Constitutive NOS expression in cultured endothelial
cells is elevated by fluid shear stress
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Constitutive NOS expression in cultured endothelial cells is
elevated by fluid shear stress. Am. J. Physiol. 269 (Heart Circ.
Physiol. 38): H550-H555, 1995.—The role of chronic fluid
shear stress on endothelial constitutive nitric oxide synthase
(cNOS) levels may have an important role in vessel diameter
control. We subjected primary human umbilical vein endothe-
lial cells (HUVEC) or bovine aortic endothelial cells (BAEC,
passages 2—14) to steady laminar shear stress. In both cell
types, the intracellular level of cNOS was elevated within 3 h
of flow exposure at 25 dyn/cm? and remained elevated at 6 and
12 h of flow exposure, compared with stationary controls, as
indicated by digital immunofluorescence microscopy. Shear
stress exposure for 6 h caused a 2.2 + 0.3- and 2.8 + 0.3-fold
elevation of ¢ctNOS protein levels in BAEC (n = 3, P < 0.01)
and HUVEC (n = 3, P < 0.01), respectively, in the presence or
absence of 1 uM dexamethasone. Dexamethasone suppresses
induction of the inducible NOS gene, indicating that cNOS
was elevated by fluid shear stress. Flow exposure at 4 dyn/cm?
caused no enhancement of ctNOS levels in either cell type. The
flow induction of the cNOS protein levels was not blocked by
preincubation of BAEC with 100-400 pM of NG-nitro-L-
arginine methyl ester, indicating that flow-induced NO (or
guanosine 3',5'-cyclic monophosphate) was not involved in the
elevation of cNOS levels. Protein kinase C inhibitor H-7 (10
puM) had no effect on induction of NOS protein in BAEC
exposed to 25 dyn/cm?. The cNOS mRNA levels were found to
be elevated by two- to threefold in BAEC after 6 or 12 h of flow
exposure at either 4 or 25 dyn/cm?, and this induction of NOS
mRNA occurred in the presence of dexamethasone. The
elevation of cNOS levels by chronic flow exposure may provide
a mechanism for chronic regulation of vessel diameter by
endothelial response to prevailing blood flow.
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NITRIC OXIDE from the vascular endothelium mediates
vasodilation and can be elicited by endothelium-depen-
dent vasodilators such as acetylcholine, bradykinin, and
calcium ionophores (9) as well as fluid shear stress (5,
24). NO also inhibits the adhesion of monocytes and
platelets to endothelial cells and inhibits smooth muscle
cell proliferation. In endothelial cells, NO synthase
(NOS) activity is predominantly membrane-bound (9),
and two distinct gene products are responsible for the
biosynthesis of NO. The activity of constitutive NOS
(cNOS, also called endothelial NOS or eNOS) is Ca2%*/
calmodulin and NADPH dependent (3). The inducible
NOS (INOS) protein is found in macrophages and
endothelial cells (29), and its level is elevated by endo-
toxin and some cytokines. Furthermore, the activity of
iNOS is Ca?* independent and requires NADPH and
tetrahydrobiopterin. Glucocorticoids such as dexametha-
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sone inhibit the induced expression of iNOS but not the
expression of ¢ctNOS in vascular endothelial cells, with-
out direct effect on the activity of either enzyme (29).

The flow-induced release of NO by endothelial cells
has been demonstrated in vitro, in vivo, and in perfused
vessels (5, 15, 16). Fewer studies have been conducted to
study the effect of hemodynamic forces on endothelial
NOS gene expression. Recently, it was shown that
chronic exercise in dogs increased coronary vascular NO
production and endothelial cell NOS gene expression
(33). Cultured bovine endothelial cells exposed to shear
stress are reported to have elevated levels of NOS
mRNA levels (27), and cyclic stretching of cultured
endothelial cells may also enhance NOS levels (1).

