
High Pulsatility Flow Induces Adhesion Molecule and Cytokine
mRNA Expression in Distal Pulmonary Artery Endothelial Cells

Min Li1, Devon E. Scott1, Robin Shandas1,2,3, Kurt R. Stenmark1, and Wei Tan1,2,3,*
1Department of Pediatrics, The Children’s Hospital, University of Colorado at Denver, Aurora, CO
80045
2Department of Mechanical Engineering, University of Colorado at Boulder, Boulder, CO 80309.
3Center for Bioengineering, University of Colorado at Denver, Aurora, CO 80045

Abstract
Background—Arterial stiffening or reduced compliance of proximal pulmonary vessels has
been shown to be an important predictor of outcomes in patients with pulmonary hypertension.
Though current evidence indicates that arterial stiffening modulates flow pulsatility in downstream
vessels and is likely related to microvascular damage in organs without extensive distributing
arteries, the cellular mechanisms underlying this relationship in the pulmonary circulation are
unexplored. Thus, this study was designed to examine the responses of the microvascular
pulmonary endothelium to changes in flow pulsatility.

Methods—A flow system was developed to reproduce arterial-like pulse flow waves with the
capability of modulating flow pulsatility through regulation of upstream compliance. Pulmonary
microvascular endothelial cells (PMVECs) were exposed to steady flow and pulse flow waves of
varied pulsatility with varied hemodynamic energy (low: pulsatility index or PI=1.0; medium:
PI=1.7; high: PI=2.6) at flow frequency of 1Hz or 2Hz for different durations (1 and 6 hours). The
mean flow rates in all the conditions were kept the same with shear stress at 14 dynes/cm2. Gene
expression was evaluated by analyzing mRNA levels of adhesion molecules (ICAM-1, E-selectin),
chemokine (MCP-1) and growth factor/receptor (VEGF, Flt-1) in PMVECs. Functional changes
were observed with monocyte adhesion assay.

Results—1) Compared to either steady flow or low pulsatility flow, increased flow pulsatility for
1hr induced significant increases in mRNA levels of ICAM-1, E-selectin and MCP-1. 2) Sustained
high pulsatility flow perfusion induced increases in ICAM, E-selectin, MCP-1, VEGF and its
receptor Flt-1 expression. 3) Flow pulsatility effects on PMVECs were frequency-dependent with
greater responses at 2Hz and likely associated with the hemodynamic energy level. 4) Pulse flow
waves with high flow pulsatility at 2Hz induced leukocyte adhesion and recruitment to PMVECs.

Conclusion—Increased upstream pulmonary arterial stiffness increases flow pulsatility in distal
arteries and induces inflammatory gene expression, leukocyte adhesion and cell proliferation in
the downstream PMVECs.

INTRODUCTION
It is increasingly appreciated that arterial stiffening is an important factor in determining
adverse cardiovascular events1-7. In addition, increased arterial pulse pressure, a direct
consequence of stiffening, has been used to guide pharmaceutical treatment for a variety of

*Address for Correspondence: Center for Bioengineering, Department of Pediatrics – Cardiology University of Colorado at Denver
Department of Mechanical Engineering University of Colorado at Boulder Telephone: (303) 492-0239 wei.tan-1@colorado.edu .

NIH Public Access
Author Manuscript
Ann Biomed Eng. Author manuscript; available in PMC 2011 March 15.

Published in final edited form as:
Ann Biomed Eng. 2009 June ; 37(6): 1082–1092. doi:10.1007/s10439-009-9684-3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



