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FGF signaling contributes to atherosclerosis by enhancing
the inflammatory response in vascular smooth muscle cells
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Abstract. The contractile to synthetic phenotypic switching
of vascular smooth muscle cells (VSMCs) in response to
fibroblast growth factor (FGF) has been previously described.
However, the role of the inflammatory response induced by
FGF signaling in VSMCs and its occurrence in atheroscle-
rosis remains unclear. In the present study, FGF signaling
promoted a contractile to secretory phenotypic transition
in VSMCs. VSMCs (primary human aortic smooth muscle
cells) treated with FGF exhibited a decrease in the protein
expression levels of factors involved in contractility and the
secretion of various chemokines was increased, as assessed
by reverse transcription-quantitative PCR and ELISA.
Additionally, inhibition of FGF signaling by silencing
FGF receptor substrate 2 (FRS2) decreased the protein
expression levels of various chemokines. Furthermore,
VSMC s in the medial layers of arteries from apolipopro-
tein E-deficient mice and human atherosclerotic samples
exhibited an increase in FGF signaling that was identified
to be associated with an increase in the protein expres-
sion levels of pro-inflammatory molecules, including C-C
motif chemokine ligand 2, C-X-C motif chemokine ligand
(CXCL) 9, CXCL10 and CXCL11, compared with wild-type
mice and healthy control samples, respectively. The present
results suggested that FGF signaling induced dedifferentia-
tion of contractile VSMCs and the transition to a secretory
phenotype, which may be involved in the progression of
atherosclerosis. Collectively, the present results suggested
that the FGF signaling pathway may represent a novel target
for the treatment of atherosclerosis.
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Introduction

Atherosclerosis is the most common cause of cardiovascular
diseases (1). The processes involved in atherosclerosis are
complex and include endothelial cell activation, phenotypic
switching in vascular smooth muscle cells (VSMCs) and
leukocyte infiltration (2). However, the role of VSMCs in
atherosclerosis remains unclear. Mature VSMCs in the
medial layer of arteries exhibit a contractile phenotype and
express multiple contractile proteins (3). In the context of
atherosclerosis, medial VSMCs undergo a phenotypic switch
to a synthetic state (3). VSMCs may lose contractile markers
and acquire the ability to proliferate and synthesize various
components involved in extracellular matrix deposition, which
is involved in the growth of atherosclerotic plaques following
the migration of VSMCs in the neointima (4). Under stress
conditions, including organ transplant rejection, synthetic
VSMCs are involved in extracellular matrix deposition and
express a variety of chemokines that recruit alloreactive T
cells to the vascular wall (5-7). Therefore, medial VSMCs may
accelerate the atherosclerotic process by releasing chemokines
and promoting leukocyte infiltration.

The phenotypic plasticity of VSMCs is regulated by a
number of signaling pathways (8). Fibroblast growth factor
(FGF) is one of the growth factors released by VSMCs and
exhibits the ability to induce VSMC dedifferentiation and
proliferation. FGF receptor substrate 2 (FRS2) is a scaffold
protein interacting with FGF receptors (FGFRs) that medi-
ates multiple signaling pathways to the activated FGFR (9).
Following the activation of the FGF signaling pathway, VSMCs
undergo a phenotypic switch from a contractile to a synthetic
form (10). Activated FGF signaling inhibits the expression
level of transforming growth factor § receptor (TGFBR) 1
expression via the microRNA let-7 (11-13). Following acti-
vation of the FGF signaling pathway, the phosphorylation
of SMAD?2/3 decreases and transforming growth factor f§
(TGFp) signaling is repressed (14,15). TGF3 was previously
demonstrated to maintain VSMCs in a quiescent state and
contractile phenotype (16). In the present study, FGF signaling
was hypothesized to promote a secretory phenotype in VSMC,
promoting the expression of factors involved in extracellular
matrix deposition and pro-inflammatory factors.

