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Abstract
Advances in large-scale analysis are becoming very useful in understanding health and disease. Here, we used high-
throughput mass spectrometry to identify differentially expressed proteins between early and advanced lesions. Carotid
endarterectomy samples were collected and dissected into early and advanced atherosclerotic lesion portions. Proteins were
extracted and subjected to liquid chromatography–tandem mass spectrometry (LC–MS/MS) analysis. Differentially
expressed proteins were identified and verified using multiple reaction monitoring (MRM), on which advanced systems
biology and enrichment analyses were performed. The identified proteins were further compared to the transcriptomic data of
32 paired samples obtained from early and advanced atherosclerotic lesions. A total of 95 proteins were upregulated, and 117
proteins were downregulated in advanced lesions compared to early atherosclerotic lesions (p < 0.05). The upregulated
proteins were associated with proatherogenic processes, whereas downregulated proteins were involved in extracellular
matrix organization and vascular smooth muscle cytoskeleton. Many of the identified proteins were linked to various
“upstream regulators”, among which TGFβ had the highest connections. Specifically, a total of 19 genes were commonly
upregulated, and 30 genes were downregulated at the mRNA and protein levels. These genes were involved in vascular
smooth muscle cell activity, for which enriched transcription factors were identified. This study deciphers altered pathways
in atherosclerosis and identifies upstream regulators that could be candidate targets for treatment.
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Introduction

Atherosclerosis is the main cause of ischemic heart disease
and stroke, which have been the major causes of death
during the past decade [1]. Atherosclerosis develops as a
result of the combinatorial effects of more than 300 risk
factors, including smoking, metabolic syndrome, hyper-
tension, and diabetes. These factors lead to the initiation of
local atherogenic processes in the vessel wall that result in
the formation of an atherosclerotic plaque, leading to car-
diovascular complications and death [2].

According to the “response-to-injury” hypothesis,
inflammation is the key contributor to all stages of athero-
sclerosis, from initial lesions to plaque rupture [3]. Initially,
external risk factors cause vascular wall injury, mainly
endothelial dysfunction and lipid accumulation [4]. This
injury leads to the recruitment of macrophages and vascular
smooth muscle cells (VSMCs) to the site of injury that will
differentiate, proliferate, engulf accumulating lipids, and
secrete cytokines and proinflammatory factors. The latter
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factors result in a local non-resolving inflammatory condi-
tion that progresses into atherosclerotic lesion growth [3].

Advancements in systems biology and large-scale ana-
lysis are becoming very useful in deciphering new proteins
involved in health and disease [5]. Several studies have
been performed to identify the molecular pathways impli-
cated in disease initiation and development. However,
changes at the RNA level may not reflect the true functional
aspect that is defined by the protein arsenal of a cell. Hence,
the quantification and characterization of cellular proteins is
of extreme significance in order to understand molecular
processes that mediate cellular functions. Recently, the
development of new proteomics tools, such as high-
throughput mass spectrometry, is improving our under-
standing of diseases by accelerating the discovery of new
candidate targets and revealing the functional pathways
within a tissue or a disease.

In this study, we used liquid chromatography–tandem
mass spectrometry (LC–MS/MS) to reveal the proteomes of
human carotid atherosclerotic plaques in early and advanced
lesions. Differentially expressed proteins were further vali-
dated by multiple reaction monitoring (MRM) and were
compared to transcriptomic microarray data. Our results
showed that most of the altered proteins were involved in
local inflammatory reactions, tissue remodeling and
thrombosis. In addition, we revealed novel candidate reg-
ulators that interact with and are implicated in the expres-
sion of multiple proteins that are altered between early and
advanced lesions.

