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Abstract—Vascular fibrosis, the formation of excess fibrous
tissue on the blood vessel wall, is characterized by unmitigat-
ed proliferation of fibroblasts or myofibroblast-like cells
exhibiting a-smooth-muscle-actin in vessel lumen and other
vascular layers. It likely contributes to vascular unrespon-
siveness to conventional therapies. This paper demonstrates a
new flow-induced vascular fibrosis mechanism. Using our
developed flow system which simulates the effect of vessel
stiffening and generates unidirectional high pulsatility flow
(HPF) with the mean shear flow at a physiological level, we
have shown that HPF caused vascular endothelial dysfunc-
tion. Herein, we further explored the role of HPF in vascular
fibrosis through endothelial-to-mesenchymal transdifferen-
tiation (EndMT). Pulmonary arterial endothelial cells (ECs)
were exposed to steady flow and HPF, which have the same
physiological mean fluid shear but different in flow pul-
satility. Cells were analyzed after being conditioned with
flows for 24 or 48 h. HPF was found to induce EndMT of
cells after 48 h stimulation; cells demonstrated drastically
decreased expression in EC marker CD31, as well as
increased transforming growth factor b, a-SMA, and colla-
gen type-I, in both gene and protein expression profiles.
Using the flow media from HPF-conditioned endothelial
culture to cultivate arterial adventitial fibroblasts (AdvFBs)
and ECs respectively, we found that the conditioned media
respectively enhanced migration, proliferation and a-SMA
expression of AdvFBs, and induced EndMT of ECs. It
was further revealed that cells exposed to HPF exhibited
much higher percentage of caspase-positive cells compared to
those exposed to steady flow. Apoptotic cells together
with remaining, caspase-negative cells suggested the presence
of apoptosis-resistant dysfunctional ECs which likely
underwent EndMT process and perpetuated fibrosis through-
out vascular tissues. Therefore, our results indicate that
prolonged HPF stimuli induce vascular fibrosis through

triggering EndMT and EC-mediated AdvFB activation and
migration, which follows initial endothelial inflammation,
dysfunction and apoptosis.
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ABBREVIATIONS

EndMT Endothelial-to-mesenchymal transdifferen-
tiation

HPF High pulsatility flow
EC Endothelial cell
SMC Smooth muscle cell
AdvFB Adventitial fibroblast
HPAEC Human pulmonary arterial ECs
PI Pulsatility index
TGF-b Transforming growth factor b

INTRODUCTION

Tissue fibrosis is the formation of excess fibrous
connective tissue, due to increased activities of
fibroblast-like cells in a reparative or reactive process.
It is often preceded by tissue inflammation and
resulting in increased content of collagen type I to
improve structural integrity of injured or weak tissues.
As a consequence of fibrosis, collagen-rich scar tissues
accumulated with fibroblast- or myofibroblast- like
cells replace normal functional tissues. Therefore,
fibrosis is common in a number of diseases showing
gradual tissue deterioration, as in the case of vascular
tissue fibrosis, which is an important aspect of extra-
cellular matrix remodeling in hypertension and other
cardiovascular diseases. The exact cell type contributing

Address correspondence to Wei Tan, Department of Mechanical

Engineering, University of Colorado at Boulder, 1111 Engineering

Dr, ECME 114, Boulder, CO 80309-0427, USA. Electronic mails:

wtan@colorado.edu and wei.tan-1@colorado.edu

Cellular and Molecular Bioengineering, Vol. 8, No. 2, June 2015 (� 2015) pp. 285–295

DOI: 10.1007/s12195-015-0386-7

1865-5025/15/0600-0285/0 � 2015 Biomedical Engineering Society

285

RETRACTED A
RTIC

LE

http://crossmark.crossref.org/dialog/?doi=10.1007/s12195-015-0386-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12195-015-0386-7&amp;domain=pdf


to vascular fibrosis during blood vessel remodeling after
injury is unclear. Evidence shows fibrosis may occur in
all vascular tissue layers, namely intima, media and
adventitial layers, as occurring in atherosclerosis, pul-
monary artery hypertension, vascular grafting anasto-
mose or stenting. Vascular fibrosis likely involves all
resident vascular cell types, endothelial cell (EC),
smooth muscle cell (SMC) and adventitial fibroblast
(AdvFB).3,5,11,22,29,33,35 Understanding of vascular
fibrosis pathologies are further complicated by all cells
within vessel walls presenting a-smooth muscle actin
(a-SMA),11,43 most commonly associated with SMC
previously. Studies also suggested that these a-SMA+

