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Background and Purpose Carotid plaques are a strong risk factor for ischemic stroke, and plaque 
rupture poses an even higher risk. Although many studies have investigated the pathogenic 
mechanisms of carotid plaque formation, few have studied the differences in molecular mechanisms 
underlying the rupture and non-rupture of carotid plaques. In addition, since early diagnosis and 
treatment of carotid plaque rupture are critical for the prevention of ischemic stroke, many studies 
have sought to identify the important target molecules involved in the rupture. However, a target 
molecule critical in symptomatic ruptured plaques is yet to be identified. 
Methods A total of 79 carotid plaques were consecutively collected, and microscopically divided 
into ruptured and non-ruptured groups. Quantitative polymerase chain reaction array, proteomics, 
and immunohistochemistry were performed to compare the differences in molecular mechanisms 
between ruptured and non-ruptured plaques. Enzyme-linked immunosorbent assay was used to 
measure the differences in ATP-binding cassette subfamily A member 1 (ABCA1) levels in the serum.
Results The expression of several mRNAs and proteins, including ABCA1, was higher in ruptured 
plaques than non-ruptured plaques. In contrast, the expression of other proteins, including β-actin, 
was lower in ruptured plaques than non-ruptured plaques. The increased expression of ABCA1 was 
consistent across several experiments, ABCA1 was positive only in the serum of patients with 
symptomatic ruptured plaques. 
Conclusions This study introduces a plausible molecular mechanism underlying carotid plaque 
rupture, suggesting that ABCA1 plays a role in symptomatic rupture. Further study of ABCA1 is 
needed to confirm this hypothesis.
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Introduction

Ischemic stroke is one of the leading causes of lifelong disabili-
ty and death worldwide. It is classified into various subtypes 
according to pathogenesis. Large artery atherosclerosis is the 
most common subtype of ischemic stroke in Korea. Of all isch-
emic strokes, 15% to 20% are attributable to carotid artery 
plaques.1 In patients with carotid atherosclerosis, the risk of 
ischemic stroke increases with plaque volume and degree of 
stenosis. Therefore, carotid endarterectomy (CEA) or carotid ar-
tery stenting (CAS) is recommended for patients with severe 
stenosis.2-4 Regardless of the degree of stenosis, a ruptured 
plaque increases the risk of ischemic stroke.5,6 Therefore, distin-
guishing ruptured plaques from non-ruptured ones, and pre-
venting rupture are critical. Although the development of ca-
rotid imaging has recently enhanced the detection of carotid 
plaque rupture, carotid imaging itself still has limitations.5,7,8 To 
improve early detection, several studies have attempted to 
identify carotid plaque rupture using circulating biomarkers,9-12 
but have ultimately failed to prove their clinical significance.9

Understanding the molecular mechanisms of plaque rupture 
can be helpful for the identification of candidate biomarkers of 
rupture. Further, such information might allow detection of new 
therapeutic targets for the prevention and treatment of plaque 
rupture. A large lipid core, inflammation, and fibrous cap thin-
ning are known to be associated with carotid plaques that are 
vulnerable to rupture.6,13 Tumor necrosis factor-α, interleukin 
(IL)-1β, IL-6, and matrix metalloproteinases (MMPs) have been 
suggested to play important roles in the rupture of carotid 
plaques. In our previous study, MMP-2 and -9 were shown to be 
critical for carotid plaque rupture.10 Considering a previous report 
suggesting the relationship between MMP-9 and other proteins, 
including ATP-binding cassette subfamily A member 1 (ABCA1),14 
it could be hypothesized that these proteins, including ABCA1, 
are involved in the pathological process of plaque rupture. Pro-
teomics and other detailed cellular and molecular investigations 
could further elucidate the molecular mechanisms of carotid 
plaque rupture, and lead to the identification of ideal biomarkers 
and new therapeutic targets in patients with ruptured plaques, 
preventing future instances of ischemic stroke.

In this study, we investigated the differences between molecular 
mechanisms underlying carotid plaque rupture and non-rupture, 
using proteomics, quantitative polymerase chain reaction (qPCR) 
array, and immunohistochemistry (IHC). Across all these experi-
ments, ABCA1 levels were significantly different in the patients 
with ruptured plaque; therefore, enzyme-linked immunosorbent 
assay (ELISA) was performed to evaluate the utility of ABCA1 as a 
serological biomarker of plaque rupture (Supplementary Figure 1).

Methods

Subjects and tissue sampling
We collected samples of carotid plaques from patients with 
carotid artery disease were undergoing CEA at Kyung Hee Uni-
versity Hospital between March 2009 and December 2015. 
Symptomatic carotid plaque was defined as significant (>50%) 
stenosis of the ipsilateral carotid artery, causing an ischemic 
lesion or relevant transient neurological deficit within 6 
months. Detailed clinical information was obtained from each 
patient, with particular attention to carotid-territory ischemic 
events. Serologic biomarkers can be affected by atherosclerosis 
in other vascular beds. To avoid this effect, we exclusively in-
cluded patients with ischemic stroke in the relevant carotid ar-
tery territory, and excluded those with stroke in a non-relevant 
arterial territory (e.g., contralateral carotid territory or posterior 
circulation). We also excluded patients with acute symptomat-
ic coronary heart disease and peripheral arterial disease.