In the present study, human VSMCs, and mouse and human
atherosclerotic samples were used to investigate the role of
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FGF signaling in VSMCs. FGF was identified to promote a
phenotypic transition in VSMCs, inducing VSMCs to secrete
various chemokines previously identified to be involved in
atherosclerosis, including C-C motif chemokine ligand 2
(CCL2), C-X-C motif chemokine ligand (CXCL) 9, CXCL10
and CXCLI11 (5-7). In the present study, medial VSMCs were
identified to secrete various chemokines in mouse and human
atherosclerotic samples, and exhibited an increase in FGF
signaling. Collectively, the present results suggested that FGF
signaling induced the release of chemokines by VSMC that
may be involved in leukocyte infiltration and plaque formation
in the atherosclerotic process.

Materials and methods

Cells and short hairpin RNA (shRNA). Primary human aortic
smooth muscle cells (HASMCs) were purchased from Lonza
Group, Ltd. (Basel, Switzerland) and cultured in Smooth
Muscle Cell Growth Medium-2 supplemented with 5% FBS
(Lonza Group, Ltd.). Following 5-8 passages, HASMCs were
used for further experiments. For reverse transcription-quan-
titative PCR (RT-qPCR) analysis, cells were serum-deprived
in 0.5% FBS for 48 h prior to treatment with FGF1 (50 ng/ml,
BioLegend, Inc., San Diego, CA, USA). Untreated cells were
used as control. For FGF signaling inhibition, HASMCs were
washed with Hank's balanced salt solution and transfected
with a lentivirus encoding an shRNA (5'-CTCTAAATGGCT
ACCATAATA-3'; Open Biosystems; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) targeting FRS2 for 6 h according
to the manufacturer's protocol. To construct FRS2a shRNA
lentivirus, 10 ug pLVX-IRES-puro (Addgene, Inc.) carrying
the FRS2a cDNA expression cassette, 2.5 yg of RSV-REV
plasmid (Addgene, Inc.), 5 ug pMDLg/PRRE vector and
3 ug pMD.2G vector (Addgene, Inc.) were cotransfected
into 293T cells using FUuGENE 6 (Promega Corporation,
Madison, WI, USA). The medium was harvested 48 h later
and HASMCs were treated with the resulting medium. An
empty pLVX-IRES-puro vector was used as control. HASMCs
were grown at 37°C and 5% CO, in smooth muscle cell growth
medium-2 (Lonza Group, Ltd., Basel, Switzerland). 48 h after
shRNA transfection, HASMCs were used for subsequent
experiments.

RNA extraction and analysis. The total RNA was extracted
from cultured cells using RNeasy Mini Kit (Qiagen GmbH,
Hilden, Germany) according to the manufacturer's protocol. Tri
Reagent was used (Molecular Research Center, Inc., Cincinnati,
OH, USA) to homogenize the cells. RNA samples were treated
with deoxyribonuclease I (DNase I; Ambion; Thermo Fisher
Scientific, Inc.) and were reverse-transcribed using random
hexamers and oligo-dT using the Multiscribe RT system
(TagMan RT reagents; Applied Biosystems; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. The
RT reaction was performed at 25°C for 5 min, followed by incu-
bations at 46°C for 20 min and at 95°C for 1 min. The RT-gPCR
was performed in 20 pl total volume in duplicate using cDNA
samples derived from total RNA. TagMan Universal PCR Master
Mix, primers and TagMan fluorescent probes were purchased
from the Assays-by-Design service (Applied Biosystems;
Thermo Fisher Scientific, Inc.). Thermocycling conditions were
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as follows: Uracil-DNA glycosylase activation at 50°C for 2 min,
initial denaturation at 95°C for 10 min, followed by 40 cycles
of 95°C for 15 sec and 60°C for 1 min. Using the AmpliTaq
Gold polymerase (Thermo Fisher Scientific, Inc.). Samples were
analyzed using CFX manager 3.1 (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Non-retrotranscribed RNA samples were
used as negative control. The expression levels of the target
genes were normalized to GAPDH and quantified using the
2-44¢4 method (17). The primers used in the present study were:
Actin o 2, smooth muscle (ACTA2; cat. no. Hs05005341_m1),
calponin 1 (CNNT; cat. no. Hs00154543_m1), TGFPR2 (cat.
no. Hs00234253_m1), CCL2 (cat. nos. Hs00234140_m1
and Mm00441242_m1), CXCL9 (cat. nos. Hs00171065_m1
and Mm00434946_m1), CXCL10 (cat.nos. Hs00171042_m1 and
Mm00445235_m1), CXCLI11 (cat. nos. Hs00171138_m1 and
Mm00444662_ml) and GAPDH (cat. nos. Hs02786624_g1
and Mm99999915_g1).

