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Abstract
Hemodynamic forces have an important role in venous intimal hyperplasia, which is the

main cause of arteriovenous fistula dysfunction. Endothelial cells (ECs) constantly exposed

to the shear stress of blood flow, converted the mechanical stimuli into intracellular signals,

and interacted with the underlying vascular smooth muscle cells (VSMCs). Caveolin-1 is one

of the important mechanoreceptors on cytomembrane, which is related to vascular abnor-

malities. Extracellular signal-regulated kinase1/2 (ERK1/2) pathway is involved in the

process of VSMCs proliferation and migration. In the present study, we explore the effects

of Caveolin-1-ERK1/2 pathway and uremia toxins on the endothelial cells and VSMCs fol-

lowing shear stress application. Different shear stress was simulated with a ECs/VSMCs

cocultured parallel-plate flow chamber system. Low shear stress and oscillating shear

stress up-regulated the expression of fibroblast growth factor-4, platelet-derived growth

factor-BB, vascular endothelial growth factor-A, ERK1/2 phosphorylation in endothelial

cells, and proliferation and migration of VSMCs but down-regulated the Caveolin-1 expression in endothelial cells. Uremia

toxin induces the proliferation and migration of VSMCs but not in a Caveolin-1-dependent manner in the static environment.

Low shear stress-induced proliferation and migration of VSMCs is inhibited by Caveolin-1 overexpression and ERK1/2 suppres-

sion. Shear stress-regulated VSMC proliferation and migration is an endothelial cells-dependent process. Low shear stress and

oscillating shear stress exert atherosclerotic influences on endothelial cells and VSMCs. Low shear stress modulated proliferation

and migration of VSMCs through Caveolin-1-ERK1/2 pathway, which suggested that Caveolin-1 and ERK1/2 can be used as a

new therapeutic target for the treatment of arteriovenous fistula dysfunction.
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Introduction

Chronic kidney disease (CKD) is an important public
health problem that threatened human health and received
worldwide attention.1 Maintenance hemodialysis (MHD) is
one of the most important way of renal replacement thera-
py in patients with end stage renal disease (ESRD).
Arteriovenous fistula (AVF) is the preferred vascular

access for MHD treatment.2,3 However, as patients age,
and with the increasing rate of hypertension, diabetes,
and hyperlipidemia, the incidence of AVF dysfunction
increased, which imposes a heavy burden on both families
and society.4,5

Many studies revealed that the main cause of AVF
dysfunction is venous intimal hyperplasia (VIH).6,7
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The important feature of VIH in AVF is the non-uniform
distribution.8 The VIH occurs in the sites matching with
special hemodynamics patterns due to the alterative
vessel geometry following anastomosis creation.9 This sug-
gests that local hemodynamic changes play an important
role in the formation and development of VIH. The wall
shear stress (WSS) is the friction along blood flow and
directly regulates the function of endothelial cells (ECs).
Both low and disturbed shear stress are attributed to proa-
therogenic influences which is related to ECs dysfunction.
Conversely, the laminar shear stress has the effect of main-
taining endothelial function and anti-atherosclerosis.10,11 In
our previous study,9 we also found that the neointimal
hyperplasia in the low and disturbed WSS region is more
evident compared to high and laminar WSS region in the
AVF. However, the mechanism how hemodynamic forces
cause VIH is not fully understood.

ECs injury is an important prerequisite for VIH. As the
first barrier between blood and vessel walls, ECs constantly
exposed to the shear stress of blood flow and converted the
mechanical stimuli into intracellular signals.12,13 The
known mechanoreceptors included receptor of tyrosine
kinase, integrins, G protein, caveolin-1, and some ion chan-
nels.14,15 It has been shown that Caveolin-1 is an important
mechanoreceptor related to vascular abnormalities (such as
atherosclerosis, cardiac hypertrophy, etc.).16,17

Shear stress acting on ECs also changes the phenotype of
underlying vascular smooth muscle cells (VSMCs) and
induces VSMCs proliferation and migration with the sub-
sequent alterations in the secretions of different cytokines
from ECs, including fibroblast growth factor (FGF),
platelet-derived growth factor (PDGF), vascular endotheli-
al growth factor (VEGF), etc.18–21 Extracellular signal-
regulated kinase1/2 (ERK1/2) pathway not only is one of
the most important signal transduction pathways involved
in the process of VSMCs proliferation and migration,22,23

but also plays an important role in the mechanical trans-
duction of ECs for shear stress.24 Therefore, we hypothe-
sized that Caveolin-1-ERK1/2 pathway will be involved in
the ECs regulating proliferation and migration of VSMCs
induced by shear stress.

