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Background and aims: Obesity contributes to the progression of vascular disorders. C1q/TNF-related
protein (CTRP) 1 is a circulating adipokine, which is upregulated in obese complications including coronary artery disease. Here, we investigated the role of CTRP1 in regulation of vascular remodeling after
mechanical injury and evaluated its potential mechanism.
Methods: Mice were subjected to wire-induced injury of left femoral arteries. An adenoviral vector
encoding CTRP1 (Ad-CTRP1) or b-galactosidase as a control was injected into the jugular vein of mice 3
days prior to surgery.
Results: Systemic administration of Ad-CTRP1 to wild-type mice led to reduction of the neointimal
thickening after wire-induced arterial injury and the number of bromodeoxyuridine-positive cells in
injured vessels as compared with treatment with control vectors. Treatment of vascular smooth muscle
cells (VSMCs) with CTRP1 protein attenuated proliferative activity and ERK phosphorylation in response
to PDGF-BB. CTRP1 treatment increased cyclic AMP (cAMP) levels in VSMCs, and inhibition of adenylyl
cyclase reversed the inhibitory effect of CTRP1 on VSMC growth and ERK phosphorylation. Antagonization of sphingosine-1-phosphaterote (S1P) receptor 2 blocked the effects of CTRP1 on cAMP production and VSMC growth. Furthermore, CTRP1-knockout mice had enhanced neointimal thickening
following injury and increased numbers of proliferating cells in neointima compared to control WT mice.
Conclusions: These ﬁndings indicate that CTRP1 functions to prevent the development of pathological
vascular remodeling by reducing VSMC growth through the cAMP-dependent pathway.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Obesity contributes to the cluster of glucose intolerance, dyslipidemia, and hypertension, and this condition leads to the development of vascular diseases [1e4]. Obesity is also associated with
an increased risk for restenosis after coronary intervention [3,5e7].
Pathological remodeling of vascular wall occurs during the development of various vascular disorders including atherosclerosis,
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hypertension and postangioplasty restenosis, and strategies targeting such adverse remodeling can be valuable for prevention or
treatment of vascular disease [8,9].
It is well established that adipose tissue produces a variety of
secretory proteins, also known as adipokines, and that dysregulated production of adipokines under conditions of obesity contributes to the pathogenesis of metabolic and cardiovascular
diseases [1,10]. The family of C1q/TNF-related protein (CTRPs) is the
conserved paralog of adiponectin that contains collagen-like and
globular C1q-like domains [11e13]. CTRP1 is abundantly expressed
in adipose tissue [13]. Circulating CTRP1 levels are increased in
association with metabolic syndrome and type 2 diabetes [14e16].
Recently, we have shown that circulating CTRP1 concentrations are
increased in patients with CAD [17]. Similarly, plasma CTRP1 levels
are elevated in patients with acute coronary syndrome [18]. These

N. Kanemura et al. / Atherosclerosis 257 (2017) 138e145

data indicate that CTRP1 can be a circulating adipokine, which
serves as a marker for assessment of obesity-linked metabolic and
vascular disorders.
Experimentally, transgenic overexpression of CTRP1 improves
insulin sensitivity in obese mice [19]. CTRP1 is also reported to
prevent collagen-induced platelet aggregation [20]. Recently, we
have shown that CTRP1-knockout (CTRP1-KO) mice have increased
myocardial infarct size following ischemia-reperfusion (I/R)
compared with wild-type (WT) mice [21]. Conversely, systemic
administration of CTRP1 attenuates myocardial damage in response
to I/R in WT mice [21]. In contrast, it has been reported that CTRP1
deﬁciency leads to reduction of atherogenesis in a mouse model of
atherosclerosis [22]. Thus, CTRP1 may act as an important modulator of metabolic and cardiovascular function. However, little is
known about the role of CTRP1 in the regulation of pathological
vascular remodeling. In the present study, we investigated the action of CTRP1 on neointimal formation in response to mechanical
injury and evaluated its potential mechanism.
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described previously [23,25]. BrdU was injected intraperitoneally
24 h before sacriﬁce, and BrdU-labeled and unlabeled cells in
neointima were counted in 5 independent sections in each mouse.
The BrdU labeling index was deﬁned as the ratio of the number of
BrdU-labeled cells divided by the number of entire cells.
2.4. Analysis of reendothelialization
A planimetric measurement of reendothelialization following
arterial injury was carried out by a computerized digital image
analysis system (BZ-8000, Keyence, Osaka, Japan) as described
previously [23]. In brief, we intravenously administered 0.5% Evans
blue dye (20 mg/kg, Sigma) to mice. We deﬁned the initially injured
area as the total surface of the harvested arterial segment. We
deﬁned the reendothelialized area as the area unstained with Evans
blue dye. A percentage of the initially injured area represents the
extent of reendothelialization (% reendothelialization).
2.5. Immunohistochemical staining

