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Abstract

Hemodynamic shear stress alters the architecture and func-
tions of vascular endothelial cells. Wehave previously shown
that the synthesis of endothelin-1 (ET-1 ) in endothelial cells is
increased by exposure to shear stress. Here we examined
whether shear stress-induced alterations in cytoskeletal struc-
tures are responsible for increases in ET-1 synthesis in cultured
porcine aortic endothelial cells. Exposure of endothelial cells to
5 dyn/cm2 of low shear stress rapidly increased monomeric
G-actin contents within 5 min without changing total actin con-

tents. The ratio of G- to total actin, 54±0.8% in quiescent endo-
thelial cells, increased to 87±4.2% at 6 h and then decreased.
Following the disruption of filamentous (F)-actin into G-actin,
ET-1 mRNAlevels in endothelial cells also increased within 30
min and reached a peak at 6 h. The F-actin stabilizer, phalloi-
din, abolished shear stress-induced increases in ET-1 mRNA;
however, it failed to inhibit increases in ET-1 mRNAsecondary
to other stimulants. This indicates that shear stress-induced
increases in ET-1 mRNAlevels may be mediated by the disrup-
tion of actin fibers. Furthermore, increases in ET-1 gene ex-

pression can be induced by actin-disrupting agents, cytochala-
sin B and D. Another cytoskeleton-disrupting agent, colchicine,
which inhibits dimerization of tubulin, did not affect the basal
level of ET-1 mRNA.However, colchicine completely inhibited
shear stress- and cytochalasin B-induced increases in ET-1
mRNAlevels. These results suggest that shear stress-induced
ET-1 gene expression in endothelial cells is mediated by the
disruption of actin cytoskeleton and this induction is dependent
on the integrity of microtubules. (J. Clin. Invest. 1993.
92:1706-1712.) Key words: endothelium * endothelin-1 * shear
stress * cytoskeleton - signal transduction

Introduction

Vascular endothelial cells form a continuous monolayer cover-

ing the luminal surface of the vascular system and mediate
various signals brought by blood flow to underlying tissues in-
cluding smooth muscle. Hemodynamic shear stress arising
from blood flow is one of the major factors that affects endothe-
lial morphology and function. Shear stress alters the shape of
endothelial cells and aligns them in the direction of flow in
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vitro ( 1 ) and in vivo (2, 3). Many studies characterizing cyto-
skeleton have revealed that endothelial cells reorganize actin
filaments (microfilaments) into stress fibers, thick actin fila-
ment bundles containing myosin, tropomyosin, and a-actinin,
under shear stress (4-8). These structural changes are postu-
lated to play a role in endothelial adhesion and integrity against
damage imposed by shear stress (8, 9).

In addition to these cytoskeletal changes, shear stress influ-
ences various functions of endothelial cells. For instance, an
increase in flow enhances the release of vasodilators such as
endothelium-derived relaxing factor or nitric oxide (NO) (10,
11) and prostacyclin ( 12, 13) from endothelial cells. In our
previous study, we recognized that the production of endothe-
lin- 1 (ET- 1 ), 1 a potent vasoconstrictor peptide in endothelial
cells, is also enhanced at the level of gene expression by shear
stress ( 14). Thus, the production of both vasodilators and va-
soconstrictor(s) in vascular endothelial cells is regulated in re-
sponse to shear stress and may contribute to flow-induced and
endothelium-dependent control of local vascular tonus in vivo.

The intracellular mechanism by which shear stress induces
ET- 1 gene expression in ET- 1 gene expression remains un-
known. Recently, it has been reported that changes in the cyto-
skeleton is closely associated with some specific gene expres-
sion ( 15, 16). So we hypothesized that cytoskeletal changes
may be responsible for ET- 1 gene expression in endothelial
cells induced by shear stress. To test this hypothesis, we exam-
ined changes in actin cytoskeleton as well as ET- 1 mRNAand
peptide levels under shear stress in cultured endothelial cells
and tested the effects of agents altering cytoskeletal structures
on shear stress-induced ET- I gene expression and ET- 1 pep-
tide production. Here we present evidence that the disruption
of actin cytoskeleton mediates shear stress-induced ET- 1 gene
expression. In addition, we demonstrate that microtubules
may be also involved in this signal transduction pathway.

