
Sickle erythrocytes, after sickling, regulate the expression of the
endothelin-1 gene and protein in human endothelial cells in
culture.

M Phelan, … , M Brauer, D V Faller

J Clin Invest. 1995;96(2):1145-1151. https://doi.org/10.1172/JCI118102.

The molecular defect in sickle cell disease resides in the beta globin gene, with consequent defects in erythrocytes only,
suggesting that the vascular occlusion and vasomotor instability which characterize this disease are the result of
interactions between abnormal sickle erythrocytes and cells of the blood vessel wall. We explored whether sickle
erythrocytes may have effects on vascular tone, exclusive of adhesion events. Exposure of human endothelial cells in
culture to previously sickled sickle erythrocytes resulted in a four to eight-fold transcriptional induction of the gene
encoding the potent vasoconstrictor endothelin-1 (ET-1). Unsickled sickle erythrocytes or normal erythrocytes exposed to
"sickling" conditions had no effect on ET-1 gene induction. Contact of the sickled erythrocytes with the endothelium was
not required. Elevations in the ET-1 transcript peaked at 3 h after exposure and persisted for up to 24 h. Four to sixfold
increases in the amount of ET-1 peptide was released into the medium surrounding the endothelial cells after exposure to
sickled sickle erythrocytes. This is the first demonstration of the regulation of gene expression in endothelial cells as a
result of interaction with sickle cells, with induction of genes encoding vasoconstrictors. Furthermore, these findings
suggest that sickle erythrocytes may have the capacity to affect local vasomotor tone directly.

Research Article

Find the latest version:

https://jci.me/118102/pdf

http://www.jci.org
http://www.jci.org/96/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI118102
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/118102/pdf
https://jci.me/118102/pdf?utm_content=qrcode


Rapid Publication

Sickle Erythrocytes, after Sickling, Regulate the Expression of the Endothelin-1
Gene and Protein in Human Endothelial Cells in Culture
Michael Phelan, Susan P. Pemne, Mark Brauer, and Douglas V. Faller
Cancer Research Center, and Departments of Medicine, Biochemistry, Pediatrics, Microbiology, Pathology and Laboratory Medicine,
Boston University Medical Center, Boston, Massachusetts 02118

Abstract

The molecular defect in sickle cell disease resides in the 11
globin gene, with consequent defects in erythrocytes only,
suggesting that the vascular occlusion and vasomotor insta-
bility which characterize this disease are the result of inter-
actions between abnormal sickle erythrocytes and cells of
the blood vessel wall. Weexplored whether sickle erythro-
cytes may have effects on vascular tone, exclusive of adhe-
sion events. Exposure of human endothelial cells in culture
to previously sickled sickle erythrocytes resulted in a four
to eight-fold transcriptional induction of the gene encoding
the potent vasoconstrictor endothelin-1 (ET-1). Unsickled
sickle erythrocytes or normal erythrocytes exposed to "sick-
ling" conditions had no effect on ET-1 gene induction. Con-
tact of the sickled erythrocytes with the endothelium was
not required. Elevations in the ET-1 transcript peaked at 3
h after exposure and persisted for up to 24 h. Four to sixfold
increases in the amount of ET-1 peptide was released into
the medium surrounding the endothelial cells after exposure
to sickled sickle erythrocytes. This is the first demonstration
of the regulation of gene expression in endothelial cells as a
result of interaction with sickle cells, with induction of genes
encoding vasoconstrictors. Furthermore, these findings sug-
gest that sickle erythrocytes may have the capacity to affect
local vasomotor tone directly. (J. Clin. Invest. 1995. 96:
1145-1151.) Key words: hypoxia * vasoconstrictor * um-
bilical vein * gene regulation * platelet-derived growth
factor B

Introduction

Sickle cell disease is characterized by vasoocclusive events,
which may occur in a wide range of vessels, ranging from the
microvasculature to the muscular arteries (1-5). Although the
most severe morbidity of the disease results from vascular dam-
age, the molecular defect in sickle cells disease is in the /3 globin

Address correspondence to Douglas V. Faller, Cancer Research Center,
Boston University School of Medicine, 80 E. Concord Street E124,
Boston, MA02118. Phone: 617-6384173; FAX: 617-638-4176.