Furthermore, the uremic toxins also played a significant
role in AVF dysfunction of MHD patients.25 In the follow-
ing study, we also simulate the uremia environment in vitro
and explore the role of uremic toxins in VIH.

In the present study, we investigate how shear stress
influences ECs and the role they play in cocultured
VSMCs using an EC/VSMCs cocultured parallel-plate
flow chamber system. Further exploration of the effects of
Caveolin-1-ERK1/2 pathway and uremia toxins on the ECs
and VSMCs following the application of shear stress pro-
vides new insights for the understanding of the molecular
mechanisms of VIH.

Materials and methods

Materials

Polyclonal antibodies against Caveolin-1, phospho-
ERK1/2, and total-ERK1/2 were purchased from Cell

Signaling Technologies. Polyclonal antibodies against
alpha smooth muscle actin (a-SMA), PDGF-BB, VEGF-A,
and FGF-4 were purchased from Abcam. All other antibod-
ies and chemicals of reagent grade were obtained from
Santa Cruz Biotechnology or Sigma.

Cell culture

Both ECs and VSMCs were isolated from fresh human
umbilical veins by the explanted technique.26 ECs were
characterized by Von Willebrand factor (Abcam) and
VSMCs were characterized by a-SMA (Abcam).

Lentiviral caveolin-1 vector construction and
transfection

Recombinant lentivirus overexpressing Caveolin-1
(LV/Cav-1, Vigene Biosciences) was constructed by insert-
ing wild-type Caveolin-1 cDNA into a shuttle plasmid.
A control vector (LV/Ctrl, Vigene Biosciences) carrying
cDNA modifying enhanced green fluorescence protein
(EGFP) was also prepared. We transfected ECs with a len-
tiviral vector that expressed both Caveolin-1 and EGFP
(LV/Cav-1) or a lentiviral vector that expressed EGFP
alone as a control (LV/Ctrl).

Cocultured parallel plate flow chamber system and
hemodynamic analysis

To simulate the shear stress, we built a parallel plate cocul-
ture flow chamber like the system designed by Nackman
et al.27 The design and construction of the chamber are illus-
trated in Figure 1(a). The coculture system was established
by seeding cells on the two sides of a 10-lm-thick porous
polyethylene terephthalate (PET) membrane (Figure 1(b)).
ECs were first plated to the outside of the PET membrane
and grown over 6 h. Then, VSMCs were seeded on the
opposite side of the PET membrane. The EC side of the
coculture was subsequently applied to the designated
shear stress, but the VSMCs side was maintained under
static conditions (Figure 1(c)). We performed hemodynamic
analysis with ANSYS Workbench and Fluent software.

Experimental protocol

Different experimental conditions were designed for the
purpose of this study.

In order to determine the effect of different shear stress
on ECs and VSMCs. (1) VSMC/EC, VSMCs cocultured
with ECs under static conditions; (2) VSMC/ECþLSS,
VSMCs cocultured with ECs and low shear stress (LSS,
4 dyn/cm2) was applied to the EC side for 12 h;
(3) VSMC/ECþNSS, VSMCs cocultured with ECs and
normal shear stress (NSS, 12 dyn/cm2) was applied to the
EC side for 12 h; (4) VSMC/ECþHSS, VSMCs cocultured
with ECs and high shear stress (HSS, 20 dyn/cm2) was
applied to the EC side for 12 h; (5) VSMC/ECþOSS,
VSMCs cocultured with ECs and oscillating shear stress
(OSS, 0� 4 dyn/cm2) was applied to the EC side for 12 h.
Additionally, in order to determine the effect of different
treating time, the LSS group was subdivided as follows:
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VSMCs were cocultured with ECs that were treated with
LSS for 0 h, 6 h, 12 h or 24 h.