Methods

Materials. All culture reagents were obtained from Gibco Laboratories
(Grand Island, NY). Phalloidin, cytochalasin B, colchicine, calf thy-
mus DNA(type 1), DNase (type 4), and bovine muscle actin were
purchased from Sigma Chemical Co. (St. Louis, MO.) [ a-32P]dCTP
was from Amersham International (Buckinghamshire, UK). All other
chemicals were purchased from commercial sources.

Cell Culture. Endothelial cells were isolated from adult porcine tho-
racic aortas and cultured in DMEsupplemented with 10% FBS and
standard amounts of penicillin/ streptomycin. Cells were incubated at
370C in a humidified atmosphere of 5%C02/95% air. The preparation
was characterized by the typical "cobblestone" appearance and stain-
ing for Factor VIII antigen. For all experiments, confluent monolayers
between 5 and 10 passages were grown in 28.3-cm2 culture dishes. 24 h
before experiments, cells were washed twice with PBSand maintained
in 3.0 ml of serum-free DME.

1. Abbreviations used in this paper: ET- 1, endothelin- 1; irET- 1, immu-
noreactive ET- 1; TPA, 12-O-tetradecanoyl-phorbol- I 3-acetate.
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Shear stress apparatus. Weused the shear stress-producing cone-
plate apparatus described by Dewey et al. (1) with some modification.
Originally, a stainless steel cone 156 mmin diameter was placed just
above multiple test specimens on a base plate. Each specimen was
comprised of a small glass coverslip 12 mmin diameter onto which
endothelial cells had been grown. Rotation of the cone forced the cul-
ture medium between the cone and plate to flow azimuthally and pro-
duced shear stress on the specimens. To avoid the effects of edge flow at
the rim of cone and to apply shear stress to a larger amount of cells we
inserted a cone 54 mmin diameter directly into a 28.3-cm2 culture dish
(60 mmin diameter). The whole apparatus was placed in an ordinary
CO2incubator at 370C in 5%C02/95% air. The cone was rotated at 80
rpm and the calculated shear stress was about 5 dyn/cm2 (17). To
confirm the existence of laminar flow on the culture plate, we observed
the phenomenon of cell alignment after 24 h.

Measurement of G-actin contents. Monomeric G-actin contents of
endothelial cells were determined by the DNase inhibition assay devel-
oped by Blikstad et al. ( 18) with some modifications by Hinshaw et al.
( 19). 80 gug/ml calf thymus DNAwas dissolved in 0.1 MTris-HCl (pH
7.5), 4 mMMgSO4, and 1.8 mMCaCl2, and filtered. 10 mg/ ml DNase
I was stocked in 0.125 MTris-HC1 (pH 7.5), 5 mMMgCI2, 2 mM
CaC12, 1 mMNaN3, and 0.1 mMPMSF. Working solutions were pre-
pared by 100-fold dilution in 20 mMimidazole (pH 7.5), 30 mM
NaCl, and 15%glycerol. Cells were lysed in 500 ,l HBSScontaining 1%
Triton X- 100, 2 mMMgCl2, 2 mMEGTA, 0.2 mMATP, and 0.5 mM
PMSF. G-actin contents were determined by mixing 5 /A cell lysate and
5 ,d DNase solution to 1.5 ml DNAsolution followed by time-scanning
absorbance at 260 nm. For measurements of total actin, 10 gl of guani-
dine solution (a solution containing 1.5 Mguanidine HCl, 1 MNaCH3
C02, 1 mMCaCI2, 1 mMATP, and Tris-HCl, pH 7.5) was added to
each reaction mixture to dissociate filamentous (F)-actin. A standard
curve was obtained by plotting absorbance at 260 nm at 120 s after
addition of 0. 1-4 ,ug bovine muscle actin. G- and total actin levels were
standardized by total cellular protein determined by the BCAprotein
assay (Pierce Chemical Co., Rockford, IL). Data were expressed as
G-actin as a percentage of total actin.

