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Abstract—Large artery stiffening and small artery inflam-
mation are both well-known pathological features of
pulmonary and systemic hypertension, but the relationship
between them has been seldom explored. We previously
demonstrated that stiffening-induced high pulsatility flow
stimulated a pro-inflammatory response in distal pulmonary
artery endothelial cells (PAEC). Herein, we hypothesized
that high pulsatility flow activated PAEC pro-inflammatory
responses are mediated through cell structural remodeling
and cytoskeletal regulation of NF-jB translocation. To test
this hypothesis, cells were exposed to low and high pulsatility
flows with the same mean physiological flow shear stress.
Results showed that unidirectional, high pulsatility flow led
to continuous, high-level NF-jB activation, whereas low
pulsatility flow induced only transient, minor NF-jB activa-
tion. Compared to cell shape under the static condition, low
pulsatility flow induced cell elongation with a polarity index
of 1.7, while high pulsatility flow further increased the cell
polarity index to a value greater than 3. To explore the roles
of cytoskeletal proteins in transducing high flow pulsatility
into NF-jB activation, PAECs were treated with drugs that
reduce the synthesis-breakdown dynamics of F-actin or
microtubules (cytochalasin D, phalloidin, nocodazole, and
taxol) prior to flow. Results showed that these pre-treatments
suppressed NF-jB activation induced by high pulsatility
flow, but drugs changing dynamics of F-actin enhanced NF-
jB activation even under low pulsatility flow. Taxol was
further circulated in the flow to examine its effect on cells.
Results showed that circulating taxol (10 nM) reduced
PAEC polarity, NF-jB activation, gene expression of pro-
inflammatory molecules (ICAM-1 and VCAM-1), and
monocyte adhesion on the PAECs under high pulsatility
flow. Therefore, taxol effectively reduced high pulsatility
flow-induced PAEC overpolarization and pro-inflammatory
responses via inhibiting cytoskeletal remodeling. This study
suggests that stabilizing microtubule dynamics might be a

potential therapeutic means of reducing endothelial inflam-
mation caused by high pulsatility flow.

Keywords—Vascular stiffening, Pulmonary vascular hyper-

tension, Inflammation, Endothelial cells, High pulsatility

flow, NF-kB, Cytoskeleton.

INTRODUCTION

It is increasingly appreciated that arterial stiffening is
an important factor that determines risks of cardio-
vascular diseases and guides pharmaceutical treat-
ment.1,30,66–68 Several previous studies have associated
arterial stiffening with microvascular damage in kidney,
brain or other highly-perfused organs.20,44 This associ-
ation was attributed to the impact of arterial stiffening
on increasing flow pulsatility in downstream small
arteries or even in the microvasculature, which exerts
detrimental hemodynamic effects on these less deform-
able vessels and ultimately leading to organ dysfunc-
tion.20,34,41,57 Recently, arterial stiffening effects have
also been recognized in the pulmonary circulation,
particularly in pulmonary arterial hypertension.18,25,31

We previously used a compliance-adjustment system
which resembles the effect produced by proximal arterial
stiffening to generate unidirectional, high pulsatil-
ity flow with physiological mean flow shear stress
(10–20 dyne/cm2); the magnitude of high pulsatility flow
shows rapid temporal acceleration (a pulsatility index
(PI) of >1 at a frequency of 1 Hz) and flow waves
propagate along the flow direction with no disturbance.
With that system, we showed that decreased upstream
compliance stimulated expression of pro-inflammatory
molecules in downstream distal pulmonary artery
endothelial cells (PAECs).33 These observations support
the idea that arterial stiffening, through changes in pulse
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flow characteristics, contributes to small arterial
inflammation which is a characteristic finding in pul-
monary arterial diseases.21,36 At present, the cellular
mechanisms involved in the effects of high pulsatility
flow on pro-inflammatory responses in PAECs remain
unknown.

Previous studies on endothelial inflammation induced
by flow magnitude or pattern provide ample evidence
that translocation or activation of nuclear factor-kappa
B (NF-jB), a nuclear transcription factor, plays an
important role in regulating flow-mediated inflamma-
tory responses in vascular endothelial cells.12,45,51,60

Flow shear stresses, such as those with turbulent or
disturbed flow pattern or low flow magnitude, activated
NF-jB and NF-jB-dependent genes, contributing
to endothelial inflammation.8,10,11 NF-jB activation
upregulates endothelial genes such as ICAM-1 which
playa key role in recruiting inflammatory cells.43,45 In
contrast, endothelial cells exposed to physiologically-
normal flows for an extended period exhibited reduced
NF-jB binding activity and inactive p65 was retained in
the cytoplasm by inhibitory I-kappa-B (IkB) proteins.9

Normal fluid shear forces also reduced cytokine-induced
activation of NF-jB in endothelial cells, maintaining
endothelial cell homeostasis.15 Though molecular sig-
naling mechanisms involved in the flow regulation of
NF-jB have been partly revealed, previous studies
mainly focused on examining the effects of low or
oscillatory/turbulent flow, in light of the hypothesis
regarding how flow conditions changed by vessel
geometry in the case of atherosclerosis lead to vascular
inflammation. It is yet to be explored whether NF-jB
also mediates endothelial responses to unidirectional
high pulsatility flows with the physiological mean flow
shear force, which is associated with the medical condi-
tions characterized by vessel mechanical stiffening.

