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Abstract
Background—Alterations in pulmonary blood flow are often associated with the initiation and
progression of pulmonary vascular disease. However, the cellular mechanisms involved in
mediating flow effects in the pulmonary circulation remain unclear. Depending on the disease
condition flow may be extremely low or high. We therefore examined effects of pathologically
low and high flow on endothelial production of factors capable of affecting pulmonary vascular
tone and structure and on potential underlying mechanisms.

Methods—Flow effects on pulmonary endothelial release of NO, PGF1a, ET-1 and TxB2, and on
expression of total and phosphorylated eNOS and Akt, and VEGF were examined. Additionally,
in a co-culture system, effects of flow-exposed endothelial cells on smooth muscle (SM)
proliferation and contractile protein were studied.

Results—Compared to physiological flow, pathologically high and low flow attenuated
endothelial release of NO, PGF1a, and enhanced release of ET-1. Physiological flow activated
Akt/eNOS pathway while pathological flow depressed it. Pathologically high flow altered VE-
cadherin expression. Pathologically high flow on the endothelium upregulated alpha-SM-actin and
SM-MHC without affecting SM proliferation.

Conclusion—Physiological flow leads to production of mediators which favor vasodilation.
Pathological flow alters the balance of mediator production which favors vasoconstriction.
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INTRODUCTION
Alterations in pulmonary blood flow are thought to be a critical factor in the initiation and
exacerbation of pulmonary vascular diseases1–4. Changes in the flow magnitude are
observed in both acute and chronic forms of pulmonary hypertension 3. Studies in animals
and humans have shown that high blood flow can lead to the development of pulmonary
hypertension5–7. Increases in blood flow through the creation of systemic-to-pulmonary
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shunts are often used to induce pulmonary hypertension in animals8. Significantly increased
blood flow and flow shear stress is also found in patients with congenital heart diseases
having a systemic-to-pulmonary communication such as patent ductus arteriosus or atrial
and ventricular septal defects, conditions which often lead to pulmonary hypertension. Peak
flow shear stresses in these conditions may reach levels far above physiological shear stress
(> 80 dyne/cm2) 9. Additionally, reports have shown that patients with severe pulmonary
hypertension are characterized by reduced blood flow and low shear stress (5–8 dyne/cm2)
compared to normal flow and physiological shear stress (15–20 dyne/cm2) in normotensive
patients 4. Thus, both increased and decreased flow may induce adverse responses in the
pulmonary vasculature, as demonstrated in the banded left pulmonary artery model 10.
However, despite these observations few studies have attempted to define the mechanisms
underlying how the magnitude of flow regulates endothelial function in the pulmonary
circulation.

Previous studies have established that shear stress is an important mechanical factor that
regulates endothelial structure, function and growth. Numerous investigations, primarily in
the systemic circulation, have focused on physiological shear stress (10 – 25 dyne/cm2) and
relatively low shear stress (<5 dyne/cm2) as conditions relevant to development of
atherosclerosis. Generally, it is believed that smooth, laminar, physiologic shear stress
provides atheroprotective effects, while turbulent, oscillatory or low flow shear stress (−4 –
5 dynes/cm2) stimulates atherosclerosis formation 11. Physiological flow shear stress (10–25
dyne/cm2) serves as an important regulator of pathophysiologically relevant gene expression
in endothelial cells12–15. Interestingly, despite the vast number of studies in endothelial
mechanobiology, surprisingly little is known about the effect of pathologically high flow
shear stress on the structure and function of the pulmonary vasculature despite the fact that
shear stresses often above 70 dynes/cm2 levels have been observed in hypertension
conditions11.

Given that the flow magnitude plays a role in the pathogenesis and progression of
pulmonary diseases, we sought to investigate the effects of both pathologically high and low
shear, compared to physiological shear, on pulmonary endothelial production of vasodilating
and vasoconstricting factors and to examine effects of said changes on smooth muscle cell
phenotype by examining contractile protein and proliferation changes in smooth muscle
cells co-cultured with endothelial cells exposed to varying shear conditions. To test this, we
have designed hemodynamic flow conditions to encompass both low and high end of
pathological flow shear stresses ranging from 5 dyne/cm2 to 120 dyne/cm2 and studied their
influences on pulmonary arterial endothelial cells (PAECs) and pulmonary arterial smooth
muscle cells (PASMCs).