Northern blot analysis. Total cellular RNAwas extracted by the
LiCl-urea technique (20) from endothelial cells and quantitated by
measuring absorbance at 260 nm. RNAsamples (5 ,g) were heat dena-
tured in formamide, electrophoresed through 1.2% agarose/formalde-
hyde gels, and transferred to nylon membranes (Hybond N; Amer-
sham) by standard procedures (21). As a probe, we excised 0.8 kb
HindIII-HindIII DNA fragment from porcine ET-1 cDNA clone
ppET4 (22). The fragment was labeled with [a-32P]dCTP using a stan-
dard random-primed reaction. The specific activity was 1 x 109 cpm/
Mg. The membranes were hybridized for 24-48 h at 42°C in 50%form-
amide, 1%SDS, 0.98 MNaCl, 0.25 mg/ml salmon sperm DNA, and 1
X 106 cpm/ml of the probe. Membranes were washed twice in 2x SSC
containing 1% SDS at 65°C, twice in 2x SSC/ 1% SDSat 37°C and
once 0.1 X SSC/ 1% SDSat 37°C for 15 min each, and were then ex-
posed to film (X-OMAT AR; Eastman Kodak, Rochester) with inten-
sifying screens at -80°C. The membranes were subsequently rehybri-
dized with 32P-labeled ,B-actin probe to determine an internal standard
of total RNAcontent. The photographical density of 28S and 18S ribo-
somal RNAwas also served as an internal control. To quantify ET-l
mRNAlevels, we scanned autoradiographs with a laser densitometer
(2222-020 UltroScan XL; LKB Instruments, Gaithersburg, MD) run-
ning the GelScan software package (2400; LKB Instruments).

ELISA. Immunoreactive ET-l (irET-l ) levels in conditioned me-
dia were determined by specific "sandwich" ELISA as described (23).
Two monoclonal antibodies, lC0 and 8H10, which recognized NH2-
and COOH-terminal sequence of ET- 1 respectively, were used for es-
tablishment of this assay. The cross-reactivities of ET-2, ET-3, and big
ET-l were 100, 1, and 0%, respectively. The sensitivity of irET-l mea-
surement was 2.5 fmol/well and the 50% intercept was 32 fmol/well.

Statistical analysis. All quantitative values of G-actin contents and
ET- 1 levels were expressed as mean±SEM, n = 4-6. Analysis of vari-
ance with Scheffe's test was used to determine significant differences in
multiple comparisons. P < 0.05 was considered significant.

Results

Shear stress-induced changes in G-actin levels and ET-J gene
expression. We exposed polygonal endothelial cells to low
shear stress of 5 dyn/cm2 using the cone-plate apparatus as
described in Methods. After 12 h, we observed ellipsoidal endo-
thelial cells aligned in the direction of laminar flow (data not
shown). Stress fiber alignment along the longitudinal cellular
axes was also revealed by rhodamine-phalloidin staining (data
not shown). These changes confirmed that appropriate shear
stress produced by laminar flow was imposed on cultured endo-
thelial cells. Weused this condition in the following experi-
ments.

To analyze the effect of shear stress on the equilibrial state
of actin fiber, we determined G-actin levels in the cytosol of
endothelial cells sequentially in the presence of absence of
shear stress. In quiescent endothelial cells, the contents of G-
and F-actin were 6.4±0.2 and 5.4±0.2 /Ag/mg of cellular pro-

tein, respectively. These values indicated that 54±0.8% of total
actin existed as depolymerized G-actin. As shown in Fig. 1,
exposure of endothelial cells to shear stress resulted in a signifi-
cant increase in G-actin contents. This increase was detected as

early as 5 min after exposure to shear stress and reached to the
peak level at about 6 h. Then G-actin contents decreased and
returned to the basal level at 24 h, when stress fiber alignment
appeared distinct. Total actin contents were not changed at any

points under shear stress.
Wealso studied the influence of shear stress on the expres-

