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Abstract
Vascular smooth muscle cell (VSMC) migration and the subsequent intimal thickening play roles in vascular restenosis. 
We previously reported that an exchange protein activated by cAMP 1 (Epac1) promotes platelet-derived growth factor 
(PDGF)-induced VSMC migration and intimal thickening. Because basic fibroblast growth factor (bFGF) also plays a pivotal 
role in restenosis, we examined whether Epac1 was involved in bFGF-mediated VSMC migration. bFGF-induced lamel-
lipodia formation and migration were significantly decreased in VSMCs obtained from  Epac1−/− mice compared to those 
in  Epac1+/+-VSMCs. The bFGF-induced phosphorylation of Akt and glycogen synthase kinase 3β (GSK3β), which play a 
role in bFGF-induced cell migration, was attenuated in  Epac1−/−-VSMCs. Intimal thickening induced by the insertion of a 
large wire was attenuated in  Epac1−/− mice, and was accompanied by the decreased phosphorylation of GSK3β. These data 
suggest that Epac1 deficiency attenuates bFGF-induced VSMC migration, possibly via Akt/GSK3β pathways.

Keywords Exchange protein activated by cAMP 1 · Intimal thickening · Basic fibroblast growth factor · Vascular smooth 
muscle cells · Migration

Introduction

Intimal thickening that occurs after vascular injury resulting 
from percutaneous coronary intervention is a major clinical 
problem [1]. This thickening is the fundamental process of 
wound healing in which the vascular smooth muscle cells 
(VSMCs) migrate toward the internal lumen and proliferate 
within the innermost layer of the arterial wall [2]. Although 
drug-eluting stents significantly reduce intimal thickening, 
repeat revascularization remains relatively common [3], 

and the risk of definite late stent thrombosis has emerged 
as a major concern [4]. It is thus important to elucidate the 
molecular mechanisms involved in the pathological process 
of intimal thickening.

VSMC migration is a critical event in restenosis [2, 5], 
and is mediated by the cytokines and growth factors released 
from the arterial wall [6, 7]. Basic fibroblast growth factor 
(bFGF) and platelet-derived growth factor (PDGF)-BB are 
released by endothelial cells, macrophages, and VSMCs at 
the vascular injury site [8]. Both bFGF and PDGF-BB con-
tribute significantly to VSMC migration and the subsequent 
intimal thickening [6, 9].

We previously demonstrated that an exchange protein 
activated by cAMP (Epac) induced the migration of VSMCs 
and other cell types [10–12]. When Epac1 was silenced, 
PDGF-BB-induced VSMC migration and mechanical injury-
induced intimal thickening were attenuated [13]. Another 
line of study reported that genetic knockdown of the Epac1 
gene reduced intimal thickening in a mouse carotid artery 
ligation model [14]. The contribution of Epac1 to bFGF-
induced VSMC migration and intimal thickening, however, 
remains unknown.

bFGF activates the phosphoinositide 3-kinase (PI3 K)/
protein kinase B (Akt) pathway and promotes cell migration 
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[15–18]. PI3 K/Akt signaling was activated after balloon 
catheter injury of rat carotid arteries [19]. Epac also stimu-
lates PI3 K/Akt signaling pathways in a variety of cell types 
[20–23]. In Epac1-deficient VSMCs, the protein expression 
of the PI3 K p110 isoform and the phosphorylation of Akt 
at  Ser473 was significantly decreased [14]. These findings 
suggest that bFGF and Epac share downstream signaling 
pathways, namely, PI3 K/Akt. We therefore hypothesized 
that the downstream signaling of Epac1 is involved in bFGF-
induced VSMC migration and neointima formation. Here, 
we demonstrate the effect of Epac1 deficiency on bFGF-
induced migration using a primary culture of VSMCs from 
 Epac1−/−  (Epac1−/−-VSMCs).