Receivedfor publication 23 December 1994 and accepted in revised
form 18 May 1995.

gene, with direct consequent changes only in erythrocytes. This
raises the possibility that the vascular occlusion and vasomotor
instability which characterize sickle cell disease are the result
of interactions between these abnormal erythrocytes and the
blood vessel wall. Most investigations on such potential interac-
tions have examined mechanisms which may mediate adhesion
of sickle erythrocytes to endothelium. There is also evidence,
however, to suggest that sickle erythrocytes may have direct or
indirect effects on vascular tone, exclusive of adhesion events.
Sickle erythrocytes have been shown to interact with human
endothelial cells: they adhere to endothelial cell monolayers
(6-8), stimulate prostacyclin release (9), and inhibit human
venous and arterial endothelial DNAsynthesis (10).

The overall tone of the vasculature is the result of a dynamic
and shifting balance between stimuli provoking contraction and
relaxation. Local mechanisms are the most likely to be adversely
affected in sickle cell disease. The vascular endothelium is the
major source of paracrine effects on the contractile elements of
the blood vessel (11). The endothelial cell layer forms the
permeability barrier between circulating blood cells and the
underlying vascular tissue, which is composed of fibroblasts
and smooth muscle cells. As such, it is in a unique position to
respond to circulating factors or blood elements and modulate
events in the vasculature via paracrine effects. Endothelin-1
(ET-1 )' is a powerful vasoconstrictive agent released by endo-
thelial cells (12). ET-1 is rapidly cleared from the circulation,
but has a long-lasting local effect on vascular tone. Physiologi-
cal responses to endothelin are reported for blood vessels de-
rived from a large variety of tissues including the heart, kidney,
and brain (13). Factors shown to induce ET-1 production by
endothelial cells include thrombin (14), transforming growth
factor (TGFO), shear stress (12, 15), and hypoxia (16, 17).
ET-1 is thought to act locally, but elevated circulating levels of
this peptide have now been reported in subjects with sickle cell
disease in preliminary studies (18, 19).

Wedemonstrate here that the interaction of sickle erythro-
cytes, after sickling, with human endothelium in culture results
in the transcriptional activation of the preproendothelin-1 (pre-
proET-1) gene. Sickle erythrocytes which have not undergone
sickling in vitro do not induce the gene. This is the first demon-
stration of the induction of genes in endothelial cells as a result
of interaction with sickle cells.

Methods
Cell culture. Primary cultures of human umbilical vein endothelial cells
(HUVEC) were subcultured on gelatin-coated plates as previously de-

1. Abbreviations used in this paper: ET-1, endothelin-1; L-NNA, N-w-
nitro-L-arginine; NO, nitric oxide; preproET-1, preproendothelin-1.
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Figure 1. Induction of ET-1 transcripts in endothelial cells after exposure to previously sickled HbSS erythrocytes. (A and B) Erythrocytes from
six individual subjects were subjected to deoxygenation for 1-3 h (S) or left unsickled (U), and exposed to human umbilical vein endothelial cells
(from multiple donors) in culture for 3 h. Parallel plates of endothelial cells were left untreated as controls (C) or were exposed to hypoxia as

positive controls (+) for the induction of the ET-1 transcript. Total cellular RNAwas extracted from the endothelial cells as described. 15 pg of
RNA/lane was size fractionated on formaldehyde-agarose gels, transferred to nitrocellulose filters, and hybridized with a [32P] -labeled probe specific
for human preproEt-1. The autoradiograms are shown here. The position of the ET-1 transcript is indicated with an arrow. Filters were stripped of
probe and rehybridized to a [32P]-labeled probe specific for /l-actin to assure equal loading of RNA(not shown), and these autoradiograms were

used for normalization of densitometric scans for quantitation. The filter containing the RNAfrom subject 6 was stripped again and rehybridized
to a [32P] -labeled probe specific for PDGF-B, and the autoradiogram is shown here. The position of the PDGF-B transcript is indicated. In subject
2, the medium surrounding the sickle erythrocytes during the sickling process was removed, centrifuged to remove cell membranes and debris, and
placed on an endothelial cell monolayer (CM). The erythrocytes were resuspended in fresh medium and placed on the endothelial monolayer (R).
RNAfrom these plates was prepared and analyzed as described above. C displays the results of experiments conducted as described above, but
substituting normal (HbAA) erythrocytes for sickle erythrocytes. These erythrocytes were subjected to sickling conditions (S) or left oxygenated
(U). Lane 4 from subject 7 contains RNAfrom a plate of endothelial cells exposed to medium (M) alone which had been exposed to conditions
of deoxygenation in parallel to the erythrocytes shown in lane 3. Lane 1 from subject 7, and lane 3 from subject 8, contain RNAfrom parallel
plates of endothelial cells exposed to hypoxia for 3 h. The autoradiograms are shown here.

