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Abstract: CTRP3, discovered as novel adipokines, is a member of the C1q tumor necrosis factor (TNF) related 
protein (CTRP) super-family. CTRP3 is found to function as adipokines that display diverse biological activities in 
metabolic and cardiovascular diseases. Recent study demonstrated that CTRP3 was protective against pathologi-
cal cardiac remodeling in mice. Nevertheless, the effect of CTRP3 on vascular remodeling remains undefined. Our 
present study aimed to explore the effects of adipokine CTRP3 on the activation of adventitial fibroblasts (AFs) 
induced by TGF-β1. Immunofluorescent staining, real-time PCR and Western blot were conducted to evaluate the 
expression of α-smooth muscle-actin (α-SMA) and collagen I. The expression of CTGF was evaluated by enzyme-
linked immunosorbent assay (ELISA), while the proliferation and migration of adventitial fibroblasts were detected 
by using cell  counting kit-8 (CCK-8) assay and Transwell technique, respectively. Functional analysis showed that 
CTRP3 inhibited TGF-β1 inducing AFs phenotypic conversion, collagen synthesis, proliferation and migration. The 
secretion of CTGF was also inhibited by CTRP3. Our findings suggest that CTRP3 may be beneficial to the prevention 
of cardiovascular diseases and provide a promising therapeutic strategy to attenuate vascular remodeling.
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Introduction

Cardiovascular disease is the major reason of 
morbidity and mortality in the industrialized 
world [1]. Vascular remodeling, which repre-
sents any enduring changes in the size and/or 
composition of an adult blood vessel is a com-
mon feature of various cardiovascular diseas-
es, such as atherosclerosis, restenosis after 
angioplasty and hypertension [2]. As the impor-
tance of pathological vascular remodeling in 
cardiovascular diseases is increasingly recog-
nized, the prevention of inappropriate remodel-
ing has become a heated research topic in the 
field of cardiology. It is recently reported that 
studies targeted on modifying TGF-β1 may give 
rise to promising strategies in the treatment of 
pathological vascular remodeling [3]. Never- 
theless, presently no drugs are specifically tar-
geted on attenuating the pathological vascular 
remodeling in clinic.

Traditionally, adventitial was regarded as a sup-
porting connective tissue that provide nourish-

ment and support. Researches about vascular 
remodeling have long concentrated on the inti-
mal and medial layers [4]. In the last few 
decades, the capacity of adventitial fibroblasts 
(AFs) to influence vascular remodeling has 
received growing attention. Nowadays, consid-
erable evidences indicate that adventitial fibro-
blasts act as a biological processing center in 
the process of inappropriate of vascular remod-
eling and neointima formation. During response 
to inflammatory, hormonal and other environ-
mental stresses adventitial fibroblasts are the 
first vascular wall cells that exhibit evidences of 
“activation” [5]. Such activation of adventitial 
fibroblasts is denoted by increase in cell prolif-
eration and migration, up-regulated the expres-
sion of α-smooth muscle-actin (α-SMA) and 
extracellular matrix (ECM) proteins, as well as in 
the secretion of cytokines and chemokines that 
capable of modulating vascular wall cells gr- 
owth and initiating inflammation through influ-
encing vascular structure and function. The- 
refore, the study of AFs bioactivity and the pos-
sible mechanisms underlying adventitial ac- 
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tivation may provide a potential therapeutic 
strategy for vascular diseases. It is well estab-
lished that transforming growth factor-β1 (TGF-
β1) is one of the most key regulator of vascular 
fibrosis by inducing the activation of the fibro-
blasts [6]. Furthermore, TGF-β1 contributes to 
constructive remodeling through direct effects 
or via induction of CTGF [3, 7].