The mechanisms underlying how cells sense and
transduce the flow signal for gene regulation have been
explored using different flow conditions. Though many
possibilities exist, strong evidence supports the role of
the cytoskeleton as a major mechano-tranduction
mediator, capable of sensing mechanical forces,
transmitting, and modulating tension within the cell,
and transducing tension changes into intracellular
signaling cascades through binding directly or indi-
rectly to receptors.16,27 It is also known that endothe-
lial cytoskeleton undergoes rapid changes in response
to flow.3,22 Laminar flow induced endothelial elonga-
tion and rapid alignment of actin filament and micro-
tubule to the direction of flow, and pulsatile flow
further expedited the structural reorganization,
whereas oscillatory or turbulent flow failed to polarize
endothelial cells or properly organize the cytoskeletal
proteins.24 The structural reorganization of cytoskele-
tal proteins changes intracellular signaling events.7,26,38

The effect of flow pulsatility on endothelial remodeling
remains largely unexplored; little is known about how
the cytoskeleton transduces the differences in flow
pulsatility into pro-inflammatory signals in endothelial
cells. Understanding the cellular and molecular mech-
anisms underlying the high pulsatility flow-induced
endothelial inflammation is important to identify new
therapeutic targets for treating stiffening-associated
disease conditions. To this end, we hypothesized that
high pulsatility flow activates PAEC pro-inflammatory
responses through cytoskeletal remodeling and regu-
lation on the NF-jB activation. To test this hypothe-
sis, cells were exposed to low and high pulsatility flow
conditions with physiological mean flow rates. We
sought to study the effects of high pulsatility flow on
cell shape, cytoskeleton reorganization, and NF-jB
activation in endothelial cells and to identify the drugs
that reverse those effects and thus reduce high pulsa-
tility flow-induced pro-inflammatory responses.

MATERIALS AND METHODS

Cell Culture

Bovine PAECs were isolated from neonatal calves
as previously described.17 PAECs were cultured in a
growth medium (D-valine MEM medium; Mediatech,
Inc.; Herndon, VA) containing 20% fetal bovine serum
(FBS, Gemini Bio-products; West Sacramento, CA),
2% L-glutamine (Invitrogen; Carlsbad, CA), and 1%
penicillin/streptomycin (Invitrogen). For flow experi-
ments, medium with 1% FBS was used. Cells at pas-
sages 4–8 were used for all experiments. Human acute
monocytic leukemia cell line (THP-1) was purchased
from ATCC (Manassas, VA) and maintained in 10%
FBS medium. Primary monocytes or macrophages
isolated from same species (bovine) showed high var-
iability due to infrequent availability. As THP-1 was
previously used to study monocyte adhesion on bovine
cells,62,65 it was used here for adhesion assay.

Flow Set Up

PAECs were seeded on the fibronectin-coated
(25 lg/mL) slides and grown to confluence. Fibronec-
tin was chosen as a coating molecule due to its presence
in the basement membrane of vascular matrix and its
efficiency of retaining cells under flow. Monolayer of
confluent PAECs was exposed to dampened flow
(PI = 0.4) and high pulsatility flow (PI = 1.7). Repre-
sentative flow waveforms recorded are shown in Fig. 1.
The flow PI was defined as it is commonly used in the
evaluation of vascular stiffening effects and the evalu-
ation of vascular diseases42,46: PI = (Vmax � Vmin)/
Vmean, where Vmax is the peak systolic velocity, Vmin is
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the minimum forward diastolic velocity and Vmean is
the average velocity. For both flow conditions, the
mean flow rate was the same with a mean shear stress of
12 dyne/cm2 applied for up to 24 h. The mean flow
shear used here is close to the mean resting flow shear
stress measured in distal pulmonary artery in vivo
(13 dyne/cm2).61 With a constant mean velocity and
frequency, a flow condition with a higher PI denotes a
higher energy level. Regarding the design of PI condi-
tion in this study, previous studies showed that the
mean flow PI in the large elastic PAs ranged from 4.4 to
5.1 in vivo, while the PI in the pulmonary capillaries
decreased to ~1 in vivo.49,56 In addition, our previous
study with flows of several PI conditions (1, 1.7, and
2.6) found that only flows with higher PI (1.7 and 2.6)
exerted detrimental effects on endothelium while no
elastic deformation existed.33 Thus, we have used a PI
of 1.7 to represent high pulsatility flow condition in the
distal pulmonary artery condition under the condition
of pulmonary artery stiffening and a PI of 0.4 to rep-
resent normal, low pulsatility flow. For the NF-jB
detection, cells were exposed to experimental flow
conditions for 30 min, 1, 2, 4, and 24 h.