cells might be associated with the presence of trans-
forming growth factor b (TGF-b).40,42 Though the
majority of previous studies have focused on illustrating
the role of SMCs in vascular neointimal hyperplasia and
fibrosis, evidence from recent studies supports the
potential trans-differentiation of other vascular cells
(ECs and AdvFBs) into the myofibroblast phenotype
during pathological vascular remodeling,37 but the
underlying mechanism, particularly in relation to
hemodynamics present in vascular diseases, has been
seldom explored.

Increasing attention is now given to endothelial-
to-mesenchymal transition (EndMT) and to its occur-
rence and roles in artery maturation during embryonic
development as well as in intimal fibrosis during vas-
cular remodeling.2,8,10,28 EndMT is believed to con-
tribute, at least partially, to pulmonary, renal, and
cardiac fibrosis in adult mammals.15,44–46 Activation of
EndMT can result from biomechanical and/or bio-
chemical signaling. It was shown increasing the mean
magnitude of shear stresses from 0.5 to 5.0 Pa pro-
moted murine and chicken embryonic ECs to the
EndMT process, showing reduced endothelial marker
and increased a-SMA expression.8,9 While flow-
induced EndMT was thought to be a necessary step
during vascular development, it may be harmful to
healthy blood vessels. Recent findings have highlighted
the contribution of EndMT to vascular pathogenesis in
a number of fibrotic diseases.15,24,44,46 The EndMT
process is particularly correlated to the presence of
TGF-b.3,15,17,19,25,44,45 In addition to EndMT, activa-
tion of AdvFB migration, proliferation or matrix
production may also contribute to vascular fibrosis,
hardening and reduced response to vasodilation ther-
apy. Activation of AdvFB can be triggered by flow
and/or cytokine stimuli. High interstitial flow was
shown to activate AdvFB migration.1,4,13 TGF-b
was also found to be involved in activating AdvFB
proliferation and matrix production.18 Though the
respective contributions of EC and AdvFB to vascular
fibrosis the fibrotic process. Understanding the cellular

mechanisms during vascular fibrosis and hardening
could greatly assist the during remodeling are
increasingly recognized, few studies have examined
their collaborative efforts in drivingdevelopment of
new therapeutic approaches towards cardiovascular
disease and hypertension.

Our previous studies have established unidirectional
high pulsatility flow (HPF), a proximal stiffening-
induced flow condition indicated in disease and
aging,26,31 as a determinant to distal pulmonary artery
endothelial health.21 We have shown that HPF altered
pulmonary artery SMC physiology via vasoactive
substances and cytokines produced by the endotheli-
um.38 In response to HPF with physiologic, mean
shear stresses (1.2 Pa), distal ECs also demonstrated
acute inflammatory response, simulating that occur-
ring in pulmonary hypertension. Growing evidence
supports that vascular intimal thickening of distal
pulmonary arteries in diseased condition, due to
inflammation or fibrosis, might contribute to the unre-
sponsiveness of arteries to vasodilation therapies.12,32

Palevsky et al. showed that an intimal area of more than
18% of the vascular cross-section had an 85% predic-
tive value for identifying poor outcome from vasodila-
tion treatment.30 It is well known that during
wound healing, fibrosis follows inflammatory events.
This might occur during flow-induced vascular inflam-
mation and remodeling. To further establish the role of
HPF (with the mean flow shear at a physiological level)
in fibrosis of vascular intima and other vascular layers,
we therefore sought to test the hypothesis that pro-
longed HPF stimuli induce vascular fibrosis through
triggering EndMT and EC-mediated AdvFB activation
and migration, following initial endothelial inflamma-
tion. To address this hypothesis, we applied our devel-
oped flow system, simulating the effects of vessel
stiffening, and HPF generation on the downstream
cells.