ELISA. Chemokine concentrations of human CCL2 (cat.
no. DCP00), CXCL9 (cat. no. DCX900), CXCLI10 (cat.
no. DIP100) and CXCLI11 (cat. no. DCX110) from cultured
VSMCs were determined by ELISA assay (R&D Systems,
Inc., Minneapolis, MN, USA) according to the manufacturer's
protocol. Samples and standards were added to the wells and
plates were incubated for 2 h at room temperature. Detection
solution was added to each well and the plates were further
incubated for 2 h at room temperature. Substrate solution was
added to each well and plates were incubated for 30 min at
room temperature. Stop solution was added to each well and
the optical density was detected using a Fusion® plate reader
(PerkinElmer, Inc., Waltham, MA, USA) after 30 min.

Animal studies. In total, 16 male C57BL/6J mice (WT;
age, 8-12 weeks; body weight, 25 g) and apolipoprotein E
(ApoE)-deficient mice (ApoE™; age, 8-12 weeks; body weight,
25 g) were purchased from The Nanjing Biomedical Research
Institute of Nanjing University (Nanjing, China). Mice were
housed under a 12-h light/dark cycle and maintained at a
temperature of 30-34°C with 30-70% relative humidity. The
WT mice were fed with standard rodent chow and the ApoE™"
mice were fed with a high-fat diet (normal chow supplemented
with 1.25% cholesterol and 40% kcal fat) for 4 months. Each
group consisted of eight mice. To harvest the aortic arteries,
mice were anesthetized and perfused through the left ventricle
sequentially with 0.9% sodium chloride. Mouse brachioce-
phalic arteries were removed under a dissection microscope
and preserved in 10% paraformaldehyde at 4°C prior to
embedding in optimum cutting temperature (OCT) compound.
Samples were cut into 5-ym thick transverse sections for
immunofluorescence, and 10-ym thick transverse sections
were cut for laser-capture microdissection and RT-qPCR
analysis. Animal experiments were performed according to
published guidelines (5), and the experimental procedures
were approved by The Ethics Committee of The First Hospital
of China Medical University (Shenyang, China).

Artery donors. The Ethics Committee of The First Hospital
of China Medical University approved the research protocols
and the experiments involving human subjects. All donors
provided written informed consent. The families of the
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Table I. Clinical characteristics of patients with atherosclerosis
and healthy subjects.

Healthy Patients with
Characteristic subjects (n=6)  atherosclerosis (n=6)
Age (years) 38.9+4.6 62.2+£12.6
Female to male ratio 1:1 1:5
Hyperlipidemia 0 (0%) 5(83.3%)
Current smoker 0 (0%) 2 (33.3%)

patients provided informed consent for the use of samples
from deceased organ donors. Clinical characteristics are
listed in Table I. Only patients >18 years old were enrolled
in the present study. Patients with cardiomyopathy and aortic
aneurism were excluded from the present study. In total, six
patients (age, 62.2+12.6 years; 1 female, 5 males) with coro-
nary atherosclerosis assessed by histological examination and
six healthy subjects (age, 38.9+4.6 years; 3 females, 3 males)
were enrolled in the present study. Human coronary arteries
were collected from explanted hearts of transplant recipi-
ents or deceased organ donors. The samples were collected
in The First Hospital of China Medical University between
January 2008 and December 2018.

Immunofluorescence. Human coronary arteries or mouse
brachiocephalic arteries were flushed with PBS, fixed in
10% paraformaldehyde at 4°C overnight, embedded in OCT
blocks, and cut into 5-um thick sections at -20°C. Sections
were incubated with primary antibodies at 4°C overnight,
washed with TBS three times, and incubated with Alexa
Fluor®-conjugated secondary antibodies at room temperature
for 1 h. The following primary antibodies were used: Mouse
anti-smooth muscle actin (SMA; 1:200; cat. no. ab7817,
Abcam, Cambridge, UK), rabbit anti-human/mouse phos-
phorylated (p-)FGFR1 (1:100; cat. no. ab59194; Abcam) and
rabbit anti-human/mouse TGFBR2 (1:100; cat. no. ab216483;
Abcam). The following secondary antibodies were used: Alexa
Fluor® 488 donkey anti-mouse IgG (1:200; cat. no. A21202;
Invitrogen; Thermo Fisher Scientific, Inc.) and Alexa Fluor®
594 donkey anti-rabbit IgG (1:200; cat. no. A21207; Thermo
Fisher Scientific, Inc.). Five sections from each graft and four
fields of view for each section were analyzed. The nuclei of
positive cells were counted using an epifluorescence micro-
scope under high magnification (magnification, x400).