The flow system setup was elaborated in our previous
study.33 Briefly, the flow system included a pulsatile
blood pump (Harvard Apparatus, Holliston, MA) to
generate mimetic flow after ventricular action, a com-
pliance-adjustment chamber which acted as a hydraulic
buffer to simulate changes in upstream arterial stiffness
for creating flow with varied pulsatility, a flow chamber
that held the cell culture under flow shear, and a medium
reservoir for continuously recycling the medium. Flow
rate was measured at the inlet and outlet of the com-
pliance chamber with a digital flow meter (Alicat Sci-
entific, Tuscon, AZ). The pulsatile flow waveforms for
the experiments are different in their pulsatilities.

Pharmacological Treatments

To explore whether cytoskeletal proteins are
involved in transmitting mechanical stimulation of
high pulsatility flow to activate NF-kB, we pre-incu-
bated PAECs with four types of drugs purchased from
Sigma Inc. (Saint Louis, CA): the actin-polymerization
inhibitor (cytochalasin D, 0.1 lM), the actin-depoly-
merization inhibitor (phallodin, 10 nM), the micro-
tubule-polymerization inhibitor (nocodazole, 1 nM),
and the microtubule-depolymerization inhibitor (taxol,
1 nM) for 30 min. The concentrations of these agents
were pre-determined by identifying the lowest con-
centration that caused cytoskeletal changes under the
static cell culture after drug treatment and did not
induce significant cell detachment under low pulsatility
flow. Cells were then exposed to high pulsatility flow
for 30 min and NF-jB translocation was measured at
the end of flow exposure. For circulating taxol exper-
iments, the cells were first preconditioned with damp-
ened, low pulsatility flow for 4 h and then subjected to
high pulsatility flow for 20 h. Taxol (1 or 10 nM) was
dissolved in the circulating medium.

Immunofluorescent Staining

After cells were exposed to flow for predetermined
time intervals, slides were fixed with 4% paraformal-
dehyde, blocked with FBS, incubated with primary
rabbit polyclonal anti-NF-jB p65 antibody (Novus
Biologicals, LLC; Littleton, CO), followed by incuba-
tion with anti-rabbit IgG antibody conjugated with
Cy3, and then mounted with DAPI SlowFade (Invit-
rogen) to detect cell nuclei. The activation of NF-jB
was determined by measuring the fluorescent intensity
of NF-jB signal in the nucleus vs. that in the cytoplasm,
because NF-jB in unstimulated cells is sequestered in
the cytoplasm and activation is characterized by trans-
location of NF-jB from cytoplasm to the nucleus. To
test the effect of different drugs on cytoskeleton struc-
ture, cells were incubated with rabbit anti-b-tubulin III
(Sigma) followed by incubation with anti-rabbit IgG
antibody conjugated with Cy3 to detect microtubule; or
slides were incubated with phalloidin conjugated with
Alexa Fluor 488 (Invitrogen) to detect F-actin stress
fibers, and then mounted with DAPI. Fluorescently
labeled cells were evaluated using an epifluorescent
microscope.

Cell Shape Analysis

Cell shape or elongation under flow conditions
was quantitatively determined by cell polarity. Cell
polarity, defined by the polarity index, was calculated
as the maximum cell length/maximum cell width

FIGURE 1. Representative flow waveforms of the experimental
flow conditions.
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ratio, and then averaged among a number of cell
samples. The polarity index was determined for 20–25
cells for 3–4 independent experiments for each
experimental condition.

