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Macrophage-derived foam cells impair endothelial barrier
function by inducing endothelial-mesenchymal
transition via CCL-4
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Abstract. Recently, endothelial-mesenchymal transi-
tion (EndMT) has been demonstrated to play an important
role in the development of atherosclerosis, the molecular
mechanisms of which remain unclear. In the present study,
scanning electron microscopy directly revealed a widened
endothelial space and immunohistofluorescence demonstrated
that EndMT was increased in human aorta atherosclerotic
plaques. M1 macrophage-derived foam cell (M1-FC) super-
natants, but not M2 macrophage-derived foam cell (M2-FC)
supernatants, induced EndMT. A protein array and enzyme-
linked immunosorbent assay identified that the levels of several
cytokines, including C-C motif chemokine ligand 4 (CCL-4)
were increased in M1-FC supernatants, in which EndMT was
promoted, accompanied by increased endothelial permeability
and monocyte adhesion. Furthermore, anti-CCL-4 antibody
abolished the effects of M1-FC supernatants on EndMT. At the
same time, CCL-4 activated its receptor, C-C motif chemokine
receptor-5 (CCR-5), and upregulated transforming growth
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factor-f (TGF-f) expression. Further experiments revealed
that EndMT induced by CCL-4 was reversed by treatment
with CCR-5 antagonist and the RNA-mediated knockdown of
TGF-p. On the whole, the data of the present study suggest that
M1-FCs induce EndMT by upregulating CCL-4, and increase
endothelial permeability and monocyte adhesion. These data
may help to elucidate the important role of EndMT in the devel-
opment of atherosclerosis.

Introduction

Atherosclerosis is the predominant cause of coronary artery
disease and stroke, and thus, is the leading cause of mortality
and disability, globally (1). However, the precise molecular
mechanisms involved in the initiation and progression of
atherosclerosis remain poorly defined. Vascular integrity is
critical for cardiovascular homeostasis, and endothelial barrier
dysfunction leads to the leakage and retention of low-density
lipoprotein (LDL), the extravasation of monocytes into the
vassal wall and the decrement of cholesterol efflux capacity,
which triggers the formation of atherosclerotic plaques (2-5).
Endothelial cell integrity is crucial for maintaining lesion-
free arteries. Recent evidence has indicated that endothelial
cells retain various degrees of plasticity. Endothelial cells
can achieve a mesenchymal phenotype through endothelial-
mesenchymal transition (EndMT) (6). EndMT is characterized
by the loss of specific endothelial cell marker expression,
including vascular endothelial cadherin (VE-cadherin) and
platelet endothelial cell adhesion molecule-1 (PECAM-1; also
known as CD31), and the increased expression of mesenchymal
cell marker, including a-smooth muscle actin (a-SMA) and
vimentin. During EndMT, endothelial cells lose cell polarity
and cell-cell adhesion. They then detach from the organized
endothelial layer, and then migrate towards the surrounding
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tissue, which damages endothelial junction stability and
increases vascular permeability (7,8). EndMT plays an impor-
tant role in various pathological conditions, including cardiac
and nephritic fibrosis (6,9), pulmonary hypertension (10,11),
vascular calcification (12), endocardial fibroelastosis (13) and
most importantly, atherosclerosis (14-17). Recently, using
an endothelial cell fate mapping technique, EndMT was
demonstrated to participate in the process of atherosclerosis
by increasing the deposition of fibronectin and adhesion
molecules (16). Additionally, EndMT-derived fibroblast-like
cells have previously been shown to contribute to atheroscle-
rotic plaque progression and destabilize atherosclerotic lesions
by altering the collagen-matrix metalloproteinase balance (17).

In contrast to the consensus that EndMT promotes athero-
sclerosis, the cause of EndMT during this pathological process
is largely unknown. In atherosclerotic lesions, monocytes infil-
trate into the subendothelium, differentiate into macrophages,
internalize modified lipids and then become foam cells (18-20).
Macrophages and foam cells secrete inflammatory cytokines
and chemokines, which induces a non-resolving inflammatory
process and affects plaque development (21,22). Emerging
evidence has indicated that macrophages are comprised of
heterogeneous cell populations, which is determined by the
surrounding microenvironment and that they can switch
from one phenotype to another (23-25). Classically activated
M1 macrophages produce tumor necrosis factor (TNF), inter-
leukin (IL)-6 and IL-1p, exacerbating the inflammatory response
and promoting the development of atherosclerotic lesions (26).
By contrast, alternatively activated M2 macrophages are an
anti-inflammatory phenotype and have been reported to be
protective in atherosclerosis (27,28). However, despite the
central role of macrophages and foam cells in the development
of atherosclerosis, their function in the process of EndMT has
yet to be determined. Thus, in the present study, we investigated
the importance of different phenotypic macrophages and foam
cells in EndMT during atherosclerosis and explored the under-
lying mechanisms.