MATERIALS AND METHODS

Cell Culture

Human pulmonary arterial ECs (HPAEC) were
obtained from Lonza Inc, and kept in a CO2 incubator
at 37 �C and 5% CO2. Cells were thawed as needed
and grown to approximately 70–80% confluency using
EGM-2 with additional growth factor and fetal bovine
serum bullet kit (Lonza, Basel, Switzerland). Once
confluent, cells at passages of 3–8 were seeded on two
glass slides for the flow experiment. Human pulmonary
artery adventitial fibroblasts were maintained in
DMEM media containing 10% FBS and cultured in
similar conditions.
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Flow Setup and Experiments

To examine the response of HPAECs to various flow
conditions, plain microscope glass slides were chemically
functionalized with 20% of aqueous sulfuric acid and
then coated with 6% of 3-aminopropyltriethoxysilane in
acetone. After silanization, the glass slides were treated
with 1.5% of glutaraldehyde solution. This formed an
aldehyde which could initiate amine linkage to protein
coating. The slides were then coated with 25 lg/ml
fibronectin aqueous solution for 30–60 min to provide a
functional attachment layer for the HPAECs. HPAECs
at a concentration of 6.0 9 105 per ml were seeded on
the fibronectin-coated slides and given 1 h to attach to
the slides, and then the cells were covered in growth
media and allowed to reach confluency, before they were
transferred to the flow chamber apparatus.

To ensure the sterility and cleanness of the flow
experiments, the exterior of a pulsatile blood pump
(Harvard Apparatus Inc; Holliston, MA) or a peri-
staltic pump (Cole Parmer), which was used to circu-
late the medium, was sterilized by wiping it with 70%
ethanol. Sterilization of the flow circuit was completed
through perfusing all the tubings, pump chamber and
connectors with 10% hydrogen peroxide (H2O2) under
ultraviolet light within a biosafety cabinet Type II for a
minimum of 30 min. To clean the circuit of any cyto-
toxicity, sterile Dulbecco’s phosphate buffered solution
(DPBS) was circulated through and removed. Perfu-
sion with DPBS was repeated twice before flow
experiments started. For generating HPF condition,
the blood pump simulated the heart function generat-
ing cardiac output, while the compliance-adjustment
chamber simulated the flow buffering or cushion
function of proximal arteries. The fluid levels of the
compliance-adjustment chamber allowed for pulsatility
control of dynamic flows, with lower fluid levels
allowing greater dampening of dynamic pressures.
Downstream to the compliance-adjustment chamber
was the cell-plate flow chamber which holds the
endothelium representing the distal pulmonary artery
endothelium. Each component was connected by stiff
polystyrene tubing. The circulating media used in
the experiments consisted of a basal media (EBM-2,
Lonza, Basel, Switzerland), medical grade dextran
(MP-products Inc, Solon, OH) (7% w/w), and peni-
cillin/streptomycin (2% v/v), as its viscosity was close
to blood viscosity so that it reduces volumetric flow
rate while maintaining a high shear stress. For flow
measurements, a digital flow meter (Alicat Scientific
Inc, Tucson, AZ) was placed before the flow chamber.
A manifold section was used to run parallel studies.

Two flow conditions were applied within a closed
fluid circuit: high pulsatility flow (HPF) using the
blood pump and steady flow using peristaltic pump.

Both pulsatile flows had the same mean flow rate with
a mean surface flow shear stress of 1.2 Pa, at the fre-
quency of 1 Hz. The steady flow showed no great
variation in flow velocity with the flow pulsatility index
(PI) less than 0.2, while the PI value of HPF was
determined to be 1.7,26,31 using the following equation:

The pulsatility index PIð Þ ¼ DFlowVelocity

AverageFlow

For all the experiments, cells were preconditioned at
low or no pulsatility (PI< 0.5) with low shear stress
for between 4 and 6 h before experimental flow con-
ditions began. Experiments consisted of 24 and 48 h of
flow conditions. For the pharmacological treatment of
cells using taxol (Paclitaxel, Sigma-Aldrich Inc), the
experiments were performed with the addition of
10 ng/ml of taxol in the flow culture media. HPAECs
grown in the absence of flow (the static condition) were
used as a control. After HPAECs were exposed to
different flows, they were collected and analyzed for
gene expression using real-time PCR and for protein
expression using western blotting. The circulating
media during flow culture period were collected as flow
conditioned media (FCM) for studies that evaluate EC
and AdvFB activation, in which confluent HPAECs
and AdvFBs were cultured for 24 h in FCM. Western
blot analysis was performed on resulting cells, com-
paring a-SMA protein expression with b-actin. FCM
was also used to evaluate its potential to induce
AdvFB migration and proliferation.

