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Abstract
The risk and progression of pulmonary vascular disease in patients with congenital heart disease is dependent on the hemodynamics associated with different lesions. However, the underlying mechanisms are not understood. Endothelin-1 is a potent
vasoconstrictor that plays a key role in the pathology of pulmonary vascular disease. We utilized two ovine models of congenital
heart disease: (1) fetal aortopulmonary graft placement (shunt), resulting in increased flow and pressure; and (2) fetal ligation of the
left pulmonary artery resulting in increased flow and normal pressure to the right lung, to investigate the hypothesis that high
pressure and flow, but not flow alone, upregulates endothelin-1 signaling. Lung tissue and pulmonary arterial endothelial cells were
harvested from control, shunt, and the right lung of left pulmonary artery lambs at 3–7 weeks of age. We found that lung
preproendothelin-1 mRNA and protein expression were increased in shunt lambs compared to controls. Preproendothelin-1
mRNA expression was modestly increased, and protein was unchanged in left pulmonary artery lambs. These changes resulted in
increased lung endothelin-1 levels in shunt lambs, while left pulmonary artery levels were similar to controls. Pulmonary arterial
endothelial cells exposed to increased shear stress decreased endothelin-1 levels by five-fold, while cyclic stretch increased levels
by 1.5-fold. These data suggest that pressure or an additive effect of pressure and flow, rather than increased flow alone, is the
principal driver of increased endothelin signaling in congenital heart disease. Defining the molecular drivers of the pathobiology of
pulmonary vascular disease due to differing mechanical forces will allow for a more targeted therapeutic approach.
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Introduction
Pulmonary hypertension remains a source of signiﬁcant
morbidity and mortality in patients with primary or associated disease. Pulmonary arterial hypertension (PAH) is a
common complication of congenital heart disease (CHD).
Studies demonstrate that 4–15% of CHD patients go on to
develop PAH, and PAH secondary to CHD represents over
a third of pediatric PAH cases.1–9 The associated risk of
PAH is well-known to depend on the size and location of
the cardiac defect. For example, patients with post-tricuspid

valve lesions that expose the pulmonary vasculature to
increased pulmonary blood ﬂow (PBF) with a direct pressure stimulus from the systemic ventricle (e.g. large unrestrictive ventricular septal defects) develop pulmonary
vascular disease (PVD) with a much greater incidence and
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severity than patients with pre-tricuspid valve defects (e.g.
atrial septal defects) that result in increased PBF alone.10–12
This diﬀerence suggests the risk of PAH depends upon the
underlying mechanical forces conferred by the congenital
defect, and that either elevated pulmonary pressure alone
or the additive eﬀect of both elevated pulmonary pressure
and PBF rather than increased PBF alone drives the development of PVD. However, the relative contributions of
pressure versus ﬂow overload to vascular injury and the
development of PVD in CHD patients remain poorly
understood.
Many of the hallmark traits of PVD—including pulmonary vasoconstriction and an imbalance in cellular proliferation and apoptosis—are mediated by endothelial
dysfunction and a pathologic imbalance of vasoactive substances.13–16 The endothelin system is a well-described mediator of disease progression in PVD, contributing to vascular
smooth muscle proliferation, cardiac and vascular hypertrophy, ﬁbrosis, and inﬂammation, in addition to its wellknown role as a singularly potent vasoconstrictor.17–23 A
wealth of evidence implicates endothelin-1 (ET-1) signaling
in the pathophysiology of PVD secondary to CHD. ET-1
levels are increased in both the plasma and lung of patients
with PVD and, importantly, correlate with disease prognosis.17–23 However, speciﬁc ET-1 signaling associated with
diﬀering mechanical forces associated with CHD requires
further investigation. Deﬁning the contributions of diﬀerent
mechanical forces to altered molecular signaling in the vasculature will lead to more clearly deﬁned risk factors for
PVD and targeted endothelin receptor antagonist therapy
according to underlying mechanism of disease.
Therefore, the objective of the current study was to discern alterations in ET-1 signaling associated with diﬀerent
hemodynamic states utilizing two clinically signiﬁcant ovine
models of CHD. Our previously established shunt model
(shunt) recapitulates a large systemic-to-pulmonary communication via the in utero placement of a vascular graft
between the ascending aorta and pulmonary artery (PA)
of fetal lambs, resulting in postnatally increased PBF and
pulmonary pressures, and many of the physiologic and morphologic characteristics of early PVD associated with CHD
in humans.24 Our recently established ﬂow alone model (left
pulmonary artery (LPA)) recapitulates a pre-tricuspid valve
lesion of increased PBF without signiﬁcantly increased PA
pressures via fetal ligation of the LPA, resulting in isolated
increased PBF to the right lung.25 Previous RNA sequencing analysis demonstrated unique gene expression patterns
between these models, and a hyperproliferative, anti-apoptotic cellular phenotype in shunt cultured primary pulmonary artery endothelial cells (PAECs).25 To further delineate
endothelin signaling in these CHD models, lung tissue from
these animals was used to quantify and compare changes in
expression of ET-1, preproET-1, and ECE-1. In addition,
PAECs isolated from control lambs were used to measure
changes in ET-1 expression due to applied ﬂuid shear and/or
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pressure stresses. Having demonstrated the impact of varying hemodynamic conditions on ET-1 expression, we then
sought to investigate the potential for downstream transcriptional eﬀects of ET-1 modulation using RNA sequencing and gene set enrichment analysis.26 These analyses
revealed the eﬀect of altered pulmonary hemodynamics on
a subset of genes whose expression correlates closely to ET-1
expression and signiﬁcantly enriched biological processes
associated with angiogenesis and apoptosis. Finally, we
probed the diﬀerential eﬀects of ET-1 and BQ788 (a selective ETB antagonist) on cellular angiogenesis and apoptosis.
This work is the ﬁrst to speciﬁcally address the role of aberrant hemodynamic derangements and altered ET-1 signaling
in the pathophysiology of PVD secondary to diﬀering
hemodynamic forces associated with CHD.