Materials and methods

Sample collection and preparation

This study conforms to the principles outlined in the
declaration of Helsinki [6]. All procedures were approved
by the local ethical committee (ethical approval number
SC090966), and patients gave informed consent prior to the
use of their samples. A total of 6 carotid endarterectomy
samples were collected from the Edouard Herriot hospital in
Lyon (France). Patients were between 58 and 88 years old.
The samples were dissected within 2 h after operation, and
each was divided into two portions: atheroma plaque
(ATH), corresponding to atherosclerotic lesions with Stary
stage ≥4, and macroscopically intact tissue (MIT), with
Stary stage ≤2 [7]. No exclusion criteria were used for
sample selection.

Protein extraction and digestion

Carotid tissue samples (30–100 mg) were washed with 50
mM ABC buffer to remove blood. A bead beating

homogenizer (Beadbug microtube homogenizer, Bench-
mark Scientific, Edison, NJ) was applied to perform cell
lysis. Tissues were mixed with 5% sodium deoxycholate
(SDC) (Sigma-Aldrich, St. Louis, MO) solution and 3 mm
zirconium beads (OPS Diagnostics, Lebanon, NJ) in a 2-mL
microtube. The solution of 5% SDC was added for efficient
protein extraction. The samples were homogenized at 4 °C
at 4000 rpm for 30 s, followed by a 30-s pause. This step
was repeated six times. Next, the tissue lysate was sonicated
for 30 min in a 0 °C ice-water bath to enhance protein dis-
solution. After centrifuging at 21,100×g for 10 min, the
supernatant was collected and diluted 10 times by adding
50 mM ammonium bicarbonate (ABC) buffer. The protein
concentration was determined using a BCA protein assay
kit (Thermo Scientific/Pierce, Rockford, IL) following the
manufacturer’s instruction.

A 15-µg aliquot of extracted proteins from each sample
was then subjected to reduction, alkylation and tryptic
digestion. An ABC (50 mM)-SDC (0.5%) solution was first
added to the samples to maintain a volume of 50 µL. Pro-
teins were thermally denatured at 80 °C for 10 min. The
reduction of proteins was performed by adding a 1.25-µL
aliquot of 200 mM dithiothreitol (DTT) solution and incu-
bating at 60 °C for 45 min. The reduced proteins were then
alkylated by adding a 5-µL aliquot of 200 mM iodoaceta-
mide (IAA) solution and incubating at 37 °C in the dark for
45 min. To quench the excessive IAA, a 1.25-µL aliquot of
DTT solution was added again, and the samples were
incubated at 37 °C for 30 min. Following the reduction and
alkylation of proteins, trypsin (Promega, Madison, WI) was
added at a ratio of 1:25 (enzyme: proteins, w/w) into sam-
ples, which were then incubated at 37 °C for 18 h. After
incubation, formic acid was added at a final concentration of
0.5% (v/v) for the purposes of both quenching the enzy-
matic reaction and removing the SDC detergent. Samples
were then mixed thoroughly and centrifuged at 21,100×g
for 10 min. The supernatant was collected, speed-vac dried
and resuspended in aqueous solution containing 2% acet-
onitrile (ACN) and 0.1% formic acid (FA) prior to LC–MS/
MS analysis.

LC–MS/MS measurement

One microgram aliquots of tryptic digests were subjected to
untargeted proteomic analysis. A Dionex 3000 Ultimate nano-
LC (Dionex, Sunnyvale, CA) interfaced to an LTQ Orbitrap
Velos mass spectrometer (Thermo Scientific, San Jose, CA)
equipped with an ESI source was used for the analysis.
Tryptic digests were first loaded to an Acclaim PepMap100
C18 guard column (3 µm, 100Å, Dionex) at a flow rate of
3 µL/min for online desalting. Next, the peptide separation
was achieved using an Acclaim PepMap100 C18 capillary
column (75 µm id × 150mm, 2 µm, 100 Å, Dionex) at
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0.35 µL/min for 120 min. The mobile phase A contained 2%
ACN, 0.1% FA and 97.9% water, while mobile phase B
contained 0.1% formic acid in ACN. The LC gradient was as
follows: Solvent B was kept at 5% for the first 10min and
was increased from 5 to 20% over 55min, 20–30% over
25 min, 30–50% over 20min, 50%–80% over 1min, kept at
80% for 4min, decreased from 80 to 5% over 1 min and
finally maintained at 5% over 4min.