Western Blot

Western blot analyzes were performed as per the
manufacturer’s suggestions (Invitrogen, Carlsbad, CA).
Briefly, to retrieve proteins, ECs were gently scraped off
glass slides, lysed with RIPA lysis buffer, and then cen-
trifuged at 14,000 rpm for 20 min at 4 �C. Supernatant
was then transferred to a clean tube. Protein concen-
trationswere determined using a standard curve of BSA.
Twenty micrograms of protein from each sample were
separately loaded and subjected to gel electrophoresis.
Following electrophoresis, resulting protein was trans-
ferred to a nitrocellulose membrane. The membrane was
blot withCOL1A1 rabbit polyclonal antibody, PECAM-
1 mouse monoclonal, TGFb1 mouse monoclonal, and
1A4 (a-SMA) antibodies (all antibodies from Santa Cruz
Biotech, Santa Cruz, CA).

Real-Time PCR

To study the effects of HPF on the pulmonary
artery endothelium, HPAECs were conditioned with
HPF and steady flow for 24 and 48 h, respectively.
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Real-time PCR was used to analyze the gene expres-
sion of the biomarkers important for EndMT. Cell
samples were gently scraped from slides after applying
RLT buffer tissue lyser using the RNeasy mini-kit from
Qiagen (QIAGEN, Hilden, Germany), according to
the manufacturer’s instructions. Samples were then
prepared as per manufacturer’s instructions for real
time- PCR using RT2 SYBR Green FAST Mastermix
and corresponding gene primers, also from QIAGEN.
Gene expression in 24 and 48-h flow cycles were
examined for PECAM-1 (CD31), a-SMA (ACTA2),
TGF-b (TGF-beta1), and Collagen-I (COL1A1) with
b-actin expression (ACTB) as the housekeeping gene.
Primers (PPH01362E, PPH00508A, PPH01299F and
PPH01300B) were directly obtained from Qiagen Inc.
Data was analyzed using the DDCT method, and
plotted. Statistical significance between groups was
found using Welch’s t test using degrees of freedom
derived from the Welch-Satterthwaite equation for
unequal sample sizes and unequal variances.

Fibroblast Migration and Proliferation Assay

The flow conditioned media (FCM) from HPAECs
were taken from those exposed to steady or HPF cul-
ture conditions for 24 or 48 h, and were used to
determine migration and proliferation of AdvFB. For
cell migration study, the FCM was placed in the bot-
tom well covered with a 3-mm transwell insert (BD
Biosciences, San Jose, CA), while AdvFBs were placed
on top of the insert and cultured for 24 h. Subse-
quently, the cells on the top of the insert were gently
scraped off with a cotton tip, and the cells on the other
side of the insert were stained with 2% crystal violet or
DAPI, and then imaged under a light microscope. The
number of migrated cells was determined using ImageJ
(National Institute of Health, Bethesda, MD).

For measurement of fibroblast proliferation, FCM
was used to culture adventitial fibroblasts for 24 h. Then,
CyQuant proliferation assay kit (Invitrogen, Grand
Island, NY) was used according to the manufacturer’s
instruction. Proliferation of AFB was measured using a
CyQuant proliferation assay kit (Invitrogen, Grand
Island,NY).Cellswere cultured inFCMfor 24 h, and the
assay was completed as per manufacturer’s instructions.

Apoptosis Assay

Apoptosis assay was applied to cells after expo-
sure to flow for 24 h. FLICA poly caspase reagent
(Immunochemistry Technology LLC, Bloomington,
MN) including fluorescent-labeled inhibitor of caspases,
is a simple yet accurate method tomeasure apoptosis via
caspase activity in whole cells. The assay was performed
by following the manufacturer’s instruction.

Data Analysis

All data are expressed as mean ± SEM, and the
number of sample studied (n) is ‡3. One-way ANOVA
was used to determine effects of flow pulsatility on
gene expression. If significantly difference exists, Stu-
dent’s t test for one-to-one comparison and Tukey for
post hoc analysis were used to compare means of each
individual group. A p value <0.05 was considered
significantly different.

