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Eedothelin-1, a 21-amino acid peptide secreted by endothelial cells, has constrictor and 
mitogenic activity for vascular smooth muscle cells, and its mitogenic activity is synergistic 
with that of  platelet-derived growth factor. Endothelial cell-derived endothelin-1 might 
therefore contribute to intimal hyperplasia in reendothelialized segments of vascular grafts 
or of endarterectomy and angioplasty sites. Because intimal hyperplasia occurs most often 
at sites with disordered flow patterns and lower fluid shear stress, we tested the effects of  
static culture versus high laminar shear stress (25 dyne/cm 2) on endothelin-1 precursor 
(preproendothelin) gene mRNA transcript levels and endothelin-1 peptide release in 
cultured human endothelial cells. Primary cultures of human umbilical vein endothelial 
cells were subje.cted to controlled levels of shear stress in parallel plate flow chambers for 
24 hours. To dietect preproendothelin mRNA we applied a linked reverse transcriptase- 
polymerase chain reaction (RT/PCR) to RNA extracted from cultures. Southern blots of 
RT/PCR reaction products were hybridized with radioactive phosphorous (a2p) labeled 
probes for the amplified preproendothelin complementary deoxyribonucleic acid (cDNA). 
Detection by RT/PCR ofmRNA for glyceraldehyde 3-phosphate dehydrogenase was used 
to measure a c.onstitutively expressed control signal. Endothelin-1 release into cultttre 
medium was measured by radioimmunoassay. Application of 25 dyne/era 2 of shear stress 
for 24 hours sharply reduced endothelial cell levels of precursor preproendothelin mRNA. 
High shear stress also decreased endothelin-1 peptide release rates into culture medium 
from 0.55 - 0.02 and 0.49 + 0.03 ng/106 endothelial cells/hour (n = 3 replicate cultures 
in each experiment) (static conditions) to values of  0.13 +- 0.03 and 0.28 + 0.06 ng/106 
cells/hour (shear stress) (p < 0.01). The flow-induced suppression of preproendothelin 
gene expression suggests that endothelin-1 release from endothelial cells might help 
mediate the inverse relationship between local fluid shear rates and the severity of 
neointimal hyperplasia. (J VAse SvRa 1991;14:1-9.) 
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Endothclin-1 is a 21--amino acid pcptide first found 
in the medium con&itioned by cultured endothelial 
cells (ECs) and later shown by immunohistologic 
methods to be present in the EC layer of  human 
arteries in vivo. 1-3 Endothelin-I is made from a single 
copy gene by initial transcription and translation to 
producc the 202-amino acid precursor preproendo- 
thelin (PPET). Subsequent cleavages produce a 39- 
amino acid peptide (big endothelin) and the final 
21-amino acid product endothelin-1. 2-s Although 
other types of  endothelin denoted endothelin-2 and 
endothelin-3 have been found, only endothelin-1 
appears to be made by vascular endothelium. 4 
Endothelin-1 is a potent vasoconstrictor effective 
at concentrations of  as low as 10 -9 mol /L  2. 
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Endothelin-1 is also a mitogen for vascular smooth 
muscle cells (SMCs) and Swiss 3T3 cells. 6-8 In 
addition, the mitogenic action of  endothelin-1 on at 
least one cell type (Swiss 3T3) is synergistic with the 
effects of  platelet-derived growth factor (PDGF), 
and basic fibroblast growth factor, 9 which can also 
be expressed in vascular wall cells in vivo and 
in vitro) °~3 These reports suggested the hypothesis 
that endothelin-1 from ECs may act together with 
other growth factors from ECs or SMCs to induce 
proliferation in subjacent vascular SMC layers 
m vivo. 

Both SMC proliferation and intimal hyperplasia 
tend to occur in vivo in regions of disordered flow 
such as graft anastomoses, carotid endarterectomy 
sites, or angioplasty sites with residual stenoses. 14-18 
Animal studies have shown an inverse relationship 
between local fluid shear stress and the severity of 
intimal hyperplasia, suggesting that fluid shear might 
affect growth factor gene expression in vascular wall 
cells) T M  One study reported that exposure of cul- 
tured and passaged porcine aortic ECs to high fluid 
shear stress decreased the precursor preproendothelin 
mRNA transcript level, although the absolute level of 
fluid shear was not specified. 2 A later report, how- 
ever, described the effect of fluid shear stress on fifth 
to tenth passage cultured porcine aortic ECs as a very 
different effect of  transient s t imulat ion of endothelin 
mRNA levels and of  endothelin-1 peptide release at 
low shear stresses of 5 dyne/cm ~. Initial stimulation 
between i and 4 hours after shear stress initiation was 
followed by a gradual decline in endothelin mRNA 
levels over the next 12 to 24 hours, whereas higher 
shear stress exposure (of over 8 dyne/cm 2) was 
reported to have no effect on EC levels of endothelin 
mRNA compared to static culture. 2s We have studied 
the response of  mRNA levels and secretion rates for 
endothelin-1 in human umbilical vein endothelial 
cells (HUVECs) either maintained in static culture or 
exposed to arterial levels of steady laminar shear stress 
(25 dyne/cm 2) for 24-hour periods. In contrast to the 
report cited above, 2s we found that high shear stress 
strongly and persistently suppresses both (1) the 
mRNA transcript levels for endothelin measured at 
24 hours and (2) the rate of  endothelin-1 peptide 
release at all times of measurement starting 2 to 4 
hours after initial shear stress exposure. 

