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ORIGINAL RESEARCH

Calcium-Binding Protein S100A4 Is 
Upregulated in Carotid Atherosclerotic 
Plaques and Contributes to Expansive 
Remodeling
Manabu Nagata , MD; Manabu Minami , MD, PhD; Kazumichi Yoshida , MD, PhD; Tao Yang, MD;  
Yu Yamamoto, MD; Naoki Takayama , MD; Taichi Ikedo, MD, PhD; Kosuke Hayashi, MD, PhD;  
Takeshi Miyata, MD; Masayuki Yokode, MD, PhD; Susumu Miyamoto , MD, PhD

BACKGROUND: Carotid plaques with expansive arterial remodeling are closely related to cerebral ischemic events. Although 
S100A4 (S100 calcium-binding protein A4) is expressed in atherosclerotic lesions, its role in atherosclerotic plaque progres-
sion remains unknown. In this study, we examined the association between carotid arterial expansive remodeling and S100A4 
expression.

METHODS AND RESULTS: Preoperative high-resolution magnetic resonance imaging was used to assess luminal stenosis and 
vascular remodeling in patients undergoing carotid endarterectomy. To examine murine carotid atherosclerosis, we induced 
experimental lesions by flow cessation in apolipoprotein E-deficient mice fed a high-fat diet. The role of S100A4 in plaque for-
mation and smooth muscle cell proliferation was investigated in vivo and in vitro, respectively. Human carotid arterial expansive 
remodeling showed positive correlations with the expression of S100A4, MMP2, and MMP9. S100A4 mRNA levels were posi-
tively correlated with those of MMP2, MMP9, and MMP13. S100A4 was expressed in vascular smooth muscle cells (VSMCs) 
and VSMC-derived foam cells in the plaque shoulder and marginal areas. S100A4 expression increased concomitantly with 
plaque formation in our animal model. Exogenous recombinant S100A4 protein enhanced the levels of Mmp2, Mmp9, and 
Mmp13 and the cell proliferation ability in VSMCs. A chemotaxis assay indicated that extracellular S100A4 functions as a 
chemoattractant for VSMCs.

CONCLUSIONS: S100A4 expression was elevated in human carotid plaques and showed a positive correlation with the degree 
of expansive remodeling. S100A4-positive VSMC-derived cells are considered to play an important role in carotid expansive 
remodeling.
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Carotid artery (CA) stenosis contributes to ≈20% 
of the incidence of cerebral infarction.1 Currently, 
luminal stenosis is accepted as the standard in-

dicator of future ischemic stroke and is used in pa-
tient selection for reconstructive surgery based on the 
findings of several randomized clinical trials published 
in the 1990s.2,3 However, an increasing number of 

findings relating to the pathophysiology of atheroscle-
rosis have indicated that the qualitative and morpho-
logical characteristics of plaque are associated with 
the risk of future ischemic events.4

Expansive remodeling is characterized by an en-
largement of atherosclerotic arteries with outward  
plaque growth. It was first described in a postmortem 

Correspondence to: Manabu Minami, MD, PhD, Department of Clinical Innovative Medicine, Kyoto University Graduate School of Medicine, 54 Kawahara-cho,  
Shogun, Sakyo-ku, Kyoto 606-8507, Japan. E-mail: mminami@kuhp.kyoto-u.ac.jp and Kazumichi Yoshida, MD, PhD, Department of Neurosurgery,  
Kyoto University Graduate School of Medicine, 54 Kawahara-cho, Shogun, Sakyo-ku, Kyoto 606-8507, Japan. E-mail: kazuy@kuhp.kyoto-u.ac.jp 

For Sources of Funding and Disclosures, see page 11.

© 2020 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley.  This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0002-1288-5526
https://orcid.org/0000-0003-0052-398X
mailto:﻿
https://orcid.org/0000-0002-8898-079X
mailto:﻿
https://orcid.org/0000-0003-2352-9532
https://orcid.org/0000-0002-3648-3572
mailto:mminami@kuhp.kyoto-u.ac.jp
mailto:kazuy@kuhp.kyoto-u.ac.jp
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2020;9:e016128. DOI: 10.1161/JAHA.120.016128� 2

Nagata et al� S100A4 Contributes to Carotid Expansive Remodeling

histological study of coronary circulation and was 
subsequently proven to be associated with plaque 
instability and a higher risk of myocardial infarction.5–7 
We previously performed a retrospective study of 
patients scheduled for reconstructive surgery and 
reported the significant association between ca-
rotid expansive remodeling and cerebral ischemic 
events.8,9 Nevertheless, although expansive remod-
eling is considered a potential marker indicating 
plaque vulnerability, the underlying molecular mech-
anisms and their pathological significance remain to 
be elucidated.