MATERIALS AND METHODS
Cell Culture

Bovine pulmonary artery endothelial cells (PAECs) and bovine pulmonary artery smooth
muscle cells (PASMCs) were isolated from neonatal calves as previously described 16,17.
PAECs were maintained 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 5% gentamicin
(Invitrogen/Gibco; Carlsbad, CA)]. PASMCs were maintained in Dulbecco’s modification
of eagle’s medium (DMEM, Cellgro; Herndon, VA) containing 10% FBS and 5%
gentamicin (MP Biomedicals, LLC; Solon, OH). Cells at passages 4–8 were used for all
experiments.
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Experimental protocols for flow shear stress studies
To examine the response of PAEC monolayer to flow conditions, plain microscope slides
were coated with 25µg/ml fibronectin. Then, PAECs at a concentration of 4.0×105 per ml
were seeded on the fibronectin-coated slides and grown to confluence. Monolayer of
confluent PAECs was exposed to laminar shear stress with low pulsation (±10%) to mimic
normal flow conditions in pulmonary arteries. The flow studies were carried out using a
flow chamber connected to a variable speed flow pump (Control Company; Friendswood,
TX). Physiological shear stresses in the arterial vascular network range from 10 to 70 dynes/
cm2. Therefore, we chose 20 and 60 dynes/cm2 as representative mean values for shear
stresses in the physiological range, 90 and 120 dynes/cm2 as representative mean values for
pathologically high level of shear stresses and 5 dynes/cm2 as representative mean value for
pathologically low level of shear stresses. PAEC grown in the absence of flow were also
studied. Endothelial cells were exposed to the flow for 20 hours, and then they were
collected and analyzed using either western blot assays or immuno-fluorescence analyses. A
fixed amount of reservoir media (15ml) was used for the flow circulation to ensure that the
concentrations of released substances were comparable between experiments. The media
was collected and stored in −80°C until use. Two types of flow conditioning were tested: in
one case, the flow was increased abruptly to the pre-defined shear stress level; in the other
case, the flow was gradually increased to the pre-defined shear stress level by
preconditioning with 20 dynes/cm2 for 2 hours. No significant differences were observed
between these two conditions. Additionally, as pressure may also modulate pulmonary
reactivity18, the pressure was measured and found to fall in a low pressure range (within the
range of normal blood pressure in pulmonary vascular system, < 20mmHg). Thus, the
pressure influence is not taken into consideration in this study.

To study the signaling pathway that regulates the shear stress induced eNOS expression and
activation PAECs were incubated with 100nM phosphoinositide-3 kinase (PI3K) inhibitor
wortmannin (Sigma; Saint Louis, MI) for 2hrs and then they were exposed to flow shear
stress of 20 dynes/cm2 using medium with 100nM wortmannin.

To examine the response of co-cultured PAECs and PASMCs to various flow conditions,
PASMCs were seeded on microscope slides that were coated with collagen matrix and
PAECs were seeded on isopore polycarbonate membranes with 4µm pores (Millipore
Corporate, Billerica, MA) coated with matrigel matrix, a mimetic basement membrane layer
(1:10 dilution, BD Biosciences, Franklin Lakes, NJ). During experiments, membranes
seeded with PAECs were brought into direct contact with slides seeded with PASMCs
before PAECs were subject to flow.

Immunofluorescent confocal imaging
After cells were exposed to different shear stress for 20 hours, slides were fixed with 4%
paraformaldehyde, permeablized with 0.1% triton, blocked with FBS, incubated with
primary rabbit polyclonal anti-vascular endothelial cadherin (VE-cadherin) antibody (Alexis
Biochemicals; San Diego, CA), followed by incubation with anti-rabbit IgG antibody
conjugated with fluorescent dye (Cy3). Subsequently, slides were incubated with phalloidin
conjugated with fluorescent dye (Alexa Fluor 488, Invitrogen; Carlsbad, CA) to detect F-
actin stress fibers, and then mounted with DAPI SlowFade (Invitrogen; Carlsbad, CA) to
detect cell nuclei. Fluorescently labeled cells were evaluated using an epifluorescent
microscope and confocal microscope (Zeiss; Peabody, MA).