Materials and methods

Cell culture. Human aortic endothelial cells (HAECsS;
ATCC® PCS-100-011™) were purchased from American
Tissue Type Culture Collection (Manassas, VA, USA) and
cultured in EGM-2 BullerKit™ Medium (cat. no. 3162; Lonza,
Walkersville, MD, USA). The cells were incubated in a humidi-
fied atmosphere containing 5% CO, at 37°C and passaged every
4 days (split ratio, 1:3) using 0.25% trypsin. The cells were used
between passages 2 and 7.

Macrophages were induced as previously described (29,30).
Briefly, peripheral blood mononuclear cells were isolated,
as previously described (31). Peripheral blood mononuclear
cells (PBMCs) were isolated from the peripheral blood of
106 healthy volunteers. This study was part of the project
‘Macrophage derived foam cells impair endothelial barrier func-
tion by inducing endothelial mesenchymal transition’. All the
study protocols were approved by the Clinical Ethics Committees
of Sun Yat-sen Memorial Hospital of Sun Yat-sen University. All
blood samples and procedures were approved by the Clinical
Ethics Committees of Sun Yat-sen Memorial Hospital of Sun
Yat-sen University. Briefly, peripheral blood (20 ml) was drawn
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into heparinized tubes from the 106 healthy volunteers. Blood
was diluted with PBS at 1:1, and then overlaid on lymphocyte
separation medium (cat. no. 0850494; MP Biomedicals, LLC,
Santa Ana, CA, USA; density at 20°C: 1.0770-1.0800 g/ml),
centrifuged at 2,300 rpm for 30 min, and progressively slowed
down for the last 6 min. PBMCs were collected and washed
twice in PBS at 2,000 rpm for 5 min. Monocytes were positively
selected from PBMCs using CD14 microbeads (cat. no. 130-050-
201; Miltenyi Biotec, Auburn, CA, USA), and subsequently
cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) at a density of 1x10° cells/10 cm?. To
induce M1 polarization, the cells were incubated in the pres-
ence of 100 ng/ml granulocyte-macrophage colony-stimulating
factor (GM-CSF; PeproTech, Inc., Rocky Hills, NJ, USA)
for 7 days, and then treated with 100 ng/ml lipopolysac-
charide (eBioscience, San Diego, CA, USA) and 20 ng/ml
interferon-y (PeproTech, Inc.) for 24 h. To achieve M2a and
M?2c polarization, the cells were incubated in the presence of
100 ng/ml macrophage colony-stimulating factor (M-CSF;
PeproTech, Inc.) for 7 days, and then treated with 20 ng/ml
IL-4 or 20 ng/ml IL-10 (PeproTech, Inc.) for 24 h. Following
polarization, the cells were stimulated with 100 pg/ml oxidized
LDL (ox-LDL; Yiyuan Biotechnology, Guangzhou, China) for
12 h to induce differentiation into foam cells. Subsequently, the
culture media were collected and centrifuged at 2,000 x g for
30 min at 4°C to remove the debris and frozen at -80°C.

HAECs were seeded at 60-70% confluency in 6-well
plates, and starved in EBM-2 (cat. no. 3156; Lonza) without
FBS for 18 h. The HAECs were then treated with conditioned
medium from different phenotypic macrophages or foam cells
at a 1:1 ratio with EBM-2 for 6 days. The medium was changed
every other day.

Following serum starvation, the HAECs were treated
with CCL-2 (0, 12.5, 25 and 50 ng/ml), CCL-3 (0, 25, 50 and
100 ng/ml), CCL-4 (0, 25, 50 and 100 ng/ml), CCL-5 (0, 10,20
and 40 ng/ml) and CCL-7 (0, 25, 50 and 100 ng/ml) for 6 days,
respectively. HAECs were also treated with CCL-2 (50 ng/ml),
CCL-3 (100 ng/ml), CCL-4 (100 ng/ml), CCL-5 (40 ng/ml) and
CCL-7 (100 ng/ml) for 2, 4 and 6 days, respectively.

These recombinant human chemokines were obtained
from PeproTech, Inc. as follows: CCL-2 (cat. no. 300-04),
CCL-3 (cat. no. 300-08), CCL-4 (cat. no. 300-09), CCL-5
(cat. no. 300-06), CCL-7 (cat. no. 300-17).

The conditioned medium of the M1-FCs was pre-treated
at 37°C with 10 pg/ml human CCL-4 neutralizing antibody
(cat.no. ab9675; Abcam, Cambridge, MA, USA) or isotype IgG
control (cat. no. ab37415; Abcam) for 1 h. The processed condi-
tioned media were then added to the HAECs at a 1:1 ratio with
EBM-2. The HAECs were treated for 6 days, and the medium
was changed every other day.