In order to determine the effect of uremic toxins on ECs
and VSMCs. (1) VSMC/EC, VSMCs cocultured with ECs
using normal growth culture medium under static condi-
tions; (2) VSMC/EC (uremia), VSMCs cocultured with ECs
using uremic serum under static conditions; (3) VSMC/
ECþLSS (uremia), VSMCs cocultured with ECs using
uremic serum and LSS (4 dyn/cm2) was applied to the
EC side for 12 h; (4) VSMC/ECþNSS (uremia), VSMCs
cocultured with ECs using uremic serum and NSS (12
dyn/cm2) was applied to the EC side for 12 h; (5) VSMC/
ECþHSS (uremia), VSMCs cocultured with ECs using
uremic serum and HSS (20 dyn/cm2) was applied to the
EC side for 12 h; (6) VSMC/ECþOSS (uremia), VSMCs
cocultured with ECs using uremic serum and OSS (0� 4
dyn/cm2) was applied to the EC side for 12 h. Normal
growth culture medium was Dulbecco’s modified Eagle
medium (DMEM) (Hyclone) with 10% fetal bovine serum

(FBS) (Gibco) and uremia conditions was simulated using
DMEMwith 10% the serum from ESRD patients. Collecting
serum of ESRD patient was in accordance with the ethical
standards of the Institutional and National Research
Committee on Human Experimentation and with the
Helsinki Declaration of 1975 (revised in 2013), which was
obtained from residual blood samples used for clinical rou-
tine test and information of the patient was anonymized.

In order to determine the effect of Caveolin-1-ERK1/2

pathway on ECs and VSMCs under LSS treatment.
Before cocultured with VSMCs, ECs were performed with
different pretreatment: (1) control group, ECs with LV/Ctrl
transfection; (2) LV/Cav-1 group, ECs with LV/Cav-1
transfection; (3) PD98059 group, ECs incubated with
PD98059 (Selleck Chemicals) at the concentration of
10 uM for 1 h; and (4) LV/Cav-1 and PD98059 group, ECs
were pretreated with both LV/Cav-1 transfection and
PD98059 incubation at the concentration of 10 uM for 1 h.

Figure 1. (a) The components of the three-dimensional models of ECs/VSMCs coculture parallel plate flow chamber system. (b) The model of ECs/VSMCs coculture

system. ECs and VSMCs are on the two sides of a porous polyethylene terephthalate membrane. (c). The model of parallel plate flow chamber system. The EC side of

the coculture was applied to the designated shear stress, whereas the opposite VSMCs side was maintained under static conditions. (A color version of this figure is

available in the online journal.)
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Histology and immunohistochemistry

We performed histological and immunohistochemistry
analysis with fistulae specimen from previous canine
model, which complied with the Guide for the Care and
Use of Laboratory Animals. Immunohistochemistry analy-
sis was performed with anti-Caveolin-1(1:800) and anti-
a-SMA (1:200) antibodies.

Western blotting analysis

Tissues or cells lysates were separated with 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The phosphorylation of ERK1/2 was measured
with the ratio of phospho-ERK1/2 to total-ERK1/2 and
the density of other protein was measured relative to
GAPDH.

Cell migration and proliferation

VSMCs proliferation was analyzed with the BrdU kit
(Roche Diagnostics). VSMCs migration assay was per-
formed with the Transwell system (Costar).

Statistical analysis

Each experiment was performed at least in quadruplicate
and values were shown as mean� SD. *P< 0.05 and
**P< 0.001 indicate statistically significant.

Results

Caveolin-1 and ERK1/2 were involved in neointimal
hyperplasia of AVF in the canine model

As is shown in Figure 2(a), HE staining shows VIH predis-
posed to the inner wall of AVF. The intima-media thicken-
ing in the inner wall of AVF is more compared to the outer
wall, which is shown in Figure 2(b). However, positive
immunostaining for Caveolin-1 was obviously adjacent to
the endothelium of AVF. It is thought that Caveolin-1
is produced by endothelial cells. The expression of
Caveolin-1 was decreased in the areas of intimal hyperpla-
sia of AVF (Figure 2(c)), which has a reverse relationship
with VIH. Therefore, we found that the positive immunos-
taining for Caveolin-1 was inapparent adjacent to the inner
wall of anastomosis, compared to the outer wall.