Method

Reagents

Anti-FGFR1 and anti-phosphorylated cofilin antibod-
ies were purchased from Santa Cruz Biotechnology (San 
Diego, CA, USA). Anti-Forkhead box transcription factor 
O1 (FOXO1) antibody was purchased from abcam (Cam-
bridge, MA). Anti-glycogen synthase kinase 3β (GSK3β), 
anti-phosphorylated GSK3β  (Ser9), anti-Akt, anti-phos-
phorylated Akt  (Ser473), anti-p70 ribosomal protein S6 
kinase (S6 K), anti-phosphorylated S6 K  (Thr389), and anti-
phosphorylated FOXO1  (Ser256) antibodies were purchased 
from Cell Signaling (Beverly, MA, USA). Hoechst 33342, 
rhodamine conjugated anti-F-actin antibody, Alexa Fluor 
488 anti-rabbit IgG antibody, and Alexa Fluor 594 anti-rab-
bit IgG antibody were purchased from Life Technologies 
(Carlsbad, CA, USA). Recombinant human bFGF protein 
was purchased from Thermo Fisher Scientific (San Jose, 
CA, USA). Poly-l-lysine was purchased from Sigma (St. 
Louis, MO, USA). Elastase type II-A, trypsin inhibitor type 
I-S, bovine serum albumin V, penicillin–streptomycin solu-
tion, and Dulbecco’s modified Eagle’s medium (DMEM) 
were purchased from Sigma-Aldrich. Collagenase type II 
was purchased from Worthington Biochemical (Lakewood, 
NJ, USA). Collagenase dispase was purchased from Roche 
Diagnostics (Tokyo, Japan). Fetal bovine serum (FBS) was 
purchased from Equitech-Bio (Kerrville, TX, USA). Tissue-
Tek OCT was purchased from Sakura Finetek (Torrance, 
CA, USA).

Animals

All animals were cared for in compliance with the guiding 
principles of the American Physiological Society. The exper-
iments were approved by the Ethical Committee of Animal 
Experiments at Yokohama City University (reference num-
ber: F-A-14-108). The generation of Epac1-deficient mice 

was described previously [24].  Epac1+/+ and  Epac1−/− lit-
termate mice (3–8 months old) were obtained from heterozy-
gote crosses.

Isolation and culture of mouse VSMCs

VSMCs were isolated from the thoracic aorta of mice using 
an explant method as previously described [13]. Briefly, 
after mice were euthanized with 100 mg/kg of pentobarbital 
(Kyoritsu Seiyaku, Tokyo, Japan), the aortae were isolated. 
The aortae were incubated with a collagenase enzyme mix-
ture that included elastase type II-A, trypsin inhibitor type 
I-S, bovine serum albumin V, collagenase type II, and colla-
genase dispase, and the tunica media was separated from the 
adventitia. The tunica media was then cut into small pieces 
and plated on a poly-l-lysine-coated culture dish. VSMCs 
were grown in DMEM supplemented with 20% FBS and 
1% penicillin–streptomycin and in air supplemented with 
5%  CO2 at 37 °C. Cells within 10 passages were used in the 
experiments.

Cell migration assay

Cell migration was assessed by tracking the path length as 
previously described [13]. After VSMCs were serum starved 
for 48 h, cells were treated with or without 10 ng/ml of bFGF 
for 8 h. Path lengths of VSMCs were measured using time-
lapse microscopy (TE2000 Eclipse, Nikon, Tokyo, Japan). 
Images were recorded at 20-min intervals during the track-
ing, and the nucleus of each cell was manually traced for 
each frame. We performed three independent experiments 
and found statistically similar results.

Immunoblotting

VSMCs were lysed and sonicated in a lysis buffer containing 
150 mmol/l  Na2CO3 [pH 11.0] and 1 mmol/l EDTA. Protein 
expression in whole cell lysates was analyzed by immunob-
lotting as described previously [13].

Immunocytochemistry

Immunocytochemistry was performed as previously 
described [13]. Briefly, VSMCs cultured on 12-mm glass 
coverslips were serum starved for 48 h and then stimulated 
for 30 min with DMEM alone (control) or bFGF (10 ng/
ml). Fixed cells were incubated with primary antibodies 
overnight at 4 °C. DNA was stained with Hoechst solution. 
Morphometric analysis was performed using Nikon TE2000-
E (Tokyo, Japan).
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Femoral artery injury model

Transluminal mechanical injury of the femoral artery was 
induced by the insertion of a large wire (0.38 mm in diam-
eter, C-SF-15-15, Cook, Bloomington, IN, USA) as previ-
ously described [13]. The arteries were harvested 2 weeks 
after injury and were embedded in OCT compound and 
snap-frozen in liquid nitrogen. Frozen sections were stored 
at − 80 °C until use.