Following serum starvation, the HAECs were pre-treated
with 5 ymol/l maraviroc (cat. no. S2003; Selleck Chemicals
LLC, Houston, TX, USA) for 2 h, prior to stimulation with
100 ng/ml CCL-4. 0.1% (vol/vol) DMSO was used as a solvent
control. HAECs were treated for 6 days, and the medium was
changed every other day.

Adenovirus packaging and RNA knockdown. To investigate
the underlying mechanisms of C-C motif chemokine ligand-4
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(CCL-4)-induced EndMT in HAECsS, transforming growth
factor-p (TGF-f) expression was knocked down in the HAECs
using recombinant adenoviruses with the pAdEasy packaging
system. Briefly, recombinant vectors carrying RNA inter-
ference sequences targeting TGF-f3 were generated using
plasmid pRNAT-H1.1/Adeno and incision enzymes Mlul and
HindIII (forward, 5'-CCAACGCGTGACTACTACGCCAA
GGAttc aagagaTCCTTGGCGTAGTAGTCTTTTTAAGCTT
GCG-3'; reverse, 5'-CCGAAGCTTAAAAAGACTACTACG
CCAAGGA tctcttgaal CCTTGGCGTAGTAGTCACGC
GTCCG-3'). Cloned vectors were linearized by Pmel and
subsequently transfected into BJ5183 bacteria (containing
plasmid pAD-Easy-1) using electroporation for homologous
recombination. The recombinant vector was linearized with
Pacl and amplified in AD293 cells (cat. no. FH0251; FuHeng
Biology, Shanghai, China). The cells were then lysed and the
adenovirus was purified by the cesium chloride (CsCl) density
gradient ultracentrifugation method and diluted in phosphate-
buffered saline (PBS) as previously reported (32). Finally, the
virals titer was determined using the cytopathic effect (CPE)
counting method. The HAECs were infected with adenovirus
at a concentration of 50 pfu/cell.

Scanning electron microscopy. Human aortas were obtained
from cadaver organ donors. We collected 1 normal and
2 atherosclerotic ascending aorta samples, judged by medical
history and Oil Red O and H&E staining of the aortic tissues.
The clinical and demographic characteristics of the cadaver
organ donors are shown in Table I. All the samples were
obtained from cadaver organ donors, who died due to car
accidents. The aortic tissues were obtained, at the same time
with other donated organs, after the clinical announcement of
brain death, with circulation stabilization, and also with signed
organ donor documents, consent and the agreement of family
members, and ethics committee approval. All procedures were
approved by the Clinical Ethics Committee of Sun Yat-Sen
Memorial Hospital of Sun Yat-Sen University (Guangzhou,
China). For examination under a Hitachi S-3400N scanning
electron microscope (serial no. 341117-08; Hitachi, Ltd.,
Tokyo, Japan), vessel sections were fixed in 2.5% glutaralde-
hyde in PBS overnight. After washing 3 times with PBS, the
sections were dehydrated in a series of ethanol dilutions (30,
50, 70, 90 and 100%), dried by the critical-point method,
sputtered by gold-palladium and prepared for anlaysis using a
Hitachi S-3400N scanning electron microscope (Hitachi, Ltd.).

Immunohistofluorescence. Briefly, the samples were incubated
with rabbit anti-von Willebrand factor (vWF) polyclonal anti-
body (1:200; cat.no.ab6994) and mouse anti-o-SM A monoclonal
antibody (1:200; cat. no. ab18147) (both from Abcam) at 4°C
overnight. After washing 3 times with PBS-Tween-20 (PBST),
they were incubated with the appropriate Alexa Fluor 488
goat anti-rabbit or Alexa Fluor 594 goat anti-mouse anti-
body (Invitrogen; Thermo Fisher Scientific, Inc.) in 5% bovine
serum albumin (BSA) for 1 h at room temperature. The nuclei
were stained using 4',6-diamidino-2-phenylindole (DAPI)
(1 pg/ml; cat. no. D9542; Sigma-Aldrich; Merck Millipore,
Darmstadt, Germany) for 3 min. EndMT was evaluated by
the criteria described in a previous study (33). All counts were
performed and compared by 2 investigators.
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Table I. Selected clinical and demographic characteristics of
the cadaver organ donors.

Subject number 1 2 3
Group Normal AS AS
Age (years) 53 54 49
Gender Male Male Female
Smoking No No No
History of CAD No Yes Yes
History of DM No No No
History of hypertension No No Yes
Oil Red O staining Negative Positive Positive
H&E staining Normal AS AS

AS, atherosclerosis; CAD, coronary artery disease; DM, diabetes
mellitus.