Previous animal model-based studies have 
demonstrated that matrix metalloproteinases (MMPs) 
secreted by macrophages facilitate expansive remod-
eling by promoting increased matrix degradation.10,11 
Although it has long been accepted that MMPs are 
secreted mainly by macrophages in atherosclerosis, 
recent studies have shown that substantial amounts 
of foam cells expressing macrophage markers such 
as CD68 are derived from vascular smooth muscle 

cells (VSMCs),12–14 indicating that VSMCs may also 
play a pivotal role in MMP secretion and subse-
quent vascular morphological changes in expansive 
remodeling.15–17

S100A4 (S100 calcium-binding protein A4), which 
is upregulated in dedifferentiated VSMCs,18 has been 
extensively studied in various types of tumor cells. 
S100A4 has both intracellular and extracellular func-
tions. The S100 proteins, lacking a leader sequence, 
are not secreted via the classical Golgi pathway; thus, 
the underlaying mechanism of their secretion remains 
unknown.19 Intracellular S100A4 promotes the expres-
sion of multiple growth factors and confers migration 
ability by interacting with cytoskeletal proteins such as 
nonmuscle myosin heavy-chain IIA, whereas extracel-
lular S100A4 upregulates the expression of MMPs in 
the surrounding cells in a paracrine manner, thereby 
contributing to an increase in cell migration, prolifer-
ation, and metastasis.20,21 Although S100A4 has also 
been reported to be expressed in human carotid 
plaques,22 its role in carotid atherosclerosis is yet to be 
determined.

We hypothesized that S100A4 is expressed 
mainly in VSMCs in atherosclerotic lesions, and con-
tributes to expansive remodeling by enhancing MMP 
expression. To verify our hypothesis, we examined 
the localization of S100A4 in human CA plaques and 
its association with MMP expression and expansive 
remodeling. The role of S100A4 in plaque forma-
tion and VSMC proliferation was further investigated 
using an in vivo animal model and in vitro experi-
ments, respectively.

METHODS
Supporting data are available from the corresponding 
author upon a reasonable request.

Subjects and Human Carotid Plaque 
Sampling
From patients who underwent carotid endarterec-
tomy from June 2012 to June 2016 at Kyoto University 
Hospital, we collected samples from the plaque re-
gion of 27 consecutive patients immediately following 
endarterectomy for quantitative polymerase chain re-
action (PCR) analysis. Where possible, we dissected 
the plaque region, including the adjacent intact area, 
as a single specimen. After washing off the adhered 
blood, all samples were preserved at −80°C until 
mRNA extraction. The collection of human tissue 
samples was approved by the institutional review 
board of Kyoto University Hospital (approval no.: 
R1208), and informed consent was obtained from all 
study participants.

CLINICAL PERSPECTIVE

What Is New?
•	 The expression of S100A4 (S100 calcium-bind-

ing protein A4) was elevated in both human and 
mouse carotid plaque lesions and showed a 
positive correlation with the degree of expansive 
remodeling.

•	 Extracellular S100A4 enhances proliferation 
and migration of vascular smooth muscle cells.

What Are the Clinical Implications?
•	 This study provides novel evidence suggesting 

that increased expression of S100A4 in dedif-
ferentiated vascular smooth muscle cells and 
the foam cells derived from these cells contrib-
utes to vascular remodeling.

•	 Our findings indicate a contribution of S100A4 
to atherosclerotic plaque formation and insta-
bility. S100A4 may serve as a biomarker and 
therapeutic target for carotid artery stenosis.

Nonstandard Abbreviations and Acronyms

CA	 carotid artery
LSS	 low shear stress
MMP	 matrix metalloproteinase
S100A4	 S100 calcium-binding protein A4
VSMC	 vascular smooth muscle cell
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Quantitative Polymerase Chain Reaction
We extracted total RNA from the thickened portions 
of the plaques and resection stumps of carotid en-
darterectomy specimens using an RNeasy Micro kit 
(QIAGEN, Hilden, Germany). The resection stumps 
that did not exhibit atherosclerotic lesions were used 
as normal controls. Subsequently, we generated first-
strand cDNA using high-capacity cDNA reverse tran-
scription kits (Applied Biosystems, Foster City, CA).

As a murine partial carotid ligation model, the left 
common CA was excised 0 weeks (n=6), 1 week (n=8), 
and 6 weeks (n=9) after surgery. Total RNAs were iso-
lated and the corresponding first-strand cDNA was 
generated as described above.

We performed quantitative polymerase chain re-
action (qPCR) using an ABI PRISM 7700 Sequence 
Detection System (Applied Biosystems). mRNA levels 
of the human EEF1A1 or mouse RplI13 genes served 
as internal controls for normalization among samples. 
The findings were analyzed using the ΔΔCT method. 
The PCR primers used for amplification are described 
in Table.