2. Materials and methods
2.1. Materials
Antibodies to phospho-p42/44 extracellular signal-regulated
kinase (ERK) (Thr-202/Tyr-204), ERK and tubulin were purchased
from Cell Signaling Technology. Recombinant full-length human
CTRP1 protein was purchased from Aviscera Bioscience. CTRP1 antibody was purchased from Abcam (Cambridge, MA, USA). Human
recombinant platelet-derived growth factor (PDGF)-BB was purchased from Peprotech. SQ22536 was purchased from Sigma-Aldrich.
JTE-013 was purchased from Cayman Chemical. Adenoviral vectors
expressing b-galactosidase (Ad-b-gal) or full-length mouse CTRP1
(Ad-CTRP1) were prepared as described previously [21].
2.2. Mouse model of vascular injury
Male C57BL/6J wild-type (WT) mice were obtained from SLC Co.
Ltd. (Nagoya, Japan). CTRP1-knockout (CTRP1-KO) mice were
generated by TALEN-based method as previously described [21].
Littermate WT mice were used as controls. Mice were anesthetized
by pentobarbital (50 mg/kg) intraperitoneally. To perform wire
injury operation, a 0.38 mm steel wire (No. C-SF-15-15, Cook, IN,
USA) was inserted into the left femoral arteries of mice at the ages
of 10e12 weeks as described previously [23,24]. The 3  108
plaque-forming units (pfu) of Ad-CTRP1 or Ad-b-gal as a control
were injected into the jugular vein of WT mice 3 days prior to
surgery. Plasma CTRP1 protein levels were assessed by Western
blotting.
Intimal thickness was assessed as described previously [23,25].
Brieﬂy, at 3 weeks after wire injury, mice were sacriﬁced by
administering an overdose of sodium pentobarbital, and then
perfusion-ﬁxed with 4% paraformaldehyde. The femoral artery was
excised and embedded in parafﬁn. Sections (5 mm) from the middle
segments were stained with hematoxylin and eosin. The cross
sectional areas of the blood vessel layers, including the intimal,
medial and luminal areas, were measured with a computerized
digital image analysis system (BZ-8000, Keyence, Osaka, Japan)
[23,25,26]. Study protocols were approved by the Institutional
Animal Care and Use Committee in Nagoya University.

Tissue samples were embedded in OCT compound (Miles,
Elkhart, Indiana, USA) and snap-frozen in liquid nitrogen. Sections
from injured arteries were stained with anti-mouse CD68 antibodies (Abcam) for evaluation of inﬁltrating macrophages [27]. To
detect apoptosis, terminal deoxynucleotidyl transferaseemediated
dUTP nick-end labeling (TUNEL) staining for sections from injured
arteries was carried out by using the In Situ Cell Death detection kit
(Roche Diagnostics, Mannheim, Germany) [28].
2.6. Cell culture
Human vascular smooth muscle cells (VSMCs) (KURABO, Tokyo,
Japan) were cultured in HuMedia-SG2 (KURABO) as previously
described [23,25]. After serum deprivation with DMEM with 0.5%
fetal bovine serum (FBS) for 16 h, cells were treated with recombinant CTRP1 protein at indicated concentrations or vehicle for the
indicated lengths of time. In some experiments, VSMCs were preincubated with SQ22536 (10 mM), JTE013 (1 mM) or vehicle (DMSO)
for 60 min prior to the addition of CTRP1.
Human umbilical vein endothelial cells (HUVECs) were cultured
in endothelial cell growth medium-2 (EGM-2, CA, USA).
2.7. Cell proliferation assay
VSMCs (2.5  103 cells per well in 96 well plate) were treated for
16 h in DMEM with 0.5% FBS or PDGF-BB (10 ng/ml) in the presence
or absence of CTRP1 protein. HUVECs (2.5  103 cells per well in 96
well plate) were treated for 24 h in EBM with 0.5% FBS in the
presence or absence of CTRP1 protein. Proliferative activity of
VSMCs and HUVECs was assessed by DNA synthesis using BrdU cell
proliferation assay kit (Roche Diagnostics, IN, USA) [23,25,29].
2.8. Measurement of intracellular cAMP
cAMP contents in VSMCs and vessels were measured. VSMCs
(5  104 cells per well in 24 well plate) were stimulated with recombinant CTRP1 protein or vehicle for 15 min. Vessels from mice
at 7 days after arterial injury were collected. Intracellular cAMP
content was evaluated with an enzyme immunoassay kit (GE
Healthcare, NJ, USA) based on the manufacture's instructions [23].