Several endothelial genes have been shown to be
enhanced by shear stress either transiently, such as fos
andjun (12, 30), platelet-derived growth factor (PDGF)-
B (11, 21, 31), basic fibroblast growth factor (21), and
monocyte chemotactic protein 1 (35), or in a sustained
manner, such as tissue plasminogen activator (tPA)(7,
8) and intracellular adhesion molecule (ICAM)(26). Other
endothelial genes are downregulated by arterial levels of
fluid shear stress, such as endothelin (15, 20, 22, 34) or
fibronectin (10). Chronic shear stress exposure appears
to have little effect on plasminogen activator-inhibitor
type 1 or glyceraldehyde 3-phosphate dehydrogenase
expression levels (7, 8). Using an in vitro perfusion
system to expose cultured endothelial cells to steady
laminar flow, we have investigated the regulation of the
c¢NOS gene in response to fluid shear stress exposures.
We show that cNOS gene expression can be elevated in a
sustained manner by fluid shear stress in human and
bovine endothelial cells of venous and arterial origin,
respectively. The induction was independent of flow-
induced NO production or protein kinase C (PKC)
activation.

MATERIALS AND METHODS

Cell culture. Bovine aortic endothelial cells (BAEC) were
grown to confluence in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% heat-inactivated newborn calf se-
rum, 0.30 mg/ml glutamine, 150 U/ml penicillin, and 0.15
mg/ml streptomycin (GIBCO, Grand Island, NY) (10% C-
DMEM). Primary human umbilical vein endothelial cells
(HUVEC) were extracted and cultured as previously described
(7) and grown in DMEM with 20% serum (20% C-DMEM).

Exposure of endothelial cells to shear stress. Confluent
monolayers of BAEC (passages 2—14) and primary, confluent
monolayers of HUVEC were treated with 1 uM dexametha-
sone for 24 h to inhibit the expression of iNOS during the
experiment (29). The cells were then exposed to a steady
laminar shear stress of 4 or 25 dyn/cm? in individual, sterile,
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parallel-plate flow chamber systems with recirculating me-
dium (20 ml of 10% C-DMEM with 1 pM dexamethasone for
BAEC and 20% C-DMEM with 1 pM dexamethasone for
HUVEC) as previously described (7, 8) or maintained in a CO,
incubator. The pH and aeration of the perfusion media was
controlled with a sterile 5% COs-air mixture. Immunofluores-
cent staining or RNA extraction were carried out on the
monolayers after various shear exposure times.

Immunfluoroscence staining and digital epifluorescence
microscopy. Individual glass slides with endothelial cells were
fixed by incubation of the glass slides in a solution containing
2% paraformaldehyde, 0.5% Triton X-100 in phosphate-
buffered saline (PBS) at 4°C for 15 min. The slides were then
washed with 3% bovine serum albumin (BSA) and 0.5% Triton
X-100 in PBS, and incubated with 50 pl of mouse monoclonal
antibody against ecNOS (Transduction Laboratories, Lexing-
ton, KY) at a dilution of 1:100 (3% BSA and 0.5% Triton X-100
in PBS) for 1 h. The slides were washed three times with 5 ml
of 3% BSA-0.5% Triton X-100 in PBS solution. The slides were
then incubated with 50 pl of fluorescein goat anti-mouse IgG
(H+L) conjugate (Molecular Probes, Eugene, OR) (1:100
dilution) for 30 min. The slides were washed three times with
PBS and viewed by video microscopy. For epifluorescence
visualization, a Leitz Aristoplan microscope (%100 objective)
with image-intensified charge-coupled device camera assembly
(GenllIsys-CCD72, Dage-MTI, Michigan City, IN) was used to
detect the fluorescence emission. Noise reduction of the video
signal was achieved with the use of a Hamamatsu Argus-10
Image Processor, but no gray scale stretching or contrast
enhancement was carried out. For digital image analysis, the
video signal was recorded on 0.5 in. videotape and analyzed
with a Quickcapture framegrabber (Data Translation, Marl-
boro, MA) and a Macintosh IIci (NIH Image 1.47).