Laser-capture microdissection. Human coronary arteries or
mouse aortic arteries were flushed with PBS without fixa-
tion, embedded in OCT blocks, cut into 10-xm thick sections
at -20°C and placed on nuclease-free, membrane-covered
frame slides. The medial layer of the aortic wall, primarily
consisting of VSMCs, was cut using a Pixcell laser-capture
epifluorescence microscope (magnification, 100x; Arcturus;
Thermo Fisher Scientific, Inc.) with a laser power setting of
38 mW, pulse duration of 1 msec, and a 10 gm spot size. The
cellular material was captured using CapSure LCM caps
(Thermo Fisher Scientific, Inc.) and digested in Nanoprep
lysis buffer (Agilent Technologies, Inc., Santa Clara, CA,
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Figure 1. FGF signaling downregulates the expression level of TGFBR2 and
upregulates the expression levels of various chemokines in VSMCs. Human
aortic smooth muscle cells were treated with or without FGF1 (50 ng/ml).
Reverse transcription-quantitative polymerase chain reaction was used
to assess the mRNA expression levels of (A) TGFBR2, ACTA2, CNNI1
and (B) various chemokines. GAPDH was used as the internal control.
Data are presented as fold changes in treated cells relative to untreated
controls. (C) Quantification of chemokines levels secreted by VSMCs by
ELISA. Experiments were repeated three times. Data are presented as the
mean + standard error. Statistical significance was determined by unpaired
two-tailed Student's t-test. "P<0.05, P<0.01, “"P<0.001 vs. untreated cells.
VSMCs, vascular smooth muscle cells; FGF1, fibroblast growth factor 1;
TGFBR2, transforming growth factor 3 receptor 2; ACTA2, actin a 2,
smooth muscle; CNNI, calponin 1; CCL2, C-C motif chemokine ligand 2;
CXCL, C-X-C motif chemokine ligand.

USA). The DNA content in each sample was quantified
using the Picogreen fluorometric assay system (Molecular
Probes; Thermo Fisher Scientific, Inc.). The total RNA was
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Figure 2. Inhibition of FGF signaling upregulates TGFBR2 and downregulates chemokines in VSMCs. Human artery smooth muscle cells were transfected
with FRS2 to inhibit FGF signaling. (A) Efficiency of shRNA transfection in VSMCs was measured by RT-qPCR. RT-qPCR was used to assess the expression
levels of (B) TGFBR2 and (C) various chemokines. GAPDH was used as the internal control. Data are presented as fold changes in transfected cells relative
to untreated controls. (D) Protein levels of chemokines secreted by VSMCs were determined by ELISA. Experiments were repeated three times. Data are
presented as the mean + standard error. Statistical significance was determined by unpaired two-tailed Student's t-test. ‘P<0.05, “P<0.01, *“P<0.001 vs. empty
vector control. FGF, fibroblast growth factor; VSMCs, vascular smooth muscle cells; RT-qPCR, reverse transcription-quantitative PCR; FRS2, fibroblast
growth factor receptor substrate 2; sShRNA, short hairpin RNA; TGFBR2, transforming growth factor 3 receptor 2; ACTA2, Actin a 2, smooth muscle; CNN1,
calponin 1; CCL2, C-C motif chemokine ligand 2; CXCL, C-X-C motif chemokine ligand; ND, not detectable.