Western blot analysis. The cells were washed, lysed and total
protein was extracted. The total protein concentration was deter-
mined using a BSA Protein Assay kit (Beyotime Biotechnology,
Shanghai, China) according to the manufacturer's instructions
and western blot analysis was performed. Briefly, protein
extraction was separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) followed by transfer
onto polyvinylidene fluoride membranes [cat. nos. IPVH00010
(0.45 pm) and ISEQO00010 (0.2 um); EMD Millipore
Corporation, Billerica, MA, USA]. The membrane was blocked
in 5% BSA for 1 h at room temperature and immunoblotted with
the corresponding antibodies at 4°C overnight. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as an internal
control. The antibodies used are listed as follows: rabbit
anti-CD31 polyclonal antibody (1:1,000; cat. no. ab28364;
Abcam), goat anti-VE-cadherin polyclonal antibody (1:1,000;
cat. no. sc-6458; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), rabbit anti-vimentin monoclonal antibody (1:1,000;
cat. no. 5741; Cell Signaling Technology, Inc., Danvers, MA,
USA), rabbit anti-a-SMA polyclonal antibody (1:1,000;
cat. no. ab5694), rabbit anti-fibroblast-specific protein-1 (FSP-1)
polyclonal antibody (1:1,000; cat. no. ab27427) (both from
Abcam), rabbit anti-GAPDH monoclonal antibody (1:1,000,
cat. no. 2118), rabbit anti-TGF-f§ polyclonal antibody (1:1,000;
cat. no. 3711) (both from Cell Signaling Technology, Inc.)
and rabbit anti-vascular cell adhesion molecule-1 (VCAM-1)
monoclonal antibody (1:1,000; cat. no. ab134047; Abcam).
The membranes were washed 3 times with PBST and incu-
bated with the following appropriate secondary HRP-linked
antibodies: goat anti-rabbit IgG (1:5,000; cat. no. 7074; Cell
Signaling Technology, Inc.) or donkey anti-goat IgG (1:5,000;
cat. no. sc-2020; Santa Cruz Biotechnology, Inc.), for 1.5 h at
room temperature. After washing, detection was performed
using an advanced enhanced chemiluminescence system.

Cytokine and chemokine analysis. The TGF-B1 level was
measured in the culture supernatants of the macrophages
treated with or without ox-LDL using a commercial enzyme
linked immunosorbent assay (ELISA) kit (Neobioscience,
Shenzhen, China). The levels of other cytokines and chemokines
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Figure 1. Morphological changes in normal human aorta and in atherosclerotic legions. (A and D) Scanning electron microscopic images of a normal
aorta with the intact arrangement of endothelial cells. (B, C, E and F) Rough endothelial surface with exposed collagen matrix in atherosclerotic lesions.
(A-C) Magnification, x300; scale bar, 20 ym. (D, E and F) x2, magnification, x500; scale bar, 2 ym.

[including IFN-vy, IL-18, TNF-a, IL-12p70, IL-2, IL-4, IL-5,
IL-6, GM-CSF, IL-18, Eotaxin, GRO-a, IL-8, IP-10, MCP-1
(CCL-2), MIP-10. (CCL-3), MIP-1p (CCL-4), SDF-1a,1L-13 and
RANTES (CCL-5)] were measured using the ProcartaPlex™
Multiplex Immunoassay kit (cat. no. EPX200-12173-901;
Affymetrix Inc., Santa Clara, CA, USA), according to the
manufacturer's instructions.

The chemokine expression profiles of the M1 macrophages
and Ml1-derived foam cells were assessed using a Human
Chemokine array kit (cat. no. ARY017; R&D Systems, Inc.,
Minneapolis, MN, USA), according to the manufacturer's
instructions. Briefly, the arrays were incubated in the superna-
tants and detection antibody cocktail overnight at 4°C. After
washing, the arrays were incubated with streptavidin-horse-
radish peroxidase and then exposed to the Chemi Reagent Mix.
The reaction intensity was analyzed using the G:BOX XT4
imager (Syngene, Frederick, MD, USA) and the optical density
was calculated using ImagelJ software.

Monocyte adhesion assay. THP-1 cells (Boster Biological
Technology, Wuhan, China) were cultured in RPMI-1640
medium supplemented with 10% FBS and stained with 50 uM
calcein-AM for 30 min at 37°C. The labeled THP-1 cells were
seeded at a density of 5.0x10° cells/ml on confluent HAECs,
which were pre-treated with 100 ng/m1 CCL-4 (PeproTech, Inc.)
for 6 days. Following 1 h of incubation, non-adherent cells were
removed by gentle washing with PBS and THP-1 cell adhesion
was assessed using a Nikon Ti-S inverted fluorescence micro-
scope (serial no. 533477; Nikon, Tokyo, Japan).

Endothelial monolayer permeability. The HAECs were
cultured on 0.2% gelatin-coated 6.5 mm-diameter Transwell
inserts (0.4 ym pore size; Corning Inc., Corning, NY, USA).
Fluorescein isothiocyanate (FITC)-dextran (I mg/ml;
molecular weight, 70 kDa; Sigma-Aldrich; Merck Millipore)
was added to the upper chamber. The medium from the lower
chamber was collected after 1 h and fluorescence measured
using a SpectraMax M5 microplate reader (Molecular

Devices, LLC, Sunnyvale, CA, USA; excitation, 485 nm;
emission, 525 nm).