sion of ET- I gene and the production of ET- 1 peptide in endo-
thelial cells. Fig. 2 demonstrates that exposure of endothelial
cells to shear stress resulted in an increase in ET- 1 mRNA
levels (A) and in ET- 1 release into culture media (B). The time
course of shear stress-induced ET- 1 gene expression showed
that ET- 1 mRNAstarted to increase within 30 min following
the disruption of actin filaments and reached to the maximal
levels 6 h after exposure to shear stress. ET- 1 mRNAlevels
under shear stress declined to the basal level during the subse-
quent 12-24 h ( 14). To compare the time courses of G-actin
depolymerization and ET-l mRNAinduction by shear stress,
we plotted their levels in the same diagram. As shown in Fig. 2
C, the onset of shear stress-induced ET- 1 gene expression was

preceded by that of actin fiber disruption, but the time course

of ET- 1 gene expression induced by shear stress was essentially

w00 Figure 1. Time course
of shear stress-induced

80 okchanges in G-actin con-
/ \ tents in cultured endo-

r ~ 8 \ thelial cells. G-actin
contents were shown in

k g-°.- e.endothelial cells in static
1 condition (o) or under

a 40 Be shearstress (5 dyn/
cm2) ( e ) in the absence
(solid line) or presence

20 (broken line) of phalloi-
din(l x 10-6 M),
which was added I h

o 5 15 30 3 6 12 24 before exposure to shear
(mn)

Time
(hr) stress. G-actin and total

actin levels were mea-
sured by DNase inhibition assay described in Methods. G-actin con-
tents are expressed as a percentage of total actin. Data presented are

mean±SEMof four separate experiments.
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Figure 2. Effect of shear stress on ET- 1 mRNAlevels in endothelial

cells and ET- 1 peptide levels in the conditioned media. (A) Confluent
endothelial cells were exposed to 5 dyne/cm2 of shear stress under
serum-free condition and harvested for total RNApreparation.
Northern blot analysis was performed with 5 fig of RNAper lane. In

the upper panel, time course of shear stress-induced changes in ET- 1

mRNAlevels. In the middle panel, signals rehybridized to the fl-actin
probe. In the lower panel, 28S and 1 8S ribosomal RNAbands. (B)

Conditioned media of endothelial cells in static condition (o) or ex-

posed to shear stress (.) were concomitantly collected for the mea-

surement of ET- 1 peptide levels by ELISA. (C) Comparison of the

time course of changes in G-actin contents and ET- 1 mRNAlevels.

After scanning autoradiographs with a densitometer, the signal den-

sity of each RNAsample hybridized to the ET- I probe was divided

by that hybridized to the ,6-actin probe. The corrected density for each

sample was then divided by that of the untreated static cells and pre-

sented in a relative unit plotted against time along with G-actin con-

tents. G-actin contents are expressed as a percentage of total actin.

similar to that of shear stress-induced actin fiber disruption.
The accumulation rate of ET-I in media was accelerated
within 30 min.

In contrast to the increase in ET-1 mRNAlevels, 13-actin
mRNAlevels in endothelial cells were not affected by exposure
to 5 dyne/cm2 of shear stress (Fig. 2 A). This result not only
rules out the possibility that shear stress-induced ET-1 gene
expression might be a nonspecific event, but also indicates that
the increase in G-actin content under shear stress is not a con-

sequence of an increase in f3-actin gene expression. The density
of 28S and 1 8S ribosomal RNAwas also unchanged among the
lanes (Fig. 2 A). The similarity of two time courses for ET-1
gene expression and actin fiber disruption induced by shear
stress leads us to examine the relationship of these phenomena.