2.3. Evaluation of cell proliferation in vivo
2.9. Western blotting
To detect proliferating cells in injured arteries, we performed
in vivo bromodeoxyuridine (BrdU) labeling using BrdU In-Situ
Detection kit (Beckton, Dickinson and Company, NJ, USA) as

Immunoblot analysis was performed as previously described
[23]. In brief, cell and blood samples were homogenized in ice-cold
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lysis buffer containing 20 mM Tris-HCl (pH 8.0), 1% Nonidet P-40,
150 mM NaCl, 0.5% deoxycholic acid, 1 mM sodium orthovanadate,
and protease inhibitor mixture (Sigma). The equal amounts of
protein or plasma were separated with SDS-PAGE, and transferred
onto PVDF membrane (GE Healthcare, NJ, USA). The membranes
were incubated with the indicated primary antibodies followed by
secondary antibody. We quantiﬁed relative phosphorylation or
protein levels using the Image J program and normalized them
relative to tubulin levels.
2.10. Statistical analysis
All analyses were performed using IBM SPSS Statistics23 software (SPSS Inc, IL, USA). Student t-test was performed for comparison between two independent groups. Turkey's HSD test was
performed for comparison of three or more independent groups. A
p value < 0.05 was considered signiﬁcant. All data are shown as
means ± SEM.
3. Results
3.1. Intravenous injection of CTRP1 inhibits neointimal thickening
after arterial injury
To assess the impact of CTRP1 on neointimal thickening
following vascular injury, WT mice were treated intravenously with
Ad-CTRP1 or Ad-b-gal as a control and subjected to wire-induced
injury of femoral artery. Ad-CTRP1-treated mice showed a
2.3 ± 0.5-fold increase in circulating CTRP1 level at 5 days after
adenoviral injection, compared with control Ad-b-gal-treated mice
(Supplementary Fig. 1). Fig. 1A shows representative HE-stained
sections from femoral arteries of Ad-CTRP1-treated or Ad-b-galtreated WT mice at 21 days after surgery. Ad-CTRP1-treated mice
showed a signiﬁcant reduction of the I/M area ratio compared with
control mice (Fig. 1A). Ad-CTRP1 treatment also reduced the percentage of luminal narrowing in injured artery in WT mice
compared with control (Fig. 1A).
To investigate the effect of CTRP1 on cell proliferation in the
neointima, BrdU staining was performed in injured arteries at 7
days after wire surgery (Fig. 1B). Quantitative analysis of BrdU labeling index revealed that Ad-CTRP1 signiﬁcantly decreased the
number of BrdU-positive proliferating cells in the neointima in WT
mice compared with control (Fig. 1B). In contrast, little or no BrdUlabeled cells were observed in non-injured arteries of control or AdCTRP1-treated mice following sham operation (data not shown).