Western blot analysis
Western blot assays were carried out on PAECs after they were exposed to different shear
stress conditions. Ten microgram of each PAEC protein extract were loaded, separated, and
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transferred to a nitrocellulose membrane. The membrane was incubated with polyclonal
rabbit endothelial nitric oxide synthase (eNOS) antibody (Santa Cruz Biotechnology, INC.;
Santa Cruz, CA; 1:5,000 dilution), polyclonal rabbit phospho-eNOSs1177 antibody (Cell
Signaling; Danvers, MA; 1:1,000 dilution), polyclonal rabbit Akt antibody (Cell Signaling;
Danvers, MA; 1:500 dilution), polyclonal rabbit phospho-AktSer473 antibody (Cell
Signaling; Danvers, MA; 1:500 dilution), polyclonal rabbit prostaglandin I synthase (PGIS)
antibody (Cayman Chemical; 1:5,000 dilution), or polyclonal rabbit anti- vascular
endothelial growth factor (VEGF) antibody (Santa Cruz Biotechnology, INC.; Santa Cruz,
CA; 1:100 dilution). The next day, the membrane was incubated with either anti-rabbit or
anti-mouse IgG antibody (Amersham Biosciences; Piscataway, NJ), then incubated with
electrochemiluminescence reagent (ECL, Amersham Biosciences; Piscataway, NJ), and
finally exposed to hyperfilm (Amershame Biosciences; Piscataway, NJ) for visualization of
protein expression.

For PASMC, blots were incubated with monoclonal mouse proliferating cell nuclear antigen
(PCNA) antibody (Sigma; Saint Louis, MI; 1:1,000 dilution), monoclonal mouse smooth
muscle α actin (α-SM-actin) antibody (Sigma; Saint Louis, MI; 1:1,000 dilution), or
monoclonal mouse smooth muscle myosin heavy chain (SM-MHC) antibody (Sigma; Saint
Louis, MI; 1:100 dilution). In the western blot assays for PAECs and PASMCs, β-actin or
GAPDH was used as reference proteins.

ELISA assay
The ET-1 level in the media collected after flow experiments was determined using a
commercial endothelin ELISA Kit (American Research Products, Inc.; Belmont, MA). In
brief, a serial standard was made with standard cell culture medium. A detection antibody
was added to all the samples and standard wells, and was incubated. The next day, the
conjugates and substrate were added to all wells. Absorbance was determined using a plate
reader at 450 nm using 620 nm as the reference. The results were corrected according to the
protein weight and expressed as picomole per microgram of protein.

Enzyme immunoassay (EIA)
Prostacyclin and thromboxane A2 content in the media collected after flow experiment was
measured as their stable metabolites, 6-keto-prostaglandin F1a (PGF1a) and thromboxane B2
(TxB2), using commercial PGF1α and TxB2 EIA Kit (Cayman; Ann Arbor, MI) following
manufacture’s instruction.

Nitric oxide release assay
Total nitric oxide (NO) content in flow media was determined by measuring total nitrite
concentration using Total Nitric Oxide Assay Kit (Thermo Scientific; Rockford, IL)
following manufacture’s instruction.

Data analysis
All data were expressed as means ± SEM, and n indicates the number of sample studied.
Comparisons among means of the experimental groups were made using One-Way ANOVA
and if there was significant difference among groups then a Student’s t test was used to
compare individual groups. A P value < 0.05 was considered significantly different.
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RESULTS
Pathological shear stresses reduce vasodilator release and promote vasoconstrictor
release