systemic vascular diseases8-13. The large elastic arteries, although often considered simply
passive conduits, are known to participate in the regulation of pulsatile arterial flow. When
blood is pumped into elastic arteries during systole, they expand with the pressure increase
to accommodate the entire fraction of ejected blood; when the heart enters diastole, the
arteries recoil, propelling the blood forward. This so-called “windkessel” effect prevents
excess rise of pressure during systole and maintains flow during diastole. Large arteries thus
constitute a hydraulic buffer, converting high pulsatility flow into continuous steady flow
and alleviating dissipation of high hemodynamic energy of pulsatile flow in perfused
organs8. When the wall of elastic arteries becomes stiffened as occurs, for example, with
aging, diabetes or hypertension, systolic pressure increases and diastolic pressure decreases.
Consequently, arterial stiffening causes an increase in flow pulsatility14,15; if extensive
distributing arteries do not exist to dampen the flow, flow pulsatility in small arteries or even
in the microvasculature may increase, exerting detrimental effects on these undeformable
vessels and ultimately organ function. Previous studies have associated arterial stiffening
with microvascular damage in kidney4 and brain16, though the mechanisms responsible for
this association remain unclear. Recently, arterial stiffening effects have also been
recognized in the pulmonary circulation, particularly in pulmonary arterial hypertension
(PAH)17-20. However, it is unknown whether high flow pulsatility in the pulmonary
circulation activates pathologic signaling pathways in the distal endothelial cells and thus
contributes to or perpetuates the distal vascular remodeling that characterizes PAH.

In small arteries, flow shear stress, a frictional shear force, is the major mechanical force
that influences cells because circumferential stress, a consequence of pressure-induced
arterial wall motion, is minimal. Previous studies have examined vascular endothelial
responses to a variety of flow conditions including steady laminar flow, oscillatory turbulent
flow and pulsatile laminar flow. It was found that endothelial cells are able to not only sense
shear stress, but also discriminate among distinct patterns of flow21-29. It is also believed
that hemodynamic stresses in the vascular system are under strict regulation, and that there
exists a narrow range of homeostatic flow stress. Stress outside the physiologic range leads
to activation of the endothelium with resultant changes in vasomotor, inflammatory and
thrombotic properties. Interestingly, though much is known about endothelial responses to
flow shear stress, little is known about the effect of flow pulsatility on microvascular
endothelial cells. We therefore investigated this effect on the pulmonary microvascular
endothelium by utilizing a newly developed flow system. The flow system mimics changes
in arterial stiffness by a custom-made compliance-adjustable chamber that modulates flow
pulsatility of arterial-like pulse flow waves generated by a blood pump. Responses of
pulmonary microvascular endothelial cells (PMVEC) to flow pulsatility changes were
evaluated by changes in their mRNA expression of pro-inflammatory or pro-proliferative
molecules, given the major role these molecules are thought to play in PAH.

MATERIALS AND METHODS
Cell Culture

Bovine distal pulmonary microvascular endothelial cells were isolated from neonatal calves
as previously described30. PMVECs were cultured in a growth medium (D-Valine MEM
medium; Mediatech, Inc.; Herndon, VA) containing 10% fetal bovine serum (FBS, Gemini
Bio-products; West Sacramento, CA), 2% L-glutamine (Invitrogen; Carlsbad, CA) and 2%
penicillin/streptomycin (Invitrogen/Gibco; Carlsbad, CA). For flow experiments, medium
with 2% FBS was used. Cells at passages 4-8 were used for all experiments. THP-1
monocytes were purchased from ATCC (Manassas, VA) and maintained in 10% FBS
medium.
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Flow system setup
Systems used for examining endothelial cells under steady flow conditions and under
mimetic pulse flow conditions are demonstrated in Figure 1. Briefly, for pulse flow studies,
fluid is pumped by a pulsatile blood pump (Harvard Apparatus; Holliston, MA) to a
compliance-adjustment chamber, a flow chamber, a medium reservoir, and then back to the
pump. The upstream custom-designed compliance chamber simulated the elastic function of
an artery. It consists of a chamber, an inlet valve, an outlet valve and a compressibility valve
to achieve its pressure adjustment function. The modulation of flow pulsatility is done by
adjusting the ratio between air and liquid in the compliance-adjustment chamber. To begin
the experiment the pressure value is open to allow the entrance of the fluid, and fluid
continues to enter until the liquid reaches a pre-determined level. For measurements, a
digital flow meter (Alicat Scientific, Tuscon, AZ) or a digital pressure gauge (Coleparmer,
Vernon Hills, IL) is placed between the compliance-adjustment chamber and the flow
chamber to determine flow rate or pressure. The flow meter is connected to an oscilloscope
(Agilent Technologies, Santa Clara, CA) which is connected to a computer to visualize the
flow wave and to quantitatively determine average flow rate and dynamic flow rate at
specific time points. The temporal and spatial distribution of flow dynamics in the flow
chamber has been fully characterized with computational flow dynamics, and sampling area
for cells exposed to high-fidelity homogenous pulse flow waves was determined with flow
measurements and gene analysis31. The system used for steady flow studies consists of a
peristaltic pump (Manostat pump, Barnant Company; Barrington, IL) which is used to pump
endothelial cell medium through a flow dampener, a bubble trap, a flow chamber, a medium
reservoir and then back to the pump. The steady flow and pulse flow conditions in this study
have the same mean flow rate (or shear stress level). The waveform of the steady flow was
also measured.