Carotid tissue samples were obtained immediately after surgi-
cal resection, and the morphology of the carotid plaque was sys-
tematically recorded by an experienced vascular surgeon. Tissue 
samples were digitally photographed, and then stored in 0.2 M 
phosphate buffered saline (PBS) at 4℃. After the tissue was cut 
into 5-mm-thick transverse sections, each section was cut into 
two halves: one was processed for paraffin embedding, while the 
other was stored at –80℃ (using a method similar to that re-
ported in our previous study).10 Plaques were classified into rup-
tured or non-ruptured groups based on microscopic findings.10 

This study was approved by an independent Ethics Commit-
tee at Kyung Hee University Medical Center (KMC IRB 1223-
03). Informed consent was obtained from all patients prior to 
specimen collection.

Risk factors
Demographic and clinical information was obtained for each pa-
tient. Hypertension was defined as a history of antihypertensive 
medications, a systolic blood pressure ≥140 mm Hg, or a diastol-
ic blood pressure ≥90 mm Hg at discharge. Diabetes was defined 
as the previous use of any antidiabetic medication or fasting 
blood glucose ≥126 mg/dL. Dyslipidemia was defined as the pre-
vious use of lipid lowering agents, fasting serum total cholesterol 
≥240 mg/dL, or low-density lipoprotein ≥160 mg/dL. Subjects 
were classified as either smokers or non-smokers. History of 
ischemic heart disease was defined as a reported or documenta-
tion of any of the following: myocardial infarction; stable or un-
stable angina; previous coronary revascularization, such as per-
cutaneous coronary intervention or coronary artery bypass graft; 
or positive result in a stress test.
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qPCR array
Portions of the ruptured and non-ruptured plaques were used. 
The total RNA from tissue samples, from zones a and b (Figure 
1), was extracted using TRIzol (Invitrogen, Life Technologies 
Corporation, Carlsbad, CA, USA). The RNA levels were quantita-
tively analyzed, and equal amount of RNA from each group 
was used to perform qPCR. The qPCR array was performed us-
ing the Human Atherosclerosis RT2 ProfilerTM PCR array (Corbett 
Life Science, QIAGEN, Hilden, Germany), according to the man-
ufacturer’s instructions. In this study, only statistically signifi-
cant qPCR results were used for further analysis. 

Proteomics

Protein sample preparation
Tissue samples from zones a and b (Figure 1) of ruptured and 
non-ruptured plaques were harvested using a mortar, liquid N2, 
and a homogenizer. These samples were then sonicated for 5 
seconds, 15 to 20 times, with a sonicator (Qsonica, Newtown, 
CT, USA) in sample lysis solution composed of 7 M urea and 2 
M thiourea (containing 4% [w/v] 3-[(3-cholamidopropyl)dime-
thylammonio]-1-propanesulfonate and 40 mM dithiothreitol). 
After the samples were incubated on ice for 1 hour with occa-
sional vortexing, they were centrifuged at 15,000 ×g for 30 
minutes at 4℃. The pellet was discarded, while the soluble 
fraction was used for two-dimensional polyacrylamide gel 
electrophoresis (2D PAGE). The protein concentration was as-
sayed using the Bradford method.

2D PAGE
Immobilized pH gradient (IPG) dry strips (4 to 10 NL IPG, 13 

cm, GE Healthcare, Uppsala, Sweden) were re-hydrated for 12 
to 16 hours using a destreak rehydration solution, 0.5% IPG 
buffer, and loaded with 150 μg of sample. Isoelectric focusing 
(IEF) was performed at 20℃ using Ettan IPGphor 3 (GE 
Healthcare, Uppsala, Sweden), following the manufacturer’s 
instructions. For IEF, the voltage was linearly increased from 
100 to 8,000 V over 7 hours for sample entry, followed by 
maintenance at a constant 8,000 V. Focusing was complete af-
ter 55 kVh. Prior to the second dimension, the strips were incu-
bated for 15 minutes in equilibration buffer (75 mM Tris-Cl, pH 
8.8, containing 6 M urea, 2% sodium dodecyl sulfate [SDS], 
0.002% of 1% bromophenol blue stock solution, and 29.3% 
glycerol). This incubation first included 1% dithiothreitol, then 
2.5% iodoacetamide. The equilibrated strips were inserted into 
SDS-PAGE gels (13×18 cm, 12%), and processed using the 
SE600 2D system (GE Healthcare, Holliston, MA, USA), follow-
ing the manufacturer’s instructions. The 2D gels were run at 
20℃ for 1,700 Vh, and were then stained with silver staining 
solution (GE Healthcare, Uppsala, Sweden).