Because vasoconstriction is thought to play a major role in the pulmonary hypertension
process, we examined the release of both vasodilators (i.e. nitric oxide, prostacyclin) and
vasoconstrictors (i.e. endothelin, thromboxane) from the pulmonary arterial endothelium in
response to various flow conditions. Figure 1a shows endothelial release of NO. Release was
highest at physiological shear stresses, 20 and 60 dynes/cm2. Compared to 20 dynes/cm2,
pathologically high shear stress reduced NO release by 14% at 90 dynes/cm2 and by 15% at
120 dynes/cm2 (P < 0.05). Compared to physiological shear stress of 20 dynes/cm2, a low
shear stress (5 dynes/cm2) or no shear stress (0 dynes/cm2) also reduced NO release. Figure
1b shows release of prostacyclin, an endothelial-derived factor with potent vasodilatory
effect. We assessed release of PGI2 in the media by measuring its stable metabolite PGF1α.
PGF1α release was optimal at physiologic shear stresses (20 and 60 dynes/cm2). Compared
to physiological shear stress of 20 dynes/cm2, pathologically high shear stress (90 and 120
dynes/cm2) decreased PGF1α release by 30–40% (P < 0.05) and a pathologically low shear
stress (5 dynes/cm2) or no shear stress (0 dynes/cm2) also decreased PGF1α release by a
similar percent (P < 0.05). Compared to NO and PGF1α, ET-1 release showed a different
pattern in relation to flow shear stress. ET-1 production was low at 20, 60 and 90 dynes/cm2

(Figure 1c). Pathologically high shear stress increased ET-1 release by 65% at 120 dynes/
cm2, compared to 20 dynes/cm2. ET-1 release at 5 dynes/cm2 was also increased 40%
compared to 20 dynes/cm2. Thromboxane A2 is another important vasoconstrictor in
pulmonary hypertension. We found that compared to the physiologic shear stress (20 dynes/
cm2), the content of thromboxane B2, a stable metabolite of TxA2, in the medium was 46%
higher at static condition (P < 0.05). Neither low (5 dynes/cm2) nor high pathological flow
shear stresses (90 and 120 dynes/cm2) affected TxB2 concentrations compared to
physiologic shear (20 dynes/cm2). (0.17 < P < 0.5, Figure 1d).

Shear stresses affect NO release by altering expression and activation of eNOS through
PI3K/Akt signaling pathway

Because NO release was found to be significantly regulated by flow, we sought to determine
mechanisms involved in this process. We examined changes in eNOS expression and
activation in PAECs in response to shear stress and then studied the PI3K/Akt pathway in
relation to changes in eNOS. Compared to physiological shear stress conditions total eNOS
(T-eNOS) expression at shear stress above or below the physiological range was decreased
(Figure 2a). It was decreased by 24% at 90 dynes/cm2 and by 31% at 120 dynes/cm2 (P <
0.05). Pathologically low shear stress (5 dynes/cm2) also decreased T-eNOS protein
expression by 65%, compared to physiological shear stress of 20 dynes/cm2 (Figure 2a). We
found that expression of T-eNOS at all flow conditions were higher than those under static
conditions (0.03 ± 0.02), which is in good agreement with previous studies 19.

We also investigated shear-stress-mediated activation of eNOS by examining
phosphorylation of eNOS. The expression of phosphorylated-eNOS (P-eNOS) at S1179,
expressed as the ratio of P-eNOS to T-eNOS, was highest at 20 dynes/cm2 (0.62 ± 0.09).
Phosphorylation of eNOS was dramatically decreased by 87% and 82% at 90 dynes/cm2 and
120 dynes/cm2 (0.08 ± 0.01, 0.11 ± 0.01 respectively; P < 0.05 compared to 20 dynes/cm2).
Phosphorylation of eNOS at 5 dynes/cm2 (0.51 ± 0.03; P = 0.3608) was not statistically
different from 20 dynes/cm2 (Figure 2b). However, because T-eNOS expression was far
lower at 5 dynes/cm2 than that at 20 dynes/cm2, the amount of P-eNOS was actually lower
at 5 dynes/cm2 as well. Phosphorylation of eNOS was dramatically reduced under static
conditions (0.03 ± 0.01) compared to both 5 and 20 dynes/cm2.
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Akt has been demonstrated as a critical signaling intermediate in the shear-dependent
regulation of eNOS. Akt is a serine/threonine kinase activated by several
phosphatidylinositol-dependent protein kinases. Phosphorylation of S473 on Akt is
coincident with Akt activation in vivo and in vitro and has been used as a marker for Akt
activity. Therefore, we examined phosphorylation of S473 on Akt in PAECs exposed to
various flow conditions. As demonstrated in Figure 2c, phosphorylation of Akt, expressed as
the ratio of phosphorylated Akt (P-Akt) to T-Akt, was highest at physiologic shear stress of
20 dynes/cm2 (0.31 ± 0.06). Phosphorylation of Akt was decreased by 74% at 60 dynes/cm2,
and dramatically decreased by 97% at 90 dynes/cm2 and 120 dynes/cm2. Phosphorylation of
Akt was also decreased by 81% at 5 dynes/cm2 (0.06 ± 0.01; P < 0.05) and static conditions
(0.06 ± 0.02; P < 0.05). Our results showed that shear stress-mediated phosphorylation of
Akt was generally consistent with changes of eNOS phophorylation in response to flow
shear stresses.