RNA isolation and Northern blot analysis. Total RNA was
extracted from control and shear stress-stimulated endothelial
cells by methods described previously (8). Briefly, endothelial
cell monolayers (15 cm?) were rinsed with sterile PBS, lysed in
1.0 ml of denaturing buffer (4.0 M guanidium isothiocyanate,
0.5% N-lauroylsarcosine, 25 mM sodium citrate, and 0.1 M
mercaptoethanol), followed by addition of 0.1 ml of 2.0 M
sodium acetate (pH 4.0). The mixture was extracted twice with
redistilled buffered phenol and chloroform/isoamyl alcohol
(49:1). RNA was precipitated by addition of equal volume of
isopropyl alcohol and overnight incubation at —20°C, followed
by centrifugation at 12,000 g for 30 min. The RNA pellet was
rinsed with ethanol, dried, and redissolved in diethylpyrocar-
bonate-treated water.
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A 296-bp segment of bovine ¢cNOS ¢DNA (corresponding to
positions 2730-3025 of Ref. 32) was amplified with a coupled
reverse transcription-polymerase chain reaction with Tagq
DNA polymerase [30 cycles; each cycle was 94°C for 2 min,
55°C for 0.75 min, and 72°C for 2 min (15-min final cycle for A
nucleotide overhang)] as previously described (8). The sense
primer was 5’ -GCTTGAGACCCTCAGTCAGG-3', and the an-
tisense primer was 5'-GGTCTCCAGTCTTGAGCTGG-3'.
These primers produced a unique band of correct target size
that was purified and subcloned into T-tailed pBluescript II
SK(+) (Stratagene). The insert was verified by dideoxy DNA
sequencing. The ¢cDNA probe was synthesized by the random
priming hexanucleotide method with [«-*2P]dATP. Five micro-
grams of each total RNA extract was run on each lane of a 1.0%
agarose-formaldehyde gel. Ethidium bromide staining indi-
cated complete integrity of the rRNA bands as well as even
lane loading. The gel was blotted overnight to Millipore
Immobilon N membranes, and then the membranes were
probed with 10° cpm/ml of probe in hybridization buffer,
followed by high-astringency washes. Autoradiography was
performed at —75°C for 16 h. Northern blotting of BAEC total
RNA produced a single band at ~ 4.1 kb as expected for bovine
cNOS mRNA (32).

RESULTS

Toinhibit the induction of iNOS, endothelial monolay-
ers were incubated with 1 uM dexamethasone for 24 h
before the experiment. The perfusion medium during
the experiment also contained dexamethasone. Immuno-
staining for ¢cNOS in unstimulated cells showed a very
low level of diffuse staining that was elevated after 6 h of
flow exposure (25 dyn/cm?) and remained elevated after
12 h of flow exposure (Fig. 1). Dexamethasone (1 pM)
had no effect on resting levels of cNOS immunofiuores-
cence in BAEC or HUVEC after a 24-h incubation.

The levels of cNOS were 2.2 + 0.3 times (n = 3 expts,
P < 0.01) and 2.8 = 0.3 times (n = 3, P < 0.01) higher
in BAEC and HUVEC, respectively, that had been
exposed to arterial shear stress (25 dyn/cm?) for 6 h
than in the matched stationary controls (Figs. 2 and 3).
We have found that low shear stress of 4 dyn/cm? did
not cause a significant induction of ¢NOS protein in
either BAEC or HUVEC after 6 h of flow exposure.

C

Fig. 1. Fluid shear stress induces elevation of endothelial constitutive nitric oxide synthase (cNOS) enzyme levels.
Immunofluorescence staining of bovine aortic endothelial cells (BAEC) maintained under stationary conditions (A) or
exposed to laminar shear stress at 25 dynes/cm? for 6 (B) or 12 h (C). Endothelial cells were preincubated with 1 uM
dexamethasone before shear stress exposures with dexamethasone in perfusion media.
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Fig. 2. ¢eNOS immunofluorescence intensity in bovine aortic endothe-
lial cells (BAEC) maintained in stationary culture (open bars) or
exposed for 6 h to shear stress at 4 (stippled bars) or 25 dyn/em? (filled
bars). Average intensity (= SD) was determined in each experiment
(Exp. 1-3) by digital image analysis for > 30 cells in each monolayer.
Average intensity values were then normalized to the average inten-
sity of quiescent control endothelium maintained in stationary culture
to give relative fluorescence intensity. Each experiment was conducted
with an independent passage of BAEC. All monolayers were visualized
under identical illumination and detection conditions. *P < 0.01; n,
no. of expts.

