.>® Recent literature has reported that hexokinase mediated G6PD
reaction is critical to provide the NADPH reducing equivalents via the
PPP for BLVRB cofactor function.®*¢° This may explain the significant as-
sociation between BLVRB expression and PVI scores, as well as the posi-
tive association between glycolysis enzyme protein expression and BLVRB
expression in atherosclerotic plaques. Thus, iron loading, as a result of
BLVRB in Hb metabolism, may exacerbate the severity of atherosclerosis
by inducing inflammation and enhancing glycolysis in macrophages.
Therefore, high glycolysis activity may not only be a sign of inflammation,
but also an indication of increased Hb metabolism, IPH, and adverse car-
diovascular events.

4.5 Limitations

In this study, we assessed plaque vulnerability using the PVI, a semi-
quantitative score derived from histological examination. Although this
method may seem limited compared with other high-resolution techni-
ques, such as RNA sequencing and untargeted proteomic analysis, it's im-
portant to note that these histological measures have been demonstrated
to be reproducible and to correlate with clinical presentation. A notable
limitation of our study, however, is the underrepresentation of female pa-
tients, constituting only 25% of our sample. This imbalance results in lower
statistical power for the female-only dataset. Despite this challenge, we
were still able to identify sex-specific signals. Additionally, the selection
strategy of patients for proteomics analysis led to the inclusion of patients
with slightly higher future risk of MACE compared with the whole cohort.

4.6 Conclusion

The amalgamation of proteomic, transcriptomic, histological, and clinical
analysis has revealed 240 ECM proteins significantly linked to PVI scores
in human atherosclerotic lesions. The expression of these proteins is sub-
stantially affected by multiple histological plaque characteristics, especially
plaque macrophage and fat content. Aside from these proteins, we have
detected a potential link between glycolysis and plaque vulnerability where
three rate-limiting glycolytic enzymes (Hexokinase, PFK, PK) exhibited in-
creased protein expression in more vulnerable plaques. Notably, high ex-
pression of these enzymes was detected in inflammatory macrophages,
foam cells and SMCs, which may indicate that these cells may be respon-
sible for the observed increased presence of these enzymes. Another
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notable finding was the significant interaction effect between PVI scores
and sex, which suggested that increased expression of these glycolytic en-
zymes may lead to more profound destabilising effects in female athero-
sclerotic lesions.

Lastly, LDH, an enzyme involved in the end-stages of glycolysis, was found
with significant positive associations with PVI scores. This may be explained

by the associated promotion of plaque instability attributed to the induction
of acidosis and VSMC phenotypic switching caused by lactate build-up within
the plaque. Additionally, a significant association was found between the gly-
colysis enzymes and the IPH predictive marker BLVRB, which may suggest
that the glycolysis process or its end products may participate in plaque in-
stability through multiple pathways, including heme metabolism.

Translational perspective

This study suggests that glycolysis and enzymes like Hexokinase 3 (HK3) are potential therapeutic targets in atherosclerosis, as their increased abun-
dance in vulnerable plaques indicates a role in plaque destabilisation and haemorrhage. Targeting HK3 and other glycolysis-related enzymes may offer
new opportunities for treatment by mitigating plaque progression. Additionally, the findings emphasize the importance of integrating multi-omics ap-
proaches to better understand atherosclerotic disease, as transcriptomic and proteomic data do not always align.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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