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Endothelin-1 (ET-1) is a 21-amino acid polypeptide pro-
duced primarily by vascular endothelial cells. First discovered in
1988 as a potent vasoconstrictor, it has subsequently been ap-
preciated to participate in several biologic activities, including
vascular smooth muscle proliferation, fibrosis, cardiac and vas-
cular hypertrophy, and inflammation. Increasing data demon-
strate alterations in ET-1 signaling in newborns, infants, and
children with congenital heart defects that are associated with
alterations in pulmonary blood flow. This review outlines the
pathophysiologic role of the ET-1 cascade in the development of
altered pulmonary vascular tone and reactivity that occurs with

congenital heart disease and its repair, following the use of
cardiopulmonary bypass. In addition, therapeutic implications
for the use of novel ET receptor antagonists will be emphasized.
(Pediatr Res 57: 16R–20R, 2005)

Abbreviations
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ET-1 was originally isolated in 1988 as a 21-amino acid
polypeptide produced by pulmonary and systemic vascular
endothelial cells, and was described as the most potent endog-
enous vasoconstrictor discovered to date (1). Subsequently it
has been appreciated that ET-1 may be produced by a variety
of cell types, and has numerous biologic properties within the
cardiovascular, respiratory, renal, endocrine, gastrointestinal,
and neurologic systems. These biologic properties include the
regulation of vasomotor tone, vascular smooth muscle prolif-
eration, fibrosis, cardiac and vascular hypertrophy, and inflam-
mation (Fig. 1). In addition, alterations in the ET-1 cascade
have been implicated in the pathophysiology of a variety of
disease states, including congestive heart failure, bronchocon-
striction, fibrotic disorders, and pulmonary hypertension (2–5).
Increasing data demonstrate alterations in ET-1 signaling in
newborns, infants, and children with congenital heart defects
(CHD) that are associated with alterations in pulmonary blood
flow (6–10). This review outlines the pathophysiologic role of
the ET-1 cascade in the development of altered pulmonary
vascular tone and reactivity that occurs with congenital heart
disease and its repair, following the use of cardiopulmonary
bypass (CPB). In addition, therapeutic implications for the use
of novel ET receptor antagonists will be emphasized.

THE ENDOTHELIN CASCADE

The gene for human ET-1 is located on chromosome 6 and
is translated to a 203-amino acid peptide precursor (preproET-
1), which is then cleaved to form proendothelin-1. Proendo-
thelin, big ET-1, is then cleaved by a membrane-bound met-
alloprotein converting enzyme (Endothelin Converting
Enzyme-1, ECE-1) into its functional form (2,3,5,11). The
biologic effects of ET-1 are mediated by at least two distinctive
receptor populations, ETA and ETB, the densities of which are
different depending on age, species, pathologic state, and vas-
cular bed studied. The ETA receptors are located on vascular
smooth muscle cells and mediate vasoconstriction via phos-
pholipase activation, the hydrolysis of phosphoinositol to ino-
sitol 1,4,5-triphosphate and diacylglycerol, and the subsequent
release of Ca2�. ETA receptors also mediate smooth muscle
cell proliferation, fibrosis, and inflammation. The ETB recep-
tors are located on endothelial cells and mediate vasodilation
via the release of NO and potassium channel activation. ETB

receptors also mediate the pulmonary clearance of circulating
ET-1 (12–15). A second, less well-characterized subpopulation
of ETB receptors is located on smooth muscle cells and mediate
similar activities as the smooth muscle cell ETA receptors (15).
In vivo animal studies demonstrate that the predominant he-
modynamic effect of exogenous ET-1 in the young healthy
pulmonary circulation is ETB receptor mediated vasodilation,
with a developmental change to ETA receptor mediated vaso-
constriction with increasing age (16). In addition to endothelial
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cell production, ET-1 production has been demonstrated in a
variety of cell types within the lung, including vascular and
airway smooth muscle cells and airway epithelial cells (3).
Lastly, ET-1 is produced within the myocardium, and may
have important effects of myocardial growth and function (17).
However, data are extremely limited on the role of ET-1 in the
myocardial alterations associated with CHD. Therefore, the
focus of this review will be the role of ET-1 on the pulmonary
vasculature.

