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In this study, the effect of shear stress on the expression of genes of the human endothelin-1
system was examined. Primary cultures of human umbilical vein endothelial cells (HUVEC)
were exposed to laminar shear stress of 1, 15 or 30 dyn em™® (i.e. 01, 15 or 3 N m™?)
(venous and two different arterial levels of shear stress) in a cone-and-plate viscometer.

Laminar shear stress transiently upregulates preproendothelin-1 (ppET-1) mRNA, reaching
its maximum after 30 min (approx 1:7-fold increase). In contrast, long-term application of
shear stress (24 h) causes downregulation of ppET-1 mRNA in a dose-dependent manner.

Arterial levels of shear stress result in downregulation of endothelin-converting enzyme-1
isoform ECE-1a (predominating in HUVEC) to 36-2 + 8:5%, and isoform ECE-1b mRNA
to 723 4+ 1-9% of static control level.

The endothelin-1 (ET-1) release is downregulated by laminar shear stress in a dose-
dependent manner.

This downregulation of ppET-1 mRNA and ET-1 release is not affected by inhibition of
protein kinase C (PKC), or tyrosine kinase. Inhibition of endothelial NO synthase (L.-NAME,
500 um) prevents downregulation of ppET-1 mRNA by shear stress.

In contrast, increasing degrees of long-term shear stress upregulate endothelin receptor
type B (ETg) mRNA by a NO- and PKC-, but not tyrosine kinase-dependent mechanism.

In conclusion, our data suggest the downregulation of human endothelin synthesis, and an
upregulation of the ETy receptor by long-term arterial laminar shear stress. These effects
might contribute to the vasoprotective and anti-arteriosclerotic potential of arterial laminar
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shear stress.

The endothelial cells in situ are permanently exposed to
shear stress, the dragging frictional force created by flowing
blood. Physiological degrees of shear stress are involved in the
regulation of vascular tone, and are considered as possible
pathophysiological mechanisms for the localization of arterio-
sclerotic plaques (Glagov et al. 1988; Traub & Berk, 1998).
Shear stress acting on endothelial cells is higher in arterial
vessels (~15-30 dyn ecm™ (~1:5-3 N m™)), compared with
shear stress in venous vessels (~1 dyncm™). These
differences in shear stress may contribute to altered
endothelial gene expression.

A variety of genes have been described to be regulated by
shear stress. These include genes encoding transcription
factors, factors affecting coagulation, migration of leucocytes,
smooth muscle proliferation, lipoprotein uptake and
metabolism, cytoskeletal structure, apoptosis and release of
vasoactive substances (Davies et al. 1997). Arterial laminar

shear stress was shown to induce the endothelial generation
of vasodilators nitric oxide (NO) and prostacyclin (Frangos
et al. 1985; Uematsu et al. 1995). Interestingly, the vaso-
constrictor angiotensin I generating angiotensin-converting
enzyme is downregulated by arterial laminar shear stress
(Rieder et al. 1997). However, the effect of shear stress on
the expression of genes of the endothelin-1 system in human
endothelial cells is less clearly understood.

The endothelin family includes peptides which are the most
potent vasoconstrictors known to date (Yanagisawa et al.
1988). Three endothelin isoforms have been identified:
endothelin-1 (ET-1), ET-2 and ET-3 (Inoue et al. 1989q). Of
these three isoforms, ET-1 was the first to be cloned, is the
most abundant in circulation, and is the one studied in most
detail. The biosynthesis of human ET-1 includes: (1) the
expression of the 212 amino acid preproendothelin-1
(ppET-1) (Itoh et al. 1988; Inoue et al. 1989b); (2) the
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proteolytic cleavage to form big-ET-1 (39 amino acids) by a
furin convertase (Denault et al. 1995); and (3) in the final
key step, the cleavage of big-ET-1 into the active ET-1
peptide of 21 amino acids by the recently cloned
metalloprotease endothelin-converting enzyme-1 (ECE-1)
(Xu et al. 1994; Turner & Murphy, 1996). ET-1 binds to
endothelin type A (ET,) and type B (ETy) receptors
(Huggins et al. 1993). ET, receptors are present on vascular
smooth muscle cells and induce KET-1-mediated vaso-
constriction (Hosoda et al. 1991). On the other hand, most
probably two KTy receptor subtypes are present on
endothelial and vascular smooth muscle cells. The endothelial
subtype mediates vasodilatation and is sensitive to the ET ,
and/or ET, non-selective antagonist PD142893 (Ogawa el
al. 1991), while the smooth muscle cell-specific subtype
causes vasoconstriction and is resistant to this antagonist
(Warner et al. 1993).