Most recently, C1q/TNF-related proteins (CT- 
RPs), a structural and functional adiponectin 
paralogs, have been discovered. Some mem-
bers of CTRPs are found to display diverse bio-
logical activities in metabolic and cardiovascu-
lar diseases. CTRP3 was first identified as a 
secreted protein induced in a murine mesen-
chymal stem cell line. This novel protein plays 
an important role in regulating cartilage devel-
opment and adiponectin secretion [8, 9]. 
Besides, CTRP3 also exerts an impact on the 
differentiation and growth of several types of 
cells, including endothelial, osteosarcoma and 
vascular smooth muscle cells [10, 11]. Mor- 
eover, CTRP3 displays diverse biological activi-
ties in the context of metabolic and cardiovas-
cular diseases. CTRP3 also has been reported 
to improve glucose metabolism in obese mice 
by suppressing gluconeogenesis and activating 
Akt signaling in the liver [12]. Recent research-
es have showed that, like adiponectin, circulat-
ing CTRP3 level was reduced in diet-induced 
obese mice [13]. Yi et al [14] discovered that 
the adipokine CTRP3 was protective against 
pathological cardiac remodeling and CTRP3 
replenishment dramatically increased the ratio 
of myocytes to fibrotic cells in the ischemic 
zone and significantly attenuated interstitial 
fibrosis. In addition, Li et al [15] found that the 
expression of CTRP3 gene was up-regulated 
after balloon-injure of rat carotid artery tissue. 
Taken together, these studies highlight a novel 
and significant role for CTRP3 in modulating 
cardiovascular functions.

A recent research has revealed that some 
CTRPs members, such as CTRP9, play a protec-
tive role in the heart against ischemia injury 
[16, 17], as well as attenuating vascular remod-
eling in response to vascular injury [18]. 
However, whether CTRP3, a key member of the 
newest adipokine family, may function as an 
inhibitor of pathological vascular remodeling 
has never been investigated. In the current 

study, we examined the effect of CTRP3 on the 
phenotypic conversion of adventitial fibroblasts 
to myfibroblasts, collagen production, cell pro-
liferation, migration and the expression of CTGF 
induced by TGF-β1 in vitro to explore the potent 
effects of CTRP3 on arterial remodeling. These 
findings provide new insights about the preven-
tion and treatment of vascular remodeling.

Materials and methods

Cell culture

The adventitial fibroblasts were cultured as 
described by Zhang et al and Kim et al. [19, 20]. 
Briefly, Sprague–Dawley rats were anesthe-
tized with chloral hydrate and rapidly decapi-
tated. Adventitia was carefully removed from 
rat thoracic aorta and minced into small pieces 
(1-2 mm2). The adventitia tissue pieces were 
then placed on culture flasks and cultured with 
Dulbecco’s modified Eagle’s medium (pH 7.2-
7.4) containing 20% fetal calf, and maintained 
in a humidified incubator with 95% air and 5% 
CO2 at 37°C. Fibroblasts migrated from the 
edge of tissues within 7-10 days. Once reached 
confluence, the isolated cells were harvested 
and used for experiments at passages 3 to 5. 
Before each experiment, cells were placed in 
DMEM containing 0.5% fetal bovine serum 
(FBS) for 4 h for serum starvation. AFs were 
pretreated by recombinant CTRP3 protein (10 
μg/ml)or vehicle for 16 h, followed by stimula-
tion with DMEM containing 10% FBS with or 
without TGF-β1 (10 ng/ml) for 24 h. All experi-
mental protocols were approved by Institutional 
Animal Care and Use Committee (the Shanghai 
Jiao Tong University). 

Immunofluorescent staining for α-SMA 

AFs were cultured on glass cover slips for two 
days. The cells were fixed with 4% paraformal-
dehyde for 15 minutes at room temperature, 
washed with PBS 3 times and permeabilized 
with PBS containing 0.25% Triton X-100. After 
rinsed with PBS 3 times, the cells were incu-
bated with 10% normal goat serum for 1 h at 
room temperature. Next, the cover slips were 
incubated with mouse anti-rat α-SMA monoclo-
nal antibody in a humid chamber overnight at 
4°C. After 3 washes with PBS, the cells were 
incubated with FITC-conjugated anti-mouse IgG 
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secondary antibody for 1 h at room tempera-
ture. Finally, cell cover slips were labeled by 
DAPI. The fluorescent images were captured 
using a confocal laser scanning microscope. 