Western blotting was used to detect the expression of
ERK1/2. Compared to the outer wall, ERK1/2 phosphoryla-
tion was significantly up-regulated in the inner wall of AVF,
which had opposite changes to Caveolin-1 (Figure 2(d)).

Hemodynamic analysis of ECs/VSMCs cocultured
parallel plate flow chamber system

We used the computational fluid dynamics applied to
three-dimensional models of ECs/VSMCs cocultured
flow chamber system to estimate the velocity and WSS.

In the mode of steady flow, we analyze LSS (4 dyn/cm2),
NSS (12 dyn/cm2), and HSS (20dyn/cm2). The flow rates
of the fluid have a positive relationship with
WSS. Correspondingly, the flow rates were 25mL/min,
75mL/min, and 125mL/min. The streamline diagram for

the above different flow rates is shown in Figure 3(a) to (c).
The flow trajectory of the fluid particle demonstrated that
the flow moved along the X axis and showed parabolic
distribution, which was symmetrical along the Z¼ 0
plane. Although the gradient is large at the entrance and
exit, it is quickly stabilized. The central region has an essen-
tially steady flow and a uniform distribution, which shows
Poiseuille flow and laminar WSS in the parallel plate flow
chamber.

Under unsteady flow conditions, sine functions with a
frequency of 1Hz and amplitudes of 25mL/min were used
as speed entry conditions to make their flow rate changing
with time. The curves of velocity and WSS changed sinu-
soidally with time, as shown in Figure 3(d). When the time
is 0.25 s, the WSS peaks are 4 dyn/cm2, respectively. We
definite it as oscillating shear stress (OSS, 0� 4 dyn/cm2).

LSS and OSS modulated expression of caveolin-1,
ERK1/2 phosphorylation, PDGF-BB, VEGF-A, FGF-4
in ECs and induced migration and proliferation of
cocultured VSMCs

To demonstrate the interactions between ECs and VSMCs
exposed to different shear stress, a ECs/VSMCs cocultured
parallel-plate flow chamber system was used. In ECs, we
found that Caveolin-1 expression in ECs reduced exposed
to LSS and OSS, compared with the static group (Figure 4
(a)). However, both the expressions of PDGF-BB, VEGF-A,
FGF-4, and the ERK1/2 phosphorylation were significantly
up-regulated in ECs following LSS and OSS, showing
opposite changes to Caveolin-1 (Figure 4(a) and (b)).
Furthermore, the expression of VEGF-A, PDGF-BB, FGF-4,
and phosphorylated ERK1/2 increased and Caveolin-1 also
decreased in a time-dependent fashion following the appli-
cation of LSS (Figure 5(a) and (b)). Compared to the static
group, NSS treatment decreased the expression of VEGF-A
(Figure 4(a)) in ECs. HSS treatment increased the expres-
sion of Caveolin-1, PDGF-BB, FGF-4 and decreased the
expression of VEGF-A in ECs (Figure 4(a)).

Compared to the static group, the proliferation (Figure 4
(c)) and migration (Figure 4(d) and (e)) of cocultured
VSMCs were significantly up-regulated following the ECs
treated with LSS and OSS. The proliferation and migration
of VSMCs were also increased in a time-dependent manner
following the application of LSS (Figure 5(c) to (e)).
However, NSS and HSS treatment had no significant effects
on cocultured VSMCs (Figure 4(c) to (e)).

Uremia toxin induces the proliferation and migration of
VSMCs in the static environment but not in a caveolin-
1-dependent fashion

The uremia toxin increased the expression of VEGF-A,
PDGF-BB, FGF-4, and ERK1/2 phosphorylation in ECs
(Figure 6(a) and (b)) and up-regulated the proliferation
(Figure 6(c)) and migration (Figure 6(d) and (e)) of VSMCs,
compared to normal serum static group. However, uremia
toxin had no specific effects on the expression of Caveolin-1
in ECs (Figure 6(a)). Uremia toxin induces the migration and
proliferation of VSMCs without depending on Caveolin-1
manner in the static environment.
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Like the normal serum group, LSS and OSS have similar
effect on ECs and cocultured VSMCs in the uremia envi-
ronment. The expression of VEGF-A, PDGF-BB, and FGF-4
increased, ERK1/2 pathway was activated, Caveolin-1
decreased in ECs, and the migration and proliferation of
VSMCs were also up-regulated following the application of
LSS and OSS in the uremia environment, compared to the
uremic static group (Figure 6(a) to (e)). However, both NSS
and HSS had no consistent effect on ECs and VSMCs
(Figure 6(a) to (e)).