The LTQ Orbitrap Velos was used in data-dependent
acquisition mode. The scan events were set as a full MS
scan of m/z 400–2000 at a mass resolution of 15,000, fol-
lowed by CID MS/MS scan repeated on the 10 most intense
ions selected from the previous full MS scan with an iso-
lation window of m/z 3.0. The normalized collision energy
was set to 35% with an activation Q value of 0.25 and an
activation time of 10 ms. Dynamic exclusion was enabled
with a repeat count of 2, a repeat duration of 30 s and an
exclusion duration of 90 s.

MRM experiment was further performed to confirm
untargeted quantitative analysis of the results. The LC
gradient described in the untargeted analysis was also used
for the MRM experiment, in which a TSQ Vantage mass
spectrometer was employed (Thermo Scientific, San Jose,
CA). The transition list was generated using Pinpoint
(Thermo Scientific), as previously described [8]. In total,
270 transitions of 90 peptides for 53 proteins were mon-
itored in the MRM experiment. Aliquots of peptides (A
1.5-µg aliquot of each) were subjected to LC–MRM–MS
analysis. The TSQ Vantage mass spectrometer was operated
in positive mode. Peptides were introduced into the TSQ
Vantage via the ESI source at a voltage of 1800 V. The
chromatogram filter peak width was set to 10.0 s, and the
collision gas pressure was set to 1.5 mTorr. In the SRM
setting, the Q1 peak width (full width at half maximum) was
0.70 Da, and the cycle time was 6.0 s. The collision energy
(CE) for each targeted peptide is predicted by Pinpoint
according to the following equations: CE(+2)= 0.034 ×
m/z+ 3.314(eV),CE(+3)= 0.044 ×m/z+ 3.314(eV). The
maximum CE was 60 eV.

LC–MS/MS data analysis

For untargeted LC–MS/MS data, the raw files were con-
verted to mascot generic format (*.mgf) files using Pro-
teome Discover version 1.2 (Thermo Scientific, San Jose,
CA). The *.mgf files were subjected to MASCOT version
2.4 (Matrix Science Inc., Boston, MA) to search against the
UniProt database (Homo sapiens, 20214 entries) for iden-
tification. Carbamidomethylation of cysteine was defined as
a fixed modification and oxidation of methionine as a
variable modification. In database searching, peptides were
matched with a tolerance of 10 ppm for precursors and 0.8
Da for CID MS/MS fragments. The enzyme was specified

as trypsin, and a maximum of 2 mis-cleavages was allowed.
The results acquired from MASCOT searching were then
uploaded to Scaffold (version 3.6.3, Proteome Software,
Portland, OR) for verification and quantification. Only
identifications with a minimum peptide threshold of 95%, a
minimum protein threshold of 99% and at least 2 identified
peptides were qualified for quantitation.

All raw files acquired from the MRM experiment were
imported into Pinpoint to perform quantitative analysis. The
quantitation of the LC–MRM–MS analysis was based on
peak areas. The protein abundance was measured by sum-
ming up peak areas of all the corresponding transitions.
Peak areas were averaged using replicates for the compar-
ison between groups. Proteins with >1.5-fold changes in
upregulation/downregulation for all the 6 samples and false
discovery rate (FDR) < 0.05 were considered as sig-
nificantly altered. Given that the mass spectrometric quan-
tification is usually associated with 20% RSD, a consensus
conservative threshold of 1.5-fold was applied [9].

Transcriptomic data analysis

To identify regulated proteins, differentially expressed
proteins were analyzed against transcriptomic data. The
GSE43292 dataset available on the GEO database, which
contains previously studied paired MIT and ATH samples
from 32 patients, was analyzed using the GEO2R web-tool
to extract differentially expressed genes. Representative
probe sets with the highest mean expression across all
samples were retained for further analysis. Genes with false
discovery rate (FDR)-adjusted p-value <0.01 and >1.5-fold
change were considered as significantly altered. The
resulting genes were then compared to the differentially
expressed proteins using the InteractiVenn web tool [10] to
extract commonly altered genes and proteins, which were
further subjected to enrichment analysis using PANTHER
and Enrichr web-based tools.