Methods
Surgical preparation and animal care
For a model of increased PBF and pulse pulmonary pressure (PAP), as described previously in detail,24 a total of ﬁve
pregnant mixed-breed Western ewes (137–141 days gestation, term ¼ 145 days) were anesthetized and an 8.0 mm
Gore-tex vascular graft (2 mm in length) was anastomosed
between the main PA and ascending aorta of the fetal lamb.
For a model of increased PBF without increased PAP, ﬁve
late gestation pregnant ewes were anesthetized, and the LPA
of the fetal lamb ligated, as described previously.25 Control
lambs were provided by either twin gestation (n ¼ 2) or agematched (n ¼ 3). Four to six weeks following spontaneous
delivery, control (n ¼ 5), shunt (n ¼ 5), or LPA (n ¼ 5) lambs
were anesthetized, mechanically ventilated, and instrumented for continuous hemodynamic measurement. Vital
signs were monitored continuously throughout the study
and animals were given intravenous ﬂuids and prophylactic
antibiotics per protocol. Harvested lung tissue was snap
frozen in liquid nitrogen and stored at –80 C for future
use. At the end of each study, all lambs were sacriﬁced by
lethal injection of sodium pentobarbital followed by bilateral thoracotomy as described in the National Institutes of
Health (NIH) Guidelines for the Care and Use of
Laboratory Animals. All protocols and procedures were
approved by the Committees on Animal Research at the
University of California, San Francisco and University of
California, Davis.

Isolation and culture of PA endothelial cells
Primary PA endothelial cells from control, shunt, and LPA
lambs (n ¼ 5 per group) were isolated from main PA, distal
to the shunt anastomosis, at the bifurcation of the left and
right pulmonary arteries, as described in detail previously.27,28 Brieﬂy, primary PAECs were isolated via the
explant technique from the main PA. A segment of the
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main PA was placed in a sterile dish containing Dulbecco’s
Modiﬁed Eagle Medium (DMEM) with appropriate supplementation. The segment was stripped of adventitia with sterile forceps and opened longitudinally, and the endothelial
layer was removed by gentle rubbing with a cell scraper.
Cells were grown in culture in appropriate media. After several days, moderate-sized aggregates of endothelial cells
were transferred using a micropipette, grown to conﬂuence,
and then maintained in culture at 5% CO2 at 37 C. All
experiments were performed with passage-matched cells
between passages 4–8.