Real-time reverse transcriptase–polymerase 
chain reaction

Total RNA was isolated from cultured cells with 
RNeasy Mini Kit (Qiagen), according to the man-
ufacturer’s protocol. The concentration of the 
total RNA was detected. Total RNA (1 ug) were 
reverse-transcribed into cDNA in 20 µl reaction 
volumes using the Prime Script RT reagent kit 
(Takara, China). The Real-time PCR was per-
formed with a Stratagene Mx3000p (Agilent 
Technologies, La Jolla, CA) detection system, 
using SYBR Green reaction mix (Takara, China) 
in the 20 µl reaction mixtures. The mRNA levels 
were normalized by GAPDH housekeeping 
gene. The PCR primers used were as follows: 
α-SMA forward: 5’-GGA GTG ATG GTT GGA ATG 
G-3’ and reverse: 5’-ATG ATG CCG TGT TCT ATC 
G-3’; COL-I forward: 5’-TGC CGT GAC CTC AAG 
ATG TG-3’ and reverse: 5’-CAC AAG CGT GCT 
GTA GGT GA-3’; GAPDH forward: 5’-GAA CGG 
GAA GCT CAC TGG C-3’and reverse: 5’-GCA TGT 
CAG ATC CAC AAC GG-3’. The reaction was run 
at 95°C for 30 s, followed by 40 cycles of 30 
sec at 95°C and 30 sec at 60°C. 

Western blot analysis

After appropriate treatments, cells were har-
vested with lysis buffer. Protein concentrations 
of cell lysates were measured by BCA Protein 
Assay Kit (Pierce, IL, USA). Equal protein am- 
ounts from each sample were separated by 
SDS-PAGE on 10% polyacrylamide gels, fol-
lowed by transferring onto nitrocellulose mem-
branes. The membranes were blocked in TBST 
containing 5% milk for 1 h at room temperature, 
and then the membrane was incubated with 
α-SMA, collagen I monoclonal antibodies over-
night at 4°C. Membranes were washed three 
times with TBST, and then incubated for 2 h at 
room temperature with a horseradish-coupled 
secondary antibody. Bands were detected 
using the ECL Western blotting detection kit. 
Signals were analyzed with the image analysis 
software Image Pro Plus 6.0 [21].

Cell proliferation assay

AFs were added into 96-well plates at 5.0×104/
ml cells per well in a total volume of 100 µl cul-

ture medium. The effect of CTRP3 on AFs viabil-
ity after various treatments was determined by 
cell counting kit-8 (CCK-8, Dojindo, Japan) 
assay. According to the protocol, 10 µl of CCK-8 
was added to each well and cultured for 4 h at 
37°C. The absorbance value at 450 nm was 
measured, using a microplate reader (Bio-Tek, 
VT, USA).

Migration assay

Cell migration assay was performed using a 
transwell system (Corning, New York, USA), as 
described previously [22], which allows cells to 
migrate through a polycarbonate membrane 
with 8-um pore size. In brief, AFs pretreated 
with or without recombinant CTRP3 protein for 
16 h were plated into the upper chamber, while 
the bottom chamber filled with 500 µl of DMEM 
containing 10% FBS with or without TGF-β1. 
After 24 h of incubation, the cells that had 
migrated through the pores were stained with 
DAPI. Quantification was performed by count-
ing five random fields under the microscope.

Elisa analysis 

Detection of CTGF with ELISA was performed 
using CTGF enzyme linked immunosorbent 
assay kit (Biovalue, China). After incubation, 
the samples were collected and centrifuged, 
and the levels of CTGF were measured. OD 
value was read at 450 nm by ELISA reader and 
the concentration of CTGF was calculated from 
a standard curve diagram. Dates were dis-
played as mean of CTGF concentration (μg/ml).

Statistical analysis

All measures were expressed as the mean ± 
SD. The software of SPSS version 19.0 was 
used to analyze the data. The results were ana-
lyzed by using one-way analysis of variance fol-
lowed by t-test. A value of P < 0.05 was consid-
ered to be statistically significant.