Bioinformatics, subnetwork enrichment pathway
analyses and statistical testing

Principle component analysis (PCA) and hierarchical clus-
tering were applied on samples based on the expression of
significantly altered proteins [11]. Upregulated and down-
regulated proteins were separately evaluated for enriched
biological processes, molecular functions and pathways
using the Protein ANalysis THrough Evolutionary Rela-
tionships (PANTHER) classification system [12]. In addi-
tion, enrichment analysis was also performed using
“Enrichr” [13], a web-based tool that identifies transcription
factors potentially associated with a set of genes based on
robust statistical calculations. Elsevier’s Pathway Studio
version 9.0 (Ariadne Genomics/Elsevier) was used to
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deduce relationships among upregulated proteins using the
Ariadne ResNet database [14, 15]. The “Subnetwork
Enrichment Analysis” (SNEA) algorithm was selected to
extract statistically significant altered biological and func-
tional pathways relating to the set of proteins. In our ana-
lysis, “GenBank” ID and gene symbols from each set were
imported to the software to form an experimental dataset.
For the reconstruction of networks of pathways, biological
processes and molecular functions were evaluated for each
single protein hit and its associated targets (networks and
pathways). Moreover, the differentially upregulated and
downregulated proteins were analyzed using Ingenuity®
Pathway Analysis (IPA®, QIAGEN Redwood City, USA), a
software program that enables the identification of biolo-
gical pathways and functions based on a particular dataset
of proteins [16]. Significantly altered proteins (p < 0.05)
with greater than twofold change between early and
advanced lesions were analyzed using the Ingenuity
Knowledge Base for their experimentally observed and
predicted interactions (high confidence) in endothelial cells,
vascular smooth muscle cells, and inflammatory cells of
human, mouse and rat.

Results

Significantly altered proteins

Of the 621 measured proteins, 215 had a significant
>1.5-fold modulation between the 2 tissues (Supplementary
Table 1). A total of 95 proteins showed increased expres-
sion in advanced lesions (ATH), of which 8 proteins were
not expressed in MIT (Supplementary Table 1). Addition-
ally, 15 of the 120 downregulated proteins (1.5-fold change)
were expressed in MIT, but not in atheroma (Supplementary
Table 2). The expression levels of the identified proteins
were then used to construct gene dendrograms using hier-
archical clustering (Fig. 1) and PCA (data not shown),
which clearly discriminated MIT from ATH samples.

The top 50 proteins, upregulated and downregulated,
with the highest fold changes were validated by MRM
(Fig. 2a and Supplementary Figure 1). All measured pro-
teins showed consistent upregulation/downregulation
results in MRM, compared to untargeted analysis, except
for AP2B1, ARPC2, and AT2B4 (Fig. 2b).

Gene ontology and functional networks associated
with differentially expressed proteins

To further understand the roles of the altered proteins at the
cellular level, analysis of upregulated and downregulated
proteins was performed using the PANTHER classification
system. Interestingly, upregulated proteins were associated

with multiple proatherogenic functions related to immune,
cellular and metabolic processes, such as lipid transport,
macrophage activation, cell-mediated immune response,
blood coagulation, cellular adhesion, growth, and survival
(Fig. 3a and Supplementary Table 3). In contrast, down-
regulated proteins were related to tissue remodeling, mainly
VSMC cytoskeletal proteins and extracellular matrix
(ECM) components (Fig. 3b and Supplementary Table 4).