mRNA extraction and quantitative real-time PCR
Total RNA was isolated from frozen lung tissue samples
using the Direct-zol RNA Miniprep Plus kit (Zymo
Research, Irvine, CA) according to the manufacturer’s
protocol. RNA concentration was quantiﬁed using a
NanoDrop spectrophotometer (ND-1000, Thermo Fisher
Scientiﬁc, Waltham, MA) and reverse transcription was performed with the RNA to cDNA EcoDry Premix (Oligo dT)
(Takara Bio, Japan) using 1 mg of total RNA. Quantitative
real-time PCR (qPCR) ampliﬁcation was done in triplicate
20 mL reactions using PerfeCTa SYBR Green SuperMix
ROX (Quantabio, Beverly, MA) on an ABI 7900HT realtime PCR System (Thermo Fisher). Gene-speciﬁc primers
were designed using public PrimerQuest Tool software
(Integrated DNA Technologies, Skokie, IL). qPCR results
were calculated using the comparative CT method as
previously described29 with beta-2-microglobulin as the reference gene and normalized to compare relative changes in
mRNA expression in shunt and LPA ligation conditions to
control.

Western blot
Proteins were extracted as previously described27,28,30,31 and
sample concentrations determined using a NanoDrop spectrophotometer (ND-1000, Thermo Fisher). Western blot
was performed as described previously27,28; 20 mg of protein
were loaded per sample and separated by 10% SDS-PAGE.
Proteins were subsequently transferred to a polyvinylidene
diﬂuoride membrane (MilliporeSigma, Burlington, MA)
and blocked with 5% nonfat dried milk in 130 mM NaCl
and 25 mM Tris (Tris-Buﬀered Saline (TBS), pH 7.5) for 1 h
at room temperature. Blots were incubated overnight at 4 C
with primary antibodies against preproET-1, ECE-1, (Santa
Cruz Biotechnology, Dallas, TX), and -actin (Abcam,
Cambridge, UK) which served as a loading control. This
was followed by several washes in TBS Tween (TBST) and
incubation with the species-appropriate horseradish peroxidase-conjugated secondary antibody for 1 h at 4 C.
After ﬁnal washes in TBST, protein bands were
visualized by chemiluminescence (SuperSignal West Pico
Chemiluminescent Substrate kit, Thermo Fisher). Relative
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protein expression was calculated by band densitometry
using the public domain Java image-processing program
ImageJ (NIH Image).

Endothelin Converting Enzyme (ECE) activity
ECE activity was measured with the SensoLyte 520 ECEs
Activity Assay Kit Fluorimetric (AnaSpec, Fremont, CA).
Cells were collected and lysed at density of 5e5 cells/mL;
50 mL of lysates were used to run assay per manufacturer
protocol; and 0.2 ng/mL of human, recombinant ECE-1
(AnaSpec, Fremont, CA) was used as positive control.
Reference standards were generated according to manufacturer instructions. Assay plate was incubated for 30 min at
37 C. Endpoint readings were measured in relative ﬂuorescence units (RFUs) at Ex/Em 490 nm/520 nm using
spectrophotometer.

ET-1 determinations
Proteins were extracted from lung tissue by homogenization
in radioimmunoprecipitation (RIPA) buﬀer (150 mM NaCl,
1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM
EDTA, 50 mM Tris-HCl) containing a protease inhibitor
cocktail (Sigma Aldrich, St. Louis, MO) followed by soniﬁcation and centrifugation to collect liquid lysate. Whole cell
lysates were similarly extracted from PAECs by scraping
and sonicating cells in RIPA buﬀer with protease inhibitors
(Sigma Aldrich). Protein concentrations were then determined for lung homogenates via a Bicinchoninic Acid
Protein Assay Kit (Sigma Aldrich) and for whole cell lysates
via Quick Start Bradford Protein Assay (Bio-Rad, Hercules,
CA). ET-1 ELISA was performed using a commercial kit
according to the manufacturer’s instructions (Enzo Life
Sciences, Farmingdale, NY), as we have previously
described.30–32 The sensitivity is 0.41 pg/mL with a range
of 0.78–100 pg/mL. Standard and sample concentrations
were calculated by ﬁtting the data to a four-parameter logistic regression.