Image analysis 
Quantitative analysis of the digitized images was performed using 
ImageMasterTM 2D Platinum 7.0 (GE Healthcare, Uppsala, Swe-
den) software, according to the protocols provided by the manu-
facturer. The intensity of each spot was normalized to the total 
intensity of all valid spots. Protein spots that showed at least 
two-fold significant difference in the expression level compared 
with those of control samples were selected for further analysis.

Peptide mass fingerprinting
For protein identification using peptide mass fingerprinting 
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Figure 1. A schematic comparison of (A) ruptured and (B) non-ruptured carotid plaques. Section (a) indicates either the thickest area of a non-ruptured 
plaque or the core area of a ruptured plaque, (b) is an area adjacent to the thickest area of a ruptured plaque or the core area of a ruptured plaques, and (c) is 
an unaffected area.
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(PMF), we adopted the methods previously described by Fer-
nandez-Patron et al.15 Briefly, protein spots were excised from 
the 2D PAGE gels, digested using trypsin (Promega, Madison, 
WI, USA), mixed with α-cyano-4-hydroxycinnamic acid in 50% 
acetonitrile/0.1% trifluoroacetic acid, and subjected to matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF) analysis (Microflex LRF 20, Bruker Dal-
tonics, Billerica, MA, USA). Spectra were collected from 300 
shots per spectrum, over a range of 600 to 3,000 m/z, and 
were calibrated using two-point internal calibration with tryp-
sin auto-digestion peaks (m/z: 842.5099 and 2211.1046). The 
peak list was generated using FlexAnalysis 3.0 software (Bruker 
Daltonics, Bremen, Germany). The threshold used for peak se-
lection was as follows: 500 for a minimum resolution of mo-
noisotopic mass and 5 for signal-to-noise. The search program 
MASCOT, developed by Matrix Science (http://www.matrix-
science.com/), was used for protein identification by PMF. The 
following parameters were used for database searches: trypsin 
as the cleaving enzyme, a maximum of one missed cleavage, 
iodoacetamide (Cys) as a complete modification, oxidation 
(Met) as a partial modification, monoisotopic mass, and a mass 
tolerance of ±0.1 Da. The PMF acceptance criteria were based 
on probability scoring.

Immunohistochemistry
Slides containing sections cut from paraffin-embedded tissue 
from zone a (Figure 1) were incubated at 80℃ for 30 minutes. 
Preheated samples were incubated in xylene four times for 3 
minutes, and then serially rehydrated in 100%, 95%, 80%, 
70%, and 50% ethanol for 3 minutes each. Slides were washed 
with tap water for >100 seconds to remove the ethanol. Anti-
gen retrieval was performed by incubating the slides in 0.01 M 
sodium citrate (pH 6) in a 98℃ chamber for 15 minutes. The 
tissues were then permeabilized with 0.1% Triton X-100 in 
D-PBS for 5 minutes. Next, 0.3% H2O2 was added for 10 min-
utes to block endogenous peroxidase activity. The cells were 
incubated with a blocking solution of 10% normal serum in 
D-PBS for 60 minutes. Cells were incubated overnight in 2% 
normal serum in D-PBS containing primary antibodies, on a 
shaker, at 4℃. The primary antibodies used in this study were: 
anti-ABCA1 (1:100, Abcam, Cambridge, UK), anti-carbonic an-
hydrase IX (CAIX) (1:100, Thermo, Rockford, IL, USA), anti-Krüp-
pel-like factor 2 (KLF2) (1:200, Biorbyt, San Francisco, CA, 
USA), anti-cluster of differentiation 44 (CD44) (1:100, Abcam), 
anti-ferritin (1:50, Santa Cruz, Dallas, TX, USA), anti-perilipin 2 
(PLIN2) (1:200, Biorbyt), anti-enolase 1 (ENO1) (1:100, Abcam), 
and anti-β-actin (ACTB) (1 μg/mL, Cell Signaling, Danvers, MA, 
USA). On the next day, secondary antibody, diluted in 2% nor-

mal serum in D-PBS, was added for 60 minutes. Anti-rabbit te-
tramethylrhodamine (Life Technologies, Rockford, IL, USA), 
goat-anti-mouse Alexa Fluor 488 (Molecular Probes, Rockford, 
IL, USA), and goat-anti-rabbit Alexa Fluor 488 (Molecular 
Probes) were used as secondary antibodies. The samples were 
mounted with 4’,6-diamidino-2-phenylindole containing 
mounting medium (Vector Laboratories, Burlingame, CA, USA). 

ELISA
Serum samples were collected from patients with ruptured or 
non-ruptured plaques, and centrifuged at 1,000 ×g for 20 min-
utes. An ABCA1 ELISA Kit was used (LifeSpan, Seattle, WA, USA), 
according to the manufacturer’s instructions. The ABCA1 detec-
tion limit was 31 pg/mL. Protein concentrations were estimated 
using an ELISA reader (Synergy H1 Hybrid reader, BioTek, Win-
ooski, VT, USA) with an absorbance wavelength of 450 nm.