The upregulated proteins were then analyzed using
Pathway Studio for biological functions, and a subcellular

Fig. 1 Heat map representation of the differentially expressed proteins.
Hierarchical clustering analysis of protein expression profiles was
performed using Cluster 3.0 software (http://bonsai.hgc.jp). The heat
map was created using non-logged expression profiles, with centered
and normalized genes and arrays. MIT samples were designated by S;
whereas, ATH samples were designated by A. Numbers next to the
data points indicate the replicate numbers
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network was constructed. The network revealed that upre-
gulated proteins from different cellular compartments were
associated with atherosclerosis and several pro-atherogenic

processes, including lipid transport, inflammation, VSMC
proliferation, oxidative stress, cell movement, necrosis, and
thrombosis (Fig. 4).

Fig. 2 Validation by multiple reaction monitoring (MRM). a Top
upregulated and downregulated proteins with highest fold changes
(FCs) between early and advanced lesions, measured by MRM. b

Comparison of FCs between untargeted and MRM results. AP2B1,
ARPC2, and AT2B4 were removed from the plot. S macroscopically
intact tissue; A advanced atheroma lesion
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Fig. 3 Gene ontology associated with differentially expressed proteins.
a Biological processes (left) and molecular functions (right) related to
upregulated proteins in advanced compared to early lesions.

b Biological processes (left) and molecular functions (right) related to
downregulated proteins in advanced compared to early lesions
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Subcellular networks and candidate upstream
regulators

To reveal the subcellular networks associated with the dif-
ferentially expressed proteins, pathway enrichment analysis
was performed using the IPA platform based on specific
criteria (see Materials and Methods section). Network
analysis resulted in the identification of different biological
pathways, including acute phase response signaling, LXR/
RXR and FXR/RXR activation, complement system, junc-
tional signaling and cytoskeletal signaling (Table 1, Sup-
plementary Figures 2 & 3).

In addition to subcellular networks, IPA was used to
identify candidate upstream regulators that are directly or
indirectly involved in the expression of the identified dif-
ferentially altered proteins (Table 2). The master regulator
p53 (Tp53), which can regulate the expression of a large
number of the identified differentially expressed proteins,
was found at the top of the candidate regulators list. Other
regulators, such as MYC, which controls the expression of
other proteins within the array, were also observed (Sup-
plementary Figure 4). Interestingly, global network analysis
showed that the identified proteins were highly connected to
other proteins known to play central roles in atherosclerotic
lesion development and progression, including TGFB1,
ERK1, MAPK, MEK, JNK, PDGF, and TNF (Supple-
mentary Figure 5).

Genes commonly altered at the mRNA and protein
levels

A total of 535 upregulated and 389 downregulated genes
were extracted from the GSE43292 dataset, containing 32
paired early and advanced atherosclerotic lesions, based on
the statistical criteria mentioned in the Materials and
Methods section. Comparison between differentially
expressed genes and proteins showed that totals of 19 and
30 genes were commonly upregulated and downregulated,
respectively, at the mRNA and protein levels (Supplemen-
tary Figure 6). Interestingly, upregulated genes were asso-
ciated with complement activation, whereas downregulated
genes were related to cytoskeletal organization associated
with the contractile apparatus of VSMCs (Supplementary
Table 6). The identified genes were further analyzed using
“Enrichr” software to identify potential TFs associated with
the extracted genes. Interestingly, a set of the upregulated
genes was experimentally linked to NR1H3 in athero-
sclerotic foam cells, and some had their promoter sequences
enriched in binding sites for FOXJ1, SND1, and NFKB1
(Supplementary Table 7). Furthermore, ChIP enrichment
analysis (CHEA) identified multiple TFs that are highly
associated with the downregulated genes in different cell
lines (Supplementary Table 8). In addition, their promoters
were enriched in binding sites for SRF, JUN, RUNX1, and
HINFP (Supplementary Table 8).

Fig. 4 Biological pathways associated with upregulated proteins during atherosclerotic lesion progression
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Discussion

Studies on atherosclerosis usually focus on specific well-
known atherogenic molecular pathways, missing other key
“unknown” pathways. In this study, we measured the
human carotid atheroma proteome using mass spectrometry
to identify differentially expressed proteins between paired
early and advanced atherosclerotic lesions, which were
analyzed for associated molecular functions and networks.