LSS-induced proliferation and migration of VSMCs is
inhibited by the pretreatment of cocultured ECs with
LV-Cav-1 or PD98059

We hypothesized that Caveolin-1-ERK1/2 pathway might
play a crucial role in the interactions between ECs and

VSMCs during the process of shear stress-induced vascular
pathologies. We overexpressed Caveolin-1 with LV-Cav-1
and used PD98059 to inhibit the bioactivity of ERK1/2 to
determine whether the Caveolin-1-ERK1/2 pathway was
involved in the process of EC-regulated migration and pro-
liferation of cocultured VSMCs following the application of
LSS. The expressions of PDGF-BB, VEGF-A, FGF-4, and
phosphor-ERK1/2 in ECs were down-regulated (Figure 7
(a) and (b)), and migration and proliferation of cocultured
VSMCs (Figure 7(c) to (e)) were suppressed by using both
LV-Cav-1 and PD98059.

Compared to mock transfection cells, the Caveolin-
1-overexpressing cells showed hyporesponsiveness on
ERK1/2 activation to LSS. LV/Ctrl cells up-regulated
bioactivity of ERK1/2 following the application of LSS,
whereas the phosphorylation of ERK1/2 was repressed in

Figure 2. (a) The image shows 40� magnified hematoxylin and eosin-stained venous segments near the distal end of anastomosis (red arrow points to the inner wall

and the green arrow points to the outer wall). The inner wall has evident neointimal hyperplasia. (b) The graph shows the intima-media thickening of the venous

segments at the inner wall and outer wall near the distal end of anastomosis. **P<0.001 indicates statistically significant. (c) The 100�magnified Caveolin-1 stained

pictures of venous segments near the distal end of anastomosis (red arrow points to the inner wall and the green arrow points to the outer wall). The positive

immunostaining for Caveolin-1 was more apparent in the outer wall. (d) Western blotting to detect phosphorylation of ERK1/2 between the inner wall and outer wall

near the distal end of anastomosis. ERK1/2 phosphorylation was up-regulated in the inner wall. **P< 0.001 indicates statistically significant. (A color version of this

figure is available in the online journal.)
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LV/Cav-1-infected ECs following LSS treatment (Figure 7
(b)). Interestingly, accompanying the suppressed bioactiv-
ity of ERK1/2 by PD98059 in ECs, the production of
PDGF-BB, VEGF-A, FGF-4 in ECs was decreased (Figure
7(a) and (b)), and the migration and proliferation of
VSMCs were repressed (Figure 7(c) to (e)) by the LSS stim-
ulation, but the expression of Caveolin-1 had no specific
change (Figure 7(a)).

Discussion

In this study, we investigated the role of the shear stress-
Caveolin-1-ERK1/2 pathway and uremia toxins in neointi-
mal hyperplasia of AVF. First, we revealed a reduction in
Caveolin-1 expression and an increase in ERK1/2 phos-
phorylation in neointimal hyperplasia region matched
with LSS and OSS in the AVF of canine model. Second,
LSS and OSS regulated the expression of PDGF-BB,
VEGF-A, FGF-4, Caveolin-1, and phospho-ERK1/2 in EC
and induced the migration and proliferation of cocultured
VSMC in parallel-plate flow chamber system. Third, we
found that both Caveolin-1 overexpression and inhibition
of ERK1/2 pathway in ECs reduced the proliferation and
migration of cocultured VSMCs by LSS. Furthermore,

ERK1/2 phosphorylation is a downstream signaling event
that was modulated by Caveolin-1. Finally, our results also
indicate that uremic toxin induces the migration and pro-
liferation of VSMC but not in a Caveolin-1-dependent
manner.