ET-1 AND PULMONARY HYPERTENSION
SECONDARY TO CHD

The development of pulmonary hypertension and its associ-
ated increased vascular reactivity, commonly accompanies
CHD with increased pulmonary blood flow or increased pul-
monary venous pressure (18–20). After surgical correction,
early vascular changes are reversible; however, more severe
changes are irreversible and progressive. Early surgical repair
of these CHD has decreased the incidence of irreversible
pulmonary vascular disease. However, even children with re-
versible vascular changes may suffer significant morbidity and
mortality in the peri- and postoperative periods secondary to
both chronic and acute elevations in pulmonary vascular resis-
tance (PVR) (18). In addition, mild elevations in PVR in
infants with single ventricle physiology, may eliminate certain
surgical options (i.e., Caval-pulmonary anastamosis and Fon-
tan procedures) (21). Therefore, the status of the pulmonary
vasculature is often the principal determinant of the clinical
course and feasibility of surgical treatment.
Increasing evidence suggests that endothelial dysfunction,

secondary to the altered mechanical forces associated with
CHD participate in the development and maintenance of pul-
monary hypertension and its associated increased vascular
reactivity. In particular, the data on ET-1 is compelling. For
example, several human studies demonstrate markedly ele-
vated plasma ET-1 levels in children with CHD and increased
pulmonary blood flow (6–10). Less consistently, some studies
have demonstrated a positive correlation between the level of

ET-1 and the degree of pulmonary hypertension, and other
studies have demonstrated a net increase in ET-1 levels across
the lung, suggesting pulmonary ET-1 production in those
patients with pulmonary hypertension (6, 9, 10). A recent study
in children with normal pulmonary vascular resistance, dem-
onstrated a correlation between mean pulmonary arterial pres-
sure and plasma ET-1 levels, yet no correlation with pulmo-
nary blood flow (22). These data, and preliminary in vitro data,
suggest that the primary mechanical force that up-regulates
ET-1 is pressure, but not flow (23). It is interesting to speculate
a role for ET-1 in the higher incidence of pulmonary hyper-
tension secondary to high pressure, high flow congenital heart
defects (ventricular septal defects), as opposed to low pressure,
high flow defects (atrial septal defects). Additional human data
are derived from patients with advanced pulmonary vascular
disease undergoing transplantation. For example, Giaid et al.
demonstrated an increase in preproET-1 gene expression in
those patients with advanced secondary pulmonary hyperten-
sion, with a subset of these being secondary to CHD (24).
To better characterize early and sequential alterations in

ET-1 signaling secondary to CHD, a lamb model of CHD
utilizing fetal aortopulmonary graft placement has been inves-
tigated. Postnatally, these lambs (shunt lambs) have a pulmo-
nary to systemic blood flow ratio of approximately 2:1, a mean
pulmonary arterial pressure that is 50–75% of mean systemic
arterial pressure, and pulmonary vascular remodeling charac-
teristic of children with pulmonary hypertension and increased
pulmonary blood flow (25). Upon initial evaluation at 1 wk of
age, peripheral lung tissue concentrations of ET-1 were in-
creased by greater than 4-fold in shunt lambs, compared with
age or twin match controls (26). Subsequent evaluations in
lambs at 4 and 8 wk of age, demonstrate a persistent increase
in both plasma and lung tissue ET-1 levels in shunt lambs
(27–29). The increase in ET-1 levels was not associated with
an increase in preproET-1 protein or mRNA levels, but was
associated with significant increases in ECE-1 protein and
mRNA. These data suggest that the increase in ET-1 levels
associated with increased pulmonary blood flow is secondary
to an up-regulation of ECE-1 following exposure to these
associated mechanical forces.
The hemodynamic effect of exogenous ET-1 was also al-

tered over time, and this was associated with altered ET
receptor gene expression. In normal one-week-old lambs, ex-
ogenous ET-1 induced pulmonary vasodilation, which was
replicated by the administration of 4-Ala-ET-1, an ETB recep-
tor agonist, suggesting ETB receptor-mediated vasodilation.
However, in one-week-old shunt lambs, the pulmonary vaso-
dilating effect of both exogenous ET-1 and 4-Ala-ET-1 was
lost. This was associated with a decrease in ETB receptor
protein levels in shunt lambs. ETA receptor protein levels were
unchanged in one-week-old shunt lambs (26). However, in
4-wk-old shunt lambs, ETA receptor protein and mRNA levels
were increased. This was associated with ET-1-induced pul-
monary vasoconstriction. 4-Ala-ET-1 had no effect in 4-wk-old
shunt lambs, coinciding with a continued decrease in ETB

receptor protein and mRNA (27,28). Interestingly, both ET-1
and 4-Ala-ET-1 induced potent pulmonary vasoconstriction in
8-wk-old shunt lambs. This was associated with a continued