The data regarding the regulation of endothelin synthesis
and release by shear forces in endothelial cells are
controversial. Initial reports described a shear stress-
dependent induction of endothelin production (Yoshizumi et
al. 1989; Morita et al. 1993). Other groups found no
significant changes in ET-1 release (Noris et al. 1995), or a
downregulation of ppET-1 mRNA and endothelin release
by shear stress in human and bovine endothelial cells
(Sharefkin et al. 1991; Malek & Izumo, 1992; Kuchan &
Frangos, 1993). Therefore, the time- and dose-dependent
regulation of ppET-1 mRNA as well as endothelin peptide
release by shear stress in human umbilical vein endothelial
cells (HUVEC) was studied. In addition, the effect of shear
stress on ECE-1 isoforms and the endothelial ETy; receptor
was analysed. Finally, we investigated the involvement of
NO and protein kinases in shear stress-dependent regulation
of the endothelin system in human endothelial cells.

METHODS

Cell culture and application of shear stress

All cell culture reagents and chemicals were purchased from Sigma
Chemicals (St Louis, MO, USA) except when specified. Primary
cultures of human umbilical vein endothelial cells (HUVEC) were
isolated using collagenase IV as described previously (Morawietz et
al. 1999b). In order to minimize variations of primary cultures,
each day after collagenase IV treatment the endothelial cells
isolated from different umbilical veins were pooled in medium
M199 with 1-25 ¢ 1™ sodium bicarbonate, 100 mg 1™ L-glutamine
(Life Technologies, Paisley, UK), 20% calf serum, 15 mm Hepes,
100000 IU I™"  penicillin, 100 mg 1™ streptomycin, 250 mg 1™
fungizone (Life Technologies), and 167 ug1™ endothelial cell
growth supplement (C. C. Pro, Neustadt, Germany) and
subsequently separated on 94 x 16 mm cell culture dishes coated
with 1% gelatin. The cell cultures reached confluency after
5-17 days. The average number of cells was 10° endothelial cells per
culture dish.

Cells were subjected to laminar shear stress 1 day after reaching
confluence in a cone-and-plate viscometer (Sdougos et al. 1984) with
minor modifications. Briefly, this viscometer consists of a cone with
an angle of 05 deg rotating on top of a 94 x 16 mm cell culture dish.
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Laminar shear stress of 1 dyn ecm ™ (venous level of shear stress), 15
or 30 dyn ecm™ (two different arterial levels of shear stress) was
applied by a constant angular velocity in a humidified environment
with 5% CO, at 37 °C. The cell culture medium has a viscosity of
0007 dyn s cm ™. For application of arterial levels of shear stress
(15 or 30 dyn em ™), 5% dextran (MW 71 400) was added to the cell
culture medium to increase the viscosity of the medium 2-95-fold
t0 0-02065 dyn s em . The angular velocity of the cone was in the
case of 1 dyn em™ (cell culture medium without dextran): 1-25 7,
of 15 dyn ¢m™ (medium supplemented with dextran): 6:34 s, and
of 30 dyn em ™ (medium supplemented with dextran): 12:68 s, In
these experiments each cell culture dish was accompanied by two
controls from the same HUVEC preparation incubated with cell
culture medium supplemented with or without 5% dextran for 24 h
without application of shear stress.