Results

CTRP3 inhibits TGF-β1 induced phenotypic 
conversion of fibroblasts 

The expression levels of a-smooth muscle-actin 
(α-SMA), a symbol of fibroblasts phenotypic 
conversion stimulated by TGF-β1, were mea-
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sured. To evaluate the role of CTRP3 in fibro-
blasts differentiating to myofibroblast, Imm- 
unofluorescence staining, Western blot and 
Real-time PCR were utilized to examine the 
expression of α-SMA. The expression of α-SMA 
was weakly stained in adventitia fibroblasts. As 
shown in Figure 1A, the immunofluorescence 
levels of α-SMA was increased after treatment 
of TGF-β1, which was significantly reduced by 
CTRP3 pretreatment. The similar results were 
also observed by analysis the mRNA and pro-
tein expression levels of α-SMA. It appears that 
the treatment of adventitia fibroblasts with 
CTRP3 could significantly reduced the expres-

sion levels of α-SMA mRNA and protein induced 
by TGF-β1.

CTRP3 attenuated TGF-β1 induced adventitial 
fibroblasts proliferation and migration

The proliferation of AFs was induced by the 
TGF-β1 stimulation. The OD values were signifi-
cantly higher in the TGF-β1 group compared 
with the control group (P < 0.05). However, 
compared with the TGF-β1 group, CCK-8 assay 
showed that the OD values in the CTRP3 pre-
treated group were decreased markedly (Figure 
2A). The effect of CTRP3 on AFs migration was 

Figure 1. CTRP3 attenuated TGF-β1-induced adventitial fibroblasts α-SMA expression. A: Immunofluorescence 
analysis of myofibroblast differentiation by staining with an α-smooth muscle actin (α-SMA) antibody. B: Quantitative 
analyses of α-SMA positive cells are presented. C: Western blotting was performed to determine α-SMA expression. 
D: Representative western blot images of α-SMA proteins and the relative content of α-SMA proteins after 
normalization to GAPDH expression. E: Real-time quantitative PCR was performed to determine mRNA levels. The 
data are presented as the mean ± SD. *P < 0.05 versus the control group; #P < 0.05 versus TGF-β1 group.
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analyzed by Trans-well migration assay (Figure 
2B). CTRP3 reduced AFs migration induced by 
TGF-β1 than those treated with TGF-β1 alone. 
These results suggested a significant contribu-
tion of CTRP3 to lessening TGF-β1 induced of 
AFs proliferation and migration.

Effect of CTRP3 on type I collagen expression 
of adventitial fibroblasts

The effects of CTRP3 on collagen I mRNA and 
protein expression were evaluated by Real-time 
PCR and Western blot. We found that TGF-β1 
remarkably increased collagen I mRNA and pro-
tein levels. In contrast, the pretreated adventi-
tia fibroblasts with CTRP3 exhibited a down-
regulation of collagen I mRNA and protein lev- 
els (Figure 3).

CTRP3 suppressed the expression of CTGF 
induced by TGF-β1

The levels of CTGF were detected by ELISA 
analysis. Results are depicted in Figure 4. The 
results demonstrated that the content of CTGF 
in the four groups were 117.44 ± 6.33, 454.30 
± 13.85, 320.87 ± 13.07, and 114.7 ± 8.04 
ng/mL, respectively. The content of CTGF in the 
CTRP3 pretreatment group was markedly lower 
than that in TGF-β1 group (P < 0.05). 

Discussion

Pathological vascular remodeling is a keystone 
of diverse cardiovascular diseases including 

hypertension, atherosclerosis and post-angio-
plasty restenosis [23]. Thus, it is necessary to 
find effective methods to prevent and reverse 
the pathological vascular remodeling. Recent 
study demonstrates that the adipokine CTRP3 
possesses protective properties on cardiac 
remodeling. However, there is little known 
about the effect of CTRP3 on vascular remodel-
ing. Our present investigation provided the first 
evidence that CTRP3 could directly regulate the 
activation of AFs stimulated by TGF-β1. The 
results showed that CTRP3 suppressed pheno-
typic conversion of AFs to MFs and inhibited 
collagen synthesis and the proliferation and 
migration of AFs induced by TGF-β1, elucidating 
a protective role of CTRP3 in pathological vas-
cular remodeling by modulating the responses 
of adventitial fibroblasts. In addition, CTRP3 
exerts an effect on the secretion of CTGF, which 
implies a role for CTGF in vessel protection 
induced by CTRP3. 

