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SFRPS serves a beneficial role in arterial aging by inhibiting the
proliferation, migration and inflammation of smooth muscle cells
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Abstract. Secreted frizzled-related protein 5 (SFRPS) is one
of the anti-inflammatory adipokines secreted from white
adipose tissue. However, little is known about the effect of
SFRPS5 on the cardiovascular system. The aim of the present
study was to determine the effect of SFRP5 on smooth muscle
cell (SMC) proliferation, migration and inflammation. The
plasma levels of SFRP5 were evaluated in a cohort-based
elderly population using ELISA, and the expression of SFRP5
in Sprague-Dawley rat aortas was detected using immunohis-
tochemistry. SMC proliferation and migration were evaluated
in vitro using 5-ethynyl-2'-deoxyuridine cell proliferation and
wound-healing assays, respectively, while reactive oxygen
species (ROS) production and cell signaling were assessed
using a 2')7'-dichlorodihydrofluorescein diacetate assay
and immunoblotting, respectively. The results revealed that
plasma levels of SFRP5 were positively correlated with
age in the elderly Chinese cohort. Similarly, aorta SFRP5
expression was significantly higher in 15-month-old rats
compared with 6-month-old rats. In vitro, SFRP5 significantly
inhibited rat aortic SMC proliferation and migration that
were induced by platelet-derived growth factor (PDGF)-BB,
as well as inhibiting ROS generation. Compared with the
effect of PDGF-BB on SMCs, SFRP5 at 100 and 200 ng/ml
significantly decreased SMC proliferation by 31.5 and 34.8%,
respectively (P<0.05). SFRP5 at 100 and 200 ng/ml also
inhibited the migration of SMCs by 24.9 and 28.4%, respec-
tively, when compared with the effects of PDGF-BB. SFRP5
attenuated the PDGF-BB-induced expression of 3-catenin and
proliferating cell nuclear antigen, while p38 phosphorylation
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was significantly attenuated. Together, the present results
suggested that SFRP5 may inhibit SMC proliferation, migra-
tion and inflammation by suppressing the Wnt/p3-catenin and
p38/mitogen-activated protein kinase signaling pathways.

Introduction

Aging is a major risk factor for the development of cardiovas-
cular diseases, and it has been estimated that 20% of the world's
population will be >65 years old by 2030 (1). With medical
advances, the life expectancy of humans has increased remark-
ably; however, this increase is coincident with the increased
morbidity and mortality of age-related diseases, including
cardiovascular aging. Aged vessels undergo biochemical,
histological and structural alterations, including inflammation,
arterial thickening and arterial stiffening. Vascular smooth
muscle cells (SMCs) are the most abundant cell type in
the medial layer of arteries and serve an important role in
aging-induced vascular dysfunction, including increased cell
proliferation, migration and inflammation (2).

The number of studies investigating perivascular adipose
tissue in vascular function and associated diseases has increased
in recent years. Adipokines secreted from perivascular adipose
tissue directly regulate vascular function through paracrine and
endocrine effects on the vascular wall (3), and participate in
the inflammatory response, vascular remodeling, proliferation
and migration of SMCs (4). The majority of adipokines are
pro-inflammatory, including leptin, visfatin and resistin,
while few are anti-inflammatory, such as adiponectin (4).
Secreted frizzled-related protein 5 (SFRPS) is a novel
anti-inflammatory adipokine of the SFRP family (5). It has
been implicated in adipogenesis, although its role in obesity
remains controversial (5,6). Ouchi et al (5) reported that SFRP5
expression was increased in wild-type mice upon administration
of a high-fat/high-sucrose diet for 12 weeks, while SFRP5
expression was downregulated after 24 weeks, indicating more
severe metabolic dysfunction. However, other studies have
reported that SFRP5 expression is upregulated in white adipose
tissue in diet-induced obesity (6,7). A number of previous studies
have reported that SFRPS inhibits inflammation, attenuates
hepatic stellate cell proliferation and suppresses smooth muscle
calcification via canonical and non-canonical Wnt signaling (8,9).
Furthermore, recent studies have investigating the association
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between SFRP5 and cardiovascular disease revealed that low
SFRP5 levels may contribute to the development of coronary
artery disease (10), and that SFRP5 antagonizes inflammatory
responses in the heart following ischemia/reperfusion (11).
However, the role of SFRPS in aged arteries remains unclear.
The aim of the present study was to investigate the role of SFRP5
on SMCs in vascular aging.