Figure 2a demonstrates the recorded pulse flow waves from an oscilloscope. We have
included three different pulse flow waves generated from a blood pump (named low pulse,
medium pulse and high pulse) at different frequencies (F=1: frequency at 1Hz; F=2:
frequency at 2Hz.). All the pulse flow waves have the same mean flow with the shear stress
of 14 dynes/cm2. The blood pump generates the initial stroke peak flow and thus the flow
waveforms showing systolic and diastolic phases closely resemble those observed in vivo.
This pump is often used to circulate blood flow in living animals simulating the action of the
heart. With this system, the individual component of flow (i.e. magnitude, pulsatility and
frequency) can be separately controlled and studied. The steady flow is considered as a
condition in which upstream compliance is high enough to dampen nearly all flow pulsation.
But in agreement with many others, we noticed that one single dampener can not completely
dampen the pulse flow, and thus the steady flow has a very low pulsatility with index of 0.2.

To quantitatively describe and compare the pulsatile flow waveforms or the flow pulsatility
levels, the flow waveforms used in the study were characterized by pulsatility index, spectral
analysis, and hemodynamic energy equivalent pressure (EEP). The flow pulsatility index is
commonly used in the evaluation of vascular stiffening and is defined by: PI = (Vmax −
Vmin) / Vmean, where Vmax is the peak systolic velocity, Vmin is the minimum forward
diastolic velocity and Vmean is the average velocity. Calculations show that the pulsatility
index for the high, medium, and low pulse flow waves are 2.6, 1.7, and 1, respectively. The
flow waveforms were also subjected to harmonic analysis (or spectral analysis) and the
moduli of their harmonic components were compared. A discrete fourier transform (DFT)
was performed using MATLAB software (Matworks, Natick, MA) to yield the moduli of
harmonic components (Figure 2b). The analysis is emphasized on the first harmonic as it
largely determines flow pulsatility. The analysis results showed that the high pulse flow
wave at 2Hz had the highest modulus at the first harmonics, followed by medium pulse at
2Hz, high pulse at 1Hz, medium pulse at 1Hz, low pulse at 2Hz and low pulse at 1Hz. In
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order to compare the energy dissipated by each flow waveform, EEP was calculated 32-34.
This was given by the formula: EEP = (∫ pfdt) /(∫ fdt), where f is the pump flow rate, and p
is the flow pressure. The EEP values calculated for the high, medium and low pulse flow
waves at frequency of 1Hz are 340, 240, and 83 mmHg, respectively; and the EEP values for
the high, medium and low pulse flow waves at frequency of 2Hz are 467, 390, 151 mmHg,
respectively. In addition to flow velocity waves, pressure waves are obtained from the flow
meter for calculation of EEP. The pressure waves and flow waves are very similar in the
wave contour, but a phase difference between them exists. It was found that when the mean
flow rate and the frequency are constant, the flow condition with higher pulsatility index and
higher modulus at the first harmonics has greater amount of energy associated with it.