METHODS AND MATERIAL 
Use of  primary cultures with small cell num- 

bers to study changes in preproendothelin m R N A  
transcript levels. Patterns of  EC gene transcription 
and translation of  proteins for growth factors, 

growth factor receptors, antithrombotic substances, 
and cytoskeletal components are distorted in cultured 
ECs serially passaged and exposed to exogenous 
g r o w t h  fac tors .  26-28 For this reason we studied ECs in 
primary culture without added growth factors. Such 
small primary cultures (< 3 × 106 cells per experi- 
ment), however, contain insufficient total RNA for 
quantitation of multiple gene mRNA levels by 
conventional Northern blot methods. We therefore 
used the method of  linked reverse transcription and 
polymerase chain reactions (RT/PCR) to amplify 
mRNA signals from these cultures as described in 
recent reports. 2932 

Endothelial cell harvest and plating. Umbilical 
cords were stored at 4 ° C and used for HUVEC 
harvest within 6 hours of  delivery by a modification 
of the method of  Gimbrone. 33 The vein was flushed 
with sterile phosphate-buffered saline (PBS) at 37 ° C, 
filled with a sterile solution of  40 to 50 units/ml of  
sterile type CLS I collagenase in PBS, closed at both 
ends, and incubated at 37 ° C for 30 minutes by 
immersion in PBS. The vein lumen was flushed with 
100 ml PBS, and the pooled effluent was centrifuged 
for 10 minutes at 100 g. The cell pellet was 
resuspended in M199 with 0.1 mg/ml penicillin, 0.1 
mg/ml streptomycin, 0.20 mg/ml neomycin, 0.3 
mg/ml L-glutamine, and 20% heat-inactivated fetal 
calf serum. Cells were seeded on 35 × 75 mm glass 
slides at initial plating densities estimated to range 
from 2 × 104 to 5 × 104 cells per cm 2 for various 
primary harvests. Each experiment was performed 
with replicate monolayers plated from the same 
primary cell harvest. Before cell seeding, slides were 
cleaned in 0.5 mol/L NaOH for 2 hours, rinsed with 
deionized water, and autoclaved. At 24 hours after 
plating, slides were washed three times with 10 ml 
warm PBS to remove unattached cells. Monolayers of  
confluent HUVECs formed on the slides were used 
for experiments 3 to 4 days after seeding. 

Experimental apparatus. Replicate slides plated 
from the same primary harvest were exposed to shear 
stress in individual (one slide per chamber) parallel 
plate flow chamber systems with a constant volume of 
recirculating medium driven by a constant hydro- 
Static pressure head. A peristaltic pump recirculated 
medium to the upper reservoir but did not drive flow 
through the flow chamber. 343~ Three independent 
parallel plate flow chambers and recirculation loop 
systems, each filled with 15 ml of complete medium, 
were set up to maintain wall shear stresses of 25 
dyne/cm 2 on the HUVEC monolayer, which formed 
one plate of the flow chamber. Each chamber had a 
gap thickness of  200 ~m and a monolayer surface 
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area of 15 cm 2. Replicate monolayers were incubated 
under static conditions as controls. Flow systems 
were kept at 37 ° C with an air curtain incubator. 
Medium pH was maintained at 7.4 by continuous 
gassing with a mixture of 5% CO2 in air. Shear 
stress was calculated from the formula (shear 
stress) = 6(Q) (u),/(B 2) (w); where Q = flowrate in 
cm%ec, u = viscosity (in poise), B = gap thickness 
(in centimeters), and w = chamber width (in centi- 
meters). These conditions were chosen to produce a 
purely laminar flow without microzones of turbu- 
lence and with fluid mechanics at the cell surface 
dominated by viscous forces (local cell surface 
Reynolds number < 0.005), since they resulted in a 
macroscopic Reynolds number of < 20, an entrance 
length distance less than 1 mm, and cellular height 
variations of the order of only i ~tm allowing the cell 
surface to be treated as a flat layer for purposes of 
calculation. 34,36 

A total of six samples of i ml volume per sample 
were taken from each flow loop at intervals ranging 
from 4 to 6 hours over a period of 24 hours starting 
at the time define, d as 0 hours (just after medium 
change but before flow initiation in the shear stress 
exposed cultures). Samples were centrifuged 10 
minutes at 4 ° C at 3000 g; the supernatants were 
frozen at - 8 0  ° C and later used ~br duplicate 
radioimmunoassay (RIAs) for endothelin-1 as de- 
scribed below. Whenew:r the need to sample multiple 
loops made the exact sampling times differ slightly, 
the exact times were used as x-axis points in plotting 
curves of endothelin-1 accumulation in the medium 
(Fig. 1). Removed sample volumes were replaced 
with 1 ml fresh medium; RIA measurements of 
endothelin-1 concentration were corrected for dilu- 
tion of endothelin-1 level caused by this volume 
replacement. Human umbilical vein endothelial cell 
monolayers were photographed at 24 hours to record 
final cell density. 

Measurement of  endothelin-1 secretion rate 
into culture meclium. Endothelin-1 release was 
measured by a RIA kit (Amersham, Corp., Arling- 
ton Heights, Ill.) by use of a rabbit antibody against 
synthetic human endothelin-1, which can detect 
either endothelin-1 or the variant endothelin-2, but 
does not cross react with the endothelin-3 subtype. 
The antiserum cross reacted with endothelin antigen 
in conditioned medium, could quantitate rises in 
conditioned medi~n endothelin content above the 
background levels from the serum used in fresh 
unconditioned complete medium, and showed a 
lower detection limit of 20 femtomoles/ml. A 100 
mm 3 volume of undiluted conditioned medium 

sample or of standard was mixed with 100 mm s of 
0.02 mol/L borate assay buffer (pH 7.4). A 100 mm 3 
aliquot of rabbit antiendothelin serum was then 
added and the mixture allowed to stand 18 hours at 
4 ° C. Endothelin-1 labeled with iodine 125 (125I) 
tracer was then added to the tubes and equilibrated 
18 hours at 4 ° C. By use of beads coated with donkey 
antirabbit antibody, the 1251 tracer was pelleted and 
counted for 1 minute. LOGIT binding plots were 
fitted by least squares regression analysis, showing 
correlation coefficients o f R  2 > 0.99 in all cases. 