Subsequent evidences showed that vascular 
remodeling was an “adventitia-based” process. 
The adventitia is considered as the most sensi-
tive cell layer to blood pressure and other stim-
ulus [24]. As the primary cell type of adventitia, 
AFs exist various structural and functional 
behaviors responding to stimulus. Almost imm- 
ediately after injury, AFs are activated and 
transform into MFs with increased expression 
of α-SMA and collagen [4, 25], in which TGF-β1 
acts as a crucial modulator. TGF-β1 can be 
induced by various heart stress factors that are 

Figure 2. CTRP3 attenuated TGF-β1-induced adventitial fibroblasts proliferation and migration. A: CTRP3 inhibit the 
proliferation of fibroblasts. B: CTRP3 inhibits fibroblasts migration. Each bar represents the mean 6 SD of the OD 
values. *P < 0.05 versus the control group; #P < 0.05 versus TGF-β1 group.
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involved in cardiovascular disease, including 
mechanical stress, high glucose [26, 27]. It 
regulates a variety of pathophysiological and 
physiological processes including cell prolifera-
tion, migration and differentiation. Under the in- 
fluence of high levels of TGF-β1, adventitial 
fibroblasts can be activated and contribute to 
vascular remodeling. In experimental models, 
down expression of the TGF-β1 gene could 
attenuate these events and thereby prevent 
constrictive remodeling and neointima hyper-
plasia after vascular injury [28, 29]. Therefore, 
antagonism of vascular TGF-β1 signaling is con-
sidered as a putative therapeutic target in dis-
orders of the blood-vessel interface.

The activated adventitial fibroblasts, known as 
myofibroblasts, play important roles in the 
pathological vascular remodeling [30]. The 
switched phenotypic of adventitial fibroblasts 
to myofibroblasts is considered as a hallmark 
of vascular remodeling following vascular injury 
and is critical in fibroblasts aviation induced by 
TGF-β1 [31, 32]. Several studies have docu-
mented that the activated myofibroblasts could 
elevate the proliferation, migration and extra-
cellular matrix deposition. Myofibroblasts are 
characterized by the appearance of α-SMA and 
production of ECM components [33, 34]. They 
are metabolically active cells and can perform 
multiple cellular functions in response to cha- 
nges in local environments [35]. The accumula-

tion of myofibroblasts can contribute to chang-
es in the structure and tone of the vessel wall 
under pathophysiologic conditions [36, 37]. 
Collagen is a major component of ECM and 
accounts for more than fifty percent of vascular 
wall with stenosis [38]. Among all the collagen 
subtypes, type I collagen is considered to be 
most relevant to arterial remodeling. Synthesis 
and accumulation of collagen are essential for 
vascular homeostasis, development, and wou- 
nd healing. However, excessive collagen expres-
sion and deposition can lead to fibrotic disor-
ders. AS an active component of the vessel 
wall, ECM plays an important role in the patho-
physiology of vascular diseases. Considerable 
studies have demonstrated TGF-β1 could 
induce fibroblasts into myofibroblasts by stimu-
lating α-SMA expression [39] and promoting 
the secretion of ECM proteins, which have been 
found to play a vital role in the process of path-
ological vascular remodeling. In accordance 
with previous findings, the α-SMA mRNA and 
protein expression levels is obviously up-regu-
lated in AFs stimulated by TGF-β1. Moreover, 
we observed that pretreatment of adventitial 
fibroblasts with CTRP3 markedly decreased the 
expression of α-SMA and type I collagen, which 
were induced by TGF-β1. These findings sug-
gest that CTRP3 could blunt vascular remodel-
ing by inhibiting the differentiation of adventi-
tial fibroblasts and secretion of type I collagen. 