Real-Time RT-PCR

Total cellular RNA from each sample was extracted
using RNeasy Mini Kit (Qiagen; Hilden, Germany).
Complementary DNA was synthesized from 1 lg of
total cellular RNA using iScript cDNA Synthesis Kit
(Bio-Rad, Hercules, CA). PCR primers are designed
using Primer 3 Software to target bovine inflammation-
related adhesion molecules (ICAM-1, VCAM-1, and
E-selectin) and chemokine (MCP-1). Quantitative real-
time RT-PCR was performed in triplicate with iQ
SYBRGreen Supermix (BioRad). Genes were normal-
ized to the housekeeping gene hypoxanthine-xanthine
phosphoribosyltransferase (HPRT). The sequences for
primers were as follows: ICAM-1 (fwd 5¢-GACTTCTT
CAGCTCCCCAAG-3¢, rev 5¢-CCCACATGCTATTT
GTCCTG-3¢), VCAM-1 (fwd 5¢-GAGCTTGGACG
TGACCTTCT-3¢, rev 5¢-TGGGTGGAGAATCATCA
TCA-3¢), E-selectin (fwd 5¢-CTCCCCGTCCAAGAAC
TACA-3¢, rev 5¢-CGCCTCTACCTGTCCTTGAG-3¢),
MCP-1 (fwd 5¢-CGCCTGCTGCTATACATTCA-3¢,
rev 5¢-ACACTTGCTGCTGGTGACTC-3¢), and HP
RT (fwd 5¢-CTGGCTCGAGATGTGATGAA-3¢, rev
5¢-CAACAGGTCGGCAAAGAACT-3¢). The SYBR
Green I assay and the iCycleriQ real-time PCR detec-
tion system (Bio-Rad MyiQ Real-Time PCR System;
Hercules, CA) were used for detecting quantitative PCR
products from 2 ng of reverse-transcribed cDNA. PCR
thermal profile consisted of 95 �C for 10 min followed
by 40 cycles of 95 �C for 15 s, 60 �C for 30 s, and 95 �C
for 1 min. Fold change relative to static condition was
calculated using the DDCT method.59

Monocyte Adhesion Assay

To confirm pharmacological effects on PAEC
expression of adhesion molecules, we examined
monocyte adhesion to PAEC after PAECs were
exposed to flow. Briefly, after PAECs were exposed to
high pulsatility flow for 24 h with the absence or
presence of circulating taxol, monocytic THP-1 cells
(5 9 105 cells/mL) were incubated with PAECs that
were still attached to slides for 30 min. Non-adherent
THP-1 cells were removed by gentle washing. The
adherent THP-1 cells on the PAECs were visualized
under microscope and pictures were taken for six
randomly selected microscopic fields on each slide.
The numbers of monocyte in each field were counted
with the Image J software.

Data Analysis

All data were expressed as mean ± SEM, and n
indicates the number of sample studied. Comparisons
among means of the experimental groups were made
using one-way ANOVA and/or two-way ANOVA
(when more than two influencing factors were
involved). If the difference was significant, then
Tukey’s post-hoc test was used for comparison
among several groups and a student’s t test for one-
to-one comparison. A p value <0.05 was considered
significantly different.

RESULTS

High Pulsatility Flow Induced Early, Continuous
and High-Level Activation of NF-jB, Whereas Low
Pulsatility Flow Induced Only Minor and Transient

Activation of NF-jB

It is known that NF-jB plays a significant role in
regulating inflammatory gene expression. Since our
previous study showed that high pulsatility flow stim-
ulated proinflammatory gene expression in PAEC,33 we
asked whether high pulsatility flow induced NF-jB
activation. Experiments were designed to examine
NF-jB activation in PAECs exposed to low and high
pulsatility flows, both of which had the same mean flow
rates. The NF-jB activation was determined by mea-
suring the translocation of NF-jB from the cytoplasm
into the cell nucleus at varied time periods. NF-jB in
unstimulated cells was sequestered in the cytoplasm.
The results were compared with the cytoplasm-
to-nucleus NF-jB translocation in PAECs under the
static culture. Results showed that low pulsatility flow
caused transient NF-jB activation in PAECs, which
was then attenuated by extended flow exposure (Fig. 2).
The time-lapse analysis showed that after 30 min of cell
exposure to flow, the nucleus-to-cytoplasm ratio of
NF-jB remained low, not significantly different from
the static condition; after 1 and 2 h of flow exposure,
this ratio was increased by 78 and 63%, respectively;
after 4 h, the NF-jB fluorescence was mainly cyto-
plasmic and the nucleus-to-cytoplasm ratio was not
significantly different compared to the static condition.
By 24 h, this ratio decreased to a level that was signif-
icantly lower than the static condition. On the other
hand, high pulsatility flow with the same mean shear
stress led to much higher, earlier and continuous nuclear
translocation of NF-jB in PAECs. After 30 min of
cell exposure to high pulsatility flow, the nucleus-
to-cytoplasm ratio of NF-jB in the cells increased by
400% compared to the static condition (p< 0.0001).
This high-level activation of NF-jB was sustained and
found after 1, 2, and 4 h of cell exposure to high
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pulsatility flow. After 24 h exposure to this flow, the
cells exhibited elevated nucleus-to-cytoplasm NF-jB
ratios, which were more than ten folds compared to
those under 24 h of low pulsatility flow. Additionally,
higher cell loss (~40% after 24 h) in high pulsatility flow
condition was observed, which could trigger NF-kB
activation independent of the flow condition.