Figure 1. Endothelin-1 has been implicated in the pathology of several
biologic conditions beyond its very potent vasoconstricting effects. These
include proliferation, hypertrophy, fibrosis, inflammation, and hypertrophy.
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increase in ETA receptor protein and a new increase in ETB

receptor protein levels. Immunohistochemistry demonstrated
that the up-regulation of ETB receptors coincided with a shift
from an endothelial localization at 4 wk to a predominant
smooth muscle cell location in remodeled pulmonary vessels at
8 wk, suggesting the emergence of smooth muscle localized
ETB receptors which mediate pulmonary vasoconstriction (29)
(Fig. 2). These novel findings suggest an increasingly impor-
tant role for both ETA and ETB receptors in the pathophysiol-
ogy of pulmonary hypertension secondary to CHD. These
findings correlate with a recent report demonstrating an up-
regulation of smooth muscle cell ETB receptor gene expression
in patients with advanced pulmonary hypertension secondary
to thromboembolic disease (30). In fact, in a postnatal piglet
model of increased pulmonary blood flow that used an anas-
tomosis between the subclavian artery and pulmonary artery,
whole lung ETB receptor mRNA was increased, although
localization studies were not performed (31). However, bosen-
tan, a combined ETA and ETB receptor antagonist, completely
blocked the physiologic and morphologic development of pul-
monary hypertension in this model (31). Currently, there are
ongoing multi-centered studies on the use of ET receptor
antagonists in patients with advanced pulmonary vascular dis-
ease and Eisenmenger’s physiology. Preliminary reports sug-
gest both physiologic and functional improvement without
worsening hypoxemia (personal communications).
Taken together, these data suggest an important role for the

ET-1 cascade in the pathophysiology of pulmonary hyperten-
sion secondary to CHD. The potential role of the ETA versus

the ETB receptor in this disorder requires further investigation.
This is particularly relevant in the early neonatal period, in
which the potential benefits of the endothelial ETB receptor
(vasodilation) versus the pathology of the smooth muscle cell
ETB receptor (vasoconstriction and smooth muscle cell prolif-
eration) has not been adequately investigated.

ET-1 AFTER CARDIAC SURGERY FOR
CONGENITAL HEART DISEASE

Cardiopulmonary bypass is generally used to perform sur-
gical correction of CHD. Cardiopulmonary bypass and related
ischemia reperfusion injury results in generalized endothelial
cell injury. Both histologic and functional endothelial cell
abnormalities have been well documented in many tissues
following ischemia reperfusion, including the myocardium,
lung, brain, liver, kidneys, bowel, and pulmonary and systemic
vascular smooth muscle (32–34).
There are compelling animal and human data demonstrating

that ET-1 plays a significant role in the pathophysiology of
ischemia-reperfusion injury. In particular, ET-1 levels are sig-
nificantly increased in humans and animals during a variety of
models of ischemia-reperfusion injury, including hypothermic
CPB (35–39). In ischemia reperfusion, it has been shown that
ET-1 becomes dominant whereas the production of NO be-
comes impaired and this imbalance contributes to ischemia
reperfusion injury. Furthermore, CPB increases not only the
production of ET-1 but also the expression of ET receptors
especially in the lungs.
During CPB, ischemia-reperfusion injury to the heart is well

documented and felt to be a major cause of postbypass low
cardiac output syndrome. Both systolic and diastolic myocar-
dial dysfunction are clearly demonstrated in adults and children
following CPB. The pathophysiology is multi-factorial and
includes both myocardial cell and endothelial cell damage.
Myocardial histology demonstrates interstitial and cellular
edema, apoptosis, and necrosis. Endothelial cell imaging also
reveals swelling and necrosis of coronary vascular endothelial
cells, and functional studies demonstrate the loss of endothe-
lium-dependent relaxation, and secretion of ET-1. These
changes result in depressed myocardial function, and decreased
microcirculatory coronary blood flow and reserve (38).
Both endogenous and exogenous ET-1 produce very potent