Fig. 1. Systemic administration of CTRP1 reduces neointimal thickening and cell proliferation in injured vessels. (A) Effect of CTRP1 on neointimal thickening in WT mice
after vascular injury. (Upper panels) Representative hematoxylin-eosin-stained sections of femoral arteries from Ad-CTRP1-treated and Ad-b-gal-treated WT mice at 21
days after operation. Scale bar ¼ 50 mm. (Lower panel) Quantitative analysis of the I/M
ratio (the ratio of intimal area/medial area) and the percentage of luminal narrowing
(100  intimal area/intimal area þ luminal area). Results are shown as the mean ± SEM
(n ¼ 6 in each group). (B) Effect of CTRP1 on cell proliferation in injured artery. (Upper
panels) Representative BrdU staining of femoral arteries from Ad-CTRP1-treated and
Ad-b-gal-treated WT mice at 7 days after surgery. Scale bar ¼ 10 mm. (Lower panel)
BrdU labeling index denotes the ratio of the number of BrdU-labeled cells divided by
the number of the entire cells (mean ± SEM, n ¼ 5 in each group).

3.2. CTRP1 suppresses VSMC proliferation in response to PDGF-BB
To test the action of CTRP1 on vascular cell proliferation at the
cellular level, VSMCs were pretreated with various concentrations of
recombinant CTRP1 protein followed by stimulation with PDGF-BB.
Treatment of VSMCs with PDGF-BB signiﬁcantly increased DNA
synthesis, as assessed by BrdU incorporation assay, compared with
treatment with 0.5% FBS. Pretreatment with CTRP1 protein dosedependently attenuated DNA synthesis of VSMCs after stimulation
with PDGF-BB (Fig. 2). We also examined the effect of CTRP1 on VSMC
migration by a Boyden chamber assay. Treatment with PDGF-BB led
to increased numbers of migrated VSMCs, which were suppressed by
pretreatment with CTRP1 protein (Supplementary Fig. 2).
3.3. CTRP1 inhibits VSMC proliferation through the cAMPdependent pathway
Because the increased intracellular levels of cAMP, a major
second messenger produced by adenylate cyclase, are associated

Fig. 2. CTRP1 attenuates PDGF-BB-induced DNA synthesis of VSMCs. VSMCs were
treated with or without recombinant CTRP1 protein at indicated concentrations for
16 h, followed by stimulation with PDGF-BB or vehicle for 24 h. DNA synthesis was
evaluated by BrdU incorporation (mean ± SEM, n ¼ 14 in each group). *p < 0.05,
**p < 0.01.
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with reduction of VSMC proliferation [30,31], we assessed cAMP
contents in VSMCs after treatment with CTRP1. Treatment of
VSMCs with CTRP1 increased the intracellular cAMP levels (Fig. 3A).
To examine the possible involvement of cAMP in the effect of
CTRP1 on VSMC proliferation, VSMCs were pretreated with the
adenylate cyclase inhibitor SQ22536 or vehicle, and incubated in
the presence or absence of CTRP1 protein followed by stimulation
with PDGF-BB or vehicle. Pretreatment with SQ22536 reversed the
inhibitory effect of CTRP1 on PDGF-BB-induced DNA synthesis in
VSMCs (Fig. 3B).
Because sphingosine 1 phosphate (S1P) is a bioactive phospholipid that modulates VSMC behavior through S1P receptors
[32,33], VSMCs were pretreated with the S1P receptor 2 (S1P2)
antagonist JTE013 or vehicle. Pretreatment of VSMCs with JTE013
blocked the suppressive action of CTRP1 on PDGF-BB-induced DNA
synthesis (Fig. 3C). Furthermore, pretreatment with JTE013
diminished CTRP1-induced increase in cAMP level (Fig. 3D). These
data indicate that CTRP1 suppresses VSMC proliferation through
S1P-cAMP-dependent pathway.
3.4. CTRP1 suppresses ERK phosphorylation in VSMCs
Because ERK activation positively regulates VSMC proliferation
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[34], we examined whether CTRP1 affects PDGF-BB-induced ERK
phosphorylation in VSMCs. Treatment of VSMCs with PDGF-BB led
to an increase in ERK phosphorylation at Thr-202/Tyr-204, which
was diminished by pretreatment with CTRP1 protein (Fig. 4A).
Furthermore, pretreatment of VSMCs with SQ22536 reversed the
inhibitory effect of CTRP1 on PDGF-BB-induced phosphorylation of
ERK (Fig. 4B).
3.5. CTRP1 deﬁciency leads to enhanced neointimal formation after
vascular injury
Finally, we investigated the role of endogenous CTRP1 in neointimal hyperplasia after vascular injury. CTRP1-KO mice and control mice were subjected to wire-induced injury of femoral arteries.
Fig. 5A shows representative pictures for HE-stained sections of
arteries in CTRP1-KO and control mice at 21 days after injury.
Quantitative analysis of neointimal hyperplasia demonstrated that
the I/M area ratio was signiﬁcantly increased in injured artery of
CTRP1-KO mice compared with that of control mice (Fig. 5A). The
percentage of luminal narrowing in injured vessels was increased
in CTRP1-KO mice compared with control mice (Fig. 5A). Furthermore, the number of BrdU positive proliferating cells in the neointima was signiﬁcantly higher in CTRP1-KO mice than in control