Bioinformatic analysis 
The protein-protein interaction (PPI) network of ABCA1 was 
analyzed using the STRING database version 10.5 (https://
string-db.org/). The database provides known and predicted 
physical and functional interactions, based on previous re-
search derived from five main sources of genomic context pre-
dictions, high-throughput laboratory experiments, conserved 
co-expression, automated text-mining, and information in da-
tabases. To analyze ABCA1 interaction, Homo sapiens was se-
lected as the organism, and the maximum number of primary 
interactions was set to 10. The thickness of strings represented 
the strength of data supporting the interactions. The analyzed 
PPI of the ABCA1 had an enrichment P-value of 2.03e-10. The 
network of proteins and their biological processes were classi-
fied based on the Gene Ontology (GO) database, and were 
highlighted in the figure in red, green, yellow, and white colors 
based on the biological processes. 

Statistics
Baseline demographic data were expressed as mean±SD for 
continuous variables, and as frequency for categorical vari-
ables. Any significant differences between the experimental 
and control groups were assessed using t-tests, chi-square 
tests, and Fisher exact tests, as appropriate. 

Differences between the ruptured and non-ruptured groups 
were evaluated using ImageMasterTM 2D Platinum 7.0 (GE 
Healthcare, Uppsala, Sweden) software for proteomics and free 
PCR array data analysis software provided by the manufacturer 
of the RT2 ProfilerTM PCR array (QIAGEN) for qPCR (according to 
the manufacturer’s instructions). The t-tests and Fisher exact 
tests were also used to analyze the IHC and ELISA data, respec-
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tively. The P-values <0.05 were considered statistically signifi-
cant. All statistical analyses were conducted using the SPSS 
version 22.0 package for Windows (IBM Co., Armonk, NY, USA).

Results

Subjects
A total of 138 CEAs were performed during the study period. 
Seventy-nine carotid plaques were selected for this study. Thir-
ty-nine plaques, from patients whose symptoms did not arise 
in the relevant artery territory, were excluded, and 20 were ex-
cluded because the specimens were omitted or were inappro-
priate for morphological assessment due to fragmentation.

When tissue specimens were classified based on microscopic 
morphology, rupture was present in 44 carotid plaques (55.7%) 
and absent in 35 carotid plaques (44.3%). The median (inter-
quartile range) interval between symptom and CEA in the 51 
symptomatic patients was 16 days (10 to 28). Symptomatic 
stenosis was more frequent in patients with ruptured plaques 
(38/44, 86.4%) than in those without ruptured plaques (13/35, 
37.1%, P=0.001). The baseline demographic features are pre-
sented in Table 1. The molecular characteristics were compared 
between the ruptured cap area in ruptured plaques and the 
thickest area in non-ruptured plaques. 

Quantitative PCR array
After comparing protein expression levels between patients with 
ruptured and non-ruptured plaques, RNA expression levels were 
measured using the Human Atherosclerosis qPCR array. Total 
RNA was extracted from the plaque tissue samples from each 

group, and their expression levels were compared. Among the 34 
genes analyzed, the expression of five RNAs: ABCA1 (P<0.05), 
apolipoprotein A1 (APOA1) (P<0.05), CD44 (P<0.05), KLF2 
(P<0.05), and PLIN2 (P<0.05), was found to be significantly high-
er in ruptured plaques than in non-ruptured plaques (Figure 2A).

Proteomic analysis
To compare the changes in protein expression between rup-
tured and non-ruptured plaques, 2D proteomic analysis was 
performed. Three proteins that showed a greater than two-fold 
difference in expression level between the two groups were se-
lected: ferritin, ACTB, and α-ENO1 (Figure 2B). Ferritin expres-
sion was significantly higher in ruptured plaques than in 
non-ruptured plaques (P<0.001), while the other two proteins 
had lower expression in ruptured plaques than in non-ruptured 
plaques. The P-values for the differences in the expression of 
ACTB and α-ENO1 between ruptured and non-ruptured 
plaques were P<0.01 and P<0.05, respectively. Tissue samples 
were used from three patients per group (n=3).

The observed differences in the protein and RNA levels be-
tween the two groups suggest that the molecular mecha-
nisms underlying carotid plaque rupture ultimately lead to 
the increased expression of ABCA1, APOA1, CD44, KLF2, 
PLIN2, and ferritin, and reduced expression of ACTB and 
α-ENO1 (Figure 2C).

Immunohistochemistry 
We used IHC to validate the differences in the protein levels 
between the two groups. Overall, ABCA1, CD44, KLF2, PLIN2, 
ferritin, and ACTB were more highly expressed in ruptured 

Table 1. Comparison of ruptured and non-ruptured plaques based on macroscopic findings

Variable Ruptured (n=44) Non-ruptured (n=35) P

Male sex 37 (84.1) 28 (80.0) 0.636*

Age (yr) 68.8±6.8 69.1±9 0.097†

Location (right) 27 (61.4) 17 (48.6) 0.256*

Hypertension 35 (79.5) 34 (97.1) 0.037‡

Diabetes 15 (34.1) 16 (45.7) 0.356*

Dyslipidemia 28 (63.6) 25 (71.4) 0.464*

Current smoker 12 (27.3) 10 (28.6) 0.898*

Ischemic heart disease 7 (15.9) 8 (22.9) 0.434*

Contralateral carotid stenosis (>50%) 19 (43.2) 14 (40.0) 0.776*

Stenosis degree§ 74.9±16.3 73.7±19.2 0.189†

Symptomatic stenosis∥ 38 (86.4) 13 (37.1) 0.001*

Values are presented as number (%) or mean±SD.