Materials and methods

Patients. Plasma SFRP5 levels were measured in blood samples
from participants in the Northern Shanghai Study, which is an
ongoing community-based prospective study. Written informed
consent was obtained from all participants. The present study
was approved by the Shanghai Tenth People's Hospital Ethics
Committee (Shanghai, China). Briefly, 1,745 participants aged
>65 years were enrolled in the present study. Venous blood
samples were obtained from the subjects after fasting over-
night. The study followed a previously published protocol (12).

Animals. All animal procedures were carried out humanely in
adherence with the animal experimental guidelines approved
by the Animal Care and Use Committee of Shanghai Tenth
People's Hospital (Shanghai, China). For immunohistochem-
ical staining, 12 Sprague-Dawley (SD) rats were randomly
divided into two groups and sacrificed after 6 or 15 months.
SD rats aged 6-8 weeks were used for SMC culture.

Cell culture. SMCs were isolated from the thoracic aorta of
6-8-week-old male SD rats. The aorta was obtained aseptically
by digestion method (13). Cells were cultured in Dulbecco's
modified Eagle's medium (Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) supplemented with 20% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.)
and 1% penicillin/streptomycin at 37°C with 5% CO,. Cells
between passage 2 and 7 were used in subsequent experiments
and cultured in 0.4% FBS for 24-h serum starvation prior to
the experiments.

Enzyme-linked immunosorbent assay (ELISA). Plasma was
isolated and stored at -80°C. Plasma SFRP5 levels were
measured using ELISA according to the manufacturer's
protocol (Human sFRP-5 DuoSet ELISA; R&D Systems, Inc.,
Minneapolis, MN, USA). Briefly, microtiter plates were coated
with diluted mouse anti-human SFRP5 capture antibody
and sealed. After overnight incubation at room temperature,
each well was washed with washing buffer (PBS containing
0.05% Tween 20). Next, 300 pl Reagent Diluent Concentrate
[1% bovine serum albumin (BSA) in PBS; pH, 7.2-7.4; 0.2-um
filtered] was added to each well and incubated at room
temperature for 2 h. Upon washing the plates three times
with washing buffer, 100 xl sample or standards in Reagent
Diluent Concentrate was added per well and incubated for 2 h
at room temperature. Next, 100 ul diluted biotinylated sheep
anti-human SFRP5 detection antibody was added to each well
and incubated for 2 h at room temperature. Following three
washes, 100 ul working dilution of streptavidin-horseradish
peroxidase B was added to each well, and the plate was incu-
bated for 20 min at room temperature. 100 ul substrate solution
was added to each well for 20 min at room temperature,
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following which 50 ul stop solution was added to each well.
The optical density of each well at 450 nm was immediately
determined using a microplate reader.

Immunohistochemistry. Thoracic aortas were obtained from
rats and fixed in 10% formalin. The aortic segments were then
dehydrated in a graded ethanol series, dewaxed with xylene
and embedded in paraffin wax. Upon paraffin embedding,
5-um sections were cut. The endogenous peroxidase activity
was blocked with 0.3% H,0, in PBS for 10 min, and slides were
blocked with 2% BSA following antigen retrieval. Next, slides
were incubated with rabbit polyclonal anti-SFRP5 antibody
(dilution 1:100; GeneTex, Inc., Irvine, CA, USA) overnight at
4°C, followed by exposure to the secondary antibody at room
temperature for 1 h and incubation with 3'-diaminobenzidine
substrate for 1-3 min. The specimens were counterstained
with hematoxylin and images were recorded using a Leica
DMI6000 microscope (Leica Microsystems, Inc., Buffalo
Grove, IL, USA).