Flow Pulsatility Altered Cell Shape, Polarity,
and Structural Organization

The above observations led to the questions
regarding sensing mechanisms underlying how PAECs
transduce high pulsatility flow signals to activate the
nuclear factor NF-jB. As the cell structure plays an
important role in transmitting mechanical forces

throughout the cell and modulating assembly and
activation of signaling molecule complexes, we asked
whether the cell structure and shape polarity changed
with the flow pulsatility level. Our results showed that
cells under both flow conditions underwent significant
morphological changes, exhibiting elongated shape
and alignment with the flow direction, which are dif-
ferent from the cells in the static condition (Fig. 3).
Compared to those under low pulsatility flow, PAECs
under high pulsatility flow were more elongated and
polarized with a significantly higher polarity index.
The polarity index of PAEC under low pulsatility flow
is around 1.7, whereas the polarity index of PAEC
under high pulsatility flow reaches a value greater than
3. Cells under high pulsatility flow also formed long
projection of cytoplasmic pseudopodia.

FIGURE 2. Low pulsatility (LP) flow induced small, transient activation of NF-kB in PAECs, while high pulsatility (HP) flow with the
same mean flow rate induced much higher, constant activation of NF-kB. (a) Representative images demonstrate the cytoplasm-to-
nucleus translocation (or activation) of NF-kB varies with the flow conditions over the time. NF-kB p65 is shown in red and nuclei
are shown in blue fluorescence. Overlapping of both stains shows purple color. (b) Quantitative measurements of static and flow-
induced NF-kB translocations over the time. �Significantly different from the static condition (p < 0.05); �significantly different from
the LP flow condition (p < 0.05).
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Actin and Microtubule Dynamics Mediate
the Transduction of High Pulsatility Flow into NF-jB

Activation in PAEC

Because the adaptation of cell structure to flow
relies on major cytoskeletal protein networks includ-
ing F-actin and microtubule, we further tested the
hypothesis that the structural adaptation of cytoskel-
eton mediated the transduction of high pulsatility flow
into the NF-jB activation. To delineate a possible link
between NF-jB activation and cytoskeletal dynamics
in response to varied flow pulsatility, PAECs were
treated with drugs that interfere with the synthesis-
breakdown dynamics of F-actin filaments (cytochala-
sin D and phalloidin) or microtubules (nocodazole and
taxol) prior to flow exposure. Considering the potential
effects of these drugs on cell adhesion, the drug con-
centrations were evaluated and set to a level at which
microscopic changes in the PAEC shape started to
show while drug influence on cell adhesion under the
static condition and low pulsatility flow was mini-
mized. Results on drug-treated cells showed that all the
drug pre-treatments suppressed high pulsatility flow-
induced NF-jB activation (Fig. 4a). These results
demonstrated that synthesis-breakdown dynamics of
both actin and microtubule played important roles in
transmitting high pulsatility flow to induce NF-jB

activation. However, the drugs inhibiting F-actin
dynamics increased NF-jB activation under low pul-
satility flow whereas the drugs inhibiting microtubule
dynamics did not. This observation showed that pre-
treatment of cells with ultralow concentrations of taxol
or nocodazole, which were at least more than 3000
times lower than that previously used in flow stud-
ies,26,29,39 reduced NF-jB activation under high pul-
satility flow without affecting that activation in cells
under normal flow conditions. Gene expression results
further showed that drug effects on pro-inflammatory
ICAM-1 mRNA expression in PAECs under high
pulsatility flow were similar to their effects on NF-jB
activation (Fig. 4b). Also, two-way ANOVA analysis
of the data shows that flow conditions significantly
influence both NF-kB and ICAM1, and there is sig-
nificant interaction between the two factors, drug and
flow. In addition to their effects on inflammatory sig-
naling, cytochalasin D, and nocodazole, the drugs that
depolymerized F-actin and microtubule, reduced cell
capability of resisting the high hemodynamic energy,
eventually resulting in sloughing off cells after 24 h,
whereas the drugs that stabilized the cytoskeletal pro-
teins, in particular taxol, did not cause significant
cell loss at the experimental drug dose. Therefore,
taxol was identified as a potential drug and further

FIGURE 3. Changes of the endothelial structure and polarity with flow conditions: (a) fluorescent images showing F-actin (green)
and nuclei (blue) of the PAECs. (b) Quantitative analysis of the cell structure showing that LP flow increases the polarity index of
cells when compared to the static condition and HP flow further elevates cell polarity. �Significantly different from the static
condition (p < 0.05); �significantly different from the LP condition (p < 0.05).
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circulated to investigate its effects on endothelial
inflammation induced by high pulsatility flow.