Inhibition of shear stress-induced ET-J gene expression
and ET-J synthesis by phalloidin. To elucidate the involve-
ment of actin cytoskeleton in shear stress-induced ET-1 gene
expression in endothelial cells, we examined the effect of phal-
loidin, an agent that stabilizes F-actin by decreasing the rate of
actin depolymerization, on ET-1 mRNAunder shear stress.
Pretreatment with 1 X 1O-6 Mof phalloidin decreased G-actin
contents of endothelial cells in the absence or presence of shear
stress (Fig. 1). Phalloidin at the same dose completely inhib-
ited the increase in ET-1 mRNAlevels by shear stress (Fig. 3
A). Shear stress-induced increase in ET-1 levels in culture me-
dia was also blocked (Fig. 3 B). The dose responses of the
inhibitory effects of phalloidin on shear stress-induced ET-1
gene expression and increase in G-actin contents were quite
similar (Fig. 3C). These doses used were not toxic to endothe-
lial cells as indicated by no increased lactic dehydrogenase re-
lease (data not shown). Furthermore, ET-1 gene expression
induced by Ca2" ionophore A23 187, phorbol ester 12-0-tetra-
decanoylphorbol- 3-acetate (TPA), and TGF-f3 was not inhib-
ited by phalloidin (Fig. 4), indicating that the inhibitory effect
of phalloidin on shear stress-induced ET-1 gene expression
was a specific phenomenon. These results suggest that actin
fiber disruption is closely associated with an increase in ET-1
gene expression under shear stress.

Induction ofET-I gene expression by actin depolymerizing
agents. To clarify the coupling of actin fiber disruption with
ET- 1 mRNAinduction, we assessed the effect of cytochalasin
B, an agent that binds to the end of a growing microfilament
causing inhibition of the polymerization of actin, on ET- I pro-
duction in endothelial cells. First, we examined the effect of
cytochalasin B on G-actin contents at various doses. As shown
in Fig. 5, cytochalasin B increased G-actin content in a dose-
dependent manner, and the response of G-actin to the dose of 1
X 10-6 Mmimicked that to 5 dyne/cm2 of shear stress before 6
h (Fig. 1). As was expected, cytochalasin B enhanced ET-1
gene expression and synthesis of ET-1 peptide by endothelial
cells at 1 X 10-6 M(Fig. 6, A and B). The kinetics of cytochala-
sin B-induced ET- 1 gene expression resembled that of shear
stress-induced expression before 6 h. The dose response of cy-
tochalasin B-induced ET- 1 gene expression also resembled that
of cytochalasin B-induced increase in G-actin contents (Fig. 6
C) . Another inhibitor of actin polymerization, cytochalasin D,
also induced ET- 1 gene expression and ET- 1 release in a simi-
lar manner (data not shown). In addition, cytochalasin B-in-
duced ET- 1 gene expression and synthesis of ET- 1 peptide was
significantly inhibited by phalloidin (Fig. 6, A and B). The
dose response of the inhibitory effect of phalloidin on cytocha-
lasin B-induced ET- 1 gene expression was comparable with
that on G-actin levels (Fig. 7), suggesting that these effects of
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cytochalasins were indeed mediated by actin fiber disruption.
Taking these observations together, we can postulate that
disruption of actin microfilaments mediates the signal from
mechanical shear stress to ET- 1 gene expression.

Inhibition of shear stress- and cytochalasin B-induced ET-
1 gene expression by colchicine. Weinvestigated the possible
involvement of microtubules, another major component of cy-
toskeleton, in the regulation of ET- 1 gene expression. We
treated endothelial cells with colchicine, a microtubule-
disrupting agent that binds to a-f3 tubulin dimers and inhibits
the polymerization of microtubules, and exposed them to shear
stress or cytochalasin B. As shown in Fig. 8, treatment with
colchicine did not affect the basal levels of ET- 1 gene expres-
sion. However, colchicine completely abolished both shear
stress- and cytochalasin B-induced ET- 1 gene expression in
endothelial cells (Fig. 8 A) and release of ET- 1 into culture
media (Fig. 8 B). TGF-f3-induced ET- 1 gene expression was
not affected by colchicine (data not shown), suggesting that
inhibition of shear stress-induced ET- I gene expression by col-
chicine was not due to a nonspecific effect.
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Figure 3. Effect of phalloidin on shear stress-induced ET-l gene ex-
pression in endothelial cells. Treatment with phalloidin (1 X 10-6
M) was started 1 h before exposure of cells to 5 dyne/cm2 of shear
stress. (A) Northern blot analysis was performed with 5 Mg of total
RNAper lane. ET-I mRNAin static control cells (lane 1); cells ex-
posed to shear stress for 3 h (lane 2), 6 h (lane 3), or 9 h (lane 4) in
the absence of phalloidin; cells exposed to shear stress for 0 h (lane
5), for 3 h (lane 6), 6 h (lane 7), or 9 h (lane 8) in the presence of
phalloidin. (B) Conditioned media of endothelial cells in static con-
dition (o) or exposed to shear stress (-) in the absence (solid line)
or presence (broken line) of phalloidin (1 X 10-6 M) were concomi-
tantly collected for the measurement of ET- I peptide levels by ELISA.
(C) Comparison of the dose-dependent inhibitory effect of phalloidin
on shear stress-induced G-actin increase (o) and ET- 1 gene expres-
sion (e). Endothelial cells were exposed to shear stress for 6 h in the
presence of phalloidin. Cells exposed to shear stress without phalloi-
din served as control (C). G-actin contents are expressed as a per-
centage of total actin. Each ET- I mRNAlevel was quantified and
presented in a relative unit as in Fig. 2 C.