isolated using the PicoPure RNA isolation kit (Thermo
Fisher Scientific, Inc.). RNA samples were treated with
DNase I (Ambion; Thermo Fisher Scientific, Inc.) and were
reverse-transcribed using random hexamers and oligo-dT
with the Multiscribe RT system (Applied Biosystems; Thermo
Fisher Scientific, Inc.) according to the manufacturer's
protocol. The RT reaction was performed at 25°C for 5 min,
followed by incubations at 46°C for 20 min and at 95°C for
1 min. An iCycler and its system interface software (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) were used to perform
gPCR. Amplification was performed as follows: Uracil-DNA
glycosylase activation at 50°C for 2 min, initial denaturation
at 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec
and 60°C for 1 min. Using the AmpliTaq Gold polymerase
(Thermo Fisher Scientific, Inc.). Non-retrotranscribed RNA
samples were used as negative control. The expression levels
of the target genes were normalized to GAPDH and quanti-
fied using the 2244 method (17). Standard curves for PCR
were constructed to identify the gene copy number in each
sample. The EC marker CD31 (cat. nos. Mm00476702_m1
and Hs00169777_m1; Thermo Fisher Scientific, Inc.) was
undetectable by RT-qPCR, suggesting that only medial

VSMCs were isolated without contamination of other layers
(data not shown).

Statistical analysis. Statistical analyses were performed
using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla,
CA, USA). Data are presented as the mean + standard error.
Unpaired two-tailed Student's t-test was performed to compare
two groups. P<0.05 was considered to indicate a statistically
significant difference.

Results

FGF signaling induces a synthetic phenotype in VSMCs
and promotes inflammation. To investigate the role of FGF
in VSMCs phenotypic switching and the expression levels
of inflammatory molecules, HASMCs were cultured with
or without FGF1 at a concentration of 50 ng/ml. RT-qPCR
and ELISA were used to examine the phenotype of cultured
VSMCs. The mRNA expression level of TGFBR2, involved
in VSMC differentiation (16), was decreased in cells treated
with FGF compared with untreated controls. Consistently
with the decreased expression level of TGFR2, the mRNA
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Figure 3. VSMCs in hypercholesterolemic mice exhibit activated FGFR2 and decreased expression level of contractile proteins. Immunofluorescence analysis
of VSMCs in brachiocephalic arteries of WT fed a standard chow or ApoE” mice fed a high-fat diet for 4 months. (A) Representative images of p-FGFR1
staining and (B) rate of p-FGFR1-positive medial cells. (C) Representative images of TGFBR2 staining and (D) rate of TGFBR2-positive medial cells.
(E) Representative images of SMA staining and (F) rate of ACTA2-positive medial cells. n=8 mice in each group. Sections were counterstained with DAPI
to visualize the nuclei in blue. Scale bar, 100 ym. Data are presented as the mean =+ standard error. Statistical significance was determined by unpaired
two-tailed Student's t-test. ““P<0.001 vs. WT. WT, wild-type; ApoE, apolipoprotein E; p-FGFR1, phosphorylated fibroblast growth factor receptor 1; TGFBR2,

transforming growth factor 3 receptor 2; SMA, smooth muscle actin.

expression levels of genes encoding contractile proteins,
including CNN1 and ACTA2, were decreased following
treatment with FGF (Fig. 1A). Treatment with FGF signifi-
cantly increased the protein and mRNA expression levels of
the inflammatory chemokines CCL2, CXCL9, CXCL10 and
CXCLI11 (Fig. 1B and C). The present data suggested that
treatment with FGF induced TGFBR2 inhibition and loss
of contractile markers. In addition, FGF activation induced
VSMCs to express various chemokines.

Inhibition of FGF signaling in VSMCs maintains their
contractile phenotype and suppresses inflammation. To further
investigate the role of FGF signaling in the phenotypic transi-
tion of VSMCs and in the synthesis of inflammatory cytokines,
FRS2 shRNA was used to knockdown the expression level