The relationship between shear stress, caveolin-1,
ERK1/2, and neointimal hyperplasia was disclosed
based on animal model

In our previous study,9 we found that the WSS levels
have an inverse relationship with neointimal hyperplasia
in the AVF. Compared to the outer wall of AVF (high and
laminar WSS region), VIH predisposed to occur in the
inner wall (low and disturbed WSS region) of the anasto-
mosis sites.9 There is enough evidence to suggest a link
between the location of VIH and regional changes in hemo-
dynamic patterns in AVF.28,29 Shear stress acting on the EC
results in altered gene expression and production of several
growth factors that interact with the underlying
VSMCs.28,30,31 ECs dysfunction and VSMCs proliferation
and migration are the main factors leading to the formation
of VIH.32,33

In the present study, by using animal models, Caveolin-1
and ERK1/2 were differentially expressed between

Figure 3. (a) The image shows a streamline diagram of fluid at 25mL/min flow rates (4 dyn/cm2). (b) The image shows a streamline diagram of fluid at 75mL/min flow

rates (12 dyn/cm2). (c) The image shows a streamline diagram of fluid at 125mL/min flow rates (20 dyn/cm2). (d) The changing curves of velocity and wall shear stress

with time under unsteady flow conditions. The sine functions with a frequency of 1Hz and amplitudes of 4 dyn/cm2. (A color version of this figure is available in the

online journal.)
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different sites matched to different shear stresses. We found
that Caveolin-1 and ERK1/2 were involved in the develop-
ment of AVF dysfunction. The down-regulation of
Caveolin-1 and the up-regulation of ERK1/2 are involved
in the neointimal hyperplasia of AVF in the canine model.
Many studies have reported that the growth factors like
PDGF-BB,34,35 VEGF-A,36–38 and FGF-421,39 participated in
the migration and proliferation of VSMC and had a rela-
tionship with ERK1/2 pathway. The three secretory mole-
cules PDGF-BB, VEGF-A, and FGF-4 were selected to
further investigate the interaction of ECs and VSMC at dif-
ferent shear stress levels.

LSS and OSS are pathologically inducing factors
for proliferation and migration of VSMC in
cocultured systems

A parallel plate flow chamber system was used to study
how the shear stress affects EC and their role in VSMC. ECs
and VSMCs were grown on opposite sides of the PETmem-
brane. Shear stress was applied to the EC side, while VSMC
on the opposite side remains static, which is closer to the
physical environment of vascular wall in the human body.
Although the direct contact of EC and VSMC in co-culture
is prevented, they act in a paracrine manner through pro-
ducing transferable humoral factor.

Figure 4. Western blot shows expression level of protein in ECs treated with different shear stress for 12 h. In ECs, application of LSS and OSS suppressed expression

of Caveolin-1 (a), up-regulated the expressions of PDGF-BB, VEGF-A, FGF-4 (a) and increased the phosphorylation of ERK1/2 (b), compared with the static group. The

proliferation (c) and migration (d and e) of cocultured VSMCs were significantly up-regulated following ECs treated with LSS and OSS, compared to the static group.

NSS treatment decreased expression of VEGF-A in ECs (a). HSS treatment increased expression of Caveolin-1, PDGF-BB, FGF-4 and decreased expression of VEGF-

A in ECs (a), but had no significant effects on cocultured VSMCs (c, d and e). Values were expressed as mean�SD for each condition from five independent

experiments (*P< 0.05 vs. static; **P< 0.001 vs. static). (A color version of this figure is available in the online journal.)
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In our cocultured system, LSS and OSS are pathological-
ly inducing factors for vascular pathology by upregulating
the VSMC proliferation and migration. Activation of ERK
1/2 pathway and down-regulation of Caveolin-1 may be
involved in the effects of shear stress on migration and
proliferation of VSMCs. The application of LSS and OSS
to EC also resulted in increased expression of PDGF-BB,
VEGF-A, FGF-4 in EC, compared to control group.