RNA isolation and Northern analysis

Total RNA from endothelial cells was isolated by guanidinium
thiocyanate—caesium chloride centrifugation (Chirgwin et al. 1979).
Northern analysis was done as described previously (Morawietz et
al. 1999a), using total cellular RNA from endothelial cells. The cDNA
fragments of human preproendothelin-1 (ppET-1, position 409—-870)
(Itoh et al. 1988) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, position 278-721) (Arcari et al. 1984) were cloned after
reverse transcriptase polymerase chain reaction (RT-PCR) from
HUVEC RNA. Their identity was then confirmed by cycle
sequencing with the ABI PRISM Dye Terminator Cycle Sequencing
Ready Reaction Kit (Perkin Elmer, Foster City, CA, USA) on an
automated ABI 373A DNA Sequencer (ABI/Perkin Elmer). The
DNA sequence was analysed using Gene Runner software (Hastings
Software, Inc). Database searches of GenBank were performed
using BLASTN (Altschul et al. 1990). The ¢cDNA probes were
labelled using the Oligolabelling Kit and [a-**PJACTP (Amersham
Pharmacia Biotech, Bucks, UK). Oligonucleotides specific for
human endothelin-converting enzyme-1 isoform ECE-la (5-GCA
GGG AAG GAG GCA GGA GGG G-3, position 140—161) (Shimada
et al.1995), and ECE-1b (5-GCC GTT GGG GTA TGC GTC GCC-3/,
position 121—-141) (Schmidt et al. 1994) were labelled at the 5"-end
with [y-*PJATP (Amersham Pharmacia Biotech). The labelled
probes were hybridized with membranes in hybridization solution
at 65 °C for 16 h (Sambrook et al. 1989), washed and exposed at
—80°C to Kodak BIOMAX MS films. Subsequently, Northern
filters were stripped in 0-1x saline—sodium citrate buffer (SSC),
0-1 % SDS at 80 °C, and hybridized with the human GAPDH ¢DNA
probe.

Standard-calibrated competitive RT-PCR

In order to determine the number of human ppET-1 mRNA
molecules in response to shear stress, a standard-calibrated
competitive RT-PCR was established. Firstly, a human ppET-1-
specific cDNA fragment of 461 bp (position 409—870) (Itoh et al.
1988) was amplified by PCR using the following primers: ET-1 sense
primer: 5-TGC TCC TGC TCG TCC CTG ATG GAT AAA GAG-3,
and ET-1 antisense primer: 5’-GGT CAC ATA ACG CTC TCT GGA
GGG CTT-3" The ET-1-specific cDNA fragment was subsequently
cloned into the pCR-Script Amp SK(+4) Cloning Vector (Stratagene,
La Jolla, CA, USA) and its identity confirmed by DNA sequencing
as described. Secondly, an internally deleted cRNA standard was
constructed by modification of a linker primer method (Forster,
1994). In brief, a ppET-1-specific cDNA fragment was amplified
with a 30-mer linker primer and the antisense primer. The linker
primer includes at the 5" end 10 bp of the 3’ end of the ET-1 sense
primer, followed at the 3" end by 20 bp of ppET-1-specific cDNA
sequence (Itoh et al. 1988), located 136 bp in the 3’ direction from
the sense primer (position 545-564, ET-1 linker primer: 5-GGA
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TAA AGA GTT CCC ACA AAG GCA ACA GAC-3'). The
subsequently isolated cDNA fragment was reamplified with the
initially used ET-1-specific sense and antisense primers. This
method resulted in an internally deleted ppET-1 ¢DNA standard
bound by the sense and antisense primer of the first PCR
amplification step (length of ppET-1 standard: 355bp). The
identity of the standard was confirmed by cloning and DNA
sequencing. Thirdly, internally deleted cDNA standard was in vitro
transcribed into ¢cRNA (RNA Transcription Kit, Stratagene), and
standard cRNA was quantified spectrophotometrically (Sambrook et
al. 1989).
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In competitive RT-PCR experiments, equal amounts of total RNA
(100 ng) were incubated in separate reactions with defined amounts
of ppET-1 standard cRNA (e.g. 1 x 10%,3%x 107, 1 x 107, 3 x 10°,
and 1 x 10° cRNA molecules) for 3 min at 70 °C, and subsequently
reverse transcribed into ¢cDNA using random hexamer primers and
SuperScript 1I RNase H™ reverse transcriptase (Life Technologies)
for 1 h at 42°C. Afterwards, 20% of each reverse transcription
reaction was amplified in separate reactions with 20 pm ET-1 sense
and antisense primers by the following PCR protocol: 30 s 95 °C,
30s 65°C, 1min 72°C (40 cycles). PCR primers compete for
sample-specific and standard molecules in the amplification
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Figure 1. Downregulation of preproendothelin-1 mRNA by laminar shear stress in human
endothelial cells