KNA extraction from endothelial cultures 
after 24-hour periods of  steady laminar shear 
stress. All solutions were made RNAse free by 
diethylpyrocarbonate (DEPC) treatment 37 or by 
filtration done twice through 0.2 ~m nitrocellulose 
filters (Millipore, Corp., Bedford, Mass.)S After a 
24-hour study, the EC monolayer on each slide was 
rinsed once with ice cold PBS, lysed in 1.2 ml of 
5 mol/L guanidine thiocyanate with 25 mmol/L so- 
dium citrate and 0.5% w/v sodium sarcosinate, 
sonicated, layered in 2 rnl polyallomer tubes (Beck- 
man Instruments, Palo Alto, Calif.) onto an 0.8 ml 
cushion of 5.7 mol/L CsC1 in 2 mmol/L ethylenedi- 
amine tetraacetic acid and 25 mmol/L sodium 
acetate, and centrifuged 3 hours at 2 × 10Sg  
(5.5 x 104 rpm) in a Beckman TL-100 (Beckman 
Instruments, Inc., Fullerton, Calif.) ultramicrocen- 
trifuge with a TL-55 rotor. 38 The RNA pellet was 
dissolved in water, extracted twice with 25:24:1 
phenol: chloroform: isoamyl alcohol and twice with 
24: 1 chloroform: isoamyl alcohol, vacuum dried, 
dissolved in H20 , and precipitated using 1/10 
volume 3 mol/L NaOAc and 2.2 volumes of 100% 
ethanol. The RNA pelilet was then washed with 70% 
ethanol, vacuum dried, and resuspended in 30 mm 3 
H20. As a final purifcation step 10 mol/L LiCI was 
added to bring the solution to a 2.5 mol/L concen- 
tration of LiCI, followed by 1.5 hour precipitation in 
an ice water bath and recentrifugation for 30 minutes 
at 4 ° C at 104g. The RNA pellet was desalted with 
70% ethanol, redried, and dissolved in H20. Ribo- 
nucleic acid concentrations were measured by ultra- 
violet spectroscopy before use; all RNA samples 
showed a final A260/A280 absorbance ratio of 1.7 or 
greater. 

Design of  oligonucleotide primers and probes 
for reverse transcription, amplification, and de- 
tection of amplified preproendothelin comple- 
mentary deoxyribonucleic acid (cDNA). We ap- 
plied a computer program for PCR primer design 39 
to the cDNA sequence for the human preproendo- 
thelin precursor of endothelin-1 to select sense and 
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antisense primers and an oligonucleotide probe sited 
between the primers (Table 1). 40 To prevent ampli- 
fication of any contaminating precursor preproen- 
dothelin genomic DNA from increasing the detected 
441 bp length precursor preproendothelin mRNA 
signal strength, these primers were chosen to flank 
introns in the genomic endothelin DNA sequence. 4I 
The primers lie outside the precursor preproendo- 
thelin cDNA region encoding the final 21-amino acid 
product; however, endothelin-1 release does not 
involve prior cytoplasmic storage and is not preceded 
by postranscriptional rearrangement of precursor 
preproendothelin mRNA, 2'42 so that detection of a 
separate region of precursor preproendothelin 
mRNA can be used to measure endothelin gene 
transcript levels related to endothelin-1 release. 
Primers and a probe were also chosen from the 
cDNA sequence of glyceraldehyde-3 phosphate- 
dehydrogenase (GAPDH) as a constitutively ex- 
pressed internal standard signal (Table I). 43 Primers 
and probes were made by the beta cyanoethyl 
phosphoramidite method. 

Reverse transcription/polymerase chain reac- 
tions. Simultaneous reverse transcription of pre- 
proendothelin and GAPDH mRNAs to their respec- 
tive cDNAs was carried out as previously described in 
a 25 mm 3 reaction volume with 500 units Moloney 
Murine Leukemia Virus Reverse Transcriptase 
(MMLV-RT, Bethesda Research Labs, Rockville, 
Md.), 0.5 txg each of precursor preproendothelin and 
GAPDH antisense primer, 0.5 mmol/L final concen- 
trations each of dATP, dCTP, dGTP, and dTrP, and 
with final concentrations of 50 mmol/L Tris-HCl 
(pH 8.3), 75 mmol/L KC1, and 3 mmol/L 
MgC12. 29"32 Before adding RT enzyme each reaction 
mixture was adjusted with H20 to a 22.5 mm 3 
volume, heated for 6 minutes at 70 ° C to denature 
RNA secondary structure, and chilled on ice for 6 
minutes to prevent renaturation before adding RT 
enzyme (500 units/2.5 mm ~) and incubating at 37 ° C 
for 30 minutes. The RT reaction was stopped by 
heating at 90 ° C for 10 minutes. Preproendothelin 
and GAPDH cDNA products were coamplified with 
a PCR in a total volume of 100 mm 3 in the same tube. 
To do this, a 75 mm 3 volume was added containing 
0.5 ~g of sense primer together with an additional 
0.25 txg antisense primer for both preproendothelin 
and GAPDH, 6.25 mm 3 of a solution 10 mmol/L for 
each of four deoxynucleotide triphosphates (dNTPs), 
10 mm ~ of x 10 replacement buffer for Taq DNA 
polymerase, 33'36 and H20 for volume adjustment. 
Two units of recombinant Thermus Aquaticus DNA 
polymerase enzyme (Amplitaq, Perkin Elmer-Cetus, 

Inc., Norwalk, Conn.) dissolved in 5 mm 3 of x 1 Taq 
replacement buffer were then added, and the mixture 
was briefly vortexed, recentrifuged 5 seconds at 6000 
rpm, and overlaid with 100 mm 3 mineral oil to 
prevent evaporation. A total of 24 cycles of PCR 
amplification in one set of samples and 30 cycles in a 
duplicate set were performed with settings of  90 
C x 1.5 minutes, 50 C x 1 minute, and 72 C x 2 
minutes. 