Immunohistochemistry

Immunohistochemistry was performed as previously 
described [13]. Frozen tissue sections were incubated with 

a primary antibody overnight at 4 °C. The slides were 
washed 3 times with Tween 20/PBS for 5 min and then 
incubated with a secondary antibody for 1 h. After six 
washes with Tween 20/PBS, the DNA was stained with 
Hoechst solution.

Statistical analysis

Data are expressed as mean ± standard error of the mean 
(SEM). Statistical analysis was performed using unpaired 
Student’s t-test in Fig. 1c. A two-way analysis of variance 
(ANOVA) followed by Bonferroni’s multiple comparison 
test was used for Figs. 1b, 2b, 3b, d, 4b, d. A value of 
p < 0.05 was considered significant.
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Fig. 1  The effect of Epac1 deficiency on bFGF-induced VSMC 
migration. A Analyses of VSMC migration under stimulation with 
bFGF (10  ng/ml) for 8  h. Trajectories of VSMC migration from 
the origin (center of the graphs) to the endpoint. We performed 
three independent experiments  (Epac1+/+-VSMCs, n = 20, 71, and 
55;  Epac1−/−-VSMCs, n = 23, 40, and 64) and found similar results 
among experiments. The sum of all data is shown  (Epac1+/+-VSMCs, 
n = 146;  Epac1−/−-VSMCs, n = 127). B Quantification of total 
path length of VSMCs. Data were obtained from three independ-
ent experiments (Control  Epac1+/+-VSMCs, n = 61, 135, and 65; 
 Epac1+/+-VSMCs treated with bFGF, n = 73, 129, and 46; Control 

 Epac1−/−-VSMCs, n = 26, 126, and 41;  Epac1−/−-VSMCs treated 
with bFGF, n = 40, 105, and 21). Statistical analysis using a two-way 
ANOVA followed by Bonferroni’s multiple comparison test indicated 
that all experiments had statistically similar results. The sum of all 
data is shown (Control  Epac1+/+-VSMCs, n = 261;  Epac1+/+-VSMCs 
treated with bFGF, n = 248; Control  Epac1−/−-VSMCs, n = 193; 
 Epac1−/−-VSMCs treated with bFGF, n = 166). ***p < 0.0001. NS 
indicates not significant. C Quantifications of FGFR1 protein expres-
sion in unstimulated VSMCs by western blotting. n = 5. NS indicates 
not significant
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Results

Epac1 deficiency attenuated bFGF‑induced VSMC 
migration

We examined the migratory effect of bFGF on the VSMCs 
of  Epac1+/+ mice  (Epac1+/+-VSMCs) and  Epac1−/− mice 
 (Epac1−/−-VSMCs). Cell migration was monitored for 8 h 

and their paths were obtained (Fig. 1a, Supplemental Mov-
ies I and II). The degree of bFGF-induced cell migration 
was smaller in  Epac1−/−-VSMCs than in  Epac1+/+-VSMCs 
(Fig. 1a, b). Fibroblast growth factor receptor 1 (FGFR1) 
mainly contributes to bFGF-induced VSMC migration 
[25]. Next, we examined whether FGFR1 expression was 
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Fig. 2  Epac1 deficiency decreased bFGF-induced lamellipodia 
formation. A Representative images of lamellipodia formation in 
VSMCs. Upper panels: F-actin (red); middle panels: phosphoryl-
ated cofilin (p-cofilin, green); lower panels: merged images of 
F-actin and p-cofilin staining. Arrowheads indicate lamellipodia 
accompanied by dephosphorylated cofilin. Scale bars, 30  μm. B 
Quantification of the number of VSMCs with lamellipodia accom-

panied by dephosphorylated cofilin. Lamellipodia-positive cell rates 
are presented as the percent of total cell number. n = 353 (control 
 Epac1+/+-VSMCs), 196  (Epac1+/+-VSMCs treated with bFGF), 195 
(control  Epac1−/−-VSMCs), and 463  (Epac1−/−-VSMCs treated with 
bFGF). Data were obtained from more than four independent experi-
ments. **p < 0.001; ***p < 0.0001. NS indicates not significant