Circulating Taxol Suppressed High Pulsatility
Flow-Induced NF-jB Activation and

Pro-inflammatory Responses via Cytoskeletal
and Structural Rearrangement

To mimic the delivery of taxol in the flow circula-
tion when therapeutically used in vivo, taxol was added
to the flow media to further evaluate its effects on
NF-jB activation and pro-inflammatory responses.
Taxol was circulated at a low concentration, 1 or
10 nM. We first explored the influence of circulating
taxol on endothelial inflammatory responses. Results
showed that circulating taxol at 10 nM significantly
inhibited PAEC mRNA expressions of pro-inflamma-
tory molecules, ICAM-1 and VCAM, under high
pulsatility flow, whereas circulating taxol at a lower
concentration (1 nM) did not significantly reduce
mRNA expressions of pro-inflammatory molecules.

Results also showed that taxol at 1 or 10 nM did not
significantly influence the pro-inflammatory gene
expression in PAECs under static culture conditions
(Fig. 5). Two-way ANOVA analysis of the data shows
that significant difference exists between static and
high pulsatility flow in gene expressions of all these
molecules, and there is significant interaction between
two factors (i.e., taxol concentration and flow). These
studies further demonstrated the role of microtubule
dynamics in mechano-transduction of high pulsatility
flow into pro-inflammatory signals into cells. Circu-
lating a higher concentration (10 nM) of taxol may be
required to block the pro-inflammatory stimulation by
high pulsatility flow.

To study whether the inhibitory function of circu-
lating taxol (10 nM) on endothelial inflammation
under high pulsatility flow is mediated by the effects of
taxol on cell structure reorganization and NF-jB
activation, immunofluorescent stains of F-actin,
microtubulin, and NF-jB were respectively performed
on the cells under high pulsatility flow with or without

FIGURE 4. Drugs that inhibit the synthesis-breakdown dynamics of cytoskeletal proteins, F-actin or microtubulin, reduce
immediate NF-kB activation, and pro-inflammatory response in PAECs under HP flow. Cells were pretreated with drugs for 30 min
before exposure to flow conditions. CytoD here represents cytochalasin D. (a) Drug influences on flow-induced cytoplasm-to-
nucleus translocation of NF-kB after 30 min conditioning; (b) drug influences on flow-induced cell expression of ICAM-1 mRNA.
*Significantly different from the untreated condition under the same flow condition (p < 0.05).
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the presence of taxol in the circulation media. Results
showed that circulating taxol reduced the cell polarity,
while cells still exhibited directional alignment with the
flow direction (Figs. 6a and 6b). Taxol also downreg-
ulated NF-jB activation under high pulsatility flow
(Fig. 6c).

To confirm the results from gene assays of pro-
inflammatory molecules, we carried out the monocyte
adhesion assay on the PAECs (Fig. 7). Compared to
the static condition, the high pulsatility flow signifi-
cantly increased monocyte adhesion (p< 0.05).
However, circulating taxol with the high pulsatility
flow decreased monocyte adhesion to PAECs, when
compared to the untreated flow condition (p< 0.05).
Therefore, the adhesion of endothelial cells is func-
tionally upregulated by high pulsatility flow with the
absence of taxol but downregulated by 10 nM of
circulating taxol.

DISCUSSION

We have demonstrated that extended perfusion of
endothelial cells with low pulsatility flow, a normal
physiological flow condition in small arteries or

microvasculature, inhibits NF-jB activation in cells,
whereas high pulsatility flow with the same mean flow
rate continuously stimulates NF-jB activation over the
time. The NF-jB responses to flow pulsatility, as
shown here, correlated well with PAEC inflammatory
responses in our previous study.33 Our results on cells
pre-treated with drugs that inhibit high synthesis-
breakdown dynamics of cytoskeletal elements revealed
that high pulsatility flow-induced NF-jB activation
depended on cytoskeletal dynamics which reorganized
cell structure in the presence of flow and initiated sig-
nal transduction. Taxol, for example, reduced PAEC
polarity, which led to decreased NF-jB activation,
proinflammatory molecule expression, and monocyte
adhesion on the endothelium under high pulsatility
flow.