Cell proliferation. SMC proliferation was determined using
a 5-ethynyl-2'-deoxyuridine (EdU) cell proliferation assay
(Invitrogen; Thermo Fisher Scientific, Inc.). Cells were seeded
on 12-well plates at a density of 1x10* cells/ml. Cells were
pretreated with 0, 10, 50, 100 or 200 ng/ml recombinant mouse
SFRP5 (R&D Systems, Inc.) for 24 h prior to stimulation with
platelet-derived growth factor (PDGF)-BB (20 ng/ml; R&D
Systems, Inc.). Cells without SFRP5 or PDGF-BB were used
as negative controls, while cells treated only with PDGF-BB
were used as positive controls. EQU (10 M) was added to each
well for 10 h, and cells were detected using the Click-iT cell
reaction cocktail (Thermo Fisher Scientific, Inc.) according to
manufacturer's instructions. Cells were counterstained with
Hoechst 33342 solution (5 pg/ml diluted in PBS) for nuclear
staining. The stained cells were examined under an Olympus
IX83 microscope (Olympus Corporation, Tokyo, Japan) and
images were captured.

Wound-healing assay. The effect of SFRP5 on SMC migration
was evaluated using a wound-healing assay. Cells were seeded
in a 6-well culture plate at a concentration of 1x10° cells/ml
and incubated until 90-100% confluence was reached. Cells
were pretreated with 0, 10, 50, 100 or 200 ng/ml recombinant
mouse SFRP5 for 24 h and a sterile pipette tip was used to
create a wound of ~5 mm in each well. PDGF-BB (20 ng/ml)
was added to the wells and cells without SFRP5 or PDGF-BB
were used as negative controls. Images were captured at O,
12, 24 and 36 h after wounding. The area of migration was
calculated as the difference between the initial area (S;) and
the area measured at each time (S,), while the migration rate
was defined as the migrated area divided by the initial area:
Migration rate=(S,-S,)/S,.

Estimation of ROS generation. Intercellular reactive
oxygen species (ROS) generation was assessed using 2',7'-diclo-
rofluorescein diacetate (H,DCFDA; Invitrogen; Thermo
Fisher Scientific, Inc.). SMCs were pretreated with SFRPS for
48 h, followed by incubation with H,O, (1.0 mM) for 30 min
and additional incubation with H,DCFDA (10 mM) for
30 min. Cells were subsequently subjected to flow cytometry
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Figure 1. Correlation between age and SFRPS5 expression. (A) Plasma SFRP5 increased with age in an elderly community. “P<0.05, as indicated. (B and C) Scatter
plots showing the correlation between SFRPS5 expression and age in (B) males and (C) females. SFRPS, secreted frizzled-related protein 5.

(FACSCalibur; BD Biosciences, San Jose, CA, USA), using an
excitation wavelength of 488 nm and an emission wavelength of
528 nm. The ROS generation rate was expressed as the ratio of
fluorescence-positive cells divided by the total number of cells.

Western blot analysis. SMCs pretreated with different concen-
trations of SFRP5 were co-incubated with 20 ng/ml PDGF-BB
prior to being harvested. Total protein was extracted from
these SMCs using a lysis buffer (Cell Signaling Technology,
Inc., Danvers, MA, USA). The protein concentration was deter-
mined using a BCA Protein Assay kit (Beyotime Institute of
Biotechnology, Shanghai, China) following the manufacturer's
instructions. Equal quantities of protein from each sample were
separated by 8-12% SDS-PAGE and transferred onto a nitrocel-
lulose membrane. Membranes were blocked with 5% BSA in
PBS-Tween 20 for 1 h prior to overnight incubation with the
primary antibodies. The primary antibodies used were diluted
as follows: Anti-B-actin (1:2,000; Cell Signaling Technology,
Inc.), anti-proliferating cell nuclear antigen (PCNA) (1:400;
Abcam, Cambridge, UK), anti-cyclin D1 (1:1,000; Cell
Signaling Technology, Inc.), anti-f3-catenin (1:600; Abcam) and
anti-total and anti-phosphorylated extracellular signal-regu-
lated kinase (ERK)1/2, c-Jun N-terminal kinase (JNK) and p38
(all 1:1,000; Cell Signaling Technology, Inc.). Membranes were
then incubated with secondary antibodies at room tempera-
ture for 60 min. The membranes were visualized using an
Amersham Imager 600 system (GE Healthcare Life Sciences,
Little Chalfont, UK) and enhanced chemiluminescence (GE
Healthcare Life Sciences). Quantitative analysis of the western