Agarose gel electrophoresis and Southern hy- 
bridization. After PCR reactions, 90% of the oil was 
aspirated from tubes and residual oil extracted with 
400 mrn 3 chloroform. Then 10 mm 3 of the PCR 
reaction PCR mix was combined with 2 mm 3 of x 7 
dye/buffer mix and electrophoresed in a 20 x 25 cm, 
2.0% Seakem GTG Agarose gel (FMC Corporation, 
Rockland, Maine) in x 1 Tris-borate-EDTA (TBE) 
buffer at 100 volts using a BRL 123 ladder as a size 
standard. Gels were stained with ethidium bromide, 
photographed in ultraviolet light, denatured in 1.5 
mol/L Tris/0.5 mol/L NaOH (pH 13) for 40 
minutes, neutralized in 1.5 mol/L Tris/1.5 mol/L 
NaCI (pH 8) for 40 minutes, and blotted overnight 
onto 0.45 t~m pore size nylon membranes (Nytran, 
Schleicher & Schuell, Keene, N.H.) in x 10 sodium 
chloride-sodium phosphate-EDTA (SSPE) buffer. 
Membranes were ultraviolet-light crosslinked for 2 
minutes, baked 2 hours at 80 ° C in a vacuum oven, 
and prehybridized for 3 hours at 42 ° C in x 5 SSPE 
with x5 Denhardt's solution and 0.1% sodium 
dodecylsulfate (SDS). Membranes were hybridized 
overnight at 42 ° C in the same solution with 
oligonucleotide probes for preproendothelin (Table 
I) end labeled with 32p gamma adenosine triphos- 
phate by use of T4 polynucleotide kinase." Blots 
were washed 5 minutes at 22 ° C in x 2 SSPE with 
0.1% SDS and then for 20 minutes at 42 ° C in the 
same solution, and exposed to Kodak (Kodak, Inc., 
Rochester, N.Y.) XAR or XRP X-ray film at - 70 ° C 
for varying periods in cassettes with intensifying 
screens. Blots were stripped by boiling 5 minutes in 
10 mmol/L Tris (pH 8) with 0.1% SDS and 
rehybridized with labeled probe for the GAPDH 
product. 

RESULTS 
Results of RT/PCR reaction and Southern 

blots for preproendothelin mRNA detection. 
Application of 25 dyne/era 2 shear stress for 24 hours 
resulted in nearly complete loss of detectable signal 
for preproendothelin mRNA (Fig. 1). This result 
was similar whether amplification was done for 24 
cycles of PCR (Fig. 2) or 30 cycles (data not 



Volume 14 
Number 1 
July 1991 Flow effects on endothelial endothelin-1 mRNA level 5 

Table I. Oligonucleotide RT/PCR primers and probes for preproendothelin (PPET) and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

Gene Oligonucleotide Sequence Position~reference 

GAPDH Sense primer 5 '-CCATGGAGAAGGCTGGGG-3'  386-403 (43) 
Antisense primer 5 '-CAAAGTTGTCATGGATGACC-3" 580-561 (43) 
Probe 5 ' -CTAAGCAGTI'GGTGGTGCA- 3 ' 527-547 (43) 
Sense primer 5"-AGAGTGTGTCTACTTCTGCC-3' 283-292 (40) 
Antisense primer 5 ' -TrGTGGGTCACATAACGC-3'  606-623 (40) 
Probe 5 "-GGAACACCTAAGACAAACCAGG- 3" 289-318 (40) 

PPET 

shown). Because endothelin-1 release measured by 
RIA continued at a lower level, however, (see below) 
the low mRNA signal might signify either (1) 
continued preproendothelin gene transcription at 
low levels or (2) a process whereby maximal suppres- 
sion of preproendothelin mRNA transcription was 
only attained near the end of the 24-hour time 
period. In contrast to the preproendothelin mRNA 
signal, the GAPDH mRNA signal showed no 
comparably sharp changes under shear stress (Fig. 1), 
suggesting that the change in preproendothelin 
mRNA levels was not an artifact of random changes 
from tube to tube in reaction efficiency or RNA 
loading. 

Secret ion rate o f  endothe l in-1  into culture 
m e d i u m  as a funct ion  o f  shear stress. Application 
of shear stress caused a decrease of 60% to 70% in the 
rate of endothelin-1 re]Lease into the culture medium, 
which was detectable ,within 4 hours of shear stress 
initiation and was: sustained over the 24-hour period 
of study (Fig. 1 and Table H). Variables other than 
shear stress that might have produced these findings, 
such as final cell density and efficiency of RNA 
extraction, were :not significantly different between 
shear stressed and static cultures (Table II). 

D I S C U S S I O N  

We have found l~:ge reductions in the level of 
preproendothelin mRNA and the secretion rate of 
the endothelin-1 l?epti,de after exposure of HUVECs 
to arterial levels of shear stress. In more recent 
experiments, application of venous levels of shear 
stress (4 dyne/cm 2) has resulted in a correspondingly 
smaller (15% to 20%) but similarly sustained de- 
crease of endothelin-1 release over a 24-hour time 
period (data not shown). Evidence that the change in 
preproendothelin autoradiographic signal was a gen- 
trine response to shear was provided both by the 
comparative constancy of the signal level for 
GAPDH and by the contrasting finding of large 
shear-induced increases in mKNA levels and protein 
release for a different gene (tissue plasminogen 
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Fig. 1. Cumulative production of endothelin-1 in 
picograms/106 cells produced by HUVEC held in static 
conditions (open squares), or exposed to steady laminar shear 
stress (25 dyne/cm 2) (black squares). Each point is the mean 
of duplicate RIA determinations. Endothelin-1 release 
rates in Table II are slopes of least-squares straight line plots 
of these data. 

activator) using the same RNA samples. 32 Although 
we only studied mRNA levels for preproendothelin 
at 24 hours after shear stress initiation, our RIA data 
showed a decrease in endothelin-1 secretion rate 
starting within 4 hours. Since the mRNA for 
preproendothelin has a half-life of  only 15 minutes 
and endothelin-1 release is controlled by transcrip- 
tion without significant intracellular storage, 4s these 
findings suggest that fluid shear stress can control 
endothelin-1 release from human ECs by early 
suppression of preproendothelin gene transcription. 