Histological Studies
For immunohistochemistry, formalin-fixed, paraffin-
embedded samples were cut into 5-μm-thick sections. 
The sections were deparaffinized, rehydrated, and in-
cubated in boiling citrate buffer (pH 9.0) for 10 minutes. 
After blocking, sections were incubated overnight at 4℃ 

with primary antibodies. Following the addition of horse-
radish peroxidase-conjugated secondary antibodies 
(EnVision labeled polymer; Dako, Glostrup, Denmark), 
sections were incubated at room temperature for 
1 hour, and then visualized using 3,3ʹ-diaminobenzidine 
with hematoxylin counterstaining. For immunofluores-
cence analysis, we prepared serial frozen sections of 
7-μm thickness. Prior to blocking, autofluorescence 
was reduced using lipofuscin quencher (Biotium, 
Fremont, CA), after which the sections were incubated 
with primary antibodies followed by incubation with 
Alexa Fluor 488- or 594-conjugated secondary anti-
bodies (Invitrogen, Carlsbad, CA). The following primary 
antibodies were used: rabbit polyclonal anti-S100A4 
(ab27957; Abcam, Cambridge, UK), mouse monoclonal 
anti-non-muscle myosin IIB/embryonic form of smooth 
muscle myosin heavy chain (ab684; Abcam), goat poly-
clonal anti-CD68 (sc-7082; Santa Cruz Biotechnology, 
Dallas, TX), and mouse monoclonal anti-CD45 (sc-1178; 
Santa Cruz Biotechnology). 4′,6-diamidino-2-phenylin-
dole (Invitrogen, Waltham, MA) was used as a nuclear 
counterstain.

Carotid Magnetic Resonance Imaging and 
Evaluation of Expansive Remodeling
Patients underwent carotid plaque imaging using 
a 3-Tesla magnetic resonance imaging system 
(MAGNETOM Prisma; Siemens Healthcare GmbH, 
Erlangen, Germany) incorporating a 20-channel 

Table.  Polymerase Chain Reaction Primers Used for Amplification

Species Gene Primers

Human EEF1A1 5ʹ-CTTTGGGTCGCTTTGCTGTT-3 ,́ 
5ʹ-CCGTTCTTCCACCACTGATT-3ʹ

S100A4 5ʹ-TCAGAACTAAAGGAGCTGCTGACC-3 ,́ 
5ʹ-TTTCTTCCTGGGCTGCTTATCTGG-3ʹ

MMP2 5ʹ-AGATACCCTCAAGAAGATGC-3 ,́ 
5ʹ-AGCATCATCCACGGTTTCAG-3ʹ

MMP9 5ʹ-AGTCTGGATAAGTTGGGTCT-3 ,́ 
5ʹ-AGATGTCGTGTGAGTTCCAG-3ʹ

MMP13 5ʹ-CTATCCTGGCCACCTTCTTC-3 ,́ 
5ʹ-GGGACCATTTGAGTGTTCTAGG-3ʹ

Mouse Rpl13a 5ʹ-TTCGGCTGAAGCCTACCAGAAAGT-3 ,́ 
5ʹ-GCATCTTGGCCTTTTTCCGTT-3ʹ

α-Smooth muscle actin (α-Sma) 5ʹ-CCACCGCAAATGCTTCTAAGT-3 ,́ 
5ʹ-GGCAGGAATGATTTGGAAAGG-3ʹ

Mmp2 5ʹ-CACCTCCTACAACAGCTGTAC-3 ,́ 
5ʹ-AGGAAAGTGAAGGGGAAGACA-3ʹ

Mmp9 5ʹ-TCAGAAGGTGGATCCCCAGA-3 ,́ 
5ʹ-TTCACCTCATGGTCCACCTTG-3ʹ

Mmp13 5ʹ-TCCCTTGATGCCATTACCAGTC-3 ,́ 
5ʹ-AAAAAGAGCTCAGCCTCAACCTG-3ʹ

S100a4 Mm_S100a4_1_SG QuantiTect primer assay (QT00107632*)

MMP indicates matrix metalloproteinase.
*QIAGEN, Hilden, Germany.
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coil. The imaging parameters were as previously de-
scribed.8 Expansive remodeling of carotid atheroscle-
rotic lesions was evaluated in T1-weighted SPACE 
(sampling perfection with application optimized con-
trasts using different flip angle evolution) images of 
sagittal sections parallel to the long axis of the CA. 
The expansive remodeling ratio for CA was calculated 
as previously described.8 Briefly, the maximum dis-
tance between the lumen and the outer borders of the 
plaque is divided by the maximal luminal diameter of 
the distal internal CA. We also examined the correlation 
between the expansive remodeling ratio and the levels 
of S100A4 and MMPs.