of FRS2 in HASMCs. RT-qPCR and ELISA were performed
to examine the expression levels of various chemokines in
cultured VSMCs. A significant decrease in the expression level
of FRS2 was detected in VSMCs transfected with FRS2 shRNA
(Fig. 2A). Additionally, the expression levels of genes encoding
the contractile proteins CNN1 and SMA (encoded by ACTA2)
were significantly increased following FRS2 knockdown. In
addition, the expression level of TGFBR2 was upregulated
following FRS2 knockdown cells compared with control
cells (Fig. 2B). The present results further suggested that FGF
signaling may inhibit TGFp signaling and influence the pheno-
type of VSMCs. Furthermore, the expression levels of genes
encoding chemokines was significantly decreased following
FRS2 knockdown (Fig. 2C). Additionally, the secretion levels of
CXCL9, CXCL10 and CXCLI11 were undetectable in the FRS2
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knockdown group (Fig. 2D). The present results suggested that
activation of the FGF signaling in VSMCs caused a significant
decrease in the expression levels of contractile markers and
an increase in inflammatory markers. Collectively, the present
results suggested that FGF signaling may serve a role in the
phenotypic switching of VSMCs by increasing the secretion of
chemokines by VSMCs. In addition, inhibition of FGF signaling
was sufficient to significantly decrease inflammation in VSMCs,
indicated by the changes in chemokines.

Increased FGF signaling in aortic VSMCs of ApoE™ mice.
FGF signaling was previously demonstrated to be involved
in atherosclerosis (15). The ApoE” mouse model is the most
common murine model used to investigate atherosclerosis. To
examine the role of FGF and TGFp signaling in the phenotype
of VSMCs in vivo, ApoE” mice and WT C57BL/6J mice were
used to compare the protein expression level of p-FGFR1 and
TGFBR2 in medial VSMCs. Immunofluorescence staining
was performed to investigate the protein expression levels
of p-FGFR1, TGFPR2 and ACTA2 in VSMCs. The medial
VSMCs in ApoE” mice exhibited an increased protein expres-
sion level of p-FGFR1, whereas SMA (encoded by ACTA?2)
was decreased (Fig. 3A and B). The protein expression levels
of TGFBR2 and SMA were decreased in VSMCs of ApoE™
mice compared with WT mice (Fig. 3C-F). The present results
suggested that FGF signaling was activated in the medial
VSMCs of aortic arteries exhibiting atherosclerotic plaques,
as assessed by SMA staining. Additionally, activation of
FGF signaling inhibited the expression level of TGFBR2 and
contractile proteins, suggesting the initiation of a phenotypic
switch in medial VSMCs.

Aortic VSMCs express chemokines in ApoE" mice. To examine
the protein expression levels of inflammatory molecules in
medial VSMCs in vivo, ApoE" mice and WT mice were used
to investigate the expression levels of various genes encoding
chemokines in the medial VSMCs of aortic arteries. To detect
the mRNA expression levels of genes associated with inflam-
mation in medial VSMCs and not in surrounding cells in the
intima and adventitia, laser-capture microdissection was used
to collect medial VSMCs. qPCR analysis of dissected medial
tissues suggested that VSMCs in WT mice exhibited signifi-
cant decreased expression levels of CCL2, CXCL9, CXCL10
and CXCLI11, compared with ApoE™ mice (Fig. 4). In addition,
VSMCs in ApoE” mice exhibited increased p-FGFRI1 and
decreased expression of contractile proteins. Collectively, the
present data were consistent with the aforementioned in vitro
results and demonstrated that active FGF signaling altered the
phenotype of VSMCs by inducing the expression of various
inflammatory molecules.

Increased FGF signaling in medial VSMCs of human coronary
arteries. To further investigate the role of FGF and TGFp
signaling in the phenotype of VSMCs in human, coronary
arteries were collected from patients with atherosclerotic plaques
and healthy donors. Subsequently, the expression levels of
p-FGFR1 and TGFfR2 in medial layer VSMCs were analyzed.
Immunofluorescence staining was used to examine the protein
expression levels of p-FGFR1, TGFBR2 and SMA. Consistent
with the aforementioned results in mouse, the medial VSMCs
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Figure 4. Vascular smooth muscle cells in hypercholesterolemic mice express
chemokines. Laser-capture microdissection method was used for dissection
of the medial layer of arteries collected from WT fed a standard chow or
ApoE-/- mice fed a high-fat diet for 4 months. Expression levels of gene
encoding chemokines were assessed by reverse transcription-quantitative
PCR. n=3 mice per group. GAPDH was used as the internal control. Data
are presented as fold changes in ApoE™ mice relative to C57BL/6 WT mice.
Data are presented as the mean + standard error. Statistical significance was
determined by unpaired two-tailed Student's t-test. "P<0.05 vs. WT. WT,
wild-type; ApoE, apolipoprotein E; CCL2, C-C motif chemokine ligand 2;
CXCL, C-X-C motif chemokine ligand.