Our results agree with the initial report of shear 
stress effects on endothelin mRNA levels in ECs but 
differ from a later study's finding that shear stress 
produced only transient increases in endothelin-1 
mRNA levels in porcine ECs grown through multi- 
ple passages in cnlture. 2"2s This may reflect both 
species differences and distortions of phenotype 
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Fig. 2. Southern blot of RT/PCR products for preproen- 
dothelin and GAPDH mRNA in HUVEC in static culture 
(lanes A, C) or exposed to shear stress (lanes B, D). Each 
experiment was done with an independent primary cell 
harvest (experiment 1, lanes A and B; experiment 2~ lanes 
C and D). 

caused by culture and serial passage of  porcine cells. 
In addition, previous studies~did not specify the exact 
levels of higher shear stresses produced by the flow 
apparatus. This prior study also used addition of 
dextran to culture medium to study one range of  
shear stress values but did not use dextran at lower 
values25; this change in medium content may have 
affected comparison of  the responses to variable shear 
s t r e s s .  

Intimal hyperplasia is a common cause of ob- 
structive stenosis after many kinds of  vascular 
reconstruction? 418 Both intimal hyperplasia and 
early atherosclerotic lesions occur most often in areas 
of flow disturbance such as anastomotic sites and in 
areas with abnormally low fluid shear. ~4-16'~9-~4 

These pathologic processes involve SMC prolif- 
eration and often occur at vessel injury sites where 
platelets adhere in the early p0stinjury period. One 
theory about intimal hyperplasia postulates that 
PDGF released from platelets causes SMC prolifer- 
ation at intimal injury sites. 46 If growvh factors from 
platelets were the sole cause of SMC proliferation, 
then the inverse relationship between fluid shear and 
hyperplasia might be explained by the hypothesis that 
high fluid shear reduced both the adhesion and the 
residence time of platelets at vessel injury sites and 
thus reduced or diluted locally released PDGF from 

Table II. Comparison of cell density, total 
RNA extracted, and ET-1 production rates for 
ECs in static versus shear stress conditions 

Total Endothelin 
Cell density RNA * production 

Experiment (10 ~ cells/cm a) (#g) (ng per I06 cells/hr) 

Control 7.7 -+ 0.8 21.6 0.55 + 0.02 
(n = 3) 

Shear 7.I _+ 0.9 24.8 0.13 _+ 0.03 
(n = 3)** 

Control  6.7 + 0.8 29.1 0.49 -+ 0.03 
(n = 3) 

Shear 7.3 _+ 0.8 29.2 0.28 _+ 0.06 
(n = 3 ) * *  

*Final yield (measured by ultraviolet A260) after LiCI f rom a total 
o f  three pooled slides with a total confluent EC area o f  45 cm 2. 
**p < 0.01 

platelets. 47 But many more studies suggest that 
PDGF from platelets cannot be the sole cause of  
neointimal hyperplasia. Late postoperative intimal 
hyperplasia involving vascular prostheses occurs most 
often at the perianastomotic areas that are most 
rapidly resurfaced with confluent ECs from pannus 
ingrowth and which therefore attain the earliest 
protection against platelet deposition. 14-16"48-sl In 
addition, late postoperative subendothelial vascular 
SMC proliferation occurs in both 60 ~tm internodal 
polytetrafluoroethylene (PTFE) arterial grafts in 
baboons and in Dacron grafts seeded with autolo- 
gous ECs in dogs despite confluent EC linings free of  
adherent platelets. 52-~6 In addition, both ECs and 
SMCs express genes and release protein products for 
PDGF in vitro.l°'n'~7 Increased PDGF mRNA levels 
are found in carotid plaques and atherosclerotic 
lesions and in the neointima of healing PTFE 
prostheses in baboons at sites of  abnormal SMC 
proliferation. 12,54,sS'58,s9 Finally, the highest rates of  
SMC proliferation in healing 60 ~m internodal 
PTFE grafts in baboons are found in those SMCs 
immediately beneath the EC lining, ss a finding 
consistent with the observation that confluent ECs 
in vitro secrete PDGF in a basal rather than an apical 
direction. 6° 

These data suggest that PDGF from ECs and/or 
SMCs might help cause intimal hyperplasia. How- 
ever, PDGF is unlikely to be the only mitogen 
released from ECs. Anti-PDGF antibody can neu- 
tralize only 30% to 50% of the mitogenic activity of  
medium conditioned by cultured ECs or by confluent 
ECs ECs lining PTFE grafts in baboons, s~'s7 Non- 
PDGF-Iike factors must thus account for a large 
fraction of EC secreted-mitogen activity. 61 
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Several E C  products  may  account  for  E C  secre- 
t ion o f  non-PDGF- l ike  mi togenic  activity. H u m a n  
ECs can express genes for basic fibroblast g rowth  
factor and t ransforming g rowth  factor-J31, n Other  
non-PDGF-l ike  mitogens p roduced  by ECs in vitro 
have been designated a,; EC-derived g rowth  factor 
and connective tissue activating factor V .  62-64 