Fig. 3. CTRP1 inhibits VSMC proliferation through the cAMP-dependent pathway. (A) Effect of CTRP1 on cAMP levels in VSMCs. VSMCs were stimulated with CTRP1 protein (10 mg/
ml) for 15 min (mean ± SEM, n ¼ 7 in each group). (B) Involvement of cAMP in the effect of CTRP1 on PDGF-BB-induced DNA synthesis. VSMCs were pretreated with the adenylate
cyclase inhibitor SQ22536 (10 mM) or vehicle (DMSO) for 60 min and cultured in the presence or absence of CTRP1 (10 mg/ml) for 16 h, followed by stimulation with PDGF-BB (10 ng/
ml) or vehicle for 24 h. DNA synthesis was assessed by BrdU incorporation (mean ± SEM, n ¼ 12 in each group). (C) Contribution of S1P receptor 2 to the effect of CTRP1 on PDGFBB-induced DNA synthesis. VSMCs were pretreated with the S1P receptor 2 (S1P2) antagonist JTE013 (1 mM) or vehicle (DMSO) for 60 min and treated with or without CTRP1 (10 mg/
ml) for 16 h, followed by stimulation with PDGF-BB (10 ng/ml) or vehicle for 24 h. DNA synthesis was assessed by BrdU uptake (mean ± SEM, n ¼ 23 in each group). (D) Effect of
S1P2 blockade on CTRP1-induced accumulation of cAMP. VSMCs were pretreated with JTE013 (1 mM) or vehicle (DMSO) for 60 min and stimulated with CTRP1 protein (10 mg/ml) for
15 min (mean ± SEM, n ¼ 6 in JTE group, n ¼ 8 in DMSO group).
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Fig. 4. CTRP1 inhibits PDGF-BB-stimulated ERK activation in VSMCs. (A) Impact of CTRP1 on PDGF-BB-induced ERK phosphorylation. VSMCs were treated with CTRP1 (10 mg/ml) or
vehicle followed by treatment with PDGF-BB (10 ng/ml) or vehicle for 5 min. The phosphorylation of ERK (P-ERK) was determined by Western blot analysis. (Left panels)
Representative blots. (Right panel) Quantitative data of ERK phosphorylation (mean ± SEM, n ¼ 3 in each group). (B) cAMP is involved in the effect of CTRP1 on PDGF-BB-induced
ERK activation. VSMCs were pretreated with SQ22536 (10 mM) or vehicle (DMSO) for 60 min, and treated with CTRP9 (10 mg/ml) or vehicle followed by stimulation with PDGF-BB
(10 ng/ml) or vehicle for 5 min (Left panels) Representative blots. (Right panel) Quantitative data of P-ERK levels (mean ± SEM, n ¼ 3 in each group).

mice (Fig. 5B). CTRP1-KO mice also showed reduced cAMP levels in
injured arteries compared with control mice (Fig. 5C). In contrast,
the number of TUNEL positive apoptotic cells in the neointima did
not signiﬁcantly differ between CTRP1-KO and control mice
(Fig. 5D). Moreover, the extent of reendothelialization in injured
arteries did not signiﬁcantly differ between CTRP1-KO and WT
mice (Fig. 5E). Treatment with CTRP1 had no effects on proliferative
activities of HUVECs, as assessed by BrdU incorporation
(Supplementary Fig. 3). Finally, macrophage accumulation in the
injured artery was assessed by staining with anti-CD68 antibodies.
The number of CD68-positive cells in the neointima was signiﬁcantly higher in CTRP1-KO mice than in WT mice (Fig. 5F).
4. Discussion
The present study provides the novel evidence that CTRP1 acts
as a negative regulator of pathological vascular remodeling in vivo.
Increased levels of plasma CTRP1 by intravenous adenoviral vectors
resulted in reduced neointimal thickening after vascular injury and
decreased cell proliferation in injured arteries in WT mice in vivo. In
addition, CTRP1 deﬁciency led to a signiﬁcant increase in injuryinduced neointimal hyperplasia and cell growth in injured vessels. Loss of CTRP1 also enhanced macrophage accumulation in
injured vessels without affecting the extent of apoptosis and