179The Journal of Physiological Sciences (2019) 69:175–184 

1 3

A

B

0 30 60
0.0

0.2

0.4

0.6

0.8

1.0
***

*
**

p-
Ak

t /
 to

ta
l-A

kt
 

(a
rb

itr
ar

y 
un

its
) 

0 30 60
0.0

0.5

1.0

1.5

2.0

2.5

**
***

***
***

p-
G

S
K

 / 
to

ta
l-G

S
K

 
(a

rb
itr

ar
y 

un
its

)

D

C

p-Akt

total-Akt

p-GSK

total-GSK

0 30 60 (min)0 30 60

0 30 60bFGF 0 30 60 0 30 60bFGF 0 30 60

(min)

(min) (min)

Epac1+/+ Epac1-/- Epac1+/+ Epac1-/-

Epac1+/+ Epac1-/- Epac1+/+ Epac1-/-

Fig. 3  Epac1 deficiency decreased bFGF-induced phosphorylation of 
Akt and GSK3β. VSMCs were incubated with or without 10 ng/ml of 
bFGF for 30 or 60 min. A Representative western blotting images of 
the phosphorylation of Akt (p-Akt) are shown. B Quantification of A, 

n = 6. C Representative western blotting images of the phosphoryla-
tion of GSK3β (p-GSK3β) are shown. D Quantification of C, n = 6. 
*p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 4  bFGF-induced phosphorylation of S6 K and FOXO1 in Epac1 
deficient VSMCs. VSMCs were incubated with or without 10 ng/ml 
of bFGF for 30 or 60 min. A Representative western blotting images 
of the phosphorylation of S6 K (p-S6 K) are shown. B Quantification 

of A, n = 4. C Representative western blotting images of the phos-
phorylation of FOXO1 (p-FOXO1) are shown. D Quantification of C, 
n = 4. *p < 0.05
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affected by Epac1 deficiency; no difference was found 
in FGFR1 protein expression between  Epac1+/+- and 
 Epac1−/−-VSMCs (Fig. 1c).

Epac1 deficiency decreased bFGF‑induced 
lamellipodia formation

Lamelliopodia with membrane protrusion play fundamental 
roles in cell migration [26]. We next examined the effect 
of Epac1 deficiency on bFGF-induced lamellipodia forma-
tion and cofilin dephosphorylation, which plays a critical 
role in lamellipodia formation [26]. Immunocytochemistry 
revealed that bFGF significantly increased lamellipodia for-
mation and was accompanied by cofilin dephosphorylation 
in  Epac1+/+-VSMCs, but not in  Epac1−/−-VSMCs (Fig. 2). 
These results suggest that Epac1 is involved in bFGF-
induced lamellipodia formation.

Epac1 deficiency decreased bFGF‑induced 
phosphorylation of Akt and GSK3β

It has been reported that bFGF activates PI3 K/Akt path-
ways, which further induces GSK3β phosphorylation, lead-
ing to cell migration [27, 28]. It is of note that PI3 K induces 
the phosphorylation of Akt at  Ser473, thereby promoting the 
phosphorylation of GSK3 at  Ser9, which inactivates GSK3β 
kinase activity [29]. We next assessed whether the phos-
phorylation of Akt at  Ser473 and GSK3β at  Ser9 are inhib-
ited by Epac1 deficiency. bFGF stimulation increased both 
Akt and GSK3β phosphorylation in  Epac1+/+ VSMCs, and 
this effect was significantly inhibited in  Epac1−/− VSMCs 
(Fig. 3). No delayed enhancement of phosphorylation in 
 Epac1−/− VSMCs was observed.

It has been recognized that phosphorylation of PI3 K/
Akt induces S6 K and FOXO1 phosphorylation, which are 
related to protein synthesis and cell survival, respectively 
[30, 31]. bFGF stimulation increased phosphorylation of 
S6 K at  Thr389 in  Epac1+/+ VSMCs, and this effect was 
significantly attenuated in  Epac1−/− VSMCs (Fig. 4a, b). 
Phosphorylation of FOXO1 at  Ser256 was increased by bFGF 
stimulation in  Epac1+/+ VSMCs. This effect was attenuated 
in  Epac1−/− VSMCs, although this attenuation did not reach 
significance (Fig. 4c, d).