Animal Model
Atherosclerosis-prone apolipoprotein E-deficient 
mice were fed a normal diet until 8  weeks of age. 
Thereafter, the mice were fed a Western diet (0.15% 
cholesterol and 21% fat) until 10  weeks of age, 
when the left CA was partially ligated as previously 
described.23 Briefly, a ventral midline incision was 
made in the neck portion under general anesthesia 
by intraperitoneal injection of pentobarbital sodium 
(50 mg/kg). The left common CA was exposed and 3 
of the 4 caudal branches (the external carotid, inter-
nal carotid, and occipital arteries) were ligated with 
a 6.0 silk suture. In this study, we only used male 
animals to avoid the effects of estrogen, one of the 
major modulators in atherosclerosis. All animal ex-
periments were approved by the institutional animal 
care and use committee and the ethics committee 
of Kyoto University and were conducted in accord-
ance with the guidelines of Japan’s Act on Welfare 
and Management of Animals.

Preparation of Paraffin Sections and 
Histopathology
At 0, 1, and 6 weeks after partial carotid ligation, the 
left and right CAs, trachea, and esophagus were em-
bedded in paraffin, and tissue-embedded blocks were 
prepared. Tissue sections (5 μm) of the left CA were 
prepared at 500-μm interval using a tissue processor. 
To determine plaque area, cross sections were stained 
using a protocol for modified Elastica van Gieson 
staining24 and viewed under a bright field microscope. 
Immunohistochemical analysis was performed as de-
scribed above.

Morphometric Analysis
Each prepared section contained the intimal area, me-
dial area, and perimeter of the external elastic lamina. 
The length of the external elastic lamina was used as an 
index of expansive remodeling. For the 1- and 6-week 
groups, we obtained mean values of 3 consecutive 

sections where plaque formation was observed in the 
midportion of the left common CA (2500–4500  μm 
proximal from the bifurcation of the CA). In the 0-week 
group, we obtained average values of 3 consecutive 
sections of the same portion. For each group, we cal-
culated the average values for 5 mice and evaluated 
changes over time.

Cell Culture
VSMCs derived from mouse aorta (BBASE7001; DS 
Pharma Biomedical, Suita, Osaka, Japan) were pas-
saged using DMEM and the cells of the 4th to 10th 
passages were used in the experiment.

Recombinant S100A4 Treatment in Mouse 
VSMCs
Mouse VSMCs were seeded in 24-well plates and 
cultured in DMEM containing 10% FCS until subcon-
fluent, and were subsequently incubated with dif-
ferent concentrations (0–0.1 μg/mL) of recombinant 
mouse S100A4 protein (ProSpec-Tany TechnoGene 
Ltd, Ness-Ziona, Israel) for 16 hours. Total RNA was 
extracted from stripped cells using an RNeasy Mini 
kit (QIAGEN) according to the manufacturer’s in-
structions. Subsequent steps and PCR primers were 
the same as described above. The expression lev-
els of Mmp2, Mmp9, and Mmp13 were measured by 
qPCR.

Cell Proliferation
To determine the effects of extracellular S100A4 on cell 
proliferation, we performed a water-soluble tetrazo-
lium salt-1 colorimetric assay (Roche Applied Science, 
Penzberg, Upper Bavaria, Germany). The assays were 
performed with the addition of different concentra-
tions (0–1.0  μg/mL) of recombinant mouse S100A4 
protein. Following incubation of mouse VSMCs with 
recombinant mouse S100A4 protein, absorbance was 
subsequently measured using a microplate ELISA 
reader (VERSAmax; Molecular Devices, Sunnyvale, 
CA) at wavelengths of 450 nm for measurements and 
650  nm as reference; we performed analysis using 
SoftMax Pro 5 software (Molecular Devices, San Jose, 
CA). In all experiments, each condition was assessed 
in 8 microplate wells. Cell proliferation was calculated 
by comparing the absorbance values of samples after 
background subtraction.

Chemotaxis Assay
To investigate whether extracellular S100A4 acts 
as a chemoattractant for VSMCs, we performed 
chemotaxis assays using a Boyden Chamber 
Migration Assay kit (Cell Biolabs Inc, San Diego, 
CA). Mouse VSMCs suspended in serum-free 
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medium were plated in the upper part of a 24-well, 
8-μm pore, cell-migration chamber at a concentra-
tion of 3×105/mL according to the manufacturer’s 
protocol. Medium with or without recombinant 
S100A4 at a concentration of 1 μg/mL was placed 
in the lower wells as a chemotactic stimulus and 
control, respectively. Cells were allowed to mi-
grate for 24  hours in an incubator. Subsequently, 
the migratory cells were stained with crystal vio-
let, and the dye was eluted. Optical densities were 
read at 560  nm using a microplate absorbance 

spectrophotometer (VERSAmax; Molecular Devices),  
and the data were statistically analyzed.