scribed ( 16, 17, 20, 21). Endothelial cells at confluence between pas-

sages 6 and 10 were exposed to suspensions of red blood cells and kept
at 37°C, 5%CO2 in a humidified incubator. Erythrocytes from subjects
with HbSS ("sickle erythrocytes") or normal erythrocytes were col-
lected sterilely from volunteer donors in heparin or citrate, washed twice
with PBS, resuspended at a hematocrit of 25% or 2%in M199 medium,
and exposed to 5%C02/95% N2 for time periods ranging from 30 min
to 3 h. The cell suspensions were then reoxygenated to 21% 02 and
overlaid on endothelial cell monolayers. The oxygen mixtures were

preanalyzed (Northeast Air & Gas, Inc., Manchester, NH). Probucol
(Sigma Chemical Co., St. Louis, MO) was used at a final concentration
of 10-20 ,M. Pyrrolidine dithiocarbamate (PDTC) and N-Acetylcys-
teine (Sigma Chemical Co.) were used at final concentrations of 60 jiM
and 30 mM, respectively. Superoxide dismutase and catalase (Sigma
Chemical Co.) were used at concentrations of 120 U/ml and 1,200 U/
ml, respectively. Ghosts of sickle cell membranes were generated by
osmotic shock, after washing the erythrocytes thrice in PBS, by resus-

pending the erythrocyte pellet in 35 vol of "ghost buffer" (5 mMTris-
HCl [pH 7.8]/2 mMEDTA), and pelleting at 25,000 g for 10 min at

4°C. Ghosts were carefully separated from the hemoglobin button and
washed up to five times in ghost buffer, until no hemoglobin remained,
before exposure to human endothelial cell cultures. Free hemoglobin
was quantitated with Drabkin's reagent (Sigma Chemical Co.), and read
at 530 nm. N-W-nitro-L-arginine (L-NNA) was purchased from Sigma
Chemical Co. and sodium nitroprusside from Elkins-Sorin, Inc. (Cherry
Hill, N.J.), and were used at final concentrations of 1 mMfor sodium
nitroprusside or 2.5 mMfor L-NNA.

RNAanalysis. Total cellular RNAwas prepared in guanidine from
endothelial cells at confluence, untreated or exposed to red blood cells,
by centrifugation through a cesium cushion (22). Total RNA (15
ag/lane) was separated by electrophoresis, transferred, and hybridized

as previously described ( 16, 17, 20, 21 ). The cDNAprobes for PDGF-

B, preproET-1, and mouse ,3-actin were prepared, labeled, and used in
hybridizations as described ( 16, 17, 20, 21). For quantitation, transcript
levels of preproET- and PDGF-Bwere normalized after laser densitom-
etry (Pharmacia LKB Biotechnology, Uppsala, Sweden) to the levels
of actin transcripts, which did not change under the various oxygen

environment or after exposure to erythrocytes.
mRNAstability. Endothelial cells at confluence were exposed to

sickled or unsickled HbSSerythrocytes. Cells were harvested at selected
time intervals, treated with actinomycin-D (5 pg/ml), and RNAlevels
were analyzed and quantitated as described (21).

Measurement of ET-1 peptide. Confluent endothelial cells in 100- or

60-mm plates were washed and exposed to normal, sickled, or unsickled
erythrocytes suspended in serum-free medium. The endothelial cell-
conditioned media were then collected, spun, and filtered to remove

cells, concentrated and kept frozen at -20°C until assay. ET-l peptide
was measured using a radioimmunoassay kit (Du Pont, Wilmington,
DC) with a detection limit of 10-'` grams/ml. The antiserum used in
this assay does not cross-react with big endothelin. ET-1 production is
shown as ET-1 concentration in 3 ml of medium produced/time.