Exp. 2 Mean

In light of the known activation of signaling pathways
such as PKC or NO (via ¢cGMP) in shear-stressed
endothelium (11, 15), we tested the effect of pharmaco-
logical inhibitors on the shear induction of ¢cNOS pro-
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Fig. 3. ¢NOS immunofluorescence intensity in human umbilical vein
endothelial cells (HUVEC) maintained in stationary culture (open
bars) or exposed for 6 h to shear stress at 4 (stippled bars) or 25
dyn/em? (filled bars). Average intensity (+ SD) was determined in
each experiment (Exps. 1-3) by digital image analysis for > 30 cells in
each monolayer. Average intensity values were then normalized to the
average intensity of quiescent control endothelium maintained in
stationary culture to give relative fluorescence intensity. Each experi-
ment was conducted with an independent harvest of primary HUVEC.
All monolayers were visualized under identical illumination and
detection conditions. * P < 0.01; n, no. of expts.
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tein. BAEC were pretreated for 30 min with NG-nitro-L-
arginine methyl ester (L-NAME), a potent inhibitor of
NO production. These cells were then exposed to an
arterial level of shear stress with the same concentra-
tion of L-NAME in the perfusion medium. The presence
of L-NAME (100 pM) did not significantly inhibit the
shear stress induction of the cNOS after 6 or 12 h of flow
exposure (Fig. 4). We have found also that 400 pM
L-NAME has no effect on shear stress induction. This
would indicate that the shear stress induction of ¢cNOS
does not depend on flow-induced NO production (or
cGMP).

We and others have found that the PKC inhibitor H-7
can cause significant attenuation of shear stress induc-
tion of various genes, such as fos (12, 30), PDGF-B (11),
or tPA (Diamond, unpublished observations). To test
whether shear induction of ¢NOS was PKC-dependent,
BAEC were preincubated with H-7 (10 pM) for 30 min
and then exposed to arterial levels of shear stress for 6 h
with H-7 (10 uM) in the perfusion media. The presence
of H-7 did not cause any significant change in the level of
induction of cNOS in H-7-treated BAEC compared with
untreated BAEC exposed to arterial levels of shear
stress. Although H-7 can cause nonspecific inhibition of
other protein kinases, as well as disruption of the
endothelial actin cytoskeleton, we conclude that the
induction of cNOS is PKC-independent. Consistent with
this lack of effect of H-7, we observed that 6-h incuba-
tion of BAEC with phorbol myristrate acetate (PMA), a
potent PKC activator, did not cause induction of ¢NOS.
It is interesting to note that other endothelial cell
stimulants such as thrombin (0.5 U/ml) or lipopolysac-
charide (1 wg/ml) had no effect on BAEC cNOS levels
after 6-h incubation in the agonist compared with
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Fig. 4. ¢NOS immunofluorescence intensity (= SD) in BAEC main-
tained in stationary culture (0) or exposed for 6 or 12 h to shear stress
at 25 dynes/em? in presence or absence of 100 pM NU-nitro-L-arginine
methyl ester (L-NAME) or 10 pM H-7. Relative fluorescence intensity
was calculated as in Figs. 2 and 3.
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unstimulated controls. This suggests that cNOS was not
induced by a large calcium mobilization (or elevated
arachidonic acid metabolism), which would be expected
with thrombin or lipopolysaccharide stimulation.

Given the rapid induction of ¢eNOS protein levels in
cells exposed to shear stress, we tested whether NOS
mRNA levels were elevated in shear-stressed endothe-
lium. Northern blot analysis revealed the induction of
NOS at arterial levels of shear stress (25 dyn/cm?) as
well as at low levels of shear stress (4 dyn/cm?) after 6 h
of flow exposure (Fig. 5). The mRNA level of the cNOS
band was elevated by threefold over stationary controls
at 6 h and remained elevated at 12 h of exposure at 25
dyn/em? (Fig. 6). In ten independent monolayers of
BAEC exposed to shear stress (25 dyn/cm? up to 12 h),
we observed a two- to threefold elevation of ¢cNOS
mRNA compared with matched stationary control cul-
tures. We evaluated whether other stimulants elevated
c¢cNOS mRNA levels in BAEC. A 16-h stimulation of
BAEC with lipopolysaccharide (1 pg/ml), phorbol ester