The present study is the first to show that high
pulsatility flow, a unidirectional, rapidly-changing flow
with a physiological mean flow shear, induces cell
overpolarization leading to continuous NF-jB activa-
tion which contributes to the pro-inflammatory
responses in downstream PAECs. It is well known that
flow patterns critically regulate endothelial inflamma-
tion and NF-jB activation in vitro. The majority of
previous studies have focused on the effects of flows

FIGURE 5. Effects of taxol circulating in the flow media on PAEC mRNA expression of pro-inflammatory molecules. The pro-
inflammatory molecules include: VCAM-1 (a), ICAM-1 (b), MCP-1 (c), and E-selectin (d). Low taxol concentrations (1 or 10 nM) did
not significantly affect these molecules in the static condition. Circulating 10 nM of taxol significantly reduced PAEC mRNA
expression of all the pro-inflammatory molecules under HP flow. *Significantly different from untreated condition under the flow
condition (p < 0.05).
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with low magnitude, spatially-disturbed or reversal
flow, and have established how these atherosclerosis-
associated flow conditions lead to inflammatory events
through the disoriented cytoskeleton.4,5,48 This study

examined cellular mechanisms underlying a unique
flow condition that is associated with vessel stiffening.
Our results suggested that when exposed to high pul-
satility flow induced by upstream stiffening, unde-

FIGURE 6. Effects of circulating taxol (10 nM) on the cell structure, polarity, and NF-kB translocation. (a) Fluorescent images
showing F-actin (green) and nuclei (blue), microtubulin (red), and NF-kB (red) in PAECs under HP flow with the absence or
presence of circulating taxol. Scale bar 5 10 lm. (b) Quantitative analysis of the cell polarity index showing that circulating taxol
significantly decreases the polarity index of cells. (c) Quantitative analysis of the NF-kB translocation showing circulating taxol
significantly decreases the NF-kB activation. *Significantly different from the untreated HP condition. #Significantly different from
the untreated static condition (p < 0.05).
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formable or less deformable small vessels were sus-
ceptible to inflammation due to cytoskeletal remodel-
ing, cell overpolarization, and sustained activation of
NF-jB. Different from other flow-induced inflamma-
tory responses, endothelial cells were highly oriented to
the flow direction. Several other studies also supported
the idea that if the artery has high distensibility, high
pulsatility flow may actually be cytoprotective, but the
same stimulus has an adverse effect in a non-compliant
vessel.50,54 Only recently have the researchers started to
couple arterial stiffening, flow pulsatility, and vascular
cell dysfunction in vascular-related diseases,40,42,66 but
the studies are mostly in vivo and lack mechanistic
understandings. Our study under pins the importance
of stiffening-induced flow on the endothelium, and
supports the idea that the stiffening-induced flow
which contains excessive hemodynamic pulsatility
energy induces sequential intracellular changes that
activate endothelial dysfunction.

Our results on time-dependent activation of NF-jB
in endothelial cells in response to low pulsatility flow
are consistent with previous studies showing that flows
with 10–30 dyne/cm2 shear stress triggered transient
activation of NF-jB in ECs and downregulated the
activation at later times as cells adapted to flow.26

The time-dependent changes of NF-jB activation are
related to the changes in inflammatory gene expres-
sion. Being mainly atheroprotective and anti-inflam-
matory, these flows can also downregulate NF-jB
activation and endothelial inflammation after initial
cell adaptation.47 Similarly, we observed 24 h exposure
to low pulsatility flow led cells to 45% suppression of
NF-jB activation, following a short-term activation.
However, the new finding here is that high pulsatility
flow resulted in higher and continuous NF-jB activa-
tion in PAECs as evidenced by greater NF-jB trans-
location at early time points (>5 fold increase at
30 min when compared to the low pulsatility flow),
and was continuously enhanced for 24 h.

It is known that the cytoskeleton supports cell shape
and changes protein polymerization and depolymeriza-
tion in response to extracellular mechanical forces until
a new equilibrium state is reached.6,28,53 The present
study suggested that dynamics of both actin microfila-
ments and microtubules played important roles in
mediating high pulse flow-induced inflammatory sig-
naling pathways, through their effects on cell structural
reorganization under flow. Though the role of cyto-
skeletal elements in high pulsatility flow-induced endo-
thelial biology is a new finding here, our results are
consistent with previous studies which found cytoskel-
etal elements involved in shear stress-induced cell shape,
polarization, and intracellular signaling.7,35,37,64 In par-
ticular, it was shown that pulsatile flow induced faster
cell alignment and more cell elongation.24 Our results
further suggest that pathologic high flow pulsatility
overpolarized or over sheared endothelial cells and led
to NF-kB activation and inflammatory events, whereas
normal pulsatile flow that moderately polarized cells
could actually protect cells. One intriguing finding here
is that inhibiting the synthesis-breakdown dynamics of
cytoskeletal proteins, F-actin and microtubulin, reduced
NF-jB activation and pro-inflammatory response
under high pulsatility flow, but inhibiting F-actin but
not microtubule dynamics increased NF-jB activation
(Fig. 4) under low pulsatility flow. The possible reasons
for such distinct responses might be due to (a) the cell
polarization level; (b) distinct roles of actin and micro-
tubule in maintaining stability of the cytoskeletal
structure according to the tensegrity theory.28 An opti-
mal cell polarization might exist to maintain endothelial
anti-inflammation, In addition to their importance to
cell structure reorganization in response to flow stimuli,
the high synthesis-breakdown rates of cytoskeletal
proteins are also known to be crucial to cell adhesion.
Though the mean flow rates kept the same in different
pulsatile flow conditions, the hemodynamic energy of
high pulsatility flow was much higher than that of low
pulsatility flow, thus imposing greater pulls to detach
cells as energy is defined as the ability to exert pulls or
pushes against forces (i.e., cell adhesion force) along a
path of a certain length. According to the calculation
method provided previously to quantify energy of pul-
satile pressure flow waveforms,63 the surplus (extra)
energy contributed bythe pulsatile or dynamic compo-
nent of the high pulsatility flow exceed 10,000 ergs/cm3.
Therefore, applying cytoskeletal drugs needs to consider
their effects on flow sensing as well as effects on cell
adhesion.