Statistical Analysis
The data are presented as the mean±SEM. Statistical 
analysis was performed using a paired t test, and a lin-
ear regression analysis was conducted using Ekuseru-
Toukei 2015 (Social Survey Research Information Co, 
Ltd, Shinjuku-ku, Tokyo, Japan). A P value of <0.05 
was considered to indicate statistical significance.

Figure 1.  Relationship among the mRNA expression levels of S100A4, MMP, and the degree of expansive remodeling in 
human carotid atheromatous plaques.
A, S100A4 expression increased significantly in the atheromatous plaque lesions compared with the resection stumps of human 
carotid endarterectomy specimens. The results are presented as the mean±SEM; *P<0.05, paired t test. B, Statistically significant 
correlations were detected between expansive remodeling ratio (ER ratios) and S100A4 mRNA levels in carotid atherosclerotic 
plaques. C, Statistically significant correlations were detected between S100A4 mRNA levels and those of MMP2, MMP9, and MMP13 
in carotid atherosclerotic plaques. D, ER ratios were positively correlated with the mRNA levels of MMP2 and MMP9, but not with 
those of MMP13 in carotid atherosclerotic plaques. ER indicates expansive remodeling; MMP, matrix metalloproteinase; and S100A4, 
S100 calcium-binding protein A4.
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RESULTS
Increased Expression of S100A4 mRNA in 
Human Carotid Atherosclerotic Lesions
We found that expression of the S100A4 gene in ath-
eromatous plaque areas was significantly (2.1 times) 
higher than that in the resection stumps (the normal 
controls; P=0.016; Figure 1A).

Associations Between S100A4 and MMP 
Expression Levels
Levels of S100A4 mRNA in the atheromatous plaque 
areas were positively correlated with those of MMP2 
(r2=0.6163, P<0.001), MMP9 (r2=0.5798, P<0.001), and 
MMP13 (r2=0.5144, P<0.001; Figure 1C), indicating that 
the expression of S100A4 reflects the degradation of 
the extracellular matrix in atheromatous plaques.

Degree of Expansive Remodeling Is 
Correlated With the Levels of S100A4, 
MMP2, and MMP9 mRNA in Carotid 
Atheromatous Plaques
Expansive remodeling ratios were found to be positively 
correlated with the mRNA levels of S100A4 (r2=0.6327, 
P<0.001; Figure 1B), MMP2 (r2=0.5335, P<0.001), and 
MMP9 (r2=0.6044, P<0.001), but not with those of 
MMP13 (r2=0.1376, P=0.13; Figure 1D).

S100A4 Is Expressed in Both the Intima 
and Media of the Human Carotid Atheroma
Immunohistochemical analysis revealed that S100A4 is 
expressed in both the intima and media of the human 
carotid atheroma (Figure  2A). Moreover, S100A4 
was observed to colocalize with the embryonic form 
of smooth muscle myosin heavy chain, a marker of 
dedifferentiated VSMCs (Figure 2C). S100A4 was also 
found to colocalize with CD68, but not with CD45, 
the latter of which known as a common leukocyte 
antigen (Figure  2C). Among S100A4-positive cells, 

the copositive rates of the embryonic form of smooth 
muscle myosin heavy chain, CD68, and CD45 were 
100%, 95.8%, and 6.1%, respectively. Furthermore, 
S100A4-positive foam cells were observed to have ac-
cumulated in the plaque shoulder and marginal areas 
where elastic fibers are disrupted (Figure 2B). Double-
immunofluorescence also revealed that S100A4-
positive cells express MMP9 (Figure 2D).

S100A4 is Upregulated in the Plaques of a 
Mouse Partial Carotid Ligation Model
The left CAs of mice at 0, 1, and 6  weeks after par-
tial ligation were stained with Elastica van Gieson. 
Representative images of the arteries at these time 
points are shown in Figure 3A. Atherosclerotic lesions 
of left CAs at 6 weeks after ligation showed expansive 
arterial remodeling with the proliferation of both intimal 
and medial lesions. The intimal area had already ex-
panded 1 week after ligation and had expanded further 
after 6 weeks (1 week: P=0.02, 6 weeks versus 1 week: 
P=0.006). The medial area also showed a statistically 
significant increase at 1 week after ligation and showed 
a tendency to further expand at 6 weeks after ligation 
(1  week: P=0.02, 6  weeks versus 1  week: P=0.06). 
Expansive remodeling was detected at 6 weeks after 
ligation (1 week: P=0.95, 6 weeks: P=0.03; Figure 3B).