reendothelialization. Furthermore, treatment with recombinant
CTRP1 protein signiﬁcantly suppressed growth factor-induced
VSMC growth in vitro. These data suggest that endogenous CTRP1
functions to protect the vasculature from damage by directly
affecting VSMC growth.
Clinically, circulating CTRP1 levels are increased in patients with
obesity-linked disorders such as CAD and type 2 diabetes [14e17].
CTRP1 expression is also increased in adipose tissue in rodent
diabetic models [12]. Several reports showed that CTRP1 exerts
beneﬁcial actions on metabolic dysfunction, ischemic heart disease
and platelet function [19e21]. Our present study indicates that
CTRP1 prevents vascular stenosis after injury. Several experimental
studies indicate the protective role of adiponectin in pathological
vascular remodeling. Deletion of adiponectin contributes to
enhanced neointimal hyperplasia in response to vascular injury
in vivo [35,36]. Adiponectin also suppresses VSMC proliferation
in vitro [37,38]. Furthermore, CTRP9 reduces VSMC growth and
neointimal formation following vascular injury [23]. Thus, CTRP1
may serve as a vasculoprotective adipokine, with similar effects on
vascular injury to adiponectin and CTRP9. However, in contrast to
CTRP1, most of cardiovascular protective adipokines including
adiponectin and CTRP9 are downregulated by obese conditions.
Increased cAMP levels inhibit VSMC proliferation in vitro and
reduce neointimal hyperplasia after mechanical injury in vivo
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Fig. 5. CTRP1-KO mice have increased neointimal thickening following vascular injury. (A) Assessment of neointimal thickening in injured arteries in WT (control) and CTRP1-KO
mice. (Upper panels) Representative hematoxylin-eosin-stained sections of femoral arteries from control and CTRP1-KO mice at 21 days after wire injury. Scale bar ¼ 50 mm. (Lower
panel) Quantitative analysis of I/M ratio (the ratio of intimal area/medial area) and percentage of luminal narrowing (100  intimal area/intimal area þ luminal area). Results are
shown as the mean ± SEM (n ¼ 5 in each group). (B) Assessment of cell growth in the neointima after vascular injury in WT (control) and CTRP1-KO mice. (Upper panels)
Representative BrdU staining of femoral arteries from control and CTRP1-KO mice at 7 days after surgery. Scale bar ¼ 10 mm. BrdU labeling index denotes the ratio of the number of
BrdU-labeled cells divided by the number of the entire cells. (Lower panel) Quantitative data (mean ± SEM, n ¼ 5 in each group). (C) cAMP contents in the vessel from CTRP1-KO and
control mice at 7 days after arterial injury (mean ± SEM, n ¼ 8 in each group). (D) Apoptosis in injured artery in WT and CTRP1-KO mice. (Upper panels) Representative photographs
of TUNEL (green)- or DAPI (blue)-stained sections of femoral arteries from WT and CTRP1-KO mice on postoperative day 7. (Lower panel) Quantitative analyses of TUNEL-positive
cells (n ¼ 6 in each group). (E) Reendothelialization in injured artery in WT and CTRP1-KO mice. (Upper panels) Representative photomicrographs of Evans blue dye-stained femoral
arteries from WT and CTRP1-KO mice at 10 days after vascular injury. The area stained with blue corresponds to the area not yet reendothelialized. (Lower panel) Quantitative
analysis of the percent reendothelialization. Results are shown as the mean ± SEM (n ¼ 4 in each group). (F) Macrophage accumulation in injured artery in WT and CTRP1-KO mice.
(Upper panels) Representative photomicrographs of CD68-stained sections of femoral arteries from WT and CTRP1-KO mice at 7 days after vascular injury. (Lower panel) Quantitative analyses of CD68-positive cells (n ¼ 6 in each group).