In A, human umbilical vein endothelial cells (HUVEC) were exposed to long-term (24 h) laminar shear
stress, and the expression of preproendothelin-1 (ppET-1) mRNA in these cells was determined by
Northern analysis. The filter was subsequently stripped and hybridized with a human GAPDH ¢DNA probe
as a control. Results shown are representative of three independent experiments. Laminar shear stress
(24 h) caused dose-dependent downregulation of ppET-1 mRNA, compared with control (for 15 and
30 dyn ¢cm ™2, control was supplemented with 5% dextran medium). B shows the method of quantification
of mRNA levels of the human preproendothelin-1 (ppET-1) gene by competitive RT-PCR. The method
compares the amplification of a ppET-1 ¢DNA fragment from reverse transcribed total RNA of HUVEC
(461 bp) vs. different concentrations of an internally deleted and reverse transcribed ¢cRNA standard
(355 bp) by PCR. The PCR fragments were separated on agarose gels and stained with ethidium bromide.
Lane 1: molecular weight marker (100 bp ladder). Amount of standard molecules per reaction: 1 x 10°
(lane 2), 3 x 107 (lane 3), 1 x 107 (lane 4), 3 x 10° (lane 5), and 1 x 10° (lane 6). C, downregulation of
ppET-1 mRNA by laminar shear stress determined using standard-calibrated, competitive RT-PCR (static
condition: open bar, shear stress: dashed bars). Values are given as means + s.e.m. (am gg~™ RNA); n= 5,
where 7 is the number of independent experiments; * P< 0-05 vs. static control (con).
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reaction. The PCR reactions were separated by standard agarose
gel electrophoresis, stained with ethidium bromide and documented
by photography using Polaroid film type 665. The optical density
of standard and sample-specific PCR fragments was estimated by a
Personal Densitometer (Molecular Dynamics, Sunnyvale, CA,
USA). Optical density of standard PCR fragments was normalized
with a correction coeflicient (ET-1: 461 bp/355 bp = 1-298), and
the logarithm of the quotient of normalized standard and sample-
specific PCR fragment density was graphically plotted vs. amount
of standard RNA molecules, using the SigmaPlot scientific
graphing software (Jandel Corp.). In the graph, equal amounts of
RNA molecules in the sample and standard were present at the
equivalence point.

The mRNA expression of human endothelin receptor type B (ETy)
(Ogawa et al. 1991) was quantified as attomolar per microgram
RNA (am #g™" RNA) by standard-calibrated, competitive RT-PCR
as described previously (Heinroth-Hoffmann et al. 1998).

ET-1 peptide release

The release of ET-1 peptide into the cell culture medium was
measured with the Endothelin-1 ELISA system (Amersham
Pharmacia Biotech) and normalized wvs. protein concentration
determined with the BCA Protein Assay Reagent (Pierce,
Rockford, 1L, USA).

Inhibitor studies

After preincubation with inhibitor for 1 h, arterial levels of shear
stress were applied on HUVEC with or without inhibitor. Each
experiment was accompanied by two controls from the same
HUVEC preparation incubated for 24 h without application of shear
stress: (1) without 5% dextran and without inhibitor and (2) with
5% dextran and the identical inhibitor concentration. The effect of
inhibitors of endothelial constitutive NO synthase (ecNOS),

fl‘.
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Figure 2. Time course of ppET-1 mRNA expression in
human endothelial cells in response to arterial levels of
laminar shear stress