S100a4 expression was significantly higher in the 
left CAs at 1  week after ligation than before ligation 
(P=0.006, Figure 3C, 3D). It was also significantly higher 
in arteries at 6 weeks after ligation than at 1 week after 
ligation (P=0.019; Figure 3C, 3D). In contrast, the levels 
of αSMA decreased at 1 week after ligation (P=0.006), 
although the expression was recovered at 6  weeks 
after ligation (P=0.026; data not shown). Furthermore, 
we found that the expression levels of Mmp2 and 
Mmp13 increased at 1  week after ligation (P=0.014 
and P=0.023, respectively) and increased significantly 
at 6 weeks (P=0.0003 and P=0.014, respectively) after 
ligation. In contrast, we detected no significant dif-
ference in the expression of Mmp9 (1 week: P=0.27, 
6 weeks: P=0.25; Figure 3D).

Figure 2.  S100A4 exists in both the intima and media of the human carotid atheroma.
A, A human carotid endarterectomyspecimen immunostained with anti-S100A4 (S100 calcium-binding protein A4) antibody. S100A4 
was expressed in both the intima and media of the human carotid atheroma. S100A4-positive cells were mainly expressed in the plaque 
shoulder and marginal areas. Scale bar: 1000 μm. B, Human carotid endarterectomy specimens stained with Oil Red O and anti-
S100A4 antibody. The left image was obtained using a phase-contrast microscope; the center image was obtained using a fluorescence 
microscope (red: Oil Red O, green: S100A4, blue: nuclei); and the right image is a merged image of the phase-contrast and fluorescence 
images. Images of the plaque shoulder and marginal areas are shown in the upper and lower sections, respectively. Foam cells 
accumulated around the necrotic core of the plaque shoulder, most of which were positive for S100A4. Similarly, in the plaque marginal 
area, accumulation of S100A4-positive foam cells was observed between the expanded elastic laminae. Scale bars: 100 μm (low-power 
field) and 50 μm (high-power field). C, Human carotid endarterectomy specimens stained with anti-S100A4 and anti-SMemb antibodies 
(left: red, S100A4; green, SMemb; blue, nuclei); anti-S100A4 and anti-CD68 antibodies (center: red, S100A4; green, CD68; blue, nuclei); 
and anti-S100A4 and anti-CD45 antibodies (right: red, S100A4; green, CD45; blue, nuclei). S100A4 was found to colocalize with SMemb 
(left) and CD68 (center), but not CD45 (right). Scale bars: 50 μm. D, Samples stained with anti-S100A4 and anti-MMP9 antibodies (red, 
S100A4; green, MMP9). The upper image shows a plaque neointima, and the lower image, a plaque marginal area. In both these areas, 
S100A4-positive cells were found to express MMP9. Scale bars: 50 μm. DAPI indicates 4′,6-diamidino-2-phenylindole; MMP, matrix 
metalloproteinase; and SMemb, embryonic form of smooth muscle myosin heavy chain.
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Extracellular S100A4 Enhances the 
Expression of Mmp2, Mmp9, and Mmp13 
in Mouse VSMCs
The mRNA level of Mmp2 in VSMCs increased in re-
sponse to treatment with 0.02 μg/mL (P=0.049) and 
0.1  μg/mL (P=0.0008) S100A4, whereas the mRNA 
levels of Mmp9 and Mmp13 increased after treatment 

with 0.1  μg/mL S100A4 (P=0.003 and P=0.013, re-
spectively; Figure 4A).

Extracellular S100A4 Enhances 
Proliferation of VSMCs
The water-soluble tetrazolium salt-1 assay revealed 
that VSMC proliferation was enhanced by treatment 
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with S100A4 at concentrations higher than 0.1  μg/
mL (P=0.03 at 0.1 μg/mL, P=0.03 at 0.5 μg/mL, and 
P=0.0002 at 1.0 μg/mL; Figure 4B).

Extracellular S100A4 Functions as a 
Chemoattractant for VSMCs 
VSMCs were subjected to 24-hour incubation with S100A4 
or a control medium in the opposite compartment of 
a migration chamber. VSMC migration to the opposite 

compartment containing S100A4 was higher than that 
to the compartment containing the control medium 
(P<0.0001; Figure 4C), thereby indicating that extracellular 
S100A4 functions as a chemoattractant for VSMCs.