Atherosclerosis is a silent disease that can be detected
after its initiation. In fact, most treatments for athero-
sclerosis focus on inhibiting lesion progression and main-
taining plaque stability. Several proteomic studies have
been conducted to identify protein biomarkers and mole-
cular networks in atherosclerosis. These studies were
mainly performed to identify biomarkers in the athero-
sclerotic secretome using ex vivo tissue models [5, 17], to
identify abundant protein biomarkers in atherosclerotic
lesions [18], or to identify molecular networks involved in
carotid and aortic lesions in comparison to normal mam-
mary or coronary arteries [19]. To our knowledge, this is the
first study that compares advanced to early lesions. To
identify proteins involved in atherosclerotic plaque pro-
gression, we compared the proteomes of paired samples
obtained from advanced and early atherosclerotic lesions
[20], which reduces the clinical and demographic vari-
abilities among individuals and increases the statistical
power of differential gene expression.

A total of 212 proteins were differentially expressed
between advanced plaques and early lesions, clearly dif-
ferentiating between the two tissue types. Interestingly, our
data showed that downregulated proteins in advanced
atherosclerotic lesions were mostly ECM components and
cytoskeletal proteins related to the VSMC phenotype, in
accordance with transcriptomic data analysis from other
groups [21]. This finding suggests that these structural
proteins are most likely deregulated at the transcriptional
level in atherosclerotic plaque. This finding was also in line
with previous studies showing major downregulations in
proteins involved in VSMC differentiation and plaque sta-
bility in core plaques, compared to distal plaque regions
[22] or mammary artery [17]. Of interest, our results
showed that SRF and JUN, involved in VSMC develop-
ment and phenotype regulation [23, 24], have enriched
binding sites in the promoters of genes commonly down-
regulated at the mRNA and protein levels. In addition, the
reduction in ECM proteins could be explained by the con-
comitant increase in the expression of proteases in advanced
atherosclerotic lesions [25]. Indeed, recent studies have
observed abundant expression of a set of metalloproteases
and collagenases in carotid atheroma [17–19], concomitant
with a reduction in collagen in symptomatic lesions [26]. In
fact, proteolysis leads to ECM degradation fragments,

which cause an increase in the local immune response by
inducing macrophage activation [27]. In addition, ChIP
enrichment analysis (CHEA) indicates that NR1H3 is
associated with upregulated genes/proteins related to com-
plement activation in atherosclerotic foam cells. In line with
this result, macrophages were previously shown to differ-
entially express various complement-related genes [28],
which suggests an involvement of NR1H3 in complement
gene regulation.

Bioinformatics analysis identified RXR as overactivated
in advanced compared to early lesions. This finding is in
accordance with Hao et al., who previously reported that the
RXR pathway was enriched in atherosclerotic lesions [18].
LXR transcriptional activity was shown to be induced in
various modified forms of cholesterol and during macro-
phage differentiation [29] but also protects foam cells from
apoptosis, thus promoting atheroma progression [30]. In
contrast, several studies showed that RXR agonists exert
atheroprotective effects [31, 32]. Nonetheless, our analysis
indicates that RXR activation is usually associated with
heterodimer formation with LXR and FXR. In fact, LXRα
knockout in mice dramatically increased LDL and
decreased HDL cholesterol levels in plasma [33]. Thus, the
atheroprotective effects related to RXR activation could be
due to systemic effects on body cholesterol levels and
mediated only during early stages of atherosclerotic lesions.