Experimental protocols for flow shear stress studies
To examine the response of PMVEC to flow conditions, plain microscope slides were
coated with 100μg/ml fibronectin. PMVECs at a concentration of 4.0×105 per ml were
seeded on the fibronectin-coated slides and grown to confluence. Then PMVECs were
exposed to steady flow as well as low, medium and high pulse flow conditions (at the
frequency of 2Hz) for 1hr to study the effect of flow pulsatility on gene expressions.
Additionally, the cells were exposed to either steady flow or medium pulse flow for 6 hours
with 1 hour preconditioning of steady flow to study the effect of extended flow perfusion on
gene expression. Furthermore, PMVECs were exposed to different pulse flow conditions for
1hr at a frequency of 1Hz to study the effect of flow frequency on gene expression. To study
the effect of preconditioning on gene expression, PMVECs were exposed to either steady or
medium pulse flow for 1hr at 2Hz after cells were exposed to 1hr preconditioning of steady
flow. All of the flow conditions used in this study had the same mean flow with flow shear
stress (FSS) at 14 dynes/cm2, which falls in the range of physiological FSS for the arterial
vascular network. PMVECs grown in the absence of flow (the static condition) were used as
a control. After PMVECs were exposed to different flow conditions, they were collected and
analyzed for mRNA expression related to adhesion molecules (ICAM-1 and E-selectin),
chemokine (MCP-1) and growth factor/receptor (VEGF and Flt-1) using the method of real-
time RT-PCR.

Real-time RT-PCR
Total cellular RNA from each sample was extracted using RNeasy Mini Kit (Qiagen;
Hilden, Germany) according to the manufacturer’s instructions. Complementary DNA was
synthesized from 1μg of total cellular RNA using iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA). Real-time quantitative RT-PCR primers are designed using Primer 3
Software to target bovine 1) inflammation related adhesion molecules: ICAM-1 and E-
selectin; 2) chemokine: MCP-1; 3) growth factors: VEGF and Flt-1 (VEGF receptor). The
SYBR Green I assay and the iCycler iQ real-time PCR detection system (Bio-Rad MyiQ
Real-Time PCR System; Hercules, CA) were used for detecting real-time 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 sec, 60 °C for 30 s and 95 °C for 1 min. Genes
were normalized to the housekeeping gene hypoxanthine-xanthine phosphoribosyl
transferase (HPRT) and fold change relative to static condition was calculated using the
ΔCT method 35. The sequences of these genes are listed in Table 1.

Monocyte adhesion assay
In order to confirm the expression of adhesion molecules after PMVECs were exposed to
different FSS conditions, we examined whether monocyte adhesion to PMVEC was affected
by FSS. Briefly, after PMVECs were exposed to different flow conditions for 6hrs,
monocytic THP-1 cells (5 × 105 cells/ml) were incubated with PMVECs that were still
attached to slides for 30 min. Non-adherent THP-1 cells were removed by washing. The
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adherent THP-1 cells on the PMVECs 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 are expressed as mean ± SEM, and n indicates the number of sample studied. One-
Way ANOVA was used to determine effects of flow pulsatility on gene expression. If
significantly difference exists, Student’s t-test is used to compare means of each individual
group. A P value < 0.05 was considered significantly different.

RESULTS
High Flow Pulsatility Increases Gene Expression for Adhesion Molecules and
Inflammatory Cytokines

Because the role of inflammation in vascular remodeling and PAH is increasingly
recognized, we sought to determine whether flow conditions with increased pulsatility, as
opposed to steady flow, would induce proinflammatory changes in PMVEC. Additionally,
to examine whether the effects of flow pulsatility on PMVECs are influenced by flow
frequency, we examined responses of PMVECs to pulse flow at the frequencies of 1Hz and
2Hz. We found that both medium and high pulse flow conditions significantly upregulated
the ICAM-1 mRNA levels in PMVECs at both 1Hz and 2Hz. We also found that, compared
to steady flow, medium and high pulse flow conditions at a frequency of 2Hz but not 1Hz
significantly upregulated the E-selectin mRNA levels (Figure 3a).