HUVEC were subjected to shear stress of 30 dyn cm ™.
ppET-1 mRNA expression was determined using standard-
calibrated, competitive RT-PCR. Values are given as

means + S.E.M. (aMm /tg_l RNA); n=3.*P<0:05 vs.static
control with dextran medium (static condition: open bar,
shear stress: hatched bars).
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N“-nitro-L-arginine methyl ester (L-NAME) and N “-nitro-
L-arginine (L-NNA) (up to 500 um), of protein kinase C inhibitors
(RO-31-8220, up to 1 um, Calbiochem, San Diego, CA, USA), or of
tyrosine kinase inhibitors (herbimycin A, 1 gm, Calbiochem) was
tested. From these cultures ppET-1 and ETy; mRNA expression
was determined by competitive RT-PCR, and ET-1 peptide release
by ET-ELISA.

Statistics

In experiments with dimensionless quantities, band densities or
peptide release from multiple similar experiments were combined
by calculation of the fold increase or decrease vs. control under each
experimental condition. Data are given as means + s.E.M. (n = 3 in
all cases, where n is the number of independent experiments).
Statistical analysis was performed with the ANOVA procedure
followed by Dunn’s test (multiple comparison) or Student’s ¢ test
(SigmaStat software, Jandel Corp.). Differences were taken as
statistically significant at P< 0-05.

RESULTS

Dose-dependent downregulation of human prepro-
endothelin-1 mRNA by shear stress

Cultures of human umbilical vein endothelial cells
(HUVEC) constantly generate and release endothelin-1
(ET-1) into the cell culture medium. In initial studies,
mRNA expression of preproendothelin-1 (ppET-1) was
quantified by Northern analysis (Fig.14). Application of
laminar shear stress to HUVEC for 24 h caused a dose-
dependent downregulation of ppET-1 mRNA. As the
Northern blot method is limited in the quantitative detection
of mRNA species expressed at a low level, a standard-
calibrated, competitive reverse transcriptase PCR (RT-PCR)
for human ppET-1 mRNA was established (Fig.1B), and
the dose-dependent downregulation of ppET-1 mRNA by
long-term (24 h) laminar shear stress was quantified
(Fig. 10). For application of 15 or 30 dyn cm™, control
medium was supplemented with 5% dextran without effect
on basal ppET-1 expression.

In parallel experiments, the time course of ppET-1 mRNA
expression in response to arterial shear stress was
determined (Fig. 2). Application of arterial shear stress
resulted in transient induction of ppET-1 mRNA reaching
its maximum after 30 min (~1:7-fold increase). In contrast,
long-term application of arterial shear stress for 24 h
resulted in significant downregulation of ppET-1 mRNA.
Since long-term application of shear stress resembles the in
vivo situation more closely, in all subsequent experiments
shear stress was applied for 24 h.

Shear stress-dependent downregulation of human
endothelin-converting enzyme-1 isoforms

In HUVEC exposed to shear stress, endothelin-converting
enzyme-1 (ECE-1) isoform mRNA
determined by Northern analysis (Fig. 3). Long-term
laminar shear stress (24 h) caused downregulation of ECE-1
isoforms (Fig.34). The most abundant ECE-1 isoform in
HUVEC, ECE-1a, is downregulated by laminar shear stress
(24 h) in a dose-dependent manner (Fig.3B). The isoform

expression  was
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ECE-1b is downregulated by long-term arterial levels of
shear stress as well (Fig. 30).

Downregulation of ET-1 peptide release in response
to shear stress

The effect of shear stress on ET-1 protein expression was
quantified as ET-1 peptide release into the cell culture
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Figure 3. Downregulation of endothelin-
converting enzyme-1 isoforms by shear stress in
human endothelial cells

HUVEC were cultured under static conditions (con) or
exposed to shear stress (ss). Endothelin-converting
enzyme-1 (ECE-1) isoform mRNA expression was
quantified by Northern analysis (4). Long-term
laminar shear stress (24 h) causes downregulation of
ECE-1 isoforms ECE-1a (B)and ECE-1b (C); n=3;