6 hr 6 hr
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Fig. 5. Fluid shear stress causes elevation of cNOS mRNA levels in
BAEC exposed to shear stress of 4 or 25 dyn/cm? for 6 h compared
with stationary controls (0 dyn/cm?). Two experiments were con-
ducted, each with an independent passage of BAEC (first experiment,
lanes 1-3; second experiment, lanes 4-6) (top ). By scanning densitom-
etry, elevated cNOS mRNA levels were 2.1 + 0.2(n = 2, P < 0.01) and
24 = 05 (n = 2, P < 0.01) times higher at 4 and 25 dyn/cm?,
respectively, than levels found in stationary controls. Five micrograms
of total RNA were subjected to electrophoresis in each lane, and
ethidium bromide staining indicated uniform lane loading (bottom ).
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Fig. 6. Fluid shear stress causes elevation of cNOS mRNA levels in
BAEC exposed to 25 dyn/em? for 6 and 12 h compared with stationary
controls (0 dyn/em?) (top). Five micrograms of total RNA were
subjected to electrophoresis in each lane, and ethidium bromide
staining indicated uniform lane loading (bottom ).

(500 ng/ml), .-NAME (200 pM) + dexamethasone (1
pnM), or hyperosmotic shrinkage (45 mM mannitol) had
no stimulatory effect on cNOS mRNA levels (data not
shown). This indicated that the shear stress induction of
c¢NOS in BAEC was somewhat unique, and similar
elevations in cNOS mRNA levels could not be achieved
with agonists known to greatly elevate other genes, such
as ICAM (28) or tPA (18, 19) that are inducible by shear
stress.

DISCUSSION
The endothelial regulation of basal levels of the

constitutive and inducible forms of NOS under physi-
ological conditions is not fully resolved. In contrast, the
influence of fluid shear stress on NO production under
chronic and acute flow conditions has been extensively
studied in perfused vessels (5) and more recently under
conditions of a well-defined steady laminar flow (14, 15).
We present experimental evidence that cNOS mRNA
and protein levels are elevated in endothelial cells
exposed to arterial levels of shear stress. A lower venous
level of shear stress (4 dyn/cm?) was sufficient to elevate
¢NOS mRNA but caused no significant corresponding
elevation of ¢cNOS protein levels. A rigid parallel-plate
flow chamber eliminated any deformation of the sub-
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strate, thus preventing a situation analogous to circum-
ferential distension of the vessel wall during increased
flow. Our findings are consistent with a previous study
carried out in the absence of any chemicals to inhibit
iNOS induction that showed a flow induction of NOS
levels at 24 h (27, 36). We have found that the induction
within 3 h of ¢NOS occurred fairly rapidly and is
somewhat more rapid than the shear stress induction of
the secreted protein tPA (7).