The possible effect of close communication between the
cocultured cells is via humoral transmission. Therefore, we

may postulate that the enhanced release of humoral sub-
stance derived from ECs responded to shear stress acts as
modulators of VSMC proliferation and migration. In our
co-culture system, where VSMC and EC are separated by
a very thin membrane film, growth factors released from
the EC can reach VSMC at very high concentrations for a
limited time and distance, thus producing significant
results. In view of this, it can be speculated that ECs
induced by LSS and OSS produce PDGF-BB, and VEGF-
A, FGF-4 may be involved in the regulation of proliferation

Figure 5. In ECs, LSS treatment suppressed the expression of Caveolin-1 and increased the expression of VEGF-A, PDGF-BB, FGF-4, and phospho-ERK1/2 in a

time-dependent fashion (a, b). The migration and proliferation of cocultured VSMCs increased gradually as time increased following the application of LSS to the ECs

(c, d, e), reaching a peak level at 24 h. Compared to 0 h group, statistically significant differences were found at 6 h, 12 h, and 24 h. Values were expressed as mean

�SD for each condition from four independent experiments. (**P< 0.001 vs. 0 h). (A color version of this figure is available in the online journal.)
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Figure 6. The uremia toxin increased the expression of VEGF-A, PDGF-BB, FGF-4 and phospho-ERK1/2 (a, b) in ECs and up-regulated proliferation (c) and migration

(d, e) of VSMCs, compared to normal serum static group. However, uremia toxin had no notable effects on expression of Caveolin-1 in ECs (a), compared to normal

serum static group. Under uremic environment, LSS and OSS showed similar effects on ECs and cocultured VSMCs as in normal growth culture medium (a–e). NSS

up-regulated the phosphorylation of ERK1/2, decreased VEGF-A, PDGF-BB in ECs and increased migration of VSMCs (a, b d, e). HSS increased the expression of

Caveolin-1, phospho-ERK1/2, decreased the expression of VEGF-A, PDGF-BB, FGF-4 in ECs and down-regulated the migration of cocultured VSMCs (a, b d, e).

However, both NSS and HSS had no effect on proliferation (c) in VSMCs. Values were expressed as mean�SD for each condition from four independent experiments

(#P< 0.05 compared to the normal serum static group; *P<0.05 compared to the uremic static group; **P< 0.001 compared to the uremic static group). (A color

version of this figure is available in the online journal.)
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Figure 7. The effect of Caveolin-1-ERK pathway on the LSS-induced migration and proliferation of cocultured VSMCs could be reduced by LV-Cav-1 and PD98059.

In ECs, the expressions of PDGF-BB, VEGF-A, FGF-4, and phospho-ERK1/2 were down-regulated by pretreatment with LV-Cav-1 and PD98059 (a and b).

Overexpressed Caveolin-1 suppressed the bioactivity of ERK1/2 in ECs also markedly repressed proliferation (c) and migration (d and e) of cocultured VSMCs.

Incubation of both LV-Cav-1 and PD98059 in ECs resulted in the most significant difference. Compared to LV/Ctrl ECs, the phosphorylation of ERK1/2 was repressed

in LV/Cav-1-infected ECs following the application of LSS (b). Incubation of PD98059 in ECs decreased the production of PDGF-BB, VEGF-A, FGF-4 in ECs (a), and

suppressed the migration and proliferation of VSMCs (c, d and e) by LSS stimulation, but the expression of Caveolin-1 had no specific change (a). Values were

expressed as mean�SD for each condition from four independent experiments (**P< 0.001 vs. LV/Ctrl). (A color version of this figure is available in the online journal.)
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and migration of adjacent VSMC by paracrine or autocrine
action from EC.

Caveolin-1-ERK1/2 pathway is involved in
EC-modulated VSMC proliferation and migration
in response to LSS

The caveolae is the intrinsic cell surface plasma membrane
invagination found in ECs. It is well known that caveolae
play a significant role in cell biology and has been impli-
cated in the development of neointimal hyperplasia and
atherosclerosis.40 As a key component of the caveolae struc-
ture protein, Caveolin-1 has been extensively studied.
Several studies have investigated the role of Caveolin-1 in
cell migration.17,41 Our animal model demonstrates that
LSS and OSS-induced VSMC proliferation and migration
may be Caveolin-1 dependent. However, the underlying
molecular mechanism remains elusive and further research
is needed. There is currently some evidence that Caveolin-1
plays a role in promoting cell function through ERK 1/2
pathway. Engelman et al.42 reported that Caveolin-1
directly interacts with ERK 1/2 through its residues 32 to
95. Peptides from this region inhibit the activity of ERK1/2.
Li et al.43 reported that interaction between Caveolin-1/
Polymerase I and transcript release factors of PDGF recep-
tor leads to inhibition of ERK1/2 phosphorylation. We
hypothesized that the Caveolin-1-ERK1/2 pathway may
be involved in neointimal hyperplasia and then explored
the potential mechanisms in vitro.