* P< 005 ws. static control (static condition: open bars,
shear stress: hatched bars).
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medium. The basal release of ET-1 in stationary cultures of
HUVEC varied considerably (range: 0:3—1+9 pm ET-1 (mg
protein)™ day™'; mean: 0-8 + 0-1 pm ET-1 (mg protein)™
dayfl, n=14). Therefore, each shear stress experiment was
accompanied by an internal stationary control and ET-1
released into the medium was quantified as a percentage of
the internal control without shear stress. Release of ET-1
from HUVEC was downregulated by long-term (24 h) shear
stress in a dose-dependent manner (Fig. 4; static control:
100%; 1 dyn em % 591 +4-8%* n=5; 15 dyn em %
356+ 53%* n=3; 30dyncm™>: 308 +57%* n=6;
*P< 005 vs. static control). In the case of experiments
applying 15 or 30dyncm™, control medium was
supplemented with 5% dextran as described. Dextran had
no effect on basal ET-1 release from HUVEC.

Effect of inhibition of protein kinases and ecNOS on
shear stress-dependent ET-1 expression

In order to investigate the underlying signal transduction
mechanism of ppET-1 mRNA downregulation by shear
stress, experiments in the presence of inhibitors of protein
kinase C (PKC) or tyrosine kinase were carried out (Fig. 5).
Each experiment was accompanied by two controls from the
same HUVEC preparation incubated for 24 h without
application of shear stress: (1) medium without 5% dextran
and without inhibitor, and (2) medium with 5% dextran and
the identical inhibitor concentration. The downregulation of
ppET-1 mRNA and ET-1 peptide release by an arterial
level of shear stress (30 dyn em ™, 24 h) was not modulated
by inhibition of PKC or tyrosine kinase (Fig. 5).
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Figure 4. Shear stress-dependent downregulation of
endothelin-1 (ET-1) peptide release

The effect of shear stress on ET-1 protein expression was
quantified as ET-1 peptide release into the cell culture
medium (in percentage of internal control without shear
stress). The ET-1 release of HUVEC is downregulated by
long-term (24 h) shear stress in a dose-dependent manner.
Values are given as means + s.EM.; n=6; * P< 0-05 vs.
static control (con) (static condition: open bar, shear stress:
hatched bars).
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Since Kuchan & Frangos (1993) found an effect of ecNOS
inhibitors on flow-mediated suppression of ET-1 peptide
release, we performed experiments applying an arterial
level of shear stress similar to their studies (15 dyn cm™,
24 h) on HUVEC with increasing doses of ecNOS inhibitor
(up to 500 um L-NAME) (Fig. 6). At high doses (500 um)
L-NAME caused inhibition of shear stress-dependent
downregulation of ppET-1 mRNA (Fig.64). A similar
trend was seen in the case of ET-1 peptide release which did
not reach the level of statistical significance (Fig.625).
Similar results were observed with ecNOS inhibitor L-NNA

(data not shown).
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Figure 5. Downregulation of ppET-1 mRNA and ET-1
peptide release by arterial levels of shear stress is not
modulated by inhibition of protein kinase C or of
tyrosine kinase in HUVEC

An arterial level of laminar shear stress (30 dyn em ™2, 24 h)
was applied on HUVEC with or without inhibitors of protein
kinase C (RO: 1 gm RO-31-8220) or of tyrosine kinase

(HA: 1 gm herbimycin A). The ppET-1 mRNA expression
was determined by standard-calibrated, competitive RT-PCR
(am g™ RNA; A)and ET-1 peptide release by ET-ELISA
(percentage of control without shear stress; B); n=3;

* P< 0:05 vs. control without shear stress (con) (static
condition: open bars, shear stress: hatched bars).
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Upregulation of endothelin receptor B by shear stress

We have previously shown that HUVEC almost exclusively
express endothelin receptor type B (ETg) (Heinroth-
Hoffmann et al. 1998). Long-term application of shear stress
increased KT receptor mRNA expression in a dose-
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Figure 6. Effect of ecNOS inhibitors on shear stress-
dependent downregulation of ET-1 expression

HUVEC were exposed to an arterial level of shear
stress (ss, 15 dyn cm™>, 24 h) without or with
increasing concentrations of ecNOS inhibitor (up to
500 um .-NAME, ©-N). From these cultures ppET-1
mRNA expression was determined by competitive
RT-PCR (4),and ET-1 peptide release by