blot bands was achieved using Imagel software (National
Institutes of Health, Bethesda, MD, USA).

Statistical analysis. Each experiment was performed at least
three times. The results are expressed as the mean + standard
error of the mean. Differences between multiple groups were
determined using one-way analysis of variance and a least
significant difference post hoc test. Two-sided P<0.05 was
considered to indicate a statistically significant difference.
All statistical analyses were performed using SPSS software
v.20.0 (IBM Corp., Armonk, NY, USA).

Results

Plasma SFRP5 levels increase with age. The mean age
of the participants in the Northern Shanghai Study was
71.4+0.14 years (71.4+0.21 years for males and 71.4+0.19 years
for females). The mean plasma SFRP5 was 4.7+0.07 (4.2+0.10
for males and 5.2+0.09 for females). Correlation analysis
indicated that levels of plasma SFRP5 were significantly and
positively correlated with age for males (r=0.12; P<0.001) and
females (r=0.09; P<0.01) (Fig. 1). Participants were divided into
two groups based on their age (<71.4 years and =71.4 years) and
into subgroups based on sex. Significant differences in plasma
SFRPS5 level were observed between the two groups, both in
the total population and in the sex subgroups (P<0.001; Fig. 1).

SFRP5 expression in rat aortas. Immunohistochemical
staining revealed that the expression of SFRPS in the thoracic
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Figure 2. SFRP5 expression in rat aortas. Immunohistochemical staining of SFRPS in (A and B) 6-month-old rat aortas and (C and D) 15-month-old rat aortas.
Magnification, x40 and x400, as indicated. (E) Quantitative analysis of SFRP5 expression in 6- and 15-month-old rat aortas. ‘P<0.05, as indicated. m, month;

SFRPS, secreted frizzled-related protein 5.

aorta of 15-month-old rats was significantly higher compared
with 6-month-old rats (Fig. 2).

SFRP5 inhibits PDGF-BB-induced SMC proliferation and
migration. PDGF-BB has previously been reported to increase
the proliferation and migration of SMCs (14), and so cells
treated with PDGF-BB in the present study served as positive
controls. As shown in Fig. 3, 20 ng/ml PDGF-BB signifi-
cantly increased the proliferation of SMCs compared with
the control group (10.3+0.18% vs. 3.0+0.37%, respectively;
P<0.01). Pretreatment with recombinant SFRP5 significantly
inhibited PDGF-BB-induced cell proliferation. Compared
with the PDGF-BB group, cell proliferation decreased

with recombinant SFRP5 treatment at 50 (7.57+0.67% vs.
10.3£0.18%; P<0.05), 100 (7.1£0.31% vs. 10.3+0.18%; P<0.01)
and 200 ng/ml (6.7+0.51% vs. 10.3+0.18%; P<0.01; Fig. 3).

In the wound-healing assay, PDGF-BB significantly
enhanced the SMC migration rate compared with the control
group (51.4+3.99 vs. 24.8+2.21; P<0.01), whereas SFPRS5
significantly attenuated PDGF-BB-induced cell migration in
a dose-dependent manner (51.4+3.99 vs. 39.1+£3.05, 38.6+3.33
and 36.8+1.95 at 50, 100 and 200 ng/ml, respectively (P<0.05,
P<0.0 and P<0.01, respectively; Fig. 4).