Results and Discussion

Exposure of monolayers of human umbilical vein endothelial
cells to washed erythrocytes from subjects with sickle cell dis-
ease produced no change in the endogenous levels of ET-1
mRNAin the endothelial cells (Fig. 1,A and B, subjects 1, 3
to 6). However, when erythrocytes from the same subjects have
been allowed to undergo a cycle of (reversible) sickling by
deoxygenation before their exposure to the endothelial cells, a

four- to eightfold induction of ET-1 mRNAwas consistently
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endothelial cells in culture for 1, 3, 12, or 24 h, as indicated. Parallel
plates of endothelial cells were left untreated as controls (C, lane 2) or
were exposed to hypoxic conditions as positive controls for the induction
of the ET-1 transcript (A, lane I and C, lane 1). In A, lane 6, the
medium surrounding the sickle erythrocytes used in lane 3 during the
sickling process was removed after the sickling process, centrifuged to
remove cell membranes and debris (100,000 g for 30 min), and placed
on an endothelial cell monolayer. The erythrocytes themselves were
resuspended in fresh medium and placed on the endothelial monolayer
(lane 3). Preparation of RNAand analysis of transcripts was as de-
scribed in Fig. 1. The autoradiograms are shown here. The position of
the ET-1 transcript is indicated. Filters were stripped of probe and
rehybridized to a [32P]-labeled probe specific forf/-actin to assure equal
loading of RNA. B is the actin autoradiogram corresponding to the blot
shown in A, and these autoradiograms were used for normalization of
densitometric scans.

observed at 3 h. Because each subject is unique, and because
each set of endothelial cells derived from primary cultures is
unique, the range of inductions was large, but reproducible,
when the same subject's erythrocytes were retested.

The time courses required for ET-1 transcript induction
using erythrocytes from two different subjects are shown in
Fig. 2, A and C. A modest increase in ET-1 mRNAwas
regularly seen in endothelial cells after a 1-h exposure to
previously sickled sickle erythrocytes, with maximum induc-
tion occurring by 3 h (see also Fig. 1, subject 5). Levels of
ET-1 transcript at later times were more variable, with tran-
script levels falling back to just above baseline by 12 and 24
h in some cases, despite continued exposure to the sickled
erythrocytes (Fig. 2 A).

Although most of the experiments described herein were
performed using erythrocytes at a concentration approximating
a hematocrit of 21% (vol/vol), previously sickled sickle eryth-
rocytes at lower concentrations (2%) were sufficient to strongly
induce ET-1 (Fig. 2 C, lane 6). Lower concentrations of eryth-
rocytes were not tested. The length of time during which the
sickle erythrocytes were exposed to sickling conditions, ranging
from 30 min (Fig. 1 B, subject 5), to 1 h (Fig. 2 A), to 3 h
(used in most of the other experiments shown herein), did
not substantially affect their subsequent ability to induce ET-1
transcripts.

The specificity of prepro-ET-1 induction by erythrocytes
containing HbSS was next determined. Normal (HbAA) eryth-
rocytes were collected from a number of donors and treated in
parallel fashion to the HbSS erythrocytes. HbAAerythrocytes,
whether exposed to hypoxic (sickling-inducing) conditions or
not, failed to induce the level of ET-1 transcripts within the
endothelial cells (Fig. 1 C).

Our laboratory has previously demonstrated that exposure
to hypoxic conditions alone can result in the induction of ET-
1 in endothelial cells as rapidly as 1 h. It was thus necessary
to demonstrate that the effect of the previously sickled erythro-
cytes on ET- 1 gene regulation was not due to an effect of
hypoxia alone. A potential role for hypoxia rather than for the
sickled erythrocytes in the ET-1 inductions observed here was
ruled out in a number of ways. As demonstrated above, normal
erythrocytes which had undergone the same exposure to hyp-
oxia as did the sickle erythrocytes had no effect on ET-1 gene
expression. The P02 in the media surrounding the sickled or
normal erythrocytes was analyzed and determined to be in the
normal range ( > 100 Torr) before treatment of the endothelial
cells. Furthermore, in some experiments, HbSS erythrocytes
were resuspended in fresh medium, previously equilibrated with
21%02 and 5%C02, after undergoing hypoxic sickling, and the
PG2of the media plus erythrocytes was measured and verified to
be normoxic before exposure to endothelial cells. The oxygen
tension of the medium in which the erythrocytes were suspended
in no way correlated with the ability of previously sickled HbSS
erythrocytes to induce ET-1. Finally, medium alone (not con-
taining erythrocytes), after undergoing a round of hypoxic ex-
posure, did not affect ET-1 transcript levels when subsequently
placed on endothelial cells and incubated for 3 h at ambient
oxygen tensions (Fig. 1 C, subject 1).