Deficiency in p53 was shown to accelerate athero-
sclerotic plaque development through cell-specific effects
via the regulation of cellular proliferation and apoptosis in
endothelial cells (ECs), macrophages, and VSMCs [34]. In
both ApoE−/− and LDL receptor−/− mice, macrophage-
specific p53 deficiency enhanced atherosclerotic lesion
development and vulnerability, mainly through decreased
macrophage apoptosis or increased macrophage prolifera-
tion [35, 36]. Similarly, p53 also induces endothelial
apoptosis under oxidative stress conditions. However, the
role of p53 in VSMC apoptosis is controversial. Induction
of p53 inhibits neointima formation [37] and increases
advanced plaque instability, probably by inducing cap
VSMC apoptosis and their transition from a synthetic to a
contractile phenotype [38, 39]. However, endogenous p53
in VSMCs was not found to be proapoptotic or growth
suppressive [38]; rather, it may reduce atherosclerosis by
reducing VSMC apoptosis [40]. Nevertheless, our results
indicate that VSMC apoptosis could be induced by other
mechanisms, such as the inhibition of ILK signaling [41],
which may also lead to endothelial [42] and VSMC [43]
dysfunctions. Therefore, our results suggest no significant
global change in p53 expression during atheroma progres-
sion, which could be due to a balance in its expression
levels in different atherosclerotic cells.

p53 inhibition, along with shear stress and oxidized
LDL, may enhance the expression of c-myc [44–46], a
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transcription factor that regulates the expression of various
genes involved in cellular metabolism, growth, prolifera-
tion, and apoptosis. In fact, c-myc was shown to be
expressed in early atherosclerotic lesions [47], mainly in
VSMCs [48]. C-myc was also demonstrated to enhance
atherosclerotic lesion progression through the induction of
VSMC proliferation [49], macrophage activation [50] and
ECM remodeling [46].

TGFB1 was among the most connected proteins in the
molecular network, in addition to other well-known proa-
therogenic proteins, such as TNF, ERK, JNK, ERK1, and
MAPK. Little is known about the role of TGFb1, which
mainly performs atheroprotective functions [51]. Our results
suggest that TGFb is downregulated during atheroma pro-
gression, but is also highly connected with other deregu-
lated proteins, which raises the importance of this protein
for further molecular analysis.

Of interest, the 4 transcription factors LRRFIP1,
FBLIM1, CRIP2, and FHL3 were downregulated in
advanced compared to early lesions. The leucine-rich repeat
in FLII interacting protein 1 (LRRFIP1) was previously
shown to induce VSMC proliferation and to regulate pla-
telet function [52, 53]. Even though VSMC proliferation is
known to aggravate atherosclerotic plaque development
during early stages, it plays a beneficial role in advanced
plaque stability by providing a physical support for the
fibrous cap. In accordance with our data, loss of Cysteine-
Rich Protein 2 (CRIP2), involved in VSMC development
and maintenance, was shown to induce atherosclerotic
plaque progression and susceptibility to rupture [54].

Except for angiotensinogen (AGT) and APOC1, none of
the top 10 upregulated and downregulated proteins were
previously described in atherosclerosis. AGT is the sub-
strate for the renin-angiotensin aldosterone system (RAAS),
which is known to play major roles in atherosclerotic plaque
initiation and progression [55]. Previous studies have sug-
gested that AGT expression is influenced by several
atherogenic factors, including vascular injury, increased
sodium diet, insulin resistance, and high cortisol levels [56].
Similarly, APOC1, also upregulated in advanced lesions,
was shown to aggravate atherosclerosis under inflammatory
conditions [57].

In conclusion, our study revealed 95 upregulated and 117
downregulated proteins in advanced compared to early
atherosclerotic lesions. The downregulated proteins are
mainly related to tissue remodeling, whereas the upregu-
lated proteins are mainly associated with proinflammatory
response. Our study is mainly focused on the identification
of candidate pathways and upstream regulators that are
involved in atherosclerotic lesion development. The main
regulators identified were not altered at the protein level,
which points to posttranslational modifications. A more
focused and thorough analysis of such modifications is

needed in future studies. In addition, our study raises
questions about the clinical interpretations of cell-specific
gene modulation in vitro and in animal models. Finally, our
study raises the importance of certain pathways and reveals
new proteins and transcription factors that could have
central roles in atherosclerotic lesion progression.
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