SFRP5 attenuates H,O,-induced ROS generation. For that
PDGF-BB had no effect on the ROS production, we investigate
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Figure 3. SFRPS5 inhibits PDGF-BB-stimulated SMC proliferation. (A) Representative SMC proliferation among the different groups (magnification, x100).
(B) Analysis of SMC proliferation rates. "P<0.05 and “P<0.01 vs. the 20 ng/ml PDGF-BB only group. SFRP3, secreted frizzled-related protein 5; SMC, smooth
muscle cell; PDGEF, platelet-derived growth factor; EAU, 5-ethynyl-2'-deoxyuridine.

the impact of SFRP5 on ROS generation induced by H,O,.
ROS production in H,0,-stimulated SMCs was significantly
increased when compared to the control group (22.1+3.31 vs.
0.57+0.12; P<0.01), and this effect was markedly suppressed
by SFRP5 (Fig. 5). Cells pretreated with 200 ng/ml SFRP5
had markedly decreases ROS production compared with
H,O,-stimulated cells (11.5+1.4 vs. 22.1+3.31; P<0.01).

SFRP5 suppresses Wnt/ff-catenin signaling and p38
expression. To elucidate the effects of SFRPS on the
Whnt/pB-catenin signaling pathway in SMCs, the expression
of B-catenin, PCNA and cyclin DI protein was investigated.
PDGF-BB induced p-catenin and PCNA activation, which
was inhibited by treatment with SFRP5 (Fig. 6). Additionally,
mitogen-activated protein kinase (MAPK) phosphorylation
was examined. Stimulation with PDGF-BB induced the
rapid activation of p38 and JNK1/2 without affecting the
total levels of these proteins (Fig. 7). The PDGF-BB-induced
activation of p38 was significantly inhibited by SFRP5, while
PDGF-BB-induced JNK1/2 activation was not significantly
affected by pretreatment with SFRPS. No significant differ-
ences were observed in the total or phosphorylated levels of
ERK1/2 protein following SFRP5 treatment (Fig. 7).

Discussion

It has previously been reported that increased proliferation,
migration and inflammation of vascular SMCs contribute to
aging-induced vascular dysfunction (2). In the present study,
levels of SFRP5 were found to increase with age. In vitro,
SFRP5 inhibited the PDGF-BB-induced proliferation and
migration of SMCs, and also suppressed ROS generation.
These findings suggest that SFRP5 may serve a beneficial role
in vascular aging.

As a member of the SFRP family, SFRP5 secreted from
white adipose tissue is important in embryonic development
and organogenesis (15,16). Additionally, SFRP5 was identified
as an anti-inflammatory adipokine (5) and has been reported
to be involved in the regulation of adipocyte metabolism
and insulin resistance (5,6,17,18). A number of studies have
demonstrated that SFRPS5 is associated with cardiovascular
diseases, including vascular calcification (9), coronary artery
disease (10), myocardial infarction (11) and myocardial hyper-
trophy (19). However, little is known about the role of SFRP5
in aging-related arteriosclerosis. Arterial ageing is a complex
process, partly contributing to arteriosclerosis. In clinic,
pulse wave velocity (PWV) especially carotid-femoral PWV,
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Figure 4. SFRPS inhibits PDGF-BB-induced SMC migration. (A) Representative SMC migration among the different groups. Wound healing was monitored
at 0, 12,24 and 36 h following wounding. (B) Analysis of SMC migration rates. "P<0.05 and “P<0.01 vs. the 20 ng/ml PDGF-BB only group. SFRP35, secreted
frizzled-related protein 5; SMC, smooth muscle cell; RASMCs, rat aortic SMCs; PDGF, platelet-derived growth factor.

was accepted as a gold standard of arteriosclerosis and was
calculated by dividing pulse wave traveled distance by transit
time (PW V=distance/time). As the arterial stiffness is mainly
relevant with large arteries, we focused on the aorta to inves-
tigate the effect of SFRP5 on arterial stiffness. In the present
study, plasma levels of SFRPS5 increased with age in the overall
population and in sex subgroups. Immunohistochemical
analysis of rat aortas revealed a similar correlation between
age and SFRPS5 expression. Considering the anti-inflammatory
function of SFRP5 and the fact that age is an independent risk
factor for cardiovascular diseases, it was hypothesized that
SFRP5 expression may increase with age via negative feed-
back and may serve a protective role in aging.