DISCUSSION
In the present study, we report the increased expres-
sion of S100A4 in carotid atherosclerotic lesions. We 
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further evaluated whether the expression of S100A4 
is enhanced concomitantly with the growth of carotid 
plaques using a mouse model of partial carotid liga-
tion. It has been determined that atherosclerosis is ac-
celerated by the occurrence of low shear stress (LSS) 
during vessel bifurcation.25,26 In the partial carotid liga-
tion model, LSS occurs in the left common CA, and 
plaques are generated in this lesion.23

Six weeks after ligation, most samples showed 
large plaques in the left CAs and exhibited expansive 
remodeling, and S100A4 expression in the left CA in-
creased. S100A4 expression was enhanced as early 
as 1 week after ligation, at which time only a few neoin-
tima had developed. Immunohistochemical analyses 
revealed that the expression of S100A4 was enhanced 
at an early stage in the medial SMCs. We thus sus-
pect that certain factors that promote S100A4 expres-
sion in VSMCs may be secreted by endothelial cells 
in response to LSS. One candidate in this regard is 
platelet-derived growth factor-BB (PDGF-BB), the ex-
pression of which was found to be enhanced in the left 
CA at 1 week after ligation (data not shown). PDGF-BB 
is known to be a potent dedifferentiation-promoting 
factor of VSMCs in vitro, and has been reported to be 
an important factor in the cross talk between endo-
thelial and smooth muscle cells in ex vivo LSS experi-
ments.27 It had been reported that extracellular S100A4 
induces the phenotypic transition of porcine VSMCs,28 
indicating that increased expression of PDGF-BB in 
endothelial cells and the subsequent expression of 
S100A4 in the medial VSMCs play important roles in 
the early stage of atherosclerosis.

Yoshida et al reported that the internal CA angle was 
significantly larger in groups with extensive expansive 
remodeling than in those with slight expansive remod-
eling, and that it is associated with the symptomatol-
ogy of patients with CA stenosis who were scheduled 
to undergo carotid endarterectomy or CA stenting.29 
Sitzer et al found that the angle of the internal CA bi-
furcation might be an independent risk factor for early 
atherosclerosis in a cross-sectional ultrasound study 

of 1300 healthy individuals.30 Simulation studies have 
shown that as the angle of the internal CA bifurcation 
increases, so does the oscillating shear index, but the 
wall shear stress decreases.31 The results of our study 
suggest that LSS on human carotid artery is involved 
in expansive remodeling.

The expression of the marker of dedifferentiated 
VSMCs, but not the common leukocyte antigen CD45, 
in S100A4-positive foam cells indicates that these cells 
are probably derived from VSMCs, rather than from 
macrophages in human carotid plaques. Accordingly, 
we believe that the present study is the first to demon-
strate that foam cells derived from VSMCs express 
S100A4.

Because of the positive correlation between S100A4 
and MMP expression in carotid endarterectomy spec-
imens and the coexpression of S100A4 and MMP9 
in immunohistochemical analysis, we assumed that 
S100A4-positive cells derived from VSMCs express 
MMPs in human carotid plaques. It has previously 
been reported that plaque rupture tends to occur in the 
shoulder region,32 and that rupture of the elastic lamina 
in the marginal area of plaques is associated with ex-
pansive remodeling. Our results indicate that S100A4 
expressed in the plaque shoulder and marginal areas 
may promote plaque destabilization and expansive re-
modeling by promoting the expression of MMPs.

We further investigated whether S100A4 promotes 
the expression of MMP and enhances cell prolifera-
tion in VSMCs in vitro. It was previously shown that 
extracellular S100A4 upregulates the expression of 
MMPs in dedifferentiated porcine VSMCs in a recep-
tor for advanced glycation end product-dependent 
manner.28 In myocardium, S100A4 promotes smooth 
muscle cell motility and proliferation with extracellular 
signal-regulated kinase 1/2 activation.33 The prolifer-
ation-inducing property of S100A4 may promote cell 
proliferation in the neointima, such that foam cells 
develop in the necrotic core, which may play a role in 
increasing plaque volume. It has been assumed that 
VSMC migration from the media to the neointima is 