Statistical analysis. Data are presented as the means =+ stan-
dard error of mean. Results were analyzed by a two-tailed
Student's t-test or one-way analysis of variance with Bonferroni
post-hoc test for multiple comparisons as appropriate using
GraphPad Prism software (GraphPad Software, Inc., La Jolla,
CA, USA). A value of P<0.05 was considered to indicate a
statistically significant difference.

Results

Endothelial barrier dysfunction and EndMT occur in human
atherosclerotic plaques. To demonstrate altered endothelial
integrity in atherosclerotic plaques,human aorta specimens were
subjected to scanning electron microscopy. The results demon-
strated that endothelial cells in the normal control aorta tissue
were arranged in an intact and regular manner (Fig. 1A and D)
whereas endothelial cells were partially preserved with altered
polarity, and the subendothelial surface with a fibrous cap was
visible in the atherosclerotic lesions (Fig. 1B, C, E and F).

As EndMT is an important cause of the loss of endothelial
cells polarity, the endothelial changes due to EndMT in athero-
sclerotic plaques were examined by immunohistofluorescence
staining. As shown in Fig. 2, evidence of EndMT, as indicated
by the co-localization of vVWF and a-SMA expression, was
more pronounced in atherosclerotic lesions compared with the
normal control tissue. These data suggest that EndMT may
contribute to endothelial cell polarity changes and the develop-
ment of atherosclerosis.

Conditioned medium from MI-FCs stimulates HAECs to
undergo EndMT in vitro. The reason for EndMT and endo-
thelial cell polarity loss in atherosclerotic plaques remains
unclear. Macrophages and foam cells are the major cellular
component of atherosclerotic plaques and, thus, their functions
are ciritical in the atherosclerotic process. Therefore, the role of
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Figure 2. Endothelial mesenchymal transition in human aortic atherosclerotic plaques. Immunohistofluorescence staining showing human aortic tissues from
(A and D) normal group and (B, C, E and F) patients with atherosclerosis. Sections were stained with von Willebrand factor antibody (green), a-smooth muscle
actin antibody (red) and DAPI (blue). Co-localization is indicated with white arrows. (A-C) Scale bar, 50 ym; (D, E and F) scale bar, 20 gm. The white boxes in

panels A-C indicate the area of the enlarged image in panels D-F.

macrophages and foam cells during the changes of endothelial
cells in plaques was investigated. Macrophages are classically
divided into 2 groups, namely, M1 and M2 macrophages.
Different phenotypes of macrophages have distinct properties.
In this study, the effects of both subtypes on the endothelium
were examined. It was observed that supernatants from
M1 macrophage-derived foam cells (M1-FCs) induced EndMT,
with the cell morphology changing from a cobblestone-like
appearance to a spindle-shaped pattern (Fig. 3D), whereas,
supernatants from M2a-FCs or M2c-FCs did not exhibit
these changes (Fig. 3E and F). Notably, the macrophages (M1,
M2a and M2c) not pre-treated with ox-LDL did not exert any
EndMT-like effects on endothelial cells (Fig. 3A-C). Western
blot analysis demonstrated that the expression of endothelial
markers (VE-cadherin and CD31) was markedly reduced,
together with an observable increase in the expression of
mesenchymal markers (a-SMA and FSP-1) in the HAECs
treated with conditioned medium from M1-FCs (Fig. 3G).

Levels of cytokines and chemokines in the supernatants. It is
not clear which components in M1-FC conditioned medium
induced EndMT. TGF-f1 is one of the most important factors
for both epithelial-mesenchymal transition (EMT) and EndMT,
thus, TGF-f1 levels were examined in the supernatants of
macrophages and foam cells. The levels of TGF-p1 were
not significantly increased in the M1-FCs compared with
the M1 macrophages (Fig. 4). In addition, as inflammatory
cytokines result in EndMT, the levels of classical cytokines,
including TNF-a, IL-1f and IFN-y, were measured. There
was a significant difference in the levels of these cytokines in
the conditioned medium of M1-FCs compared with those in
M1 macrophages (Fig. 4). However, the concentration of these
cytokines was too low to induce EndMT (16)