*Chi-square test; †Independent t-test; ‡Fisher exact test; §Stenosis degree was calculated using the North American Symptomatic Carotid Endarterectomy Trial 
criteria; ∥Symptomatic stenosis implies stenosis in the ipsilateral carotid artery causing an ischemic lesion or relevant transient neurological deficit within 6 
months.
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plaques than in non-ruptured plaques. However, only the dif-
ferences in the expression levels of ABCA1 and ACTB were sta-
tistically significantly (P<0.0001 and P=0.020, respectively). 
When measured using IHC, the level of α-ENO1 tended to be 
higher in non-ruptured plaques than in ruptured plaques, al-
though the difference was not statistically significant. All ex-
pression levels measured using IHC showed the same trend as 
those obtained from proteomics and qPCR, except for ACTB, 
which was found to be higher in ruptured plaques than in non-
ruptured plaques, although the opposite pattern was found us-
ing the other detection methods (n=3, P<0.05) (Figure 3). 

ELISA 
We performed ELISA to detect ABCA1 in the serum obtained from 
both groups. We only detected ABCA1 in the serum of patients 
with ruptured plaques (P=0.013). Among those with symptomatic 
ruptured plaques, seven patients showed positive ABCA1 expres-
sion. In contrast, samples from patients with non-ruptured plaques 
and asymptomatic rupture had no ABCA1 expression (Figure 4). 
According to Fisher exact test, the frequency of ABCA1 expression 

in patients with symptomatic ruptured plaques was statistically 
significant (7/38 [18.4%] in patients with ruptured plaques vs. 
0/41 [0.0%] in patients with non-ruptured plaques or asymptom-
atic plaques, P=0.038). 

Bioinformatic analysis 
We studied the biological processes of the proteins associated 
with ABCA1, according to the GO database. The proteins highlight-
ed in various colors participate in specific biological processes re-
lated to the regulation of lipid transport, cholesterol homeostasis, 
and immune response (Figure 5). Further, bioinformatic analysis 
revealed that ABCA1 regulates inflammatory reactions by blocking 
carotid plaque formation. We found that ABCA1 has primary rela-
tionships with the following proteins: Protein kinase cAMP-acti-
vated catalytic subunit alpha, peroxisome proliferator-activated 
receptor alpha, APOA1, fatty acid binding protein 1, nuclear recep-
tor coactivator 1, transducin β-like 1X-linked, retinoid A receptor 
alpha, retinoid X receptor gamma, and nuclear receptor subfamily 
1 group H members 2 and 3 (NR1H2 and NR1H3).

Figure 2. Differences in molecular expression levels between carotid plaques with or without rupture, as confirmed by quantitative polymerase chain reaction 
(qPCR) array and proteomic analysis. (A) A Human Atherosclerosis qPCR array demonstrated different levels of diverse mRNAs between carotid plaques with 
or without rupture, and (B) proteomic analysis showed several differentially expressed protein spots. In ruptured plaques, RNA levels of the ATP-binding cas-
sette subfamily A member 1 (ABCA1), apolipoprotein A1 (APOA1), cluster of differentiation 44 (CD44), Krüppel-like factor 2 (KLF2), and perilipin 2 (PLIN2) 
were significantly higher, as measured with the qPCR array. (C) The ferritin level was markedly higher, while the β-actin (ACTB) and α-enolase 1 (α-ENO1) 
levels were relatively lower, as measured by proteomics. *P<0.05; †P<0.001 Student t-test (two-tail distribution).
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Discussion

In this study, we used several methods to compare ruptured and 
non-ruptured plaques, with respect to the expression levels of 
proteins of interest. Results obtained using the Human Athero-
sclerosis RT2 ProfilerTM PCR array demonstrated that the RNA ex-
pression levels of ABCA1, APOA1, CD44, KLF2, and PLIN2 were 
significantly higher in ruptured plaques than in non-ruptured 
plaques (Figure 2A and C). We used proteomic analysis to explore 

the differences in protein expression between the two groups. 
Ferritin expression was higher, while the expression of ACTB and 
ENO1 was lower in ruptured plaques than in non-ruptured 
plaques (Figure 2B and C). Based on the results from the qPCR 
array and proteomic analysis, IHC was performed to detect spe-
cific proteins (ABCA1, CD44, KLF2, PLIN2, ferritin, ACTB, and 
ENO1) in the cells of ruptured and non-ruptured plaque tissue, 
revealing that ABCA1 was more highly expressed in ruptured 
plaques than in non-ruptured plaques (Figure 3).