To confirm the signaling pathway that regulates eNOS expression under flow stimulation we
incubated PAECs with 100nM wortmannin, a PI3K inhibitor, and then exposed cells to flow
shear stress of 20 dynes/cm2. We found that without flow shear stress, wortmannin had no
effect on either T-eNOS expression or eNOS phosphorylation (data not shown). After
exposure to shear stress, though expression of T-eNOS was not changed, phosphorylation of
eNOS was significantly decreased by 54% (P < 0.05) in the presence of wortmannin (Figure
2d).

Effects of flow shear stresses on VEGF expression
VEGF is an important growth factor and signaling protein that is associated with endothelial
growth, vasculogenesis and angiogenesis, and it is essential in maintaining normal
endothelial function. Thus, we explored changes in VEGF expression by PAECs in response
to different flow conditions. As shown in Figure 3, VEGF protein expression, expressed as
ratio of VEGF to β-actin, was highest at physiologic shear stress of 20 dynes/cm2 (0.77 ±
0.13). Its expression was decreased by more than 50% at 60 dynes/cm2. At the shear stresses
of 90 and 120 dynes/cm2, VEGF expression was further decreased. Pathologically low shear
stress at 5 dynes/cm2 also dramatically reduced VEGF protein expression. VEGF expression
was extremely low under static conditions (0.09 ± 0.06).

Effects of flow shear stresses on the endothelial structure
Endothelial cells sense flow conditions through mechanosensory complexes. Cytoskeletal
proteins and VE-cadherin have been described as structural constituents of large
mechanosensory complexes in endothelial cells12,20. A relationship between these structural
molecules and Akt/eNOS module has been suggested in previous studies. Thus, we
examined effects of flow on the distribution of F-actin and VE-cadherin (Figure 4). Staining
with F-actin antibody showed that F-actin aligned in the direction of the flow. The
brightness of staining and the pattern of F-actin stress fibers in endothelial cells were not
significantly affected by the level of the shear stress though they were consistently different
than those in endothelial cells cultured under static conditions. In contrast, the magnitude of
shear stress regulated the brightness of staining and distribution of VE-cadherin. Under
static or low flow conditions (5 dynes/cm2), endothelial cells displayed continuous VE-
cadherin staining along the peripheral cell membrane. After exposure to physiological shear
stress conditions with 20 and 60 dynes/cm2, endothelial cells still displayed continuous VE-
cadherin staining along the peripheral cell membrane, while the staining in the center of
basal and apical membranes was stronger and displayed punctuate accumulations.
Discontinuous VE-cadherin was found on the cells exposed to shear stresses of 90 and 120
dynes/cm2. VE-cadherin staining along the peripheral cell membrane became intermittent,
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and predominantly exhibited small, distinct "dashes" rather than as the continuous linear
staining. This suggested disruption of cell-cell junctions by pathologically high flow.

Effects of shear stresses on co-cultured PASMC proliferation and contractile protein
expression

Endothelial cells serve as mechanical sensors that transduce mechanical signals to
biochemical signals which can affect other cells or the blood vessel wall. Because
pulmonary vascular diseases are often characterized by changes in SMC contractile activity
and proliferation, we studied endothelial-mediated shear stress effects on PASMC
contractile protein expression and proliferation in co-culture experiments. We examined two
contractile proteins of smooth muscle cells, α-SM-actin and SM-MHC, and the proliferation
marker PCNA. As shown in Figure 5, expression of α-SM-actin and SM-MHC was
significantly increased at high shear stress level (90 and 120 dynes/cm2) compared to that at
physiological shear stress (20 dynes/cm2). Shear stress did not have significant effects on
smooth muscle proliferation as assessed by PCNA (Figure 5c).