Endothel in-1 m ay  be, an impor tan t  candidate for 
the role o f  a non-PDGF- l ike  EC-produced  mi togen  
causing SMC proliferation in vivo because the 
decrease in endothel in gene expression at high shear 
stress is consistent wi th  the k n o w n  inverse relation- 
ship between fluid shear and intimal hyperplasia. 19-22 
I t  is also notable that  significant reductions in intimal 
hyperplasia have been found  in animal trials o f  
angiotensin-convet~fi_ng enzyme inhibit ing agents, 65 
since angiotensin I I  stimulates E C  produc t ion  o f  
endothelin-1,  whereas bo th  endothelin-1 and an- 
giotensin I I  induce: increased SMC transcription o f  
the P D G F  A chain gene in vitro. 66 I t  wou ld  be useful 
to k n o w  if specific blockade o f  either endothelin-1 
release or  endothelin-1 action on  SMCs was 
partly responsible for these effects o f  angiotensin- 
convert ing enzyme inhibitors. O u r  results also sug- 
gest that  designing anastomoses to minimize areas o f  
low shear stress and disturbed flow migh t  reduce the 
severity o f  intimal ihyperplasia. 

These data suggest  the need to find ou t  if  h igh 
shear stress levels will also suppress preproendothel in  
m R N A  levels and endothelin- 1 release in vivo, and to  
see if increased preproendothel in  gene expression and 
endothelin-1 release by ECs can cause more  severe 
levels o f  intimal hyperphs ia  in animal models.  

REFERENCES 

1. O'Brien RE, Robbins RJ, McMu~ IF. Endothelial cells in 
culture produce a vasoconstrictor substance. J Cellular Physiol 
1987; 132:263-70. 

2. Yanagisawa M, Kurihara H, Kimura S, et al. A novel potent 
vasoconstrictor peptide produced by vascular endothelial cells. 
Nature 1988;332:4:11-5. 

3. Hiroe M, Hirata Y, Marumo F, et al. Immunohistological 
localization of endothelin in human vascular endothelial cells. 
Peptides 1989;10:1281-2.. 

4. Inoue A, Yanagisawa M, Kimura S, et al. The human 
endothelin family: three structurally and pharmacologically 
distinct isopeptides predicted by three separate genes. Proc 
Nail Acad Sci USA 1989;86:2863-7. 

5. Matsumara Y, Ikegawa R~, Takaoka M, Morimoto S. Conver- 
sion of porcine big endothelin to endothelin by an extract from 
the porcine aortic endothelial cells. Biochem Biophys Res 
Comm 1990;167:2,03-10. 

6. Nakaki T, Nakayama M, Yamamoto S, Kato R. Endothelin- 
mediated stimulation of DNA synthesis in vascular 
smooth muscle cells. Biochem Biophys Res Comm I989;18: 
880-3. 

7. Hirata Y, Takai Y, Fukuda Y, Marumo F. Endothehn is a 
potent mitogen for rat vascular smooth muscle cells. Athero- 
sclerosis 1989;78:225-8. 

8. Komuro I, Kurihara H, Sugiyama T, Takaku F, Yazaki Y. 
Endothelin stimulates c-fos and c-myc expression and prolif- 
eration of vascular smooth muscle cells. FEBS Lett 1988;238: 
249-52. 

9. Brown KD, Littlewo0d CJ. Endothelin stimulates DNA 
synthesis in Swiss 3T3 cells: synergy with polypeptide growth 
factors. Biochem J 1989';263:977-80. 

10. Sjolund M, Hedin U, Sejersen T, Heldin CH, Thyberg J. 
Arterial smooth muscle cells express platelet-derived growth 
factor (PDGF) A chain, secrete a PDGF-like mitogen, and 
bind exogenous PDGF in a phenotype- and growth state- 
dependent manner. J Cell Biol 1988;106:403-13. 

11. Collins T, Pober JS, Gimbrone MA, et al. Cultured human 
endothelial cells express platelet derived growth factor A 
chain. Am J Pathol 1987;127:7-12. 

12. Wilcox JN, Smith KM, Williams LT, Schwartz SM, Gordon 
D. Platelet-derived growth factor mRNA detection in human 
atherosclerotic plaques by in situ hybridization. J Clin Invest 
1988;82:1134-43. 

13. Hannan R.L, Kourembanas S, Flanders KC, et al. Endothelial 
cells synthesize basic fibroblast growth factor and transform- 
ing growth factor beta. Growth Factors 1988;1:7-17. 

14. Imparato AM, Bracco A, Kim GFE, Zeff R. Intimal and 
neointimal fibrous pro][iferation causing failure of arterial 
reconstruction. Surgery 1972;72:1007-17. 

15. LoGerfo FW, Quist WC, Nowak MD, Crawshaw HM, 
Haudenschild CC. Downstream anastomotic hyperplasia. A 
mechanism of failure in Dacron arterial grafts. Ann Surg 
1983; 197:479-83. 

16. Echave V, Voornick AR, Haimov M, Jacobson JH. Intimal 
hyperplasia as a complication of the use of polytetrafluoro- 
ethylene grafts for femoropopliteal bypass. Surgery 1979;86: 
791-8. 

17. Clagett GP, Robinowitz M, Youkey JR, et al. Morphogenesis 
and pathologic characteristics of recurrent carotid disease. 
J VAsc SURG 1986;3:10-23. 

18. Liu MW, Roubin GS, King SB. Restenosis after coronary 
angioplasty. Potential biologic determinants and role of 
intimal hyperplasia. Circulation 1989;79:1374-87. 

19. Morinaga K, Eguchi H, Miyazald T, Okadome K, Sugimachi 
K. Development and regression of intimal thickening of 
arterially transplanted antologous vein grafts in dogs. J VASC 
SURG 1987;5:719-30. 

20. Dobrin PA, Litooy Hq, Endean ED. Mechanical factors 
predisposing to intimal hyperplasia and medial thickening in 
autogenous vein grafts. Surgery 1989;105:393-400. 