Secretion of CCL-4 from M1 macrophage-derived foam cells
is involved in EndMT. Chemokines are important inducers of
EMT, and are critical in the formation and progression of athero-
sclerosis plaques (34-37); thus, a human chemokine protein
array was used to screen for alterations in the levels of chemo-
kines in foam cells. The protein array revealed a pronounced
increase in CCL-2, CCL-3, CCL-4, CCL-5, CCL-7 and fibrin-
ogen levels, and a decrease in CXCL-5 levels in the M1-FC
supernatants compared with the macrophages (Fig. SA and B).
However, ELISA confirmed that only the levels of CCL-2 and
CCL-4 exhibited a significant increase (Fig. 5C). However, the
effects of these cytokines on EndMT are unknown; thus, their
effects on EndMT were examined in the present study. CCL-2,
CCL-3, CCL-4, CCL-5 and CCL-7 were used to stimulate the
HAECGC:s, and the levels of EndMT markers were analyzed. The
results presented in Fig. 6 demonstrated a marked increase in
EndMT upon CCL-4 stimulation in a time- and concentra-
tion dependent manner (Fig. 6A and B), as evidenced by the
loss of endothelial marker expression (VE-cadherin) and the
increased expression of mesenchymal markers (a-SMA and
Vimentin). A weaker effect was observed after CCL-3 and
CCL-5 intervention (data not shown). CCL-2 and CCL-7 did
not exert any effect on EndMT (data not shown). Additionally,
blocking CCL-4 with anti-CCL-4 antibody reversed the above-
mentioned EndMT-related changes induced by the M1-FC
supernatant (Fig. 6C). These data suggest that CCL-4 produced
by M1-FCs plays a key role in EndMT.

CCL-4-induced EndMT contributes to endothelial barrier
dysfunction. Monocyte adhesion, infiltration and retention in
the arteries are key features of atherosclerosis. In this study,
to investigate the effect of EndMT on monocyte adhesion,
an in vitro adhesion assay was performed to determine the
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Figure 3. Conditioned medium from M1-FCs stimulates HAECs to undergo EndMT in vitro. HAECs were treated with conditioned medium from different
phenotypic macrophages: conditioned medium from (A) M1, (B) M2a and (C) M2c macrophages and (D) M1, (E) M2a and (F) M2c-derived FCs at 1:1 ratio with
EBM-2 for 6 days. HAEC:s treated with conditioned medium from M1-FCs lost the typical cobblestone-like morphology and gained a spindle-like appearance.
(G) Western blot analysis of endothelial and mesenchymal cell surface markers demonstrated that HAECs incubated with conditioned medium from M1-FCs
underwent EndMT. M1-FCs, M1 macrophage-derived foam cells; Con, control; M¢, macrophage; FC, foam cell; VE-cadherin, vascular endothelial cadherin;
a-SMA, a-smooth muscle actin; FSP-1, fibroblast-specific protein-1; EndMT, endothelial mesenchymal transition.
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Figure 4. TGF-B1, TNF-a, IL-18 and IFN-y levels in the supernatants. TGF-f31 and cytokine levels in the supernatants of different phenotypic macrophages and
foam cells were determined by enzyme-linked immunosorbent assay. Results are presented as the means + standard error of 3 independent experiments per-
formed with supernatants of cell cultures from different blood donors. “P<0.05 vs. M1 macrophage, TGF-B1, transforming growth factor-B1; M, macrophage;
FC, foam cell; TNF-a, transforming growth factor-a; IL-1p, interleukin-1f3; IFN-v, interferon-y.
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Figure 5. Secretion of chemokines in different phenotypic macrophages and FCs. Conditioned media from (A) M1 macrophages and (B) FC were evaluated using
a human chemokine array. (C) CCL-2, CCL-3, CCL-4, CCL-5 and CCL-7 levels in the supernatants were determined by enzyme-linked immunosorbent assay.
Results are presented as the means + standard error of 3 independent experiments performed with supernatants of cell cultures from different blood donors.
“P<0.05 vs. M1 macrophage. CCL, C-C motif chemokine ligand; CXCL-5, C-X-C motif chemokine ligand-5; M¢, macrophage; FC, foam cell.

adhesion of calcein-AM-stained THP-1 cells to HAECs. We
found that a small number of THP-1 monocytes adhered to
quiescent HAECs, but many more THP-1 monocytes adhered
to the CCL-4-treated HAECs (Fig. 7A and B). Western blot
analysis revealed the enhanced expression of VCAM-1 in the
HAEC:s stimulated with CCL-4 (Fig. 7C). These results suggest

that EndMT induced by CCL-4 contributes to inflammatory
cell adhesion to the vascular endothelium.