The c¢cNOS expressed in the vascular endothelium
shares common biochemical and pharmacological prop-
erties with the neuronal NOS (9). However, cloning of
NOS from human and bovine endothelial cells (23, 27,
32) has indicated the existence of a family of constitutive
NO synthases. cDNA clones for human endothelial NOS
predicted a protein of 1203 amino acids sharing 94%
identity with the bovine endothelial protein but only
60% identity with the human or rat neuronal isoform.
Sequence inspection of the 5’-flanking region of the
human endothelial NOS gene reveals multiple potential
cis-regulatory DNA sequence motifs (23). A cis-regula-
tory consensus sequence indicated to be a shear stress
response element in the PDGF-B chain (31) is also
present in the 5'-region of the human constitutive
endothelial NOS gene. Two sets of AP-1 and AP-2 may
participate in the transcriptional response to phorbol
esters and/or adenosine 3',5'-cyclic monophosphate
(cAMP), respectively. However, we have found that
phorbol ester did not cause induction of cNOS mRNA or
protein. A nuclear factor (NF)1 binding site is present,
which has been implicated in adenovirus replication and
transforming growth factor-B responses. A putative
cAMP-responsive element present in this region is iden-
tical to the cAMP-responsive-2 element in human proen-
kephalin promoter known to mediate transcriptional
responses to changes in the intracellular level of cAMP.
However, these elements have not been characterized in
the regulation of endothelial NOS gene expression.
Interestingly, the induction by arterial levels of shear
stress of PDGF mRNA levels is rather transient and
PKC dependent (11). Qur results indicate that the
elevation of cNOS mRNA and protein levels is sustained
and independent of PKC activity. Although shear stress
regulation of endothelin secretion appears to depend on
shear-induced NO production via a cGMP pathway, the
shear stress elevation of cNOS mRNA and protein levels
was not inhibited by the L-arginine analogue, L-NAME.
The presumable blockade (14) of the shear stress-
suppression of endothelin-1 (ET-1) by L-NAME in our
experiments had no effect on NOS induction by shear
stress, suggesting that prevailing ET-1 secretion rates
have no effect on cNOS gene regulation. Although PKC
modulates receptor-independent activation of the endo-
thelial NOS activity (6), it does not seem to play a major
role in the shear stress-induced activation of the cNOS
enzyme levels, because the presence of the PKC inhibi-
tor H-7 did not significantly reduce the shear-mediated
induction of the cNOS protein levels in BAEC.

While ET-1 gene expression is suppressed by sus-
tained arterial flow exposures, the suppression is not
seen in stretched endothelial cells (4, 20). The suppres-
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sion by shear stress is reported to require NO produc-
tion, because it can be completely blocked by 400 pM
Ne-nitro-L-arginine (24). Yet both shear and substrate
stretching (1) appear to upregulate NOS gene expres-
sion. The suppression of ET-1 by flow-induced NO (but
not stretch-induced NO) may suggest additional regula-
tory agents (repressors) present in shear-stressed but
not stretched endothelium. From our studies it does not
appear that NO has an autocrinic role in the shear-
enhanced ¢cNOS expression, although there is evidence
that NO can autoregulate NOS activity (2).

It has been shown that the initial burst of NO
production is Ca?*/calmodulin dependent and appears
to be dependent on a G protein, whereas the sustained
release of NO is Ca?*/calmodulin and G protein indepen-
dent (15, 16). These workers found that dexamethasone
did not have any effect on the sustained release of NO
production, ruling out a role of the iNOS for its produc-
tion. Dexamethasone is known to interfere with the
binding of the nuclear factor NF-kB to its consensus
DNA binding sequence and to interfere with the func-
tion of AP-1 complexes without diminishing the binding
of the fos-jun to its cognate cis element (25). However,
the ¢cNOS promoter does not contain an identifiable
NF-kB consensus element, and our findings indicate
that the elevation of cNOS expression by shear stress
does not require NF-«kB or NF-«B-dependent pathways.

If shear stress causes a transient elevation in Ca?*,
this putative elevation in Ca?* does not appear to have
an important role in the elevation of cNOS gene expres-
sion in endothelial cells exposed to shear stress. Whether
the shear stress elevation of NO production is a calcium-
dependent process or a calcium-activated process is not
clear. Studies with inhibitors of calmodulin or intracellu-
lar chelators of calcium (15) do not fully resolve the
mechanisms by which NO production is elevated, and
this lack of understanding is compounded by the known
variability in demonstrating shear stress-induced cal-
cium mobilization. Regardless of the mechanism, ele-
vated production of NO by shear stress does not cause
autocrinic enhancement of ctNOS mRNA and protein
levels.

These studies indicate that there exists a potentially
important mechanism in vessel-diameter regulation in-
volving endothelial gene expression in response to shear
stress. Rabbit carotid arteries constrict by 21% within
days after flow is reduced by 70% (17). The adaptive
regulation to chronic changes in flow (up or down) of
canine carotid artery (13) also indicate a strong coupling
between prevailing blood flow and endothelial release of
vasodilators and vasoconstrictors. That arterial levels of
shear stress can elevate cNOS mRNA and protein levels
while suppressing ET-1 mRNA and secretion (14, 20,
22, 34) by cultured endothelium may provide some
insight into these adaptive responses.
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