ET-ELISA (B). Values are expressed as percentage of
internal control with inhibitor and dextran, but
without shear stress, and given as means + s.E.m;
n=3;* P< 005 vs. control without shear stress (con)
(static condition: open bars, shear stress: hatched bars).
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dependent manner (Fig.74). The upregulation of ET,
receptor mRNA expression by arterial levels of shear stress
is mediated by NO and PKC, but not by tyrosine kinases
(Fig. 7B). In summary, these data suggest a shear stress-
dependent interaction between the endothelin and the NO
system on the level of ET; expression as well.

DISCUSSION

In this study, we demonstrate a dose-dependent
downregulation of human endothelin synthesis by exposure
of HUVEC to long-term arterial levels of laminar shear
stress. These data confirm previous studies showing a
similar shear stress-dependent downregulation of ppET-1
mRNA in bovine endothelial cells (Malek & Izumo, 1992).
Sharefkin et al. (1991) found a downregulation of ppET-1
mRNA utilizing PCR amplification and subsequent
Southern blotting in HUVEC exposed to arterial shear
stress. Using the method of standard calibrated competitive
reverse transcriptase PCR, it was possible to quantify the
degree of downregulation of ppET-1 mRNA in HUVEC.
The ppET-1 mRNA expression found at 15 dyn em™ is
comparable with the degree of downregulation in bovine
endothelial cells (Malek & Izumo, 1992). In contrast to the
study in bovine cells, a further downregulation of ppET-1
mRNA at 30 dyn em™ in HUVEC was found. This might
reflect a species difference.

In addition, downregulation of endothelin-converting
enzyme-1 (ECE-1) mRNA and of endothelin peptide release
into the medium was shown. These data suggest that
endothelial cells can regulate endothelin release at multiple
sites. Arterial levels of shear stress downregulate the most
prominent ECE-1 isoform (ECE-1a) and endothelin release
to similar amounts. This is consistent with the promoter
structure of both isoforms, suggesting ECE-1a as the more
transcriptionally regulated compared with the rather
constitutively expressed isoform ECE-1b (Valdenaire et al.
1995). ECE-1-like immunoreactivity has been detected on
the cell surface directed to the luminal site of human
umbilical vein and coronary artery endothelial cells (Russell
et al. 1998). A part of ECE-1 enzymatic activity is therefore
directed to the blood stream and exposed to shear forces
itself. An attractive hypothesis is that ECE-1 might process
circulating big-endothelin-1 in a shear stress-dependent
manner. In this way endothelial cells could adapt to flow-
dependent changes by regulation of endothelin synthesis.

The downregulation of ppET-1 mRNA was not PKC
dependent. This is in agreement with experiments using
bovine endothelial cells, showing that arterial levels of shear
stress were unable to induce PKC translocation and
enzymatic PKC activity (Malek et al. 1993). In addition, no
involvement of tyrosine kinases could be proven. Arterial
levels of shear stress induce the generation and release of
nitric oxide (Uematsu et al. 1995). Furthermore, endothelin

release from porcine aorta has been shown to be inhibited
by NO (Boulanger & Luscher, 1990), and flow-induced
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Figure 7. The upregulation of ET; mRNA expression by
arterial levels of shear stress is mediated by NO and PKC,
but not by tyrosine kinases