Additionally, the loss of endothelial barrier integrity contrib-
utes to the activation and formation of arterial lesions. Thus,
endothelial permeability was assessed using FITC-dextran.
In the cells undergoing CCL-4-induced EndMT, a >2-fold
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Figure 6. CCL-4 induces EndMT in a concentration- and time-dependent manner. (A) HAECs were cultured in medium containing 0, 25, 50 or 100 ng/ml CCL-4
for 6 days, and (B) HAECs were cultured in medium containing 100 ng/ml CCL-4 for 2, 4 or 6 days; the levels of VE-cadherin, vimentin and a-SMA were
determined by western blot analysis (C) EndMT induced by conditioned medium of M1-FCs was neutralized by human anti-CCL-4 antibody. Human CCL-4
neutralizing antibody (10 pg/ml) or isotype control were incubated at 37°C with conditioned medium for 1 h before addition to HAECs. EndMT, endothelial
mesenchymal transition; HAEC, human aortic endothelial cell; CCL-4, C-C motif chemokine ligand-4; VE-cadherin, vascular endothelial cadherin; a-SMA,
a-smooth muscle actin; M1-FC, M1 macrophage-derived foam cell; IgG, immunoglobulin G.
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Figure 7. CCL-4-induced EndMT contributes to endothelial barrier dysfunction. HAECs were pre-treated (A) without or (B) with 100 ng/ml CCL-4 for 6 days
and then co-cultured with calcein-AM-labeled THP-1 monocytes for 1 h. Micrographs (3 independent experiments) were obtained using fluorescence micros-
copy with a fluorescein blue filter. Magnification, x40. (C) Western blot analysis demonstrating the effect of CCL-4 at different concentration on the expression
levels of VCAM-1 in HAECs. (D) Permeability of HAECs was examined by the amount of fluorescein isothiocyanate-dextran to permeate the HAECs mono-
layer. Values are presented as the means + standard error from 3 experiments. “P<0.05 vs. control. HAEC, human aortic endothelial cells; CCL-4, C-C motif
chemokine ligand-4; VCAM-1, vascular cell adhesion molecule-1; EndMT, endothelial mesenchymal transition.

increase in endothelial leakage compared with the untreated
cells in monolayer was observed (Fig. 7D).

C-C motif chemokine receptor-5 (CCR-5) and TGF-§ are
involved in CCL-4-induced EndMT. The mechanisms through
which CCL-4 induces EndMT are not clear. Currently, CCR-5
is the unique known receptor of CCL-4. Therefore, in this
study, we investigated whether CCR-5 mediates CCL-4-
induced EndMT. Maraviroc is a widely used CCR-5 antagonist.
In this experiment, CD31 expression was restored and the
vimentin level was reduced in the HAECs treated with CCL-4
and maraviroc compared with the cells stimulated only with
CCL-4, which indicates that CCR-5 is involved in mediating
CCL-4-induced EndMT (Fig. 8A).

The downstream mechanisms of CCR-5 in the process of
EndMT are still unclear. It was previously reported that CCR-5
may modify the expression of TGF-f3, a key EndMT protein,
in endothelial progenitor cells (38). Therefore, the effect of the
CCL-4/CCR-5 axis on TGF-f expression was investigated in
this study. We observed that TGF-f expression was markedly
increased in the HAECs stimulated with CCL-4 compared with
the untreated HAECs; however, this effect was abolished by
pre-treatment with the CCR-5 antagonist, maraviroc (Fig. 8B).
Notably, the knockdown of TGF-f3 expression in the HAECs
inhibited the EndMT induced by CCL-4, as indicated by the
restored expression of CD31 and the decreased expression of
vimentin following TGF-p knockdown and CCL-4 stimula-
tion (Fig. 8C). These data indicated that CCL-4 promoted
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Figure 8. CCL-4 increases TGF-f levels via CCR-5. (A) Maraviroc, a C-C motif chemokine receptor-5 inhibitor, restored CD31 expression and reduced vimentin
level following CCL-4-induced EndMT. (B) TGF-f3 expression was increased in HAECs by CCL-4 in a concentration-dependent manner, and the effect was blocked
by maraviroc. (C) Knockdown of TGF-f3 expression in HAECs inhibited endothelial mesenchymal transition induced by CCL-4, as indicated by the reduced
expression of vimentin and the restored expression of CD31. CCL-4, C-C motif chemokine ligand-4; EndMT, endothelial mesenchymal transition; DMSO, dimethyl
sulfoxide; HAEC, human aortic endothelial cell; TGF-f, transforming growth factor-f; shRNA, short hairpin RNA; GFP, green fluorescent protein.

TGF-p expression via CCR-5, which induced EndMT in
HAECs. Thus, even though TGF-f expression exhibited no
significant increase inthe macrophages differentiating into
foam cells, it was upregulated by CCL-4 in the endothelium
and promoted EndMT.

Discussion

Endothelial dysfunction is a key factor that triggers and exac-
erbates the formation of atherosclerotic lesions. The present
study demonstrated that the endothelial space was much wider
and EndMT occurred in the intima of human aortic athero-
sclerotic plaques, however, it was absent in the normal aorta,
which indicated that the endothelial barrier was destroyed in
the atherosclerotic artery. We also observed that endothelial
barrier dysfunction associated with EndMT contributed to
monocyte adhesion to the endothelium and infiltration into
the subendothelium and a pro-inflammatory cell phenotype.
Further experiments revealed that EndMT was induced by
chemokine CCL-4 in a paracrine manner in M1-FCs in vitro
by increasing TGF-[3 expression.