Epac1 deficiency suppressed intimal thickening 
and GSK3β phosphorylation

Based on the in vitro results, we investigated the phospho-
rylation status of GSK3β in mechanical injury-induced inti-
mal thickening in  Epac1+/+ and  Epac1−/− mice. There was 
no morphological difference between the femoral arteries 
of  Epac1+/+ or  Epac1−/− mice in basal conditions (upper 
panels of Fig. 5). The insertion of a large wire into the 

femoral arteries induced prominent intimal thickening in 
 Epac1+/+ whereas this intimal thickening was attenuated in 
 Epac1−/− mice (lower panels of Fig. 5), which was consist-
ent with the results of previous reports [13, 14]. Immuno-
cytochemistry demonstrated that phosphorylated GSK3β 
expression was attenuated in the area of intimal thickening 
in  Epac1−/− mice compared to that in  Epac1+/+ mice (lower 
panels of Fig. 5).

Discussion

In the present study, we demonstrated that Epac1 defi-
ciency attenuated the bFGF-induced phosphorylation of 
Akt and GSK3β, cell migration, and lamellipodia formation 
in VSMCs. Epac1 deficiency reduced mechanical injury-
induced intimal thickening, which was accompanied by the 
decreased phosphorylation of GSK3β. These data indicated 
that Epac1-mediated downstream signaling Akt/GSK3β is 
involved in bFGF-induced VSMC migration.

bFGF is the major modulator of VSMC migration and 
intimal thickening formation. It has been demonstrated that 
anti-bFGF IgG administration caused an approximately 50% 
reduction in intimal thickening [32]. Significant inhibition 
of intimal thickening was observed in the artery treated 
with the intraluminal adenoviral gene transfer of an anti-
sense bFGF [33]. Emerging evidence suggests that bFGF 
and Epac activate many cellular outcomes, including migra-
tion via PI3 K/Akt signaling [14–18, 20–23]. One report 
suggested that Epac1 increases the migration of endothelial 
cells via bFGF-mediated paracrine signaling [34]. In this 
study, Epac1 silencing inhibited the binding of bFGF to 
FGFR through attenuation of N-sulfation of heparin sulfate 
chains. The interaction between bFGF and Epac signaling 
pathways, however, is largely unknown.

The present study demonstrated that the bFGF-mediated 
phosphorylation of Akt and GSK3β and the migration in 
VSMCs were significantly attenuated under the Epac1-
deficient condition, suggesting an association between 
Epac1- and bFGF-mediated downstream signaling. Epac1 
is activated by direct cAMP binding and mediates a wide 
range of cellular responses [35, 36]. A previous paper pro-
posed the mechanisms of bFGF stimulation-mediated cAMP 
production [37]. FGFR1 activates the PLCγ/diacylglycerol 
pathway, enhancing  Ca2+ entry through voltage-gated cal-
cium channels, and  Ca2+/calmodulin could then activate 
calcium-sensitive adenylyl cyclases, producing cAMP [37]. 
Although this paper proposed this signaling cascade, the 
concept was not supported by the experimental data. It is, 
however, recognized that bFGF is not directly involved in 
the elevation of the intracellular concentration of cAMP 
[38–40]. Based on these findings, there is currently no evi-
dence that bFGF-FGFR signaling directly regulates Epac1 
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activation. We assume that the bFGF-mediated downstream 
signaling interacts with the Epac1-mediated intracellular 
signaling pathways. We do not, however, know the exact 
molecular mechanisms of this interaction. Further study on 
small G protein Rap and PI3 K is needed to determine how 
the bFGF and Epac1 signaling pathways interact.