The induction of ET-1 transcript by previously sickled HbSS
erythrocytes also appeared to be specific at the level of the gene.
Other "housekeeping" genes, like actin, were not regulated in
response to sickled cells (Fig. 2 B). PDGF-B transcripts, which
are induced by hypoxia alone, were not elevated in response to
the sickled cells at the time of maximal ET-1 induction (Fig.
1 A, subject 6).

ET-1 transcript stability experiments were performed to de-
termine if the induction of ET-1 by sickled sickle erythrocytes
occurs at the level mRNAstabilization. The half-life of the
ET-1 transcript was determined during exposure to sickled or
unsickled erythrocytes by actinomycin-D chase experiments.
The half-life of the ET-1 transcript was - 30 min under both
conditions (data not shown), demonstrating no change in tran-
script stability.

To determine whether membrane preparations of previously
sickled erythrocytes were sufficient to regulate the expression of
the ET-1 gene, plasma membrane ghosts of sickled or unsickled
sickle erythrocytes were generated and were used to treat endo-
thelial cell cultures. Ghosts made from sickled erythrocytes
modestly induced ET-1 transcripts compared to ghosts made
from unsickled HbSSerythrocytes (Fig. 3 A). Despite extensive
washing however, some hemoglobin invariably remained
trapped in ghosts made from sickle erythrocytes after sickling,
so that a contribution from this retained protein could not be
excluded. Contact between the previously sickled erythrocytes
and endothelial cells was not required for induction of ET-1
transcripts. Medium conditioned by sickled erythrocytes during
the sickling process induced ET-1 gene expression to the same
extent and over the same time course as did the sickled erythro-
cyte suspension (Fig. 1 A, subject 2). Medium conditioned by
sickled erythrocytes was subjected to ultracentrifugation
(100,000 g for 30 min) to determine if the factor responsible for
the effects on ET-1 gene induction was contained in a membrane
particulate or other macromolecular fraction of the medium.
Conditioned medium which had been so precleared retained its
ability to induce ET-1 transcripts (Fig. 2 A).

Sickle Erythrocytes Induce Endothelin-1 after Sickling 1147
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Figure 3. (A) Induction of ET-1 transcripts in endothelial cells after exposure to ghosts from previously sickled sickle erythrocytes. Sickle erythrocytes
were subjected to deoxygenation for 3 h (S) or left unsickled (U), and membrane ghosts (G) were prepared from some of the sickled [G(S)] and
unsickled [G(U)] erythrocytes, and cells or ghosts were exposed to human umbilical vein endothelial cells in culture for 3 h. (B) The free radical
chelator probucol does not inhibit ET-1 transcript induction by sickled sickle erythrocytes. Sickle erythrocytes were subjected to deoxygenation for
3 h (S) (lanes 2, 4, 6) or left unsickled (U) (lanes 1, 3, 5). Probucol was added to medium (med.) surrounding the erythrocytes in lanes 3 and 4
before exposure of the cells to the endothelial cells. The endothelial cell monolayers used in lanes S and 6 were incubated in the presence of
probucol (cells) for 8 h before exposure to sickled or unsickled erythrocytes. A parallel plate of endothelial cells was left untreated as a control
(lane 7). (C) Lowering the intracellular redox state inhibits basal and sickled erythrocyte induction levels of ET-1 transcripts. Sickle erythrocytes
were subjected to sickling by deoxygenation for 3 h (S) (lanes 3 and 4). Parallel plates of endothelial cells served as controls (lane I and 5), or

were exposed to 3 h of hypoxia as a positive control (lane 2). Pyrrolidine dithiocarbonate and N-acetylcysteine were added to the plates used for
lanes 3 and 5. Preparation of RNAand analysis of transcripts was as described in Fig. 1. The autoradiograms are shown here. The position of the
ET-1 transcript is indicated. Filters were stripped of probe and rehybridized to a [32P] -labeled probe specific for f,-actin to assure equal loading of
RNA(autoradiograms not shown) and these autoradiograms were used for normalization of densitometric scans.