DISCUSSION
Many forms of pulmonary hypertension are associated with significant increases and/or
decreases in blood flow and shear stress in the pulmonary circulation. To better understand
the effects of shear on endothelial production of vasoactive mediators and growth factors in
the pulmonary circulation, in the context of their potential contribution to the hypertensive
process, we devised an artificial flow system in which the effects of a wide range of shear
stresses on endothelium and endothelium-SMC interactions could be assessed. Our results
reveal that: 1) compared to physiological flow shear stresses (20 and 60 dyne/cm2),
pathologically high (90 and 120 dyne/cm2) and pathologically low (5 dyne/cm2) flow shear
stresses attenuated PAEC production of vasodilation- and angiogenesis-related molecules
such as NO, PGI2, and VEGF, and enhanced release of vasoconstrictor ET-1, 2)
physiological flow activated Akt/eNOS pathway while pathologically flow depressed this
signaling pathway, 3) pathologically high flow redistributed and weakened the staining of
peripheral VE-cadherin junctions, 4) pathologically high and low flow conditions imposed
on endothelial cells upregulated α-SM-actin and SM-MHC expression in the underlying
smooth muscle cells, but did not change smooth muscle proliferation. Collectively, these
findings are consistent with the high vascular resistance observed in patients and animals
with high flow.

While the effects of hemodynamic shear stresses on the vascular endothelium have been
extensively studied and the resulting findings associated with pathogenesis of
atherosclerosis and coronary heart diseases in the systemic circulation, few studies have
examined whether and how shear stresses play a role in the endothelial dysfunction which
contributes to pulmonary vascular diseases 2. Results from atherosclerosis-related flow
studies in the systemic circulation might not be directly related to hemodynamic effects in
the pulmonary circulation since it is increasingly appreciated that endothelial phenotypes
and functional responses are organ-specific 21. The flow conditions and primary cells used
in the present study are specific to the pulmonary circulation, and the results are consistent
with a potentially dual contribution of changes in flow magnitude to the pathogenesis of
pulmonary vascular diseases10. Pathologically high flow conditions were studied because
acute increase of pulmonary blood flow is an integral part of many congenital heart defects
which often lead to endothelial dysfunction and pulmonary vascular diseases 22.
Pathologically low flow conditions were studied because chronic reduction of blood flow
and flow shear stress have also been observed in certain conditions and might have long-
term effects on pulmonary vascular disease 23. Assays on the molecules related to key
vascular tone mediators such as NO, PGI2, ET-1 and TxA2 were studied because they are
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associated with regulation of vascular tone in the disease conditions. Co-culture studies were
performed to better understand endothelial-SMC interactions under varying flow conditions.

With regard to existing knowledge about flow-mediated effects on the endothelium, several
findings in the present study merit discussion. First, prior work has established that flow-
induced relaxation is an endothelial-mediated response. We also found that physiologically
normal shear maximized vasodilator release and that pathologically low flow reduced
endothelial release of vasodilators. The unique finding of the present study was that the
production of NO and PGI2 did not increase monotonically and the ET-1 and TxA2 release
did not decrease monotonically with the increase of flow. Our results suggested that both
pathologically high and low shear stresses lead to an increased vasoconstrictor (i.e. ET-1 and
TxA2) to vasodilator (i.e. NO, PGI2) ratio. NO, PGI2, ET-1 and TxA2 are important
vasoactive substances and the balance among them largely determines vascular tone and
platelet aggregation. The flow-mediated effects demonstrated here under pathological shear
stress conditions may partly contribute to prolonged vasoconstriction and enhanced vascular
resistance observed in flow-induced pulmonary hypertension. This result is consistent with
previous study which shows that eNOS expression is decreased in pulmonary arterial
endothelial cells isolated from animals with high flow pulmonary shunts 6.