[30,31]. In the present study, CTRP1 increased cAMP levels in
VSMCs, and pharmacological inhibition of adenylate cyclase
cancelled CTRP1-mediated inhibition of VSMC growth. Moreover,
our ﬁndings indicate that CTRP1 inhibited ERK activation in VSMCs
through the cAMP pathway. Our in vivo data also showed that
CTRP1 deﬁciency leads to reduction of cAMP levels in injured

arteries. Thus, it is likely that CTRP1 suppresses VSMC proliferative
activity through the cAMP-dependent mechanism, thereby leading
to amelioration of vascular injury response.
It has been reported that S1P2-knockout mice have enhanced
neointimal hyperplasia after carotid artery ligation [33]. Our ﬁndings demonstrated that antagonization of S1P2 blocked CTRP1-
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induced inhibition of VSMC proliferation. It has also been shown
that S1P2 mediates S1P-induced cAMP accumulation in SMCs [39].
Consistently, our study showed that blockade of S1P2 reversed
CTRP1-induced increase in cAMP contents in VSMCs. These results
suggest that the ability of CTRP1 to modulate vascular remodeling
is likely to be mediated, at least in part, through its ability to
stimulate the S1P-cAMP signaling pathway in VSMCs. Recently we
have shown that CTRP1 reduces apoptotic and inﬂammatory
response of cardiac myocytes through the S1P-cAMP-dependent
pathway [21]. Taken together, CTRP1-S1P signaling axis may
represent a common pathway in cardiovascular cells and play an
important role in regulating cardiovascular disorders.
A recent report demonstrated that lack of CTRP1 results in
attenuation of atherogenesis in apolipoprotein E-deﬁcient mice
[22]. CTRP1 also enhances oxidized low-density lipoprotein
(oxLDL)-induced production of inﬂammatory cytokines in cultured
macrophages [40]. We have recently shown that loss of CTRP1 leads
to exacerbation of myocardial injury in response to ischemia [21].
Our in vivo data indicate that CTRP1 deﬁciency leads to increased
neointimal formation in response to injury, which is associated
with reduced inﬂammation in injured artery as assessed by
macrophage accumulation. These contradictory data in the setting
of cardiovascular effects of CTRP1 may results from differences in
the experimental models and its target tissues.
The present study has several limitations. First, the evaluation of
inﬂammation and apoptosis was performed only at 7 days after
operation, but not at different time points. Second, more detailed
biochemical studies are required to understand the role of CTRP1 in
endothelial function, although our data suggest that CTRP1 had no
effects on reendothelialization. Finally, the receptor or binding
proteins for CTRP1 are currently unknown, and future work is
required to clarify the receptor-mediated signaling pathways in
vascular tissues for a better understanding of the actions of CTRP1.
In conclusion, this study is the ﬁrst demonstration that CTRP1
prevents neointimal formation following mechanical arterial injury
by suppressing VSMC growth through the cAMP-dependent
pathway. Thus, CTRP1 may function as a novel adipokine that
plays a crucial role in regulating obesity-linked vascular diseases.
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Supplementary Figure 1. Plasma CTRP1 levels at 5 days after adenoviral injection. Ad-CTRP1
or Ad-β-gal (control) was injected into the jugular vein of WT mice (3 X 108 pfu in each group).
CTRP1 protein level in plasma (2.0 µl) was analyzed by Western blotting. Relative CTRP1 protein
levels were measured by using Image J, and quantitative analyses of plasma CTRP1 levels are
shown (mean ± SEM, n=5 in each group).	
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Supplementary Figure 2. Effect of CTRP1 on PDGF-BB-induced migration of VSMCs. VSMC
migration was assessed by Boyden chamber assay using Transwell filters. VSMCs were treated
with recombinant CTRP1 protein (10 µg/ml) or vehicle and stimulated with PDGF-BB (10 ng/ml)
or vehicle for 4 h. Quantitative analysis of migrated cells is shown (mean ± SEM, n=6 in each
group).	
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Supplementary Figure 3. Effect of CTRP1 on endothelial cell proliferation as assessed
by BrdU incorporation. HUVECs were treated with CTRP1 (10 µg/ml) or vehicle
for 24 h (mean ± SEM, n=6 in each group).	
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