Discussion

In this study, we have shown that (a) flow-induced shear stress
provoked two distinct phenomena, an increase in G-actin con-
tent and an increase in ET- 1 gene expression and peptide pro-
duction, in cultured vascular endothelial cells; (b) the onset of
the increase in G-actin content preceded that of the induction

100

C 90 7

605070
O0 10 15 30 I 3 i t / '24

(min) (hr)
Time

Figure 5. Time course of changes in G-actin contents in endothelial
cells treated with various doses of cytochalasin B: 1 X 10-8 M(o),
1 x 10-7 M(.), 1 X 106 M(A), or 1 x 10-5 M(A). G-actin con-
tents are expressed as a percentage of total actin. Data presented are
mean±SEMof four separate experiments.
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blot analysis was performed with 5 Ag of total RNAper lane. ET- l
mRNAin control cells (lane 1); cells preincubated with phalloidin
( 10-6 M) for 1 h (lane 2); cells exposed to cytochalasin B ( l x 0-6
M) for 1 h (lane 3), 3 h (lane 4), or 6 h (lane 5) in the absence of
phalloidin; cells exposed to cytochalasin B for 1 h (lane 6), 3 h (lane
7), or 6 h (lane 8) in the presence of phalloidin. (B) Conditioned
media of endothelial cells in static condition (o) or exposed to cyto-
chalasin B ( 1 X 10-6 M) ( * ) in the absence (solid line) or presence
(broken line) of phalloidin (1 X 10-6 M) were concomitantly col-
lected for the measurement of ET-l peptide levels by ELISA. (C)
Comparison of dose response of G-actin increase (o) and ET- 1
mRNAinduction (.) by cytochalasin B. Endothelial cells were incu-
bated with various doses of cytochalasin B for 1 h. G-actin contents
are expressed as a percentage of total actin. Each ET-l mRNAlevel
was quantified and presented in a relative unit as in Fig. 2 C.