The finding that physical contact of the erythrocyte with the
endothelial cell is not required for regulation of the ET-1 gene

suggested a number of possibilities regarding mechanisms. The
results of the conditioned medium experiments make it likely
that a soluble factor is elaborated by the erythrocytes during
(and for a period subsequent to) the sickling process. Free
radical generation, including excessive formation of hydroxyl
radicals in HbSSerythrocytes (23, 24), induced by spontaneous
autooxidation of the iron in sickle heme (25), could theoreti-
cally affect the endothelial cell at a distance. Treatment of sick-
led sickle cell-conditioned medium with superoxide dismutase
to eliminate hydroxyl radicals did not ablate the ability of the
medium to induce ET-l transcripts (data not shown). The free
radical scavenger probucol (26, 27) was also used to determine
if free radical generation may play a role in ET- 1 gene regula-
tion. The presence of probucol in the medium containing the
sickled or unsickled erythrocytes had no effect on their ability
to induce ET-l transcripts (Fig. 3 A). Similarly, pretreatment
of the endothelial cells with probucol to allow intracellular accu-

mulation of the free radical scavenger did not affect ET-l tran-
script basal levels or induction by sickled erythrocytes. Potential
effects of the sickled cells on the redox potential of the endothe-
lial cells was studied by pretreatment of the endothelial cells
with the reducing agents pyrrolidine dithiocarbomate and N-
acetyl cysteine before exposure to sickled erythrocytes. These
reducing agents had only a modest effect on reducing the induc-
tion of ET-1 transcripts by sickled sickle erythrocytes (24-
36% decreases by densitometry). However, these agents also
lowered the constitutive level of ET-1 transcripts in the control
cells, presumably by lowering the basal oxidation state of the
cells (Fig. 3 C). It was therefore not possible to determine if
the effects on the sickled erythrocyte induction were specific
for the induction or were secondary to a lowering of the basal
expression. This result also suggests that basal control of ET-
1 transcript levels in endothelial cells, at least in culture, is
dependent on the redox state of the cells. It may be noteworthy
that basal levels of ET-1 expression in endothelial cells has

been linked to the transcription factor AP-1 (28), and reducing
conditions are known to activate AP-l DNA-binding (29-31,
3 la). These findings raise interesting speculation regarding the
regulation of ET-l during pathological states such as ischemia-
reperfusion and reoxygenation injury, where striking changes
in the oxidation state of affected cells have been reported.

Wehave previously demonstrated that the endogenous pro-
duction of nitric oxide (NO) by endothelial cells in culture
affects the transcription of the ET-1 gene, with inhibitors of
intracellular NOproduction resulting in increases in ET-1 tran-
script levels, independent of P02 (16). A potential role for NO
in mediating the response of endothelial cells to sickled sickle
cells was explored through the use of agents which serve as
nitric oxide donors (sodium nitroprusside, SNP), or conversely,
which block endogenous production of NOby endothelial cells
(the arginine analogue L-NNA). Elevation of local NOlevels
by SNP treatment inhibited both basal expression and sickled
cell-induced expression of ET-1 transcripts (Fig. 4 A), sug-
gesting that NOmight mediate the regulation of ET-1 by sickled
erythrocytes. If such a mechanism were operative, it should
follow that alterations in the endogenous production of NOby
endothelial cells should similarly alter the ability of sickled
erythrocytes to regulate ET-1 levels. As predicted, blockade of
endogenous NOproduction by pretreatment with L-NNA re-
sulted in a three to fourfold induction of ET-1 transcripts, and
exposure to sickled erythrocytes produced no further induction
of ET-1 transcripts (Fig. 4 B).

ET-l peptide levels in medium overlying endothelial cells
exposed to previously sickled or unsickled sickle erythrocytes
was measured by a sensitive radioimmunoassay. ET-l peptide
levels rose by two to threefold over the 3 h of exposure to
sickled erythrocytes (Table I).