Figure 3.  Expression of S100A4 (S100 calcium-binding protein A4) in the plaques of a mouse partial carotid ligation model.
A, Mouse left carotid arteries (CAs) stained with Elastica van Gieson at 0, 1, and 6 weeks after partial ligation. Representative images are 
as follows: e left=0 weeks, center=1 week), and right=6 weeks. Atherosclerotic lesions of the left CAs at 6 weeks after ligation exhibited 
expansive arterial remodeling with the proliferation of both intimal and medial lesions. B, Intimal area, medial area, and perimeter of 
the external elastic lamina of partially ligated CAs. For each group, the average values of 5 mice were calculated, and changes over 
time were evaluated. The intimal area had already expanded 1 week after ligation and then expanded further after 6 weeks. The medial 
area also showed a significant increase at 1 week after ligation and showed a tendency to further expand at 6 weeks after ligation. 
Expansive remodeling was observed at 6 weeks after ligation. C, Mouse left CAs stained with anti-S100A4 antibody at 0, 1, and 6 weeks 
after partial ligation. Representative images are as follows: left=0 weeks, center=1 week, and right=6 weeks. S100A4 was expressed 
in the medial area at 1 week after ligation, and extensive expression was observed in both the medial and neointimal areas 6 weeks 
after ligation. D, The expression levels of S100a4, Mmp2, Mmp9, and Mmp13 at 0, 1, and 6 weeks after ligation (n=6–9 each time point). 
The expression of S100a4 showed a statistically significant increase over time. The expression levels of Mmp2 and Mmp13 increased 
from 1 week after ligation and showed a significant increase even after 6 weeks. In contrast, there was no significant difference in the 
expression levels of Mmp9. The gene expression levels were evaluated using quantitative PCR. *P<0.05, **P<0.01 for the indicated 
comparisons. MMP indicates matrix metalloproteinase.
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mainly attributable to the activity of growth factors 
secreted primarily by macrophages.34 Our results, 
however, provide evidence that S100A4 secreted 
by VSMC-derived cells in the neointima may also 

stimulate VSMC migration as a chemoattractant fac-
tor. We observed a disturbed layer structure of the 
elastic lamina in the plaque marginal area where 
S100A4-positive cells accumulate (Figure 2B). These 

Figure 4.  Extracellular S100A4 (S100 calcium-binding protein A4) enhances MMPs expression in 
mouse vascular smooth muscle cells (VSMCs) and regulates VSMC proliferation and migration in vitro.
A, Bar graphs showing the levels of Mmp2, Mmp9, and Mmp13 mRNA in mouse VSMCs incubated with 
different concentrations (0–0.1 μg/mL) of recombinant mouse S100A4 protein for 16 hours. The expression 
level of Mmp2 increased at concentrations between 0.02 and 0.1 μg/mL, whereas the expression levels 
of Mmp9 and Mmp13 increased at a concentration of 0.1 μg/mL. B, Bar graph showing the proliferation 
of mouse VSMCs treated for 48 hours with different concentrations (0–1.0 μg/mL) of recombinant mouse 
S100A4 protein. Cell proliferation was enhanced by treatment with S100A4 at concentrations higher than 
0.1 μg/mL. C, Bar graph showing the chemoattractant activity of S100A4 for mouse VSMCs using a 
chemotaxis assay. VSMCs’ migration to the opposite compartment containing 1 μg/mL recombinant 
S100A4 was greater than VSMCs’ migration to the compartment containing the control medium. *P<0.05, 
**P<0.01. MMP indicates matrix metalloproteinase; and WST, water-soluble tetrazolium salt.
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VSMCs that migrate to the plaque margins further 
secrete S100A4, which may enhance MMP activity in 
both the cells of origin and surrounding cells, thereby 
degrading the elastic lamina and resulting in expan-
sive remodeling.

Our findings indicate that S100A4 can serve as a 
biomarker and therapeutic target of CA stenosis. It has 
been reported that serum S100A4 levels in patients 
with acute myocardial infarction are significantly higher 
than those in healthy volunteers.35 It is conceivable that 
serum S100A4 levels also increase in response to the 
rupture of carotid plaques. S100A4 is a unique mole-
cule involved in inflammation, cell migration, and cell 
proliferation both intracellularly and extracellularly, and 
may play an important role in the early-to-advanced 
stages of arteriosclerosis. S100A4 may offer a novel 
therapeutic target/strategy that differs from what is cur-
rently available, such as lipid, blood glucose, and blood 
pressure management. The receptor for advanced 
glycation end products is an established receptor for 
extracellular S100A4. In recent years, various findings 
have emerged outlining the association between the 
receptor for advanced glycation end products and ar-
teriosclerosis,36 supporting our consideration. It has 
previously been reported that an S100A4-blocking 
antibody reduced tumor growth and metastasis in a 
model of spontaneous breast cancer,37 and we sus-
pect that such an antibody might be efficient for the 
treatment of unstable carotid atherosclerotic lesions.

This study has certain limitations. First, it is not clear 
whether S100A4 actually promotes plaque progres-
sion and expansive remodeling in arteriosclerotic le-
sions. Accordingly, it will be necessary to investigate 
the plaque changes occurring in response to the sup-
pression or overexpression of S100A4 in animal mod-
els. Second, although we show that S100A4 promotes 
the expression of MMPs in VSMCs and enhances pro-
liferative capacity in vitro, its function in the foam cells 
derived from VSMCs has not been clarified. Further 
experiments are warranted to investigate the role of 
S100A4 in VSMC transformation into foam cells.
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