Using the ECs/VSMCs co-cultured parallel plate flow
chamber system, we further explored whether changes in
Caveolin-1 and ERK1/2 expression affect the proliferation
and migration of cocultured VSMC following shear stress.
In fact, we found that LSS-induced proliferation and migra-
tion of VSMC was inhibited by the pre-treatment of cocul-
tured EC with LV-Cav-1 or PD98059. Both the Caveolin-1
overexpression and ERK1/2 pathway suppression in ECs
markedly decreased the expressions of PDGF-BB, VEGF-A,
FGF-4 in ECs and reduced the migration and proliferation
of cocultured VSMCs following the application of LSS, sug-
gesting that Caveolin-1 and ERK1/2 play an important role
in ECs-regulated migration and proliferation of VSMCs fol-
lowing the application of shear stress. We also found that
Caveolin-1 overexpression in ECs downregulated the
expression of phospho-ERK1/2 following LSS, but the
ERK1/2 phosphorylation knockdown showed no notable
effects on expression of Caveolin-1. Therefore, ERK1/2
phosphorylation is a downstream signaling event that
was modulated by Caveolin-1. We found that Caveolin-1
regulates VSMC proliferation or migration through the
ERK1/2 signaling pathway in response to LSS. These
results, which are fully consistent with the results from
the animal model study, indicate that Caveolin-1-ERK1/2
pathway is involved in EC-modulated VSMC migration
and proliferation under LSS condition.

Uremia toxin induces the migration and proliferation of
VSMCs without depending on caveolin-1 manner

MHD patients who are different from the general popula-
tion, usually have microinflammation, oxidative stress,

coagulation abnormalities, calcium and phosphorus metab-
olism disorders, which are unfavorable factors for AVF
maturation and dysfunction.25 With the continuous deteri-
oration of CKD, the glomerular filtration rate (GFR)
decreases, the excretion of uremic toxins decreases and
the accumulation of toxins increases in the body, resulting
in dysfunction of ECs. Studies have found that low levels of
GFR are associated with inflammation and potential ECs
dysfunction.44

Our study demonstrates that uremia toxin upregulated
the proliferation and migration of VSMCs and increased
the expression of VEGF-A, PDGF-BB, FGF-4, and ERK1/2
phosphorylation in EC, compared to the normal serum
static group. However, uremia toxin had no specific effects
on expression of Caveolin-1. Therefore, uremia toxin indu-
ces the migration and proliferation of VSMCs but not in a
Caveolin-1-dependent manner.

In the present study, our results suggest that shear
stress-regulated VSMC proliferation and migration is a
ECs-dependent process. LSS and OSS exert atherosclerotic
influences on the ECs and VSMCs, which was consistent
with our previous reports that LSS and OSS are the vascular
wall virulence factor that induces neointimal hyperplasia in
the animal model. We further explored the mechanism of
LSS induced proliferation and migration of VSMCs by
Caveolin-1-ERK1/2 pathway in vitro and suggested that
Caveolin-1 and ERK1/2 can be used as a new therapeutic
target for the treatment of AVF dysfunction.

Disadvantages

There are some shortcomings in this study. First, this study
simulates the effects of hemodynamic changes in vivo on
ECs and VSMCs with a parallel plate flow chamber. For the
settings of our hemodynamic model, blood is usually
assumed to be a single-phase Newtonian fluid and the
vessel wall is assumed to be a uniformly deformable elas-
tomer or a non-deformable rigid body. These two assump-
tions are different from the actual situation of blood flow in
human body. Second, this study was to explore how ECs
transmit the mechanical stimuli to VSMCs following
the application of different shear stress (4 dyn/cm2,
12 dyn/cm2, 20 dyn/cm2 and 0� 4 dyn/cm2). However,
the blood flow pattern may change with time during the
process of AVF maturation and the actual hemodynamic
situation in the human body is more complicated than the
experiment. Third, uremia conditions were simulated by
the culture medium with 10% serum from ESRD patients.
Although the result may change with different concentra-
tion of uremic serum, the effect of uremic toxins on ECs and
VSMCs has a consistent trend.
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