Figure 3. Differences in ATP-binding 
cassette subfamily A member 1 
(ABCA1) expression measured using 
immunohistochemistry (IHC). To con-
firm the differences in the expression 
level of several mRNAs and proteins, 
IHC was performed using several dif-
ferent antibodies. The levels of ABCA1 
and β-actin (ACTB) were significantly 
increased in the ruptured plaques, 
while the other differences were not 
statistically significant. DAPI, 4’,6-di-
amidino-2-phenylindole; CD44, clus-
ter of differentiation 44; KLF2, Krüp-
pel-like factor 2; PLIN2, perilipin 2; 
α-ENO1, α-enolase1. *P<0.05; 
†P<0.001 Student t-test (two-tail dis-
tribution). 
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Several hypotheses have been proposed regarding the differ-
ences in the expression levels of RNA and proteins between 
ruptured and non-ruptured plaques. According to previous 
studies,16-19 ABCA1 exerts anti-inflammatory effects against 
atherosclerosis, as a mediator of its upstream proteins, NR1H2 
and NR1H3, which decrease the levels of inflammatory factors, 
MMP-9, and tissue factors in atherosclerotic environments, 
and increase the expression of ABCA1. The immune response is 
further mediated by ABCA1 via suppression of the secretion of 
inflammatory cytokines. Similarly, APOA1 is known to exert 
protective effects against atherosclerosis through several 
mechanisms, including reverse cholesterol transport and pro-
motion of cholesterol efflux from foam cells.20,21 Considering 
that ABCA116-19 and APOA120,21 have beneficial effects against 
atherosclerosis, their levels might be increased in cells sur-
rounding ruptured carotid plaques to confer protection against 
stresses that cause rupture. In addition, CD44 promotes ath-
erosclerosis by mediating inflammatory cell recruitment, and 
activated macrophages with CD44 immunoreactivity contrib-
ute to atherosclerosis progression.22,23 Therefore, an increase in 

CD44 expression in ruptured carotid plaques can be explained 
by the increased migration of inflammatory cells directly con-
tributing to the rupture. It is well-known that KLF2 expression 
is increased in endothelial cells experiencing high shear-stress. 
Its expression induces a gene expression pattern that estab-
lishes functional quiescent differentiation of endothelial cells, 
which can facilitate cell survival.24,25 Therefore, an increase in 
KLF2 expression in ruptured carotid plaques could also imply 
that the endothelial cells are influenced by high shear-stress, 
triggering this survival mechanism. In addition, PLIN2 is 
thought to induce the formation of foam cells, aggravating 
atherosclerosis.26,27 Therefore, its increased expression could be 
directly associated with carotid plaque rupture. Ferritin is 
thought to be involved in oxidative stress and inflammation, 
and its increased levels are correlated with atherosclerosis pro-
gression.28,29 We found that ferritin was more highly expressed 
in ruptured carotid plaques (than in non-ruptured plaques), 
which suggests that cells near a ruptured carotid plaque are 
under severe oxidative and inflammatory stress. Additionally, 

Figure 5. Bioinformatic analysis of ATP-binding cassette subfamily A mem-
ber 1 (ABCA1), revealing its preventive role in carotid plaque rupture and 
atherosclerosis progression during the inflammatory reaction. Bioinformatic 
analysis demonstrated that ABCA1 is involved in the regulation of lipid trans-
port and in further inflammatory reactions involved in atherosclerosis pro-
gression. The thickness of strings describes the strength of data confidence. 
Among the primary interactions of ABCA1, 10 proteins with the highest con-
fidence scores are shown in the figure. The biological processes of ABCA1 are 
distinguished by different colors: regulation of lipid transport in red, regula-
tion of cholesterol transport and homeostasis in green, and negative regula-
tion of cytokine-mediated signaling pathway and immune response in yel-
low. The remaining proteins that interact with ABCA1 are depicted by white 
color. NR1H2, nuclear receptor subfamily 1 group H member 2; RXRG, reti-
noid X receptor gamma; RXRA, retinoid X receptor alpha; NR1H3, nuclear re-
ceptor subfamily 1 group H member 3; PRKACA, protein kinase A catalytic 
subunit alpha; PPARA, peroxisome proliferator-activated receptor alpha; 
NCOA1, nuclear receptor coactivator 1; APOA1, apolipoprotein A1; TBL1X, 
transducin beta like 1 X-linked; FABP1, fatty acid binding protein 1.

Figure 4. The possibility of ATP-binding cassette subfamily A member 1 
(ABCA1) as a new biomarker to identify symptomatic carotid plaque rupture 
using enzyme-linked immunosorbent assay (ELISA). To determine whether 
ABCA1 can be detected in the serum of patients with carotid plaques, serum 
level of ABCA1 was measured using ELISA. Only the patients with symptom-
atic ruptured plaques tested positive for ABCA1, which led us to hypothesize 
that it could be used as a biomarker for symptomatic carotid plaque rupture. 
*P<0.05 Fisher exact test. 
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ACTB is an important cytoskeletal protein, and is highly associ-
ated with cell motility, structure, and integrity.30,31 A decrease 
in the expression of ACTB, therefore, might increase cell vul-
nerability to damage, near a carotid plaque rupture. Finally, 
α-ENO1 is a target for oxidation, and its upregulation is a pro-
tective mechanism that neutralizes oxidative stress.32,33 There-
fore, a stress-inducing carotid plaque rupture could also in-
crease the susceptibility of plaques to rupture by decreasing 
the expression of α-ENO1 in the surrounding cells (Figure 6). 