In addition to the adhesion molecules, chemokines and growth factors are also involved in
vascular inflammation through their effects on leukocyte recruitment and on resident wall
cell proliferation. We therefore examined the effects of high pulse flow on monocyte
chemoattractant protein-1 (MCP-1) expression because of its pivotal role in the
accumulation of monocytes in the injured as well as hypertensive lung vasculature, and
VEGF and Flt-1. At 2Hz we observed that medium and high pulse flow significantly
increased MCP-1 mRNA compared to steady flow (Figure 3b). In contrast, high pulsatility
flow did not exert significant effects on VEGF or Flt-1 expression compared to steady flow
(Figure 3c).

To examine whether preconditioning influences the cell responses, cells were exposed to the
flow after 1-hour steady flow preconditioning. We found that preconditioning with steady
flow did not affect cell responses to flow pulsatility with significant induction of ICAM, E-
selectin, and MCP-1 still observed (Figure 4).

Extended Exposure to Increased Flow Pulsatility Results in Sustained Increases in
Adhesion Molecule and Cytokine mRNA Expression

To further examine the relationship between flow pulsatility and endothelial gene
expression, the effects of more sustained pulse flow (6 hours) were evaluated. Because the
medium pulse flow at 2Hz exerted significant effects on pro-inflammatory gene expression
compared to steady flow, we examined the effects of prolonged flow on adhesion molecule
and cytokine mRNA expressions using this flow pattern and steady flow. We found that
extended perfusion with medium pulse flow significantly increased the expression of the
adhesion molecules (ICAM-1 and E-selectin) and MCP-1 compared to steady flow (Figure
5). In addition, we observed upregulation of VEGF and Flt-1 mRNA expression in response
to 6hr of high pulse flow. Interestingly, PDGF-α and PDGF-β, molecules frequently
upregulated in the remodeling process, were not affected by high pulse flow (data not
shown).
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Increased Flow Pulsatility Stimulates Monocyte Adhesion to Distal PMVECs
To confirm the results from gene assays that pro-inflammatory related adhesion molecules
on the surface of endothelial cells are functionally upregulated by pulse flow conditions, we
carried out monocyte adhesion assays on the PMVECs after they were exposed to different
flow conditions for extended perfusion times (Figure 6). Compared to the static conditions,
steady flow did not increase monocyte adhesion to PMVECs (P>0.05). However, the
medium pulse flow significantly increased (P<0.05) monocyte adhesion compared to both
the static condition and the steady flow condition.

DISCUSSION
The present study examined the effects of flow pulsatility on pulmonary microvascular
endothelial function using a new flow system. Our results clearly showed that high
pulsatility flow activates pro-inflammatory genes including ICAM, E-selectin and MCP-1 in
pulmonary microvascular endothelial cells, and upregulates expression of the pro-
proliferative genes VEGF and Flt-1 as well. The endothelial activation of pro-inflammatory
genes by flow pulsatility was further confirmed by increased monocyte adhesion to the
endothelium. To our knowledge, this is the first demonstration of the effects of pulse flow
on vascular endothelial gene expression.

PMVECs were used as a cell model to elucidate the potential effects of large pulmonary
vascular stiffening and thus high pulse flow on distal microvessel function abnormalities,
which currently characterize pulmonary arterial hypertension (PAH). Recent studies showed
decreased proximal vessel compliance led to increased flow pulsatility in distal
arteries5,14,15. Therefore, this study was designed to test the hypothesis that decreases in
upstream compliance, by altering flow pulsatility while sustaining mean flow rate and
laminar flow conditions, activates inflammatory signaling in the pulmonary microvascular
endothelium. In addition to pulsatility index and spectral analysis, this study also used
hemodynamic energy equivalent pressure (EEP) to quantitatively describe flow pulsatility.
EEP provides explanation of the flow pulsatility effects on PMVEC functions. Additionally,
EEP accounts for the frequency influence on gene expression. Compared to the steady flow,
medium and high pulse flow conditions at 1Hz has less of an effect on ICAM-1, E-selectin
and MCP-1 mRNA expression than those at 2Hz. According to the energy level (i.e. EEP),
the medium or high pulse flow waves at 2Hz have higher energy to dissipate, causing
PMVECs exposed to flow at 2Hz to be more susceptible to inflammation. The spectral
analysis also showed corresponding differences in moduli of the first harmonic component.
These results are consistent with others’ findings28,36,37.