In HUVEC exposed to long-term (24 h) laminar shear stress,
endothelin receptor type B (ET;) mRNA expression was
determined by standard-calibrated, competitive RT-PCR.
Application of shear stress increased ETy receptor mRNA
expression in a dose-dependent manner (4). In further studies,
HUVEC were exposed to arterial levels of shear stress (ss) for
24 h in the presence or absence of inhibitors of ecNOS (L-N:
100 um L-NAME, similar results with up to 500 um L-NAME,
not shown), of protein kinase C (RO: 1 gm RO-31-8220), or
of tyrosine kinase (HA: 1 um herbimycin A) (B). Values are
expressed as percentage of control without shear stress;
n=4;* P<0-05 vs. control without shear stress (con) (static
condition: open bar, shear stress: hatched bars). ETg mRNA
expression was determined using standard-calibrated,
competitive RT-PCR. Values are given as percentage of static
control (for L-N, RO and HA: control with inhibitor and
dextran, but without shear stress), as means + s.E.M.; n=3;
* P< 005 vs. control without shear stress (con) (static
condition: open bar, shear stress: hatched bars).
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suppression of ET-1 peptide release is mediated by NO
(Kuchan & Frangos, 1993). We extended the studies of
Kuchan & Frangos (1993) on the level of ppET-1 mRNA
expression and found a similar NO-mediated inhibition of
ET-1 downregulation by arterial levels of shear stress. The
shear stress-dependent downregulation of ET-1 peptide
release in our experiments was partially inhibited by high
doses of ecNOS inhibitors, but did not reach the level of
statistical significance. These data suggest that NO is
involved in the downregulation of ET-1 synthesis at the
ppET-1 mRNA level.

Surprisingly, the predominant endothelin receptor of
endothelial cells, ETy, is dose dependently upregulated by
shear stress. This is in agreement with the original
observation, that KT, is inconsistently expressed in
different preparations of primary cultures of HUVEC, but
expressed at a high level in primary cultures of bovine
aortic endothelial cells isolated from vessels previously
exposed to arterial shear stress in vivo (Ogawa et al. 1991).
A similar upregulation of ETy binding sites was found in
canine arterial smooth muscle in response to chronic
increases in blood flow (Barber et al. 1996). An inverse
relationship of ET-1 and ETy receptors has been described
in other cell types. Increasing ET-1 peptide was found to
downregulate ET, receptor mRNA (Asada et al. 1995). The
shear stress-dependent downregulation of ET-1 peptide and
upregulation of ETp; mRNA might represent an opposite
mechanism. However, our pharmacological studies reveal
that upregulation of ET; receptor mRNA by shear stress is
PKC dependent, while downregulation of ppET-1 mRNA
and ET-1 release is not. These data suggest additional PKC-
dependent pathways involved in shear stress-dependent
upregulation of ET,,.

The endothelial ETy receptor has been reported to mediate
NO release (Boulanger & Luscher, 1990) and ET-1-mediated
endothelial cell survival (Shichiri et al. 1997). In addition, it
has been proposed that ETg serves as a clearance receptor;
therefore shear stress-dependent upregulation of ET}; might
reflect an anti-atherosclerotic mechanism by increasing the
clearance of circulating ET-1. Increased ET-1 serum
concentration and increased ET-1 immunoreactivity in the
vessel wall correlate with the extent of coronary endothelial
dysfunction and atherosclerosis (Lerman et al. 1991, 1995;
Barton et al. 1998). Increased ET-1 serum concentrations
may be a result of spill-over from the vessel wall (Ando et al.
1989). Also, increased ET-1 immunoreactivity in the early
stages of atherosclerosis may result from locally reduced or
disturbed flow (e.g. in the bifurcations, regions shown to be
prone to the development of atherosclerotic plaques) (Glagov
et al. 1988). These findings suggest that locally increased
ET-1 concentration may mediate pro-atherosclerotic
mechanisms, including neointima formation due to
stimulated growth of vascular smooth muscle cells, in an
autocrine and/or paracrine fashion (Komuro et al. 1988).
Thus, the endothelial ETy receptor might mediate anti-
atherosclerotic mechanisms in a shear stress-dependent
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manner. The findings presented in this paper show a flow-
induced upregulation of KTy that suggests an anti-
atherosclerotic role. These results raise a question regarding
the use of non-selective KT,/ETy endothelin receptor
blockade, and emphasize the need for selective endothelin
receptor antagonists (Packer et al. 1998; Webb et al. 1998).

In summary, the downregulation of ET-1 might contribute
to the vasoprotective and anti-arteriosclerotic potential of
high laminar shear stress. Additionally, the upregulation of
the ET} receptor, whose activation causes endothelial NO
release, might represent an atheroprotective effect of
laminar shear stress. These effects might contribute to the
vasoprotective and anti-arteriosclerotic potential of arterial
laminar shear stress.
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