21. Glagov S, Zarins C, Giddens DP, Ku DN. Hemodynamics 
and atherosclerosis. Insights and perspectives gained from 
studies of h uman:iirteries. Arch Path Lab Med 1988;112: 
1018-31. 

22. Karino T. Rheologic and geometric factors in vascular 
homeostasis. In: Norman J, ed. Cardiovascular science and 
technology I: precise proceedings. Louisville: Oxymoron 
Press, 1989:18-20. 

23. Zarins CK, Giddens DP, Bharadvai BK, Sottiurai VS, Mabon 
RF, Glagov S. Carotid bifurcation atherosclerosis: quantita- 
tive correlation of plaque localization with flow velocity 
profiles and wall shear stress. Circ Res 1983;53:502-14. 

24. Ku DN, Giddens DP, Zarins CK, Glagov S. Pulsatile blood 
flow and atherosclerosis in the human carotid bifurcation: 



8 Sharefkin et al. 

Journal of 
VASCULAR 

SURGERY 

positive correlation between plaque location and low and 
oscillating shear stress. Arteriosclerosis 1985;5:293-302. 

25. Yoshizumi M, Kurihara H, Sugyiyanxa T, et al. Hemody- 
namic shear stress stimulates transient endothelin production 
by endothelial cells. Biochem Biophys Res Comm 1989; 161: 
859-64. 

26. Almus E, Mohan Rao Vijaya M, Rapaport SI. Decreased 
inducibility of tissue factor activity on human umbilical vein 
endothelial cells cultured with endothelial cell growth factor 
and heparin. Thrombosis Res 1988;50:339-44. 

27. Dichek D, Quertermous T. Variability in messenger RNA 
levels in human umbilical vein endothelial cells of different 
lineage and time in culture. In Vitro Cell & Dev Biol 
1989;25:289-92. 

28. Van Hinsbergh VWM, Binnema D, Scheffer MA, Sprengers 
ED, Kooistra T, Rijken DC. Production of plasminogen 
activators and inhibitor by serially propagated endothelial cells 
from adult human blood vessels. Arteriosclerosis 1987;7:389- 
400. 

29. Jacobsen H, Mestan J, Mirtnacht S, Dieffenbach CW. Beta 
interferon subtype 1 induction by tumor necrosis factor. Mol 
Cell Biol 1989;9:3037-42. 

30. Rappolee DA, Wang A, Mark D, Werb Z. Novel method for 
studying mRNA phenotypes in single or small numbers of 
cells. J Cellular Biochem I989;39:1-I1. 

31. Wang A, Doyle MV, Mark DF. Quantitation ofmRNA by the 
polymerase chain reaction. Proc Nat Acad Sci USA 1989;86: 
9717-21. 

32. Diamond SL, Sharefldn JB, Dieffenbach CW, Frasier-Scott K, 
McIntire LV, Esldn SG. Tissue plasminogen activator 
messenger KNA levels increase in cultured human endothe- 
lial cells exposed to shear stress. I Cell Physiol 1990;143: 
364-7I. 

33. Gimbrone MA. Culture of vascular endothelium. Prog 
Haemostas Thromb 1976;3:1-12. 

34. Frangos JA, Eskin SG, McIntire LV, Ives CL. Flow effects on 
prostacyclin production by cultured human endothelial cells. 
Science 1985;227:1477-9. 

35. Diamond SL, Eskin SG, McIntire LV. Fluid flow stimulates 
tissue plasminogen activator secretion by cultured human 
endothelial cells. Science 1989;243:1483-5. 

36. Frangos JA, McIntire LV, Eskin SG. Shear stress induced 
stimulation of mammalian cell metabolism. Bioeng and 
Biotech 1988;32:1053-60. 

37. Ausubel FM, Brent R, Kingston RE, et al. eds. Current 
protocols in molecular biology. New York: J Wiley & Sons, 
1989: (Suppl 1) sections 4.1.5. 

38. Chirgwin JJ, Przbyla AE, MacDonald RJ, Rutter WJ. 
Isolation of biologically active ribonucleic acid from sources 
enriched in ribonuclease. Biochemistry 1979;18:5294-9. 

39. Lowe T, Sharekfin JB, Yang SQ, Dieffenbach CW. A 
computer program for selection of oligonucleotide primers 
for polymerase chain reactions. Nucleic Acids Res 1990;18: 
1757-61. 

40. Itoh Y, Yanagisawa M, Ohkubo S, et al. Cloning and sequence 
analysis of cDNA encoding the precursor of a human 
endothelium derived vasoconstrictor peptide, endothelin: 
identity of human and porcine endothelin. FEBS Letters 
1988;231:440-4. 

41. Bloch KD, Friederich SP, Lee ME, Eddy R,L, Shows TB, 
Quertermous T. Structural organization and chromosomal 
assignment of the gene encoding endothelin. J Biol Chem 
1989;264:10851-7. 

42. Hexum TD, Hoeger C, Rivier JE, Baird A, Brown MR. 
Characterization of endothelin secretion by vascular endo- 
thelial cells. Biochem Biophys Res Comm 1990;167:294- 
300. 

43. Fort P, Marry L, Piechaczyck M, et al. Various rat tissues 
express only one major mRNA species from the glyceralde- 
hyde 3-phosphate dehydrogenase family. Nucleic Acids Res 
1985;13:1431-42. 

44. Maniatis T, Fritsch EF, Sambrook J. Molecular cloning; a 
laboratory manual. Cold Spring Harbor Laboratory, 1987: 
122-236. 

45. Yanagisawa M, Inoue A, Takuwa Y, Mitsui Y, Kobayashi M, 
Masaki T. The human preproendothelin-1 gene: possible 
regulation by endothelial phosphoinositide turnover signal- 
ing. [1 Cardiovasc Pharmacol 1989;13(suppl):S13-7. 