The results from this study may not apply to the conditions when vascular endothelial cells
experience other forces in addition to flow shear stress. Considering influences of
hemodynamic forces besides shear stress is important for larger vessels. Blood flow imposes
three mechanical stresses: normal stress, circumferential tensile stress and wall shear stress.
In large elastic arteries, these stresses synergistically regulate vascular cell functions. In
distal small arteries or microvasculature, flow shear stress is the most important mechanical
force and the route to dissipate hemodynamic energy because the wall motion is minimal
and the pressure is relatively small 38,39. The perfusion time is yet another consideration in
flow-induced activation of endothelium. Previous studies suggested that expression of many
endothelial genes including proinflammatory genes changed within seconds at the onset of
flow and tend to reduce or become stable after one hour of flow perfusion40,41. Several
genes or molecules continue to be modulated by long-time perfusion even after 72 hours41.
Thus, we chose to examine gene expression after one-hour and six-hour perfusion durations.
We demonstrated increased pulsatility of pulse flow waves upregulated several pro-
inflammatory molecules after both one-hour and six-hour perfusion with steady flow
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preconditioning. Up-regulation of growth factor VEGF and its receptor was not observed
after one-hour perfusion but was found after six-hour perfusion. This might be due to slower
response of genes regulating cell proliferation to flow alterations.

The specific effects of altered flow pulsatility or waveform, conditions associated with
vascular stiffening, on endothelial function have received little attention. Separation of the
effects of flow pulsatility (i.e. temporal variation of flow) from the effects of flow
magnitude or flow turbulence on cells represents a major departure from many previous
flow mechanobiology studies. For this reason, we developed a customized flow system with
several unique features: First, we built a unique compliant-adjustment chamber to mimic the
function of large arteries. By regulating the air/flow ratio of the chamber, we modulated the
compliance of the flow system. Second, we were capable of changing flow pulsatility while
keeping mean flow shear stress at the same level. Thirdly, we used a blood pump to generate
physiologic arterial-like flows which simulate changes in systolic and diastolic phases of
arterial flow. Finally, the pulse wave contour analysis methods, such as pulsatility index and
spectral analysis, which are used to evaluate arterial compliance were adopted here to
quantify the flow waveforms imposed on endothelial cells. Previous studies reported results
using pulsatile flow from different types of pumps or sinusoid pulse flow waves; comparing
results from these flow mechanobiology studies is difficult but may be possible by using the
waveform analysis methods introduced in this study. For example, several previous studies
employed peristaltic pumps to explore effects of pulsatile flow on cells42,43. We have also
used different peristaltic pumps (Manostat pump, Barnant Company; Barrington, IL; and
Control Company, Friendswood, TX) and found that the waveforms change with
manufacturers’ pump designs. According to the waveform analysis, these peristaltic flows
generated less pulsatililty than the arterial-like pulse flow conditions shown in the study. As
a result, the peristaltic flows reduced mRNA expression of ICAM, E-selectin, VEGF and
Flt-1, in comparison to the steady flow condition.