constriction of the coronary vasculature (38,40). In addition,
ET-1 has been shown to exert a positive inotropic effect on
isolated ventricular myocytes (41). The inotropic effect is
associated with prolongation of the action potential in the
ventricular myocardium, which may explain the pro-
arrhythmic effect of ET-1. However, despite the direct positive
inotropic effect of ET-1 on myocytes, the administration of
ET-1 decreases myocardial function and output as a result of
myocardial ischemia secondary to its potent coronary vasocon-
stricting effects. Increased plasma and myocardial ET-1 levels
have been demonstrated in animals and humans with several
different cardiovascular disorders, which include atherosclero-
sis, myocardial ischemia and congestive heart failure (38,40).
During myocardial ischemia-reperfusion injury, increased
myocardial production and release of ET-1, as well as an

Figure 2. ETA and ETB protein expression in the lung in vivo from tissue from
8-week-old lambs. Immunohistochemical localization of ETA and ETB protein
expression in the lung in vivo from 8-wk-old (E-H) lambs. Polyclonal rabbit ETA
and ETB receptor antibodies and monoclonal mouse anti-SMC-actin antibodies
were used to localize expression. ETA and ETB protein expression is shown in red
while SMC-actin expression is shown in green. Co-localization is shown in
yellow. Magnification is 800X. In both shunt and control lambs, ETA receptors
localize to smooth muscle cells in both shunt and control lambs. In eight-week
control lambs, ETB receptors localize to endothelial cells. However in shunt lambs,
sub-populations of ETB receptors localize to smooth muscle cells. Results are
representative of 3 different sets of twin matches (control and shunt). Adapted from
Circulation, 108:1646–1654, © 2003 American Heart Association, Inc., with
permission.
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enhanced coronary constrictor response to ET-1, have been
demonstrated. In addition, the majority of studies with endo-
thelin receptor antagonists have shown a reduction of the
ischemia-reperfusion myocardial injury (38,42).
Although several studies have demonstrated increased

plasma ET-1 levels during and after CPB, few studies have
directly investigated the effects of ET-1 and post- cardiopul-
monary bypass myocardial dysfunction. In lambs with in-
creased pulmonary blood flow secondary to in utero placement
of aortopulmonary vascular grafts, both ETA selective and dual
endothelin receptor antagonists completely attenuate the nor-
mal decrease in cardiac output following hypothermic CPB
(43,44). In addition, in a piglet model of hypothermic CPB,
pretreatment with bosentan, an oral dual endothelin receptor
antagonist, improved both right and left ventricular function,
decreased leukocyte-mediated myocardial injury, and de-
creased cardiac cell death (35). Collectively, these data suggest
that endogenous ET-1 is of pathophysiological importance in
the decreased myocardial function following CPB, and that
endothelin receptor antagonists may attenuate the injury and
improve postbypass myocardial function.
Lung injury following CPB is also well described. Clini-

cally, it is manifested as reduced oxygenation, reduced lung
compliance and, most importantly, increased PVR and aug-
mented pulmonary vascular reactivity, a known cause of mor-
bidity and mortality after repair of CHD (33). This may result
in decreased oxygen delivery, right ventricular dysfunction,
and acute life-threatening increases in PVR, all of which
contribute to the development of low cardiac output syndrome.
The etiology of bypass-induced lung injury is multi-factorial,
and includes complement activation, neutrophil accumulation,
and oxygen free radical injury (45). However, injury to the
pulmonary vascular endothelium, and its associated alterations
in ET-1, is considered to be a major factor. In fact, patients
with preexisting pulmonary vascular endothelial dysfunction
are at greatest risk of developing clinically significant bypass-
induced lung injury and low cardiac output syndrome.
As previously mentioned, compelling animal and human