It is likely that imbalances in vascular tone, manifested by
local vasospasm or failure of vasodilatory mechanisms, contrib-
ute to sickle cell crises and organ damage (32). There is abun-
dant evidence that control of local vascular tone is abnormal
not only during sickle cell crises, but also in the steady state
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Figure 4. NOdonors and inhibitors of NOsynthesis prevent induction of the ET-l gene by sickled sickle erythrocytes. Endothelial cells at confluence
were exposed for 12 h to 1 mMsodium nitroprusside (SNP) (A), or to 2.5 mML-NNA (NNA) (B), or left untreated. Sickle erythrocytes were
left untreated (RBC), or subjected to deoxygenation for 3 h (sRBC), and overlaid on the endothelial cells for 3 h. Total RNAwas isolated, separated
by electrophoresis, hybridized with a radiolabeled probe for preproET-1, subjected to autoradiography, stripped of probe, and rehybridized to a
radiolabeled probe for fi-actin for purposes of normalization. The relative mRNAlevels for preproET- 1 normalized to f3-actin mRNAare shown
for the various conditions. In A, treatment with sRBCwas statistically different from all other conditions which were not different from one another.
In B, treatments with sRBC, L-NNA, and L-NNA + sRBC were statistically different from other conditions, and were not different from one another.

course of the disease. Abnormalities in microvascular flow, in-
cluding frequent episodes of stasis or intermittent flow, and
large local oscillations in periodic microcirculatory flow with
synchronization of rhythmic flow in large domains of microves-
sels, have also been demonstrated in subjects with sickle cell
disease (33-35). These observations of disturbances in micro-
vascular flow have been interpreted as being due to intermittent

Table I. Sickled HbSS Erythrocytes Induce ET-J Secretion
from Cultured Endothelial Cells

Experiment Condition ET-1 production

pM

1 Control 5.0
AA-RBC 5.7
SS-RBC 6.9
Sickled SS-RBC 28.4

2 Control 7.2
AA-RBC 6.4
SS-RBC 4.9
Sickled SS-RBC 33.8

Media were conditioned by endothelial cells for 6 h under control condi-
tions (Control), with untreated erythrocytes from HbAA or HbSS sub-
jects (AA-RBC and SS-RBC, respectively) or HbSS erythrocytes which
had undergone a round of sickling (Sickled SS-RBC). Sickle and normal
erythrocytes' were obtained from different donors for experiment 1 and
experiment 2. The total amount of ET-1 secreted was quantified with a
radioimmunoassay and normalized to total cellular protein/plate. Equal
amounts of total cellular protein per plate were obtained under all condi-
tions tested. Recovery of ET-l was 2 90%. Inter- and intraassay vari-
abilities were 12 and 6%, respectively. ET-1 production is shown as
ET-1 concentration (pM) in 3 ml of medium produced/6 h.

occlusions by sickled erythrocytes. Alternatively, however, they
may represent local instability of vascular tone and unbalanced
regulatory and compensation mechanisms. Altered vascular re-
activity in response to pressor stimuli has also been demon-
strated in sickle cell disease (36). More recently, sickle erythro-
cytes have been found to interfere with endothelium-dependent
vasorelaxation, possibly by inhibition of endothelial-derived re-
laxing factor (NO) (37). Yet, the mechanisms responsible for
altered endothelial regulation of vasoreactivity in the pathogene-
sis of vasoocclusive events in sickle cell anemia remain un-
known (see references 32, 38 for review).

A number of specific local vasoregulatory mechanisms are
likely to be indirectly activated or aberrantly regulated in sickle
cell disease, contributing to the abnormal control of vascular
tone. Various conditions contribute to the increased vascular
wall shear forces observed in sickle cell disease, including the
higher viscosity of blood from subjects with sickle cell disease
(39) and the increased blood flow rates secondary to the severe
anemia and low systemic vascular resistance. Discrepant, tissue-
specific vasomotor effects may be mediated by changes in the
balance of shear-induced endothelial cell production of vaso-
constrictor peptides, like ET-1 and PDGF-BB (40-45), and
shear-induced production of vasodilators like nitric oxide (46-
50), and prostacyclins (5 1 ). Tissue hypoxia is commonin sub-
jects with sickle cell disease and may also contribute to local
vasoconstriction. In a model of the vasoocclusive processes
which occur in sickle cell anemia, the very first event that
occurred was local tissue hypoxia, before any vasoocclusion,
obstruction, or adhesion. Subsequently, precapillary obstruc-
tion, adhesion in postcapillary venules, and secondary trapping
of erythrocytes is observed (52, 53). Our previous work has
demonstrated that endothelial cells respond to decreases in oxy-
gen tension by transcriptional induction of genes encoding the
potent vasoconstrictors ET-1 and PDGF-B (16, 17, 21).