RESULTS

HPF induced EndMT after 48 h stimulation

Our previous studies have shown that HPF changes
vasoactive and proinflammatory activities of bovine
PAECs.38 Similar to the responses of bovine cells to
HPF, HPAECs produced pro-vasoconstriction and
pro-inflammation factors after exposure to HPF
(S-Fig. 1 in the Supplemental information). We further
asked whether HPAECs would resolve acute inflam-
mation and vasoconstrictive response by making the
phenotypic transition to a mesenchymal phenotype. As
shown in Fig. 1a, results demonstrated that HPF sig-
nificantly increased HPAEC mRNA expression of
a-SMA, TGF-b1, and COL1A1 molecules by 4-20
folds, when compared to steady flow after 48 h of flow
condition, while no significant difference in all these
mRNAs were found between cells under HPF and
steady flow after 24 h of flow condition. Also, HPF
enhanced cell mRNA expression of these EndMT
markers after cells were exposed to the flow for a
longer period of time (48 vs. 24 h), whereas steady flow
reduced cell expression of these mRNAs over the time,
which, except COL1A1, showed no significant differ-
ence from the static condition after 48 h. On the other
side, HPAEC exposure to HPF for 48 h significantly
reduced mRNA expression of EC marker, PECAM-1,
exhibiting up to 148-fold decrease when compared to
the steady flow or static conditions (Fig. 1b). Com-
parison to the static control provided baseline EC
response to fluid shear within the study, and reinforced
the steady flow as a relevant model for comparison to
HPF. These results indicate that EndMT occurs in the
endothelial cells exposed to the HPF condition after
48 h, a relatively longer period of time than that
needed to induce pro-inflammatory responses (6–24 h).

To confirm the findings from gene expression, pro-
tein analyzes were performed on selected molecular
markers. Results from western blots support the PCR
results. As shown in Fig. 2, when compared to the cells
under steady flow for 48 h, ECs under the HPF con-
dition for the same duration increased the protein
expression of a-SMA, TGF-b1, and COL1A1, by 191,
33, and 25%, respectively, while these HPF-stimulated
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ECs exhibited 42.8% reduction in PECAM-1 protein
expression.

Flow-Conditioned Media from ECs Under HPF Induced
EndMT of HPAEC and Activated Migration

and Proliferation of AdvEC

As we found that HPF promoted EC production of
TGF-b1, we further asked whether TGF-b1 and other
cytokines produced by the cells remain active in the
flow conditioned media (FCM) and sufficient to affect

neighboring ECs or AdvFBs. To address this question,
FCM were collected after 24 or 48 h flow experiments
and were used to culture normal HPAEC and AdvFB,
respectively. As shown in Fig. 3, results demonstrated
that FCM taken from the EC culture stimulated by the
HPF condition for 48 h significantly increased a-SMA
protein expression in both AdvFB and EC, when
compared to all the other FCM conditions. This sug-
gests the cytokines secreted by HPAECs under HPF
could sustain continuous trans-differentiation of ECs
and activation of AdvFBs.

FIGURE 1. Gene expression results showing that ECs after 48 h HPF stimulation undergo the EndMT process. (a) The EC
expression of aSMA, COL1A1 (for collagen type I) and TGF-b1 mRNAs after 24 or 48 h under steady flow or HPF, using the static
condition for comparison. Compared to those exposed to the steady flow, cells after 48 h of HPF stimulation showed significantly
higher levels in all of these mesenchymal phenotypic genes while cells after 24 h of HPF stimulation only showed significantly
higher expression in a-SMA mRNA. The DDCT method was used to determine the gene expression. (b) The mRNA expression of
endothelial marker, platelet endothelial cell adhesion molecule (PECAM-1), in ECs after flow stimulation. Compared to those under
steady flow, the cells under HPF for 48 h showed significantly reduced PECAM-1 mRNA expression, indicating a reduction in EC
phenotype; the cells under HPF for 24 h did not show different PECAM-1 expression when compared to those under steady flow.
These results suggest that HPF promoted the mesenchymal transition of ECs after stimulation for a longer time period (48 h).
Statistical analysis using ANOVA and Welch’s two-tailed t-test: *indicates p< 0.05 vs. the steady flow after flow stimulation for the
same period of time.
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In addition, migration and proliferation assays were
performed on the AdvFB cultured with various FCM.
As shown in Fig. 4, migration assay results showed
that significantly more AdvFB cells migrated towards
FCM taken from ECs under HPF, when compared to
the cells migrated towards steady flow, for both 24 and
48 h time points. Proliferation assay results showed
that AdvFB cell proliferation in FCM from HPF
conditions was also significantly higher, when com-
pared to that in FCM from steady flow, for both 24
and 48 h time points.