Though it has been established that flow modulates eNOS expression, the underlying
signaling pathways involved remain unclear and controversial. Various signaling pathways
can promote NO release. There have been conflicting results as to which protein kinases—
protein kinase A, protein kinase B (Akt), other Ser/Thr protein kinases, or tyrosine kinases
—are responsible for shear-dependent eNOS regulation 24. Several in vitro studies showed
that positive-mean pulsatile flow shear stress induced eNOS and Akt activity in several
endothelial cell lines 25,26. In contrast, Boo et al. showed that laminar shear stress stimulates
phosphorylation of eNOS by protein kinase A but not Akt 27. Our results in bovine PAECs
demonstrate that the Akt/eNOS pathway is involved in flow mediated eNOS expression and
that its activation is dependent on the flow shear stress magnitude. However, the fold
changes of reduction at 5 and 60 dynes/cm2 compared to 20 dynes/cm2 were much higher
for P-Akt than for P-eNOS. This suggests that though the Akt/eNOS module is a major
signaling pathway that contributes to flow activated eNOS expression, other pathways are
likely involved in eNOS activation, particularly in the range of low and physiological flow
shear stresses. ERK-1 and MAPK, for example, have been demonstrated to be involved in
the flow-mediated eNOS activation. The role of signaling pathways in regulating eNOS
needs further evaluation.

The demonstration of structural changes in PAEC might partly explain the functional
changes observed. It shows that different sensing mechanisms might be involved in
pulmonary vascular endothelial responses to the two types of pathological flow conditions
(low and high flow shear stresses) studied. The important questions raised by these
observations are interesting and deserve in-depth exploration in the future. The vascular
endothelial cells serve as an integrated barrier between blood and underlying smooth muscle
cells. They also act as important mechanosensory complexes to sense hemodynamic forces
and translate mechanical signals to molecular signals. As demonstrated in previous
studies20,28,29, both F-actin and VE-cadherin can act as structural constituents of large
mechanosensory complexes, and involve the PI3K/Akt pathway in endothelial cells. VE-
cadherin is part of multi-component mechanosensory complexes which transmit forces and
activate signaling pathways 20,28. The redistribution of VE-cadherin under flow conditions
was previously reported in cell culture and in vivo. Additionally, VE-cadherin was shown to
be involved in the activation of Akt by flow 28. In agreement with these studies, we showed
that flow induced redistribution of VE-caderin. Our data showed an interesting and unique
finding that compared to physiological flow conditions, no flow or pathologically low flow
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exerts effects on the cell cytoskeleton (F-actin) while pathologically high flow conditions
exert more influence on the cell-cell junctions. Discontinuous VE-cadherin expression was
found on the cells exposed to shear stresses of 90 and 120 dynes/cm2. This suggests that VE-
cadherin expression was deleteriously affected by these high flow conditions and might
contribute to the altered protein expression observed. Our data also support the involvement
of VE-cadherin in the activation of Akt by showing phosphorylation of Akt decreased along
with disruption of VE-cadherin junction under high flow conditions.

Previous studies have suggested that the phenotypic changes in PASMCs observed in high
flow pulmonary hypertension models were induced by factors released by the endothelium.
Decrease in vasodilator release and increase in vasoconstrictor release by PAECs under
pathological flow conditions will likely increase vascular tone. Our results showing that high
shear stress lead to changes in the production of these endothelial factors that increase
PASMC expression of the contractile proteins α-SM-actin and SM-MHC would provide an
explanation of increased tone and contractile responses in vessels exposed to prolonged
pathophysiologic flow conditions. In contrast to other observations30, we found that the flow
magnitude did not influence PASMC proliferation when cultured with PAECs exposed to
pathological flow conditions. This is somewhat surprising since the NO and PGI2 release
decreased and the ET-1 release increased at high shear stress. It is known that prostacyclin
and NO suppresses smooth muscle proliferation and endothelin can act as a mitogen under
certain conditions. But as shown in a recent paper by Bakker, altered blood flow may trigger
an inflammatory response that facilitates vessel remodeling, and vascular tone is a crucial
determinant of the direction of the remodeling response31. In the model system used,
pathologic flow on endothelial cells did not result in production of factor whose net effect
was to increase SMC proliferation but rather in production of a factor(s) that increased
contractile protein expression in SMC. The identity of this factor(s) remains to be
determined.