To verify the above hypothesis, the role of SFRPS in vitro
was investigated. For that SMC is the major cell type in the
aorta and previous studies also indicated importance of SMC
in arterial stiffness, SMC was used in our study. The results
revealed that PDGF-BB increases the proliferation and migra-
tion of SMCs, which was consistent with previous studies (14).
PDGF-BB, an isoform of PDGF, can bind to PDGF receptor-f3
to induce receptor dimerization and autophosphorylation,

thus initiating several signaling pathways that are essential
for cell proliferation and migration. The PDGF-BB-induced
increase in SMC proliferation and migration could be inhib-
ited by pretreatment with SFRPS5. Western blotting results
revealed that SFRP5 inhibits PDGF-BB-induced expression of
[B-catenin and PCNA, as well as p38 phosphorylation. In addi-
tion, ROS generation is also involved in arterial ageing, while
PDGF-BB had no effect on ROS production. Therefore, we
used H,0, for ROS detection, and find that SFRP5 can inhibit
the ROS generation induced by H,0,.

Wat proteins are cell signaling molecules that participate
in various developmental events during embryogenesis and
activate canonical or non-canonical Wnt signaling pathways,
including the Wnt/B-catenin, planar cell polarity and Wnt/Ca**
signaling pathways (20). 3-catenin is a key downstream effector
of the Wnt/B-catenin signaling pathway, which is an evolution-
arily conserved pathway implicated in cell proliferation (21,22).
[-catenin stabilization results in 3-catenin translocation into the
nucleus, followed by increased expression of proliferation-related
genes (23). As SFRPs and Wnt proteins exhibit high homology
in their cysteine-rich domains, SFRPs, including SFRPS5, can
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factor; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; p-, phosphorylated; t-, total.

compete with the frizzled receptor to bind Wnt ligands and
regulate the canonical and non-canonical Wnt signaling path-
ways (24-26). In the present study, it was observed that SFRP5
attenuated [-catenin expression in SMCs. Furthermore, PCNA
expression was downregulated in SMCs. As MAPK signaling is
known to increase cell proliferation and migration, the role of
the MAPK signaling pathway in SMCs was investigated (27-29).
PDGF-BB has been reported to affect cell proliferation via
the activation of a number of intracellular signaling pathways,
including the MAPK signaling pathway (30,31). Our results
suggest that only p38 phosphorylation was observed inhibited
by SFRPS5 treatment, while no significant differences in JNK,
which is also a downstream target of the non-canonical Wnt
signaling pathway, were observed. A previous study reported
that SFRP5 attenuated JNK activation in macrophages and
adipocytes (5). This discrepancy may be partly due to the
different cell types used in the two studies and the complex
crosstalk between the Wnt/B-catenin and MAPK signaling
pathways. Therefore, further studies are required in order to
better understand the crosstalk between these complicated cells
signaling pathways.

SFRPS is an adipokine with anti-inflammatory effects, and
so the majority of previous studies have focused on its role
in metabolic syndrome-related diseases such as obesity and
insulin resistance. However, few studies have been conducted
to investigate the role of SFRP5 in CVDs, including vascular

calcification, coronary artery disease and myocardial infarc-
tion. To the best of our knowledge, no other study focused on
the role of SFRP5 in aging-related arteriosclerosis has been
published to date. Therefore, the present study demonstrated
for the first time that SFRP5 may serve a protective role in
arterial aging.

In conclusion, the results of the present study suggest
that SFRP5 may serve a beneficial role in arterial aging by
inhibiting SMC proliferation, migration and inflammation
via the Wnt/B-catenin and p38/MAPK signaling pathways.
Furthermore, the expression of SFRP5 may be an effective
biomarker for CVDs, particularly arterial stiffening. However,
further studies are required to confirm and verify the clinical
significance and mechanism of SFRP5 in CVDs.
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