Taxol Reduced EndMT Response of HPAEC

Herein, we asked whether inhibiting microtubule
dynamics using Paclitaxel (taxol) could inhibit
microtubulin dynamics, and reverse the EndMT
process of HPAECs under HPF stimuli. As shown in
Fig. 5, the addition of taxol reduced EndMT markers
in HPAECs under HPF, including a-SMA, TGF-b1
and COLIA1, and retained the expression level of
endothelial marker (PECAM-1). Microtubulin thus
played an essential role in HPF-induced EndMT and
stabilized the EC structure to protect cells from
transitioning to a mesenchymal myofibroblast-like
phenotype.

Cell Apoptosis Preceded the EndMT

Previous studies have shown that EC released TGF-
b1 during EC apoptosis.6,39 These in conjunction with
our findings that show ECs exposed to HPF con-
tinuously produce TGF-b1 which further induce EC
transition to mesenchymal fibroblastic phenotype and
enhance AdvFB activities, suggest that ECs might
show enhanced apoptotic activity prior to the EndMT
process, releasing TGF-b1 for autocrine and paracrine
signaling towards fibrosis. We therefore studied whe-
ther the occurrence of endothelial transition into a
pathological fibroblastic phenotype were preceded by
endothelial apoptosis. To address this question, cas-
pase assay was used to assess cell apoptosis after 24 h
flow conditioning. Results showed that HPF induced
much higher percentage of apoptotic cells (~55%)
when compared to steady flow (~2%), as shown in
Fig. 6. The co-existence of apoptotic cells and non-
apoptotic cells are interesting facts of the HPF-induced
changes.

DISCUSSION

Results from the present study demonstrate that
HPF induces EndMT in HPAECs, likely stemming

FIGURE 2. Results from western Wetting assays show the EndMT-related markers expressed by ECs after 48 h of flow
stimulation. Compared to the steady flow condition, HPF significantly downregulated EC marker PECAM while it upregulated all
the mesenchymal phenotype markers, which demonstrates the change of ECs under HPF from the endothelial phenotype to the
mesenchymal, myofibroblast-like phenotype. Quantitative measures of protein expression increase and representative western
blotting bands are shown. Statistical significance (p< 0.05) was found in all the protein expression comparisons between the
steady and the HPF.
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from HPF-induced endothelial dysfunction character-
ized by inflammation, adverse production of vasoac-
tive substances and apoptotic responses. Evidence is
presented in gene and protein assays of cells after 48 h
exposure to HPF, showing dramatic downregulation
of PECAM-1 (EC marker), and significant upregula-
tion of mesenchymal cell markers including a-SMA,

COL1A1, and TGF-b1. This demonstrates EC changes
into a myofibroblast-like mesenchymal phenotype. In
addition, flow-conditioned media further sustained the
stimulating effects of HPF on EndMT and on activa-
tion, migration and proliferation of AdvFBs, all of
which are related to progressive fibrosis of vascular
tissues in diseased conditions. We also found that
paclitaxel application in the flow media effectively
reduced EndMT response.

TGF-b1 could play a critical role in perpetuating
flow-induced vascular fibrosis. TGF- b1 is such a
highly potent cytokine that it alone may not only
induce the inflammatory response, but also induce
EndMT of ECs.11,42,43 The presence of TGF-b1 pro-
duced by HPAECs under HPF is likely instrumental in
sustaining EndMT and increasing fibroblast prolif-
eration, migration and activation to a-SMA+ myofi-
broblasts through myogenic process. Our finding is
consistent with previous studies showing that TGF-b1
release was found after EC apoptosis,34,35,39 or during
EC exposure to high shear.6,41 TGF-b1 has also been
repeatedly shown to increase fibrosis and the encap-
sulation phase of the inflammatory response. More
relevant to the current study is that TGF-b1 was
shown to directly initiate EndMT in a number of
previous studies.15,17,19,25,44

Though little is known about cellular mechanisms
underlying the EndMT and few successful chemical
signals have been shown to prevent EndMT, evidence
emerges that lack of primary cilia, acetylated micro-
tubule, primes the EndMT process in the endothelium,
while EndMT diminished with increasing primary cilia
expression in ECs.9 Our previous study showed that
the microtubulin played an important role in trans-
ducing HPF to proinflammatory signals.21 Paclitaxel
(taxol), inhibits microtubule dynamics and thus cell
proliferation in cancer chemotherapy, has also been
previously used to reinforce primary cilia.14,16 Pacli-
taxel is commonly used in cancer chemotherapy to
prevent tumor growth, and as prevention in restenosis
through preventing SMC migration and prolif-
eration.20 This study suggests that paclitaxel may
attenuate vascular dysfunction by additionally helping
to stabilize EC cytoskeleton and reduce EndMT via
altered endothelial mechano-transduction of HPF.9,16