Several limitations of the study are acknowledged. First, the particular values of flow shear
stress chosen in this study (5, 20, 60, 90 and 120 dynes/cm2) are not absolutely
representative of low-pathological, normal and high-pathological shear values seen in the
pulmonary vasculature. These values, especially the larger ones, were chosen based on
patient-specific computational modeling studies of the pulmonary vasculature in children
with pulmonary arterial hypertension, but certainly may not represent the entire range of
normal or high shear values that may be seen in this highly heterogeneous population.
However, the particular patterns of cell response between lower and higher values of shear
suggest strong correlations between pathologically high shear and abnormal cell response;
these will undoubtedly be clarified by additional studies linking patient-specific
measurements of pulmonary vascular hemodynamics and in vitro shear studies. Also, in our
studies endothelial cells were cultured on a fibronectin-coated stiff substrate. The rigidity of
the system is different than the actual interactions between vascular endothelial cells and the
basement membrane in vivo. Further, the effect of vascular smooth muscle cells on vascular
endothelial cell responses was not considered in this study because in our co-culture studies
they were separated by a polycarbonate membrane and endothelial-SMC contact did not
reflect that in vivo.

In conclusion, present studies show that physiological flow shear stress activates Akt/eNOS
pathway, favors the release of vasodilators and endothelial growth factors, and inhibits the
release of vasoconstrictors from pulmonary arterial endothelial cells. In contrast, either high
or low pathological flow shear stress suppress Akt/eNOS pathway, decrease the ratio of
vasodilators to vasoconstrictors produced from endothelial cells, and enhance expression of
contractile proteins in underlying smooth muscle cells. These findings suggest flow is a
critical factor in the regulation of pulmonary vascular cell physiology and pathology.
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Figure 1. Pathological shear stresses reduce NO and PGF1α release and promote ET-1 release
(a) Nitric oxide release as measured by the total content of nitrite in flow media. (b) EIA
measurement results of the 6-keto-prostaglandin F1α (PGF1α) content in the flow media. (c)
ELISA measurement results of the endothelin-1 (ET-1) content in the flow media; (d) EIA
measurement results of the thromboxane B2 (TxB2) content in the flow media. The media
was collected from the flow circulation after cells were exposed to different shear stresses.
Data represent means ± SEM (n=3–6). The conditions marked with ‘*’ are significantly
different from 20 dynes/cm2 shear stress (P ≤ 0.05).
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Figure 2. Shear stresses affect expression and activation of eNOS through PI3K/Akt signaling
pathway
Western blot images and quantitative measurements of proteins expressed by PAECs: (a)
total eNOS (T-eNOS) expressed as the ratio of T-eNOS to β-actin; (b) phosphorylated
eNOSer1177 (P-eNOS) expressed as the ratio of P-eNOS to T-eNOS; and (c) Phosphorylated
AktSer473 (P-Akt) expressed as the ratio of P-Akt to total Akt (T-Akt). Protein expressions
were measured with PAECs exposed to shear stresses of 0, 5, 20, 60, 90, 120 dynes/cm2. (d)
Total and phosphorylated eNOS expression under flow of 20 dynes/cm2 with or without
wortmannin (100nM). Data represent means ± SEM, n=4–6 for each group. The conditions
marked with ‘*’ are significantly different from shear stress at 20 dynes/cm2 (P ≤ 0.05).
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Figure 3. Pathological shear stresses reduce VEGF expression
Western blot images and quantitative measurements of VEGF expression. Results expressed
as ratio of VEGF to β-actin. Data represent means ± SE (n=3–4). The conditions marked
with ‘*’ are significantly different from 20 dynes/cm2 (P ≤ 0.05).
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Figure 4. Shear stresses affect endothelial structure
Subcellular structures of PAECs were stained with different colors: F-actin (green), VE-
cadherin (red) and nuclei (blue). The numbers indicates the level of flow shear stresses
(dynes/cm2) that cells were exposed to.
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Figure 5. High shear stresses increase α-SM-actin and SM-MHC expression, but not DNA
synthesis in co-cultured PASMC
Quantitative measurements of α-SM-actin (a), and SM-MHC (b) in PASMCs co-cultured
with PAECs. (c) Western blot images of α-SM-actin, SM-MHC, and PCNA expressions in
PASMCs co-cultured with PAECs. Data represent means ± SE (n=3–4). The conditions
marked with ‘*’ are significantly different from 20 dynes/cm2 (P ≤ 0.05).
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