In the present study, we found low levels of GSK3β 
phosphorylation in  Epac1−/−-VSMCs with or without bFGF 
stimulation. GSK3β ubiquitously expresses serine/threonine 
kinase and has a high basal activity in resting cells. GSK3β 
plays roles in many biological processes, including cell 
polarity, microtubule dynamics, and cell migration [41–43]. 
The importance of GSK3β inactivation in vascular remod-
eling has also been reported [44]. In a rat balloon catheter 
injury model, the expression of phosphorylated GSK3β 
(inactivation) was markedly increased in the intimal thick-
ening area, and the constitutively active GSK3β gene trans-
fer resulted in reduced intimal thickening formation [44]. 
During intimal thickening formation, VSMC apoptosis was 

inhibited by the upregulation of glucose metabolism and is 
linked to the inactivation of GSK3β [45].

The role of Epac in GSK3β activation has been contro-
versial. Studies using skeletal muscle cells, hippocampal 
slices, and cultured microglia demonstrated no effect of 
Epac on GSK3β activation [46–48]. Two papers, however, 
showed that Epac or Epac1 inactivated GSK3β in isolated rat 
heart and melanoma cells [27, 49]. Akt is a major upstream 
regulator that results in the inactivation of GSK3β through 
the phosphorylation of the N-terminal  Ser9 [29]. Epac pro-
moted tubulin polymerization via activation of the PI3 K/
Akt/GSK3β pathway [27]. These data suggest that Epac-
mediated GSK3β activation depends on the cell type and 
upstream of Epac signaling. Our data showed that, under 
basal conditions, the degree of phosphorylation of Akt was 
similar between  Epac1+/+- and  Epac1−/−-VSMCs, whereas 
the expression level of phosphorylated GSK3β was lower in 
 Epac1−/−-VSMCs than in  Epac1+/+-VSMCs. The mitogen-
activated protein kinase cascade and the Wnt pathway are 
the upstream signaling of GSK3β, as well as the PI3 K/Akt 

uninjured

2 weeks 

after injury

Epac1 Epac1

Fig. 5  Epac1 deficiency suppressed intimal thickening and GSK3β 
phosphorylation. Representative images of immunohistochemistry for 
GSK3β phosphorylation in the cross-sections of the uninjured (upper 
panels) and wire-injured (lower panels) femoral arteries of  Epac1+/+ 

and  Epac1−/− mice. Immunoreaction against GSK3β phosphoryla-
tion is shown in green. The nucleus was visualized in blue by Hoechst 
stain. The area between the white dotted lines indicates intimal thick-
ening. Scale bars, 50 μm
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axis [50, 51]. In addition to Akt activation, Epac-mediated 
upstream signaling that activates GSK3β may exist.

GSK3β inactivation leads to activation of the β-catenin 
signaling pathway via the accumulation of β-catenin in the 
nucleus, which regulates gene expression and a variety of 
cell activities, including cell migration [52]. It has been 
reported that bFGF promotes skin fibroblast migration via 
the GSK3β/β-catenin signaling pathway [15]. An elevated 
level of active β-catenin was detected at the sites of intimal 
thickening after vascular injury, and inhibition of β-catenin 
decreased neointima formation after injury [53]. These data 
suggest the possible role of β-catenin in VSMC migration. 
The mechanisms connecting GSK3β inactivation and VSMC 
migration need to be determined in a future study.

In addition to cell migration, Akt signaling regulates pro-
tein synthesis and cell survival or proliferation via Akt/S6 K 
and Akt/FOXO1 signaling pathways, respectively [54]. Our 
data suggested that S6 K-mediated protein synthesis and 
FOXO1-mediated cell survival or proliferation were attenu-
ated in  Epac1−/−-VSMCs. Although a few papers indicated 
the involvement of S6 K and FOXO1 in intimal thickening 
formation [55, 56] and there is currently no direct evidence 
demonstrating causal relationship between these signaling 
pathways and vascular intimal thickening formation, Epac1-
mediated regulation of these signaling pathways would be 
important for a future study.

In conclusion, Epac1 plays a role in bFGF-induced 
VSMC migration via Akt/GSK3β phosphorylation. Both our 
present study and our previous study [13] suggest that Epac1 
is involved in PDGF-BB and bFGF-mediated VSMC migra-
tion. It has been reported that Epac1 was upregulated during 
injury-induced intimal thickening formation [10] and that 
Epac1 deficiency or the pharmacological inhibition of Epac 
attenuated intimal thickening formation in a mouse model 
of vascular injury [13, 14]. Epac1 may be a future target for 
therapy to inhibit vascular intimal thickening.
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