Altogether, our results consistently demonstrate that ABCA1 
expression increases in ruptured plaques, leading us to hypoth-
esize that it can be used as a serum biomarker of rupture. To 
test this hypothesis, ELISA was performed to compare the tar-
get serum protein levels between patients with ruptured and 
non-ruptured plaques. We performed ELISA based on results 
from previous studies that demonstrated that ABCA1, a mem-
brane protein, can be detected in serum.34 The serum expres-
sion levels of ABCA1 were significantly different between pa-

tients with ruptured and non-ruptured plaques (P=0.013). Sev-
en of 38 patients (18.4%) with ruptured plaques tested positive 
for ABCA1, while none of the 41 patients (0.0%) with non-
ruptured plaques and asymptomatic ruptured plaques showed 
ABCA1 expression (Figure 4). Although the frequency of ABCA1 
expression in the serum of patients with ruptured plaques was 
not high, it was only detected in patients with symptomatic 
ruptured plaques. Our findings suggest that the pathogenesis 
of plaque rupture not only increases the production of ABCA1 
at the RNA and protein levels, but also induces ABCA1 release 
into the serum. Although several prior studies have compared 
ABCA1 levels between atherosclerotic plaques and healthy 
control tissues, our study demonstrates the significance of 
ABCA1 in carotid plaque rupture. For example, Albrecht et al.35 
and Liu et al.36 reported that ABCA1 expression, which facili-
tates cholesterol efflux from cells, has different patterns at the 
mRNA and protein levels. The mRNA level of ABCA1 was high-
er, while its protein level was lower, in atherosclerotic plaques 

Figure 6. Hypothetical alterations of molecular mechanisms in the cells in or near a carotid plaque rupture. Based on our results, it can be hypothesized that: (1) 
cells near a carotid plaque rupture increase their expression of ATP-binding cassette subfamily A member 1 (ABCA1) and apolipoprotein A1 (APOA1) to protect 
themselves from the stressors that cause rupture; (2) considering that CD44 is a well-known marker of inflammation, its increase in carotid plaque rupture might 
reflect increased migration of inflammatory cells, which would directly contribute to plaque rupture; (3) it is well-known that Krüppel-like factor 2 (KLF2) is in-
creased in endothelial cells experiencing shear-stress, which can enhance survival; therefore, our finding that KLF2 was increased in carotid plaque rupture indi-
cates that the cells adjacent to a plaque rupture experience considerable shear-stress, and therefore, activate their survival mechanisms; (4) perilipin 2 (PLIN2) is 
thought to induce the formation of foam cells; therefore, its increased levels could be directly associated with carotid plaque rupture; (5) ferritin is thought to be 
associated with oxidative stress and inflammation; therefore, increased ferritin expression in ruptured carotid plaques suggests that the cells near a rupture are 
under severe oxidative and inflammatory stress; (6) since β-actin (ACTB) is important for cytoskeleton, its decreased expression might indicate damage to the 
cells near a carotid plaque rupture; (7) both carbonic anhydrase IX (CAIX) and enolase 1 (ENO1) can enhance cell survival. Their decreased expression in the cells 
adjacent to a plaque rupture might reflect their increased vulnerability to stressors. HDL, high-density lipoprotein; CD44, cluster of differentiation 44; ROS, reac-
tive oxygen species; NO, nitric oxide; eNOS, endothelial nitric oxide synthase; PI3k, phosphoinositide 3-kinase; MEK5, mitogen-activated proteine kinase kinase 5; 
ERK5, extracellular-signal-regulated kinase 5; MEF2, myocyte enhancer factor 2; NOS3, nitric oxide synthase 3; THBD, thrombomodulin.
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than in control tissues.35,36 Our results add to the existing evi-
dence, demonstrating that ABCA1 level is different between 
ruptured and non-rupture plaques. Therefore, these results 
suggest that ABCA1 can be used as a serological biomarker for 
symptomatic ruptured plaques.