data suggest that alterations in ET-1 and ET receptors local-
ization and expression secondary to endothelial injury contrib-
ute to the development of pulmonary arterial hypertension and
its associated increased vascular reactivity (6–8,24,46). Dur-
ing CPB, several factors including the disruption of normal
pulmonary blood flow (36,37), complement activation, neutro-
phil activation, surgical stress, hypothermia, and alveolar hyp-
oxia, induce further pulmonary vascular endothelial dysfunc-
tion and ET-1 production (37). In several animal and human
studies, plasma ET-1 concentrations are consistently increased
during and following CPB (36,43,44). In piglets, this was
associated with increased endothelin gene expression and re-
ceptors. In a study of children with CHD, the plasma concen-
tration of ET-1 3 h after CPB correlated with the degree of
post- cardiopulmonary bypass pulmonary arterial hyperten-
sion, suggesting a role for ET-1 in the pathophysiology of post-
cardiopulmonary bypass pulmonary arterial hypertension (37).
In addition, several animal studies suggest that treatment with
endothelin receptor antagonists attenuates post- cardiopulmo-
nary bypass pulmonary arterial hypertension and associated

altered reactivity. Thus, in lambs with preexisting pulmonary
arterial hypertension secondary to increased pulmonary blood
flow, the increase in PVR following cardiopulmonary bypass
was completely blocked when pretreated with either dual or
ETA-selective antagonists. In addition, the augmented pulmo-
nary vascular reactivity following CPB, which is responsible
for the potential life-threatening acute increases in PVR, was
also completely blocked in those lambs pretreated with endo-
thelin receptor antagonists (43,44). Similarly, in normal pigs
and piglets, blockade with bosentan not only attenuated the
increase in PVR following CPB, but also improved pulmonary
function and decreased leukocyte-mediated lung injury
(35,36). Lastly, in children with congenital heart disease, a 20
min infusion of BQ 123, an ETA-selective antagonist, de-
creased pulmonary vascular resistance following surgical re-
pair with the use of CPB (47).
Taken together, animal and human data suggest a role for

ET-1 in the pathophysiology of lung dysfunction following
CPB. In addition, these data suggest that pretreatment with
endothelin receptor antagonists will prevent CPB -induced
pulmonary dysfunction. This should result in decreased PVR,
improved right ventricular function, decreased incidence of
postbypass pulmonary hypertensive crises, and improved pul-
monary compliance and oxygenation. The end result should be
an improvement in oxygen delivery and a subsequent decrease
in the incidence of postbypass low cardiac output syndrome.
Injury to the brain, kidneys, and liver are well demonstrated

in both children and adults following hypothermic CPB (21).
Individually, these injuries contribute to significant co-
morbidity and mortality in these patients. In particular, neuro-
logic sequelae from cardiopulmonary bypass -induced brain
injury are a prominent factor in the long-term outcome of
children, and their recognition and prevention is a major focus
of ongoing investigation (21). In addition, the metabolic de-
rangements that result from these organ injuries alter cardio-
pulmonary function, and contribute to the development of low
cardiac output syndrome. Experimental models of organ injury
suggest that ET-1 levels are increased during ischemic injury to
the brain, kidneys and liver. Investigations utilizing endothelin
receptor antagonists have shown a reduction in the ischemic
injury, suggesting a pathophysiological role for ET-1 in these
injuries (48–50).
In summary, there is compelling human and animal data to

suggest a role for ET-1 in the pathophysiology of pulmonary
hypertension secondary to CHD, and the alterations in pulmo-
nary vascular tone and reactivity following the use of CPB.
Additionally, evidence suggests a role for ET-1 in the patho-
physiology of ischemia-reperfusion injury of several organs
associated with cardiopulmonary bypass. The exact role of
ETA and ETB receptors in these processes remains to be better
elucidated. The smooth muscle cell ETB receptor is known to
be an inducible receptor, which is up-regulated in pathologic
conditions. In contrast the endothelial ETB receptor is down-
regulated in pathologic situations, thus the potential vasodilat-
ing effect of ETB may be disrupted and directed to prolifera-
tion, inflammation and vasoconstriction. With the recent
development of ET receptor antagonists as potential therapeu-
tic agents, these data suggest that the investigation of ET
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receptor antagonists for the treatment of both chronic and acute
pulmonary hypertension secondary to CHD is warranted. Al-
though preliminary data suggest a role for dual receptor block-
ade, a better understanding of the receptor alterations in CHD
and CPB ischemia reperfusion injury will be important, par-
ticularly in the neonatal period, to define the optimal use of
selective ETA receptor antagonists versus dual ET receptor
antagonists in these settings. (16,22,23).
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