of ET- 1 gene expression and the following time courses for
both phenomena were almost the same; (c) shear stress-in-
duced ET- 1 gene expression was completely abolished by pre-
treatment with phalloidin, an agent that stabilizes F-actin; (d)
disruption of actin fiber by cytochalasins resulted in the induc-
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Figure 8. Effect of colchicine on shear stress- and cytochalasin B-in-
duced ET- l gene expression in endothelial cells. Treatment with col-
chicine (5 X IO-7 M) was started 1 h before exposure of cells to shear
stress or cytochalasin B. (A) Northern blot analysis was performed
with 5 Mg of total RNAper lane. ET-l mRNAin control cells (lane
1 ); cells preincubated with colchicine for 1 h (lane 2); cells exposed
to shear stress (5 dyn/cm2) for 3 h (lane 3), 6 h (lane 4), or 9 h (lane
5) in the absence of colchicine; cells exposed to cytochalasin B (10-6
M) for 3 h (lane 6) or 6 h (lane 7) in the absence of colchicine; cells
exposed to shear stress for 3 h (lane 8), 6 h (lane 9), or 9 h (lane 10)
in the presence of colchicine; cells exposed to cytochalasin B (106
M) for 3 h (lane 11) or 6 h (lane 12) in the presence of colchicine.
(B) Conditioned media of endothelial cells in static condition (o),
exposed to cytochalasin B ( I x 10-6 M) ( e ) or exposed to shear stress
(5 dyn/cm2) ( ) in the absence (solid line) or presence (broken line)
of phalloidin (1 X 10-6 M) were concomitantly collected for the
measurement of ET- I peptide levels by ELISA.
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tion of ET- 1 mRNA; and (e) disruption of microtubules by
colchicine completely inhibited shear stress-induced and cyto-
chalasin B-induced ET- 1 gene expression. It is also noteworthy
that the dose responses of the effects of phalloidin and cytocha-
lasins on ET- 1 gene expression were quite similar to those on
G-actin contents in endothelial cells. In addition, the doses of
phalloidin and cytochalasins used in this study are not more
than those used in the previous literatures ( 15, 24). The paral-
lelism between G-actin contents and ET- I mRNAlevels and
the relevant doses of these agents argue against the possibility
that the effects of phalloidin and cytochalasins were not spe-
cific for cytoskeletal changes. These data suggest that shear
stress induces ET- 1 gene expression via alterations in actin cyto-
skeletal changes in cultured endothelial cells and this pathway
is dependent on the integrity of microtubules.

The shear stress-induced increase in G-actin in endothelial
cells seems due to a shift of the equilibrial state between F- and
G-actin in favor of G-actin rather than an increase in de novo
actin synthesis, because the levels of total actin content and
fl-actin mRNAwere not changed under exposure to shear
stress. It is well known that shear stress causes alterations in the
distribution of actin filaments and its reorganization into stress
fibers aligned in the direction of flow in endothelial cells (4-8).
The initial event of alterations of actin fiber distribution is
characterized by the disappearance of peripheral actin fiber
rings and the basal foci of radially arranged filaments (7).
Under low shear stress as in this study, the formation of longi-
tudinal stress fiber appears distinct at about 12 h (reference 7
and our unpublished data). The time course for the alterations
of actin fibers corresponds to that for the shear stress-induced
increase of G-actin. So, we interpreted that actin fiber disrup-
tion into G-actin, which begins within 5 min, triggers alter-
ations in actin fiber distribution.

The most important observation in this study is that the
disruption of F-actin not only triggers the redistribution of ac-
tin cytoskeleton but also participates in shear stress-induced
ET- 1 gene expression. In vascular endothelial cells, cytoskeletal
structures including actin filaments have been postulated to
play a role in maintaining structural integrity and regulating
migration, repair, and permeability (25). This study revealed
another possible function of endothelial cytoskeleton; the
transduction of flow-induced signals to gene expression. This is
the first report suggesting that mechanical stimuli induce spe-
cific gene expression via alterations in cytoskeletal structures in
mammalian cells.

Recently, several reports have presented evidence that actin
cytoskeleton is involved in the regulation of expression of genes
including collagenase, stromelsin (26), transin (27), and uroki-
nase-type plasminogen activator ( 15). The expression of these
genes has been shown to be induced by cytochalasins-induced
actin fiber disruption. Interestingly, the gene expression of tis-
sue plasminogen activator, which is coded in the same gene as
urokinase-type plasminogen activator, is shown to be induced
by shear stress in endothelial cells (28). Although there is no
direct evidence, we can speculate that shear stress-induced ex-
pression of both ET- 1 and tissue plasminogen activator genes
may share common signal transduction pathway(s) mediated
by actin fiber disruption.