The aforementioned potential effects of sickle cell disease
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on local vessel dynamics are all indirect. This report is the first
demonstration that sickle erythrocytes may have the potential
capacity to affect local vasomotor tone directly. Sickle erythro-
cytes, after sickling, alter gene expression in endothelial cells
in culture, whereas unsickled erythrocytes have no such effect.
Transcripts for the powerful vasoconstrictor ET-1 are signifi-
cantly and rapidly increased upon exposure to sickled erythro-
cytes.

The mechanism whereby previously sickled erythrocytes
can regulate gene expression in the endothelium is under investi-
gation. Wehave ruled out an effect of hypoxia itself in this
process. The membrane lipids of sickle erythrocytes have been
shown to change quantitatively and qualitatively as a result of
the sickling process (54, 55), and lipids are widely used in
nature as second messengers in pathways leading to gene induc-
tion. The generation of membrane ghosts from sickled erythro-
cytes did at least partially reproduce the effect of sickled eryth-
rocytes. The generation of free radicals in the course of sickling
and reoxygenation does not appear to play a major role in the
induction of ET-1 by sickled cells.

One mechanism for control of ET-1 gene expression by
sickled erythrocytes appears to involve the vasodilatory and
intracellular signaling molecule NO. Wehave previously dem-
onstrated that the endogenous production of NOby endothelial
cells in culture affects the transcription of the ET-1 gene, with
inhibitors of intracellular NOproduction resulting in increases
in ET- 1 transcript levels, independent of P02 (16). Wedemon-
strate here that external manipulation of NOproduction by en-
dothelial cells, whether by blocking its production with an argi-
nine analogue (L-NNA), or supplying NOexogenously via a
NOdonor (sodium nitroprusside), abrogates the ability of sick-
led sickle erythrocytes to modulate ET-1 production, thus impli-
cating NOin the regulation of endothelial cell gene expression
by sickled cells. How changes in intracellular NOproduction
induced by sickled erythrocytes may contribute to the induction
of ET-1 by these erythrocytes is currently under investigation.
The possibility that free hemoglobin, released during the sick-
ling process, might chelate NOand reduce local (extracellular)
levels, thereby inducing ET-1 transcription (16), was ruled out
in a number of ways: (a) levels of free hemoglobin in the media
surrounding HbSS erythrocytes after sickling, as measured us-
ing Drabkin's reagent, did not differ from the levels released
by HbAA erythrocytes (data not shown), yet only the HbSS
erythrocytes induced ET-1 expression; (b) washing of the eryth-
rocytes after they had undergone a round of sickling did not
prevent induction of ET-1 (see Fig. 2 A, lane 3); (c) hemoglo-
bin-free membrane ghosts reproduced the induction of ET-1
(Fig. 3A). It has been postulated that the free radicals generated
by sickle cells during the sickling process would deplete local
NOproduction (see reference 32). Furthermore, we have re-
cently discovered that exposure of endothelial cells to sickled
erythrocytes results in profound suppression of the transcript
for the endothelial cell (constitutive) nitric oxide synthase (Phe-
lan, M., and D.V. Faller, manuscript submitted for publication).

The relevance of these findings to the pathophysiology of
sickle cell disease remain to be determined. The in vitro studies
described herein have established that exposure of endothelium
to sickled sickle erythrocytes results in elevations in ET-1 tran-
scripts and protein. Elevations in circulating levels of ET- 1 have
been reported in subjects with sickle cell disease ( 18, 19). Since
the concentration of ET-1 is likely to be much higher at the
interface of endothelium and smooth muscle than in the larger

volume of distribution of the circulating blood, the local produc-
tion of ET- 1 in the microvasculature in sickle cell disease may
actually be significantly higher than the values obtained from
plasma. The ongoing development of ET-1 antagonists or ET-
1 receptor blockers as therapeutics will permit determination of
the role of endothelial cell gene regulation by sickled cells in
the course of steady state or acute sickle cell disease.
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