in patients with atherosclerotic plaques exhibited upregulated
p-FGFRI1 and downregulated SMA expression (Fig. SA and B).
The protein expression levels of TGFfR2 exhibited the same
trend of SMA, with decreased expression in the medial VSMCs
of arteries from patients with atherosclerosis compared with
healthy controls (Fig. 5C-F). The present results suggested that
FGF signaling was activated in the medial VSMCs of coronary
arteries of patients with advanced atherosclerotic plaques.
Collectively, FGF signaling may inhibit the protein expression
level of TGFPR2 and contractile factors, inducing a phenotypic
switch in medial VSMCs.

Medial VSMCs release chemokines in human coronary
arteries. To examine the secretion of inflammatory molecules
by medial VSMCs in human, coronary arteries with advanced
plaques and healthy arteries were collected, and the expression
levels of various chemokines in the medial VSMCs of coro-
nary arteries were investigated. Laser-capture microdissection
was used to remove the medial layer of human coronary
arteries and to collect only medial VSMCs. RT-qPCR was
used to measure the mRNA expression levels of inflamma-
tory cytokines synthesized by medial VSMCs, and not by
additional cells in the intima and adventitia. The mRNA
expression levels of genes encoding the chemokines CCL2,
CXCL9, CXCL10 and CXCL11 were significantly increased in
coronary arteries from patients with atherosclerosis compared
with healthy controls (Fig. 6). The increase in the expression
levels of genes encoding chemokines in human patients was
observed in addition to the activation of FGF signaling and
the decrease in the expression level of SMA. Collectively, the
present results are consistent with the aforementioned analyses
in mice and suggested that upregulation of FGF signaling may
induce VSMCs phenotypic switching by promoting the secre-
tion of inflammatory molecules by VSMCs.
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Figure 5. VSMCs in human coronary arteries exhibit activated FGF receptors and decreased expression levels of contractile proteins. Immunofluorescence anal-
ysis on VSMCs in human coronary arteries with or without atherosclerosis. (A) Representative images of p-FGFR1 staining and (B) rate of p-FGFR1-positive
medial cells. (C) Representative images of TGFBR2 staining and (D) rate of TGFR2-positive medial cells. (E) Representative images of SMA staining and
(F) rate of ACTA2-positive medial cells. n=6 donors in each group. Sections were counterstained with DAPI to visualize the nuclei in blue. Scale bar, 100 pm.
Data are presented as the mean + standard error of the mean. Statistical significance was determined by unpaired two-tailed Student's t-test. ““P<0.001 vs.
healthy controls. p-FGFR1, phosphorylated fibroblast growth factor receptor 1; TGFBR2, transforming growth factor 3 receptor 2; SMA, smooth muscle actin.

Discussion

The role of the phenotypic switching of VSMC:s in the process
of atherosclerosis is not fully understood. In the present study,
FGF signaling was identified to induce phenotypic switching
of cultured VSMCs from a contractile state to a secretory
state, characterized by chemokine production. Suppressing
FGF signaling in VSMCs decreased the secretion of chemo-
kines. Furthermore, analysis of arteries from ApoE” mice and
human atherosclerotic patients suggested that medial VSMCs
exhibited an increase in the activation of FGF signaling
and in the expression levels of pro-inflammatory factors.
Collectively, the present results suggested that FGF signaling
may have a significant role in the regulation of VSMCs dedif-
ferentiation and in the expression of pro-inflammatory factors.

Additionally, the present results suggested that FGF signaling
may be a pro-atherogenic factor, able to suppress contractile
markers and to induce a secretory phenotype in VSMCs.