The mechanisms of actin-mediated ET- 1 gene expression
remain unknown. One possibility is that ET- 1 gene transcrip-
tion is activated by alterations in nuclear actin cytoskeletal
structure. In the process, some actin-binding protein may be
involved. For example, cofilin, an actin-depolymerizing pro-

tein, binds to G- and F-actin and forms intranuclear actin/co-
ifin rods in response to various stimuli, including heat shock
(29). Shear stress may modulate nuclear actin structure via
such actin-binding protein(s) and regulate ET-1 gene tran-
scription. An alternative possibility is that ET- 1 mRNAdegra-
dation is inhibited by alteration in actin structure. The half-life
of ET-1 mRNAis very short (about 15 min), and cyclohexi-
mide stabilizes the degradation of ET- 1 mRNA(30). So, some
regulatory protein(s) may be involved in the control of ET-1
mRNAdegradation and may be one of the targets of the actin-
mediated signal transduction pathway.

This study also suggests that microtubules are involved in
ET-1 gene expression induced by actin fiber disruption. Re-
cently, Kitazumi et al. ( 31 ) reported that treatment with col-
chicine and vinblastine, another microtubule-disrupting
agents, resulted in inhibition of thrombin-induced ET- 1 release
and accumulation of ET- 1 in mitochondrial and microsomal
fractions in porcine endothelial cells. They concluded that the
impairment of microtubules may cause inhibition of ET- 1 se-
cretion rather than suppression of ET- 1 synthesis. This obser-
vation is not inconsistent with ours because the mechanism of
shear stress-and thrombin-induced ET- 1 gene expression does
not seem to be the same. Wecan expect that the microtubular
system is implicated in ET- 1 production in at least two aspects,
thrombin-induced secretion and actin-mediated gene expres-
sion, although the mechanism is not clear in this study.

Several studies have shown that shear stress can cause in-
creases in intracellular Ca 2+ concentration (32) and activation
of a K+ current (33) in vascular endothelial cells. Moreover,
shear stress activates phosphoinositide turnover possibly via
phospholipase C in endothelial cells, resulting in the produc-
tion of inositol triphosphate and diacylglycerol (34-36), and
these second messengers trigger the release of Ca2+ from intra-
cellular pools and the activation of protein kinase C, respec-
tively (37). Recently, Frangos and his colleagues have clearly
demonstrated that protein kinase C mediates shear stress-in-
duced platelet-derived growth factor gene expression (38) and
ET- 1 release (39) in cultured endothelial cells. Thus, it is possi-
ble that these rapid changes in endothelial cell metabolism may
participate in the pathway of shear stress-induced ET- 1 gene
expression. In our preliminary study, shear stress-induced ET-
1 gene expression was inhibited by staurosporine, an inhibitor
of protein kinase C, but cytochalasins-induced ET- 1 gene ex-
pression was not. Furthermore, the treatment with staurospor-
ine significantly inhibited shear stress-induced actin fiber
disruption (our unpublished data), suggesting that protein ki-
nase C may be involved in shear stress-induced ET- 1 gene
expression, at least partially, at the level upstream to actin fiber
disruption.

In contrast to these observations, Sharefkin et al. (40) have
reported that exposure of endothelial cells to higher shear stress

(over 20 dyn/cm2 ) results in suppression of ET- I production.
Frangos and his colleagues have shown that the production of
NOinduced by shear stress ( 11 ) suppresses the release of ET- 1
via cGMPand have explained the discrepancy on the basis of
difference in cGMPproduction in response to NOin endothe-
lial cells (39). In addition, difference in actin fiber state in

endothelial cells under shear stress may give another explana-
tion. Under high shear stress, endothelial stress fibers appear
prominent after as early as 6 h and the duration of G-actin
predominance seems to be much shorter than that under low
shear stress (7). Correspondingly, the formation of endothelial
stress fibers is positively correlated to the force of local shear
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stress in vivo (8). Considering the observation that actin fiber
disruption may mediate ET-1 gene expression, the difference
in the kinetics and composition of the actin equilibrial state as
well as that in the involvement of NO-induced cGMPincrease
may explain the discrepancy between the effect of low and high
shear stress on ET- 1 gene expression. Recent studies of human
atherosclerosis and animal models have provided evidence that
atheromatous plaque formation tends to occur where shear
stress is reduced (41). The increased production of ET- 1 in
endothelial cells in low shear regions may play a role in the
genesis and/or progression of intimal thickening through its
potent proliferating activity on vascular smooth muscle cells.
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