46. Duel TF. Polypeptide growth factors: roles in normal and 
abnormal growth. Ann Rev Cell Biol 1987;3:443-92. 

47. Karino T, Goldsmith H, Motomiya M, Mabuchi S, Sohara Y. 
Flow patterns in vessels of simple and complex geometries. 
Ann NY Acad Sci 1987;516:422-41. 

48. Chidi CC, Klein L, DePalma RG. Effect of regenerated 
endothelium on collagen content in the injured artery. Surg 
Gynecol Obstet 1979;148:839-43. 

49. Edwards WS. Arterial grafts: past, present, and future. Arch 
Surg 1978;113:1225-31. 

50. Sanvage LR, Berger KE, Wood SJ, Yates SG, Smith JC, 
Mansfield PB. Interspecies heating of porous arterial prosthe- 
ses. Arch Surg 1974;109:698-705. 

51. Hanel KC, McCabe C, Abbott WM, Fallon J, Megerman J. 
Current PTFE grafts: a biomechanical, scanning electron, 
and light microscopic evaluation. Ann Surg 1982;195: 
456-62. 

52. Clowes AW, Kirkman TR, Clowes MM. Mechanisms of 
arterial graft failure II: chronic endothelial and smooth muscle 
cell proliferation in healing polytetrafluoroethylene prosthe- 
ses. J VAsc SURG 1986;3:877-84. 

53. Burkel WE, Graham LM, Stanley IC. Endothelial linings in 
prosthetic vascular grafts. Ann NY Acad Sci 1987;516: 
131-43. 

54. Golden MA, Au YPT, Kenagy RD, Clowes AW. Growth 
factor expression by intimal cells in healing polytetrafluoro- 
ethylene grafts. J Vhsc SUgG ]990;11:580-5. 

55. Golden MA, Au YPT, Kirkman TR, et al. Platelet derived 
growth factor activity and mRNA expression in healing 
vascular grafts in baboons. The association in vivo of mPDGF 
mRNA and protein with cellular proliferation. J Clin Invest 
1990 (In press). 

56. Clowes AW, Kirkman TR, ReidyMA. Mechanisms of arterial 
graft heating. Rapid transmural capillary- ingrowth provides a 
source of intimal endothelium and smooth muscle in porous 
PTFE prostheses. Am J Pathol 1986;1234:220-30. 

57. Limanni A, Fleming T, Molina R, et al. Expression of genes 
for platelet derived growth factor in adult human venous 
endothelium: a possible non-platelet dependent cause of 
intimal hyperplasia in vein grafts and perianastomotic areas of 
vascular prostheses. J VASE SUING 1988;7:10-20. 

58. Barrett TB, Benditt EP. Platelet derived growth factor gene 
expression in human atherosclerotic plaques and normal 
artery wall. Proc Nat Acad Sci USA 1988;85:2810-4. 

59. Barrett TB, Benditt EP. sis (platelet derived growth factor B 
chain) gene transcript levels are elevated in human atheroscle- 
rotic lesions compared to normal artery wall. Proc Nat Acad 
Sci USA 1987;84:1099-103. 



Volume 14 
Number 1 
July 1991 Flow effects on endothelial endothelin-1 m R N A  level 9 

60. Gunter-Zerwes H, Risau W. Polatized secretion ofa platelet- 
derived growth factor like chemotactic factor by endothelial 
cells in vitro, l Cell Biol 1987;15:2037-41. 

61. DiCorleto PE. Cultured endothelial cells produce multiple 
growth factors for connective tissue ceils. Exp Cell Res 
1984;153:167-72. 

62. Gajdusek C, DiCor][eto P, Ross R, Schwartz S. An endothelial 
cell derived growth factor, l Cell Biol 1980;85:467-72. 

63. Cabral AR, Castor CW. Connective tissue activation. XXXI. 
Identification of two moh:cular forms of a human mesenchy- 
mal cell-derived growth factor, connective tissue activating 
peptide-V. Arthritis Rhetnn 1987;30:1382-92. 

64. CabralAR, Cole LA, WaLz DA, Castor CW. Connective tissue 

65. 

66. 

activation. XXXII. Structural and biologic characteristics of 
mesenchymal cell-derived connective tissue activating 
peptide-V. Arthritis Rheum 1987;30:1393-9. 
Powell JS, Clozel JP, Muller RKM, et al. Inhibitors of 
angiotensin-converting enzyme prevent myointimal prolifer- 
ation after vascular injury. Science 1989;245:186-8. 
Resink TJ, Hahn AWA, Scott-Burden T, Powell J, Weber E, 
Buhler F. Inducible endothelin mRNA expression and 
peptide secretion in cull.aired human vascular smooth muscle 
cells. Biochem Biophys Res Comm 1990;168:1303-10. 

Submitted July I7, 1990; accepted Dec. 7, 1990. 

B O U N D  V O L U M E S  A V A I L A B L E  T O  S U B S C R I B E R S  

Bound volumes of  the JOURNAL Or VASCULAR SURGERY for 1991 are available to sub- 
scribers only. They may be purchased from the publisher at a cost of  $59.00 for domestic, $79.13 
for Canadian, :and $75.00 for international subscribers for Vol. 13 (January to June) and VoL 14 
(July to Deceraber). Price includes shipping charges. Each bound volume contains a subject and 
author index, .and all advertising is removed. Copies are shipped within 60 days after publication 
of  the last issue in the volume. The binding is durable buckram with the journal name, volume 
number, and year stamped in gold on the spine. Payment must accompany all orders. Contact 
Subscription Services, Mosby-Year Book, Inc., 11830 Westline Industrial Drive, St. Louis, MO 
63146-3318, USA. In the United States call toll free: (800)325-4177, ext. 4351. In Missouri call 
collect: (314)872-8370, ext. 4351. 

Subscriptions must be in force to qualify. Bound volumes are not available in place of  a 
regular JOURNAL subscription. 