Figure 3. CTRP3 weakens TGF-β1-induced collagen 
synthesis. A: Collagen I protein levels were assessed 
by Western blot. GAPDH was a loading control. B: Level 
of quantification of Collagen I as a ratio of GAPDH in 
densitometric units was presented. C: Collagen I mRNA 
levels were assessed by quantitative real-time PCR. 
*P < 0.05 versus the control group; #P < 0.05 versus 
TGF-β1 group.
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The proliferative and migratory responses of 
cells in the adventitia contribute to vascular 
remodeling in restenosis [24]. The proliferation 
and migration of myofibroblasts are critical cel-
lular events in the development of constructive 
remodeling [40]. TGF-β1 is reported to be one 
of the most key factors that induce the prolif-
eration and migration of AFs in response to vas-
cular injury. Previous researches demonstrated 
blockage of TGF-β1 signaling pathway could 
markedly prevent fibroblast proliferation [41]. 
Previous studies showed that adventitia cell 
migration play a more vital role than cell prolif-
eration in vascular remodeling [22]. Thus, we 
investigated the effects of CTRP3 on AFs prolif-
eration and migration. Our present study 
revealed that TGF-β1 indeed up-regulated cell 
proliferation and migration in adventitial fibr- 
oblasts, which was consistent with former stud-
ies. Interestingly, we found all these changes 
were noticeable attenuated by treatment with 
CTRP3. Taken together, these results suggest-
ed a significant effect for CTRP3 in regulating 
fibroblasts growth and migration during vascu-
lar remodeling. 

To further examine whether CTGF is also 
involved in the process, we studied the secre-
tion of CTGF in TGF-β1 induced AFs pretreated 
with or without CTRP3. CTGF, which is believed 
to be a mediator of the profibrogenic effects of 
TGF-β1, plays a critical role in the architectural 
changes, followed by the vessel injury [42]. 
CTGF modulates different signal transduction 
pathways by interacting with various molecules, 

including cytokines and receptors, matrix pro-
teins and growth factors, which result in differ-
ent changes in cellular responses. In vitro stud-
ies have shown CTGF not only induces the 
activation of fibroblasts and enhances extracel-
lular matrix production but also regulates the 
activity of TGF-β1 [43], which all lead to vascu-
lar remodeling and fibrosis. It has been report-
ed that the maintenance of vascular function 
was modulated by interplay of TGF-β1 and CTGF 
[44]. CTGF could regulate the TGF-β1 signal 
pathway and contribute to the activation of AFs 
[42, 45]. Serving as an extracellular adapter 
protein, CTGF activates TGF-β signals by direct 
binding to TGF-β1 receptors in the extracellular 
space and then helps to present them to their 
receptors to stimulate cellular response. The 
previous research found that CTRP3 exerts 
potent anti-fibrotic and anti-inflammatory 
effects in Human primary colonic lamina pro-
pria fibroblasts by inhibiting the expression of 
collagen I and CTGF. Our study showed the simi-
lar results that CTRP3 obviously decreased the 
content of CTGF protein in cultured AFs induced 
by TGF-β1, although it was unable to suppress 
the basal level of CTGF protein expression. 
Added to previous findings that CTGF can 
induce fibroblasts activation and have a close 
interaction with TGF-β1, the findings above sug-
gest that, CTRP3 may suppress the activation 
of AFs provoked by TGF-β1, at least in part, by 
directly inhibiting the CTGF protein secretion or 
by inducing genes that are involved in the sup-
pression of CTGF. Our present investigation 
reveals a model of molecular crosstalk and 
support the active role for CTGF in vascular 
remodeling. 

In conclusion, this study first demonstrated the 
effect of CTRP3 on the activation of adventitial 
fibroblasts. CTRP3 could prevent TGF-β1 ind- 
uced adventitial fibroblasts proliferation, migra-
tion, phenotypic conversion, collagen synthesis 
and the expression of CTGF. The discoveries 
above have raised the prospect that CTRP3 
might ameliorate pathological vascular remod-
eling by manipulating the responses of adventi-
tial fibroblasts, in which CTGF may be involved. 
Collectively, the approaches aimed at enhanc-
ing CTRP3 levels may be a logical strategy for 
therapies in the alleviation of vascular remodel-
ing. However, further investigation is required 
to prove the viability of therapeutic approach in 
humans.

Figure 4. ELISA assay was used to determine the ex-
pression of CTGF. Results are presented as the mean 
± SD. *P < 0.05 versus the control group; #P < 0.05 
versus TGF-β1 group.
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