EndMT may be a repair response or adaptation to patho-
logical stimulus, and contributes to the onset and progression of
vascular pathology. It has recently been confirmed that EndMT
is common during atherosclerosis and drives the progression of
atherosclerosis by increasing the deposition of fibronectin and
adhesion molecules (16) and, altering the collagen-matrix metal-
loproteinase balance (17). During the process of EndMT, intimal
endothelial cells lose their integrity followed by increased endo-
thelial barrier permeability and enhanced adhesion molecule
expression accompanied by increased monocyte adhesion (7).
Despite above-mentioned effects of EndMT on atherosclerosis,
the mechanisms through which EndMT mediates the process of
atherogenesis are largely unknown. The infiltration of various
inflammatory cells is an early and crucial process during the
development of atherosclerotic lesions. Inside the vascular wall,
inflammatory cells differentiate into macrophages and ingest
ox-LDL to form lipid-rich foam cells, which is the pivotal
pathological change of atherosclerosis. In the present study,
M1-FCs were demonstrated to secrete CCL-4 and promote
EndMT, which additionally increased endothelial permeability
and exacerbated monocyte infiltration, thus, forming a positive
loop to promote the development of atherosclerotic lesions. To

the best of our knowledge, the present study is the first to report
that macrophages induce EndMT, whereas other studies have
demonstrated that EMT can be induced by macrophages (34,35).

Previous studies have demonstrated that a direct increase
in TGF-p expression is involved in EMT. Additionally, the
majority of studies have reported that EMT is induced by
M2 macrophages (35,39); however, EndMT was not induced
by M2 macrophages in the present study. The most plausible
explanation for these differences between the effects of
M2 macrophages on EMT and EndMT may be that different
cell types exert diverse effects. However, M2 macrophages
may promote angiogenesis in a paracrine manner (40,41); as
is already known, angiogenesis plays an important role in the
development of atherosclerotic and plaque instability (42-44).
Theoretically speaking, M2 macrophages should be pro-
atherogenic due to their pro-angiogenic effects. However,
the emerging understanding of macrophage subsets and their
functions in atherosclerotic plaque has led to the consensus that
M1 macrophages are pro-atherogenic, while M2 macrophages
may promote plaque stability (27,28,45), primarily though their
tissue repair and anti-inflammatory properties. Additionally,
our previous study demonstrated that EndMT damaged endo-
thelial tube formation capacity in an in vitro angiogenesis
assay (46), which is consistent with our present results.

The present study demonstrated that CCL-4 was crucial
for M1-FC-induced EndMT, and to the best of our knowledge,
this is the first report to investigate the association between
EndMT/EMT and CCL-4. CCL-4 has been previously reported
to be associated with the development of atherosclerosis.
Population studies have demonstrated that increased CCL-4
levels are associated with a poor prognosis for coronary heart
disease (47-49). Mechanistic analysis has indicated that CCL-4
is increased in atherosclerotic plaques, and reducing its expres-
sion or inhibiting it with a CCR-5 antagonist can attenuate
the development of atherosclerosis (50). Classically, CCL-4
is regarded as a pro-inflammatory cytokine and mediates the
inflammatory cascade, promoting atherosclerotic lesion forma-
tion. The present study provided novel insight into EndMT and
the subsequent inflammatory cell infiltration and adhesion,
explaining the adverse effects of CCL-4 on atherosclerosis.
Additionally, our study demonstrated that the malignant effects
of CCL-4 were at least partially induced through CCR-5, the
only recognized receptor of CCL-4. As expected, CCR-5 has
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been reported to be involved in atherosclerosis. Increased
monocyte CCR-5 expression is associated with atherosclerosis,
and statins therapy has been demonstrated to reduce CCR-5
concentrations (51,52). Furthermore, CCR-5 expression in
monocytes has been demonstrated to be important for migra-
tion during the development of atherosclerosis (53) and the
CCRS antagonist, maraviroc, has been shown to be effective
in limiting plaque progression in different atherosclerosis
animal models (54). The present study also demonstrated that
monocytes were prone to adhere to the endothelial monolayer
following CCL-4 treatment, which explains the findings from
the aspect of a paracrine signaling mechanism and supports
that maraviroc, a drug used widely in clinical practice, may be
a novel potential treatment for atherosclerosis.

Certain limitations of the present study should be noted.
Firstly, the protein array was performed to measure chemo-
tactic cytokine family members; thus, even though classical
inflammatory cytokines promote EndMT, numerous cytokines
that are not part of this group were not examined. Additionally,
the mechanism through which CCL-4/CCRS promotes TGF-3
was not determined, and there is currently no reported evidence
regarding this regulatory mechanism, at least to the best of our
knowledge.

Despite limitations, the present study demonstrated that
EndMT is involved in endothelial barrier dysfunction and is
associated with plaque development. This study investigated
the molecular mechanisms that mediate EndMT and elucidated
a potential paracrine mechanism involving the interaction
between macrophages and endothelial function, which may be
beneficial for developing novel treatments for atherosclerosis
via targeting the CCL-4/CCRS axis.
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