To examine the role of ABCA1 in carotid plaque rupture, we 
performed bioinformatic analysis using the STRING database. 
We found that several proteins were linked with ABCA1. The 
biological processes of these linked proteins were interpreted 
using the GO database. The primary associations of ABCA1, 10 
different proteins with the highest database confidence, and 
their connections were illustrated in Figure 5, the colors were 
used as an indicator of the biological process of each protein. 
The proteins highlighted in red, green, and yellow are known to 
be involved in regulation of lipid transport, regulation of cho-
lesterol transport and homeostasis, and cytokine-mediated sig-
naling pathways and immune responses, respectively (Figure 
5). Notably, activation of NR1H2 and NR1H3 is known to play 
an important role in inflammatory signaling by decreasing the 
levels of inflammatory factors such as MMP-9 and toll like re-
ceptor (TLR) 2, 4, and 9 expression in atherosclerotic aortas, 
whereas activation of ABCA1, an anti-inflammatory mediator 
of NR1H2 and NR1H3, negatively regulates cytokine-mediated 
signaling pathways and immune response. This finding sug-
gests that ABCA1 participates in anti-inflammatory signaling, 
preventing inflammatory reactions and further atherosclerosis 
progression. In addition, NR1H2, NR1H3, and ABCA1 play a 
role in the negative regulation of macrophage-derived foam 
cell differentiation. This finding indicates that ABCA1 can slow 
atherosclerosis progression by inhibiting activated macro-
phages around a ruptured carotid artery.

This study has several limitations. Firstly, the numbers of rup-
tured and non-ruptured plaques were considerably small. Recently, 
the number of CEAs performed in Korea has decreased abruptly 
with the development of CAS. Therefore, the opportunity to ac-
quire and study carotid plaques, and their molecular mechanisms, 
is also decreasing. Secondly, we were unable to compare genes 
other than the 84 associated with atherosclerosis because we used 
a QIAGEN Human Atherosclerosis RT2 ProfilerTM PCR array. This 
may have introduced some discrepancy between the results from 
proteomic analysis and the qPCR array. Further, ELISA showed a 
low detection rate for the expression of ABCA1. Therefore, we 
could not compare the mean values between the two groups. In 
addition, the contamination by atherosclerosis involving other vas-
cular beds, such as coronary and/or other peripheral arteries, is 
possible. However, no patients exhibited symptoms in other vascu-
lar beds within 6 months of surgery, and we excluded the patients 
with stroke in a non-relevant artery territory to avoid these effects. 

Thirdly, the duration of symptomatic carotid plaque may have af-
fected the results. In the present study, symptomatic carotid 
plaque was defined as significant (>50%) stenosis in the ipsilateral 
carotid artery, causing an ischemic lesion or relevant transient 
neurological deficit within 6 months. Although we used the 
6-month duration based on previous studies and the American 
Heart Association/American Stroke Association guidelines,37-39 
there is no consensus on the duration criteria for symptomatic ca-
rotid plaque yet. Additionally, the 6-month duration might not be 
suitable for the evaluation of the molecular profiling of symptom-
atic carotid plaque because it may be too long, considering that 
the levels of various plasma proteins could normalize within a few 
weeks after the stroke, even though a previous study showed that 
the levels of some important plasma proteins were higher in pa-
tients with acute coronary syndrome even after 6 months.40 This 
might be the reason that only a small number of patients with 
symptomatic carotid plaque tested positive for ABCA1. Therefore, 
to overcome this limitation, serial evaluation of ABCA1 levels 
might be needed after the stroke to allow the future study of 
symptomatic carotid plaques. Finally, considering that cap erosion 
of carotid plaque could be involved in cerebral infarction and/or 
transient cerebral ischemic attack, it would be preferable to sepa-
rately analyze patients with only cap erosion. However, the num-
ber of patients with cap erosion was 11 in the present study, which 
was not sufficient for analysis, as shown by a previous study.41 
Moreover, because we wanted to identify factors involved in cap 
rupture, cap erosion was included in the non-rupture group, and 
all the experiments were carried out based on this classification.

Conclusions

The expression of the proteins ABCA1, CD44, KLF2, PLIN2, ferri-
tin, ACTB, CAIX, and ENO1 was significantly different between 
ruptured and non-ruptured carotid plaques. As described above, 
each of these factors either contributed to plaque rupture or 
helped to protect the cells adjacent to ruptured plaques. This 
study is very important because it describes the detailed protein 
and RNA expression levels in carotid plaque rupture. Therefore, 
we believe that our results contribute valuable information to 
the clinical efforts to stabilize carotid plaques and prevent their 
rupture. It is possible that ABCA1 will eventually be used in a 
clinical setting to detect symptomatic ruptured plaques. 

Supplementary materials

Supplementary materials related to this article can be found 
online at https://doi.org/10.5853/jos.2017.02390.
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Supplementary Figure 1. Overall experimental scheme of this study was 
illustrated from mRNA or protein screening to serum level measuring. Es-
pecially, increased expression of RNAs or proteins were presented in red 
color and decreased expression in blue. ATP-binding cassette subfamily A 
member 1 (ABCA1) showed higher expression in rupture carotid plaque tis-
sue compared to non-rupture carotid plaque tissue and this result was 
consistent with the detected ABCA1 level in serum. qPCR, quantitative 
polymerase chain reaction; APOA1, apolipoprotein A1; CD44, cluster of dif-
ferentiation 44; KLF2, Krüppel-like factor 2; PLIN2, perilipin 2; ACTB, 
β-actin; ENO1, enolase 1; IHC, immunohistochemistry; ELISA, enzyme-
linked immunosorbent assay. 
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