Our results showed that taxol inhibited inflammatory
response and NF-jB activation under high pulsatility
flow through protecting the cells from over-shearing. In
fact, the drugs used here, cytochalasin, phalloidin,
nocodazole, and taxol, all have known effects on

FIGURE 7. Circulating taxol (10 nM) inhibits monocyte
adhesion on PAEC after cells under the HP flow condition.
Data represent mean 6 SEM, n 5 6 for each group. *Signifi-
cantly different from the untreated HP condition; #significantly
different from the untreated static condition (p < 0.05).
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anti-inflammatory responses from endothelial cells
under different circumstances,39,55,58 and some have
been used in vivo as anti-inflammatory drugs. It is
tempting to speculate that taxol could exert anti-
inflammatory effects in conditions where high pulsatility
flow might induce and perpetuate inflammation such as
pulmonary hypertension. Though several publications
showed that taxol induced inflammatory signaling, our
results and other studies demonstrated that the micro-
tubule-stabilizing agent might also attenuate inflam-
mation. Mirzapoiazova et al. showed significant
anti-inflammatory effects of taxol.39 It requires a much
higher concentration of taxol (~30 lM) to induce
inflammatory signal than that (10 nM) to stabilize
microtubule. It seems that anti-inflammatory function
of taxol is achieved at a much lower concentration in
certain pathological circumstances; we used 1 nM stat-
ically and 10 nM in the circulation. Microtubule sta-
bilization with taxol may affect the contractile
cytoskeleton in a way that preserves the cell–cell junc-
tion in the endothelium.39 Similarly, taxol likely
contributed to cell–cell contact integrity of the cells
under high pulsatility flow challenge. In addition, recent
studies have highlighted that high flow shear stress
through reducing a-tubulin might be a leading cause of
endothelial-to-mesenchymal transition (EndoMT), a
new mechanism of vascular pathological conditions
such as fibrosis.2,52 Taxol was also shown to maintain
endothelial cell structure under high shear and decrease
flow-induced EndoMT.13,14,23 As the present study
showed cells under high pulsatility flow elongated and
exhibited a morphology closer to mesenchymal pheno-
type (i.e., fibroblasts) rather than normal cobble-stone
endothelial morphology. It would be interesting to
further explore the potential role of high pulsatility flow
and taxol treatment in vascular fibrosis.

Several limitations of the study are acknowledged.
First, by studying the flow pulsatility effects on isolated
PAECs, the experiments did not account for the
important cell–substrate interactions which play an
important role in vascular mechano-transduction.19

Admittedly, matrix proteins could significantly influ-
ence flow pulsatility effects on endothelial cell in vitro
and in vivo. Second, we acknowledge the limitation of
mimicking taxol effects in the vasculature with circu-
lating taxol-containing media. With systemic drug
administration in vivo, the taxol concentration fluctu-
ates in the blood stream, and taxol also affects leuko-
cyte activity.32 Thus, a closer comparison to potential
medical use of taxol for treatment of pulmonary
hypertension may need to involve locally-released
taxol technology. Finally, as this study only employed
cells from neonatal calves, the implication of the
results might be limited to pediatric pulmonary
hypertension conditions. Further studies need to

confirm whether high pulsatility flow also has similar
effects on adult calf cells or human cells.

In conclusion, our study is the first to demonstrate
that high pulsatility flow induces early and continuous
activation of NF-jB activation through endothelial
cell overpolarization. Taxol, a microtubule-stabilizing
agent, used at a low concentration effectively reduced
PAEC structural reorganization, NF-jB activation,
proinflammatory gene expression, and monocyte
adhesion.
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