CONCLUSION
In conclusion, this study has demonstrated that flow pulsatility significantly upregulates
inflammation and proliferation associated gene expression in distal pulmonary
microvascular endothelial cells. Increased flow pulsatility with higher hemodynamic energy
upregulated mRNA expression for pro-inflammatory molecules, which likely leads to
monocyte recruitment. The pulsatility effects are dependent on flow frequency, perfusion
time and flow waveform. Results from this study may have significant implications when
evaluating hemodynamic sequelae in pulmonary hypertension, especially as related to
proximal vascular stiffening: lack of flow dampening in upstream arteries likely results in
increased inflammation and cell proliferation in the downstream microvascular endothelial
cells.
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Figure 1.
The system setups for studying effects of steady flow and arterial-like pulse flow conditions
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Figure 2.
(a) Flow waveforms demonstrated experimental conditions including the steady flow and the
arterial-like pulse flow waves with varied pulsatility, i.e. low pulsatility (PI=1), medium
pulsatility (PI=1.7) and high pulsatility (PI=2.6), at the frequency of 1Hz or 2Hz. The flow
waves were plotted by oscilloscope showing the relationship between voltage representing
the flow rate and time. The graphs had time (unit: second) on the x-axis and voltage on the
y-axis with minimal division set at 200mV or 2ml/min. Ground shows the point of 0mV. (b)
Spectral analysis of the high, medium and low pulse flow waveforms.
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Figure 3.
Pulsation effects of flows on the mRNA expression in distal PMVECs. Effects of pulsatile
flow conditions including peristaltic flow and arterial-like flows with varied pulse
magnitudes were compared to those of the steady flow. All the flow conditions had the same
mean flow rate with shear stress at 14 dynes/cm2 and the same perfusion time (1 hour). The
mRNA expression of (a) adhesion molecules, ICAM-1 and E-selectin, (b) chemokine,
monocyte chemoattractant protein (MCP-1), and (c) molecules that regulate cell
proliferation in distal PMVECs were examined under various pulsatile flow conditions. The
mRNA expression was detected using real-time RT-PCR and expressed as fold change
relative to the static condition. Data represent mean ± SEM. “F” means frequency of flow.
All the conditions are significantly different from the static condition; ‘*’: significantly
different from the steady flow; ‘†’: significantly different from the low pulse flow at the
same frequency (P ≤ 0.05).
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Figure 4.
Effects of the medium pulse flow with steady flow preconditioning on gene expressions by
distal PMVECs were compared to those of the steady flow. PMVECs were exposed to
steady flow before they were exposed to the pulse flow at frequency of 2Hz. Both of the
flow conditions had the same mean flow rate with shear stress at 14 dynes/cm2 and the same
perfusion time. The mRNA expression was detected using real-time RT-PCR and expressed
as fold change relative to the static condition. Data represent mean ± SEM. “F” means
frequency of flow. ‘*’: significantly different from the steady flow (P ≤ 0.05).
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Figure 5.
Effects of the medium pulse flow with extended perfusion at frequency of 2Hz on the gene
expression by distal PMVECs were compared to those of the steady flow. The flow
perfusion time was extended to 6 hours. Both of the flow conditions had the same mean flow
rate with shear stress at 14 dynes/cm2 and the same perfusion time. The mRNA expression
was detected using real-time RT-PCR and expressed as fold change relative to the static
condition. Data represent mean ± SEM. ‘*’: significantly different from the steady flow (P ≤
0.05).
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Figure 6.
Effect of the medium pulse flow on monocyte adhesion: PMVECs were exposed to either
the steady flow or the medium pulse flow for 6 hours at frequency of 2Hz with the mean
flow shear stress at 14 dynes/cm2. Monocyte adhesion assays were performed by
determining the number of monocytes adhered to PMVEC per microscope field. Data
represent mean ± SEM, n=6 for each group. ‘Δ’: significantly different from static; ‘*’:
significantly different from steady (P ≤ 0.05).
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TABLE 1

Primer sequences of bovine genes for real-time PCR analysis.

Genes Forward primer Reverse primer

ICAM GACTTCTTCAGCTCCCCAAG CCCACATGCTATTTGTCCTG

E-selectin CTCCCCGTCCAAGAACTACA CGCCTCTACCTGTCCTTGAG

MCP-1 CGCCTGCTGCTATACATTCA ACACTTGCTGCTGGTGACTC

VEGF TCACCAAAGCCAGCACATAG AAATGCTTTCTCCGCTCTGA

Flt-1 CTCCCGAGTCCATCTTTGAC GGGACCCACCTAAGGAGAAG

HPRT CTGGCTCGAGATGTGATGAA CAACAGGTCGGCAAAGAACT
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