Different from previous studies on flow-induced
endothelial dysfunction using disturbed flow,27 or
oscillatory flow shear conditions47 with the mean flow
shear stress below a physiological value, as occurring
in the case of arterial stenosis, HPF is characterized by
unidirectional flow condition with the mean flow shear
within the physiological range, and is correlated to
increased upstream vascular stiffness.23 The results
shown here as well as our previous studies have pro-
vided evidence that HPF would create a positive

FIGURE 3. Flow-conditioned media (FCM) from ECs after
48 h stimulation with HPF induced quiescent ECs and AdvFBs
to express a-SMA protein expression. AdvFBs and ECs both
cultured in FCM pre-conditioned with steady flow and HPF for
both 24 and 48 h time points. Quantitative measures of protein
expression increase and representative western blotting
bands are shown. (a) Fold change of a-SMA/b-actin in AdvFBs
cultured in different FCM conditions relative to that from the
steady FCM. (b) Fold change of a-SMA/b-actin in ECs cultured
in different FCM conditions relative to that from the steady
FCM. Results showed that fractional differences in 5MA dra-
matically increase for the 48 h time points, with 127 and 52%
for AdvFBs and ECs respectively *shows p< 0.05 vs. FCM
from the steady flow condition after the same stimulation
period.

High Pulsatility Flow Promotes Vascular Fibrosis 291

RETRACTED A
RTIC

LE



feedback loop through applying high flow pulsatility to
ECs on a stiff structure, exacerbating endothelial dys-
function and vascular fibrosis. Besides enhanced
inflammatory response and EndMT in EC, HPF also
led to increased apoptosis prior to EndMT. Previous
studies have shown that a direct result of apoptosis-
resistant EC, due to unfavorable flow conditions,
chemically-induced EC apoptosis, or growth factor

inhibition, is post-apoptosis proliferation of these cells;
apoptosis-resistant ECs, likely showing a mesenchymal
phenotype, may be hyperproliferative and more
capable of withstanding harsh biochemical and bio-
physical stimuli.6,34–38,41 HPF fosters the emergence of
mesenchymal fibroblasts, which likely are apoptosis-
resistant cells either proliferating to thicken vascular
intima by fibrosis or producing cytokines to activate

FIGURE 4. Flow-conditioned culture media from ECs exposed to HPF significantly enhanced AdvFB migration and proliferation.
(a) Representative images showing AdvFB migration towards flow conditioned media (FCM) from ECs under different flow con-
ditions. AdvFBs are stained on the opposite side of the filter with crystal violet. (b) Quantitative results from AdvFB migration
assays, showing fold changes of migrated cells in comparison with the control using unconditioned culture media. (c) Cell
proliferation results of AdvFB cultured with FCM. Statistically significant results (p< 0.05) in AdvFB migration or proliferation are
shown between FCM from high pulsatility flow and FCM from steady flow by (*) for similar time points, �shows statistically
significant results (p<0.01) between experimental conditions and the unconditioned media (control).
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fibroblast migration and proliferation. This may fur-
ther explain in vivo findings of vascular fibrosis, which
often is characterized by a-SMA + cells in all vascular

layers and/or increased intimal area.7 The possible
mechanism of HPF on vascular fibrotic remodeling is
illustrated in Fig. 7.

FIGURE 5. Results fiom western blowing assays show that taxol induced changes after 48 h of HPF stimulation. Fractional
increase in EC expression of EMT-related proteins after taxol treatment (HPF + Taxol) is shown in comparison with the untreated
group, HPF(2). Quantitative measures of protein expression increase and representative western blotting bands are shown Sta-
tistical significance (p< 0.05) was found in all the protein expression comparisons between the treated and untreated groups.
Increased PECAM expression as well as decreased TGF-b1 collagen I. and a- SMA all indicate a reduction in phenotype changes in
ECs caused by HPF.

FIGURE 6. The EMT process of ECs is preceded with cell apoptosis.
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