The FGF family includes 28 multifunctional ligands that
function as growth factors (18). FGF receptors are a family of
receptor tyrosine kinases consisting of five members (19-22).
In the arterial wall, endothelial cells and VSMCs express
FGFs and FGFRs (23). The FGFRs expressed at high levels
in VSMCs are FGFR1, FGFR2 and FGFR3, which are
activated by FGF1 (14). FGF signaling was previously demon-
strated to induce dedifferentiation VSMCs from a contractile
phenotype to a proliferative and synthetic state by inhibiting
TGFp signaling (14,15). In the present study, activated FGF
signaling was identified to increase the secretion of various
pro-inflammatory factors. The present results suggested that
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Figure 6. Vascular smooth muscle cells in human coronary arteries release
chemokines. Laser-capture microdissection methods were used for dissection
of the medial layer of human coronary arteries collected from health subjects
or from patients with atherosclerosis. Expression levels of genes encoding
chemokines were assessed by reverse transcription-quantitative polymerase
chain reaction. n=3 donors in each group. GAPDH was used as the internal
control. Data are presented as fold changes in patients with atherosclerosis
relative to healthy controls. Data are presented as the mean + standard error
of the mean. Statistical significance was determined by unpaired two-tailed
Student's t-test. "P<0.05 vs. no disease (healthy controls). CCL2, C-C motif
chemokine ligand 2; CXCL, C-X-C motif chemokine ligand.

FGF signaling may induce an increase in the protein expres-
sion levels of multiple chemokines in VSMCs, promoting
leukocyte trafficking to inflammatory sites, including athero-
sclerotic plaques.

VSMCs are the only cell type in the medial layer of
arteries. Arterial VSMCs exhibit contractile functions and
certain synthetic functions, including elastin and collagen
deposition. Under homeostatic conditions, VSMCs maintain
a quiescent phenotype and are involved in extracellular
matrix deposition and in the turnover of collagen and
elastin (7). Various stresses, including inflammatory stimuli
from microbial infection and infiltrated leukocytes, are
able to induce a pro-inflammatory response in VSMCs,
initiating phenotype switching, and promoting the release of
numerous cytokines and chemokines (6,24,25). The expres-
sion levels of inflammatory factors expressed by endothelial
cells and synthetic VSMCs are similar (26,27). Similarly
to endothelial cells, VSMCs can secrete large amounts of
pro-inflammatory factors, recruiting macrophages and T
cells to the vessel wall, particularly to the neointima and
adventitia (28-30).

Under atherosclerotic conditions, VSMCs in the medial
layer of arteries undergo a phenotypic switch in response to
various stimuli, including hypercholesterolemia, activated
endothelial cells and infiltrated leukocytes (3). In the present
study, synthetic VSMCs were identified to secrete increased
levels of pro-inflammatory molecules compared with contrac-
tile VSMCs, and synthetic VSMCs may serve a significant role
in initiating atherosclerosis. Various chemokines expressed by
VSMCs may initiate and promote atherosclerosis. CCL2 is a
potent chemoattractant that is able to recruit monocytes and
macrophages to the vessel wall,and induce them to infiltrate into
the neointima through the arterial lumen and into the adventitia
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through the postcapillary venules (31-34). Macrophages trans-
differentiate into foam cells in microenvironments exhibiting
high circulating levels of cholesterol and may promote plaque
development. CXCL9, CXCL10 and CXCLI11 are important
chemoattractants that recruit CXC receptor type 3-expressing
T cells into the vessel wall (34-38). These T cells may induce
the release of interferon y (IFNy) and tumor necrosis factor a
(TNFa) derived from macrophages and VSMCs, promoting
the progression of atherosclerotic plaques (5-7). Notably, the
level of CXCLI1O0 secreted by synthetic VSMCs is between 10-
and 100-fold higher compared with macrophages and T cells
in atherosclerotic arteries, whereas macrophages and T cells
are the principal cell types that secrete IFNy and TNFa (7).
This crosstalk between leukocytes and VSMCs may induce
a positive feedback loop in arteries causing progression of
atherosclerotic plaques.

Collectively, the findings of the present study suggested
that FGF signaling-induced phenotype switching leads to
increased secretion of chemokines by VSMCs, which may be
involved in leukocyte infiltration into the vascular lumen and
initiation of atherosclerotic lesion development. The present
results suggested that FGF signaling may promote athero-
sclerosis by increasing VSMC proliferation and by inducing
chemokine expression in VSMCs. Additionally, the present
study suggested that modulation of the FGF signaling pathway
may be an effective strategy for the treatment and prevention
of atherosclerosis.
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