Fluid shear stress and cyclical stretch stress
For ﬂuid shear stress, cells were maintained in DMEM containing 1% serum and 10 mg/mL heparin on six-well tissue
culture plates (Costar) for 24 h before initiating shear stress
experiments. A cone-plate viscometer was designed and
built such that it accepts six-well plates.27,28 This allowed
the PAEC monolayer to be subjected to a radially constant
ﬂuid shear stress at laminar ﬂow rates representing levels of
shear stress within physiologic parameters. Typical physiologic shear stress in the major human arteries is in the range
of 5–20 dynes/cm2.33 Thus, we imparted a shear stress of 20
dynes/cm2 for 8 h to mimic the upper limit of the physiologic
range. For cyclic stretch, cells were maintained in DMEM
containing 1% serum and 10 mg/mL heparin on six-well
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BioFlex plates coated with collagen type I (FlexCell) for
24 h, then subjected to biaxial cyclic stretch using the
FlexCell 3000 Strain Unit. Plates were placed on a loading
station and stretched by applying an oscillatory vacuum to
the underside of the membranes. Cells were stretched at a
frequency of 1 Hz with 20% amplitude for 8 h in accordance
with previous studies.34

RNA sequencing analysis
Previous RNA sequencing analysis demonstrated that
EDN1 (ET-1) was a top 10 up-regulated transcript in
shunt compared to LPA and control PAECs.25 To determine the potential impact of EDN1 on the angiogenic,
anti-apoptotic phenotype of these shunt PAECs, IPA
Pathway Analysis (Qiagen, Inc) was utilized to generate networks of diﬀerentially expressed genes (DEGs) (False
Discovery Rate (FDR) <0.05; FE > 2) downstream of
EDN1. In addition, we searched our database of DEGs
for transcripts that adhere to EDN1’s unique expression
pattern (i.e. elevated in shunt, depressed in LPA). Of the
1069 genes that were signiﬁcantly elevated in shunt
PAECs, 136 (13%) were also signiﬁcantly depressed in
PAECs from LPA animals. To gain a more complete understanding of how these unique DEGs may inﬂuence biology,
they were submitted to the Gene Ontology (GO) database
for pathway enrichment analysis. Source material was RNA
obtained from PAEC clonal lines derived from control
(n ¼ 4), LPA (n ¼ 3), or shunt (n ¼ 2) lambs.

Angiogenesis quantification
Matrigel assays were performed in 24-well plates previously
coated with 50 mL/cm2 of Corning Matrigel Basement
Membrane
Matrix
(Corning
#354234;
9 mg/mL,
Tewksbury, MA, USA) as previously described.25 Cells
were seeded (40,000 cells/well, passage 2–5) and adhered
for 4–6 h. After 72 h, four pictures/well were taken using
the Cell Imaging System EVOS, and automatic quantiﬁcation of tube formation was performed with the Image J
Angiogenesis Analyzer. Brieﬂy, the length was calculated
in order to quantify the capacity of PAECs for tube formation. Comparisons were made between baseline conditions
and with the addition of either ET-1 (1 mM/mL) or BQ788
(an ETB receptor antagonist, 1 mM/mL).

Apoptosis quantification
Terminal deoxynucleotidyl transferase 2’-deoxyuridine 5’-triphosphate (dUTP) nick end labeling analysis. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
was performed using the DeadEnd Colorimetric Apoptosis
Detection System (Promega) as previously described.35,36
Brieﬂy, PAECs from each experimental group (control,
LPA, and shunt) were treated with tumor necrosis factor
(TNF)-a 50 ng/mL. After TNF-a treatment, cells were
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appropriately washed and ﬁxed, then incubated with terminal deoxynucleotidyl transferase and reaction mix including ﬂuorescein-12-dUTP for 1 h at 37 C. Cells were then
again washed and incubated with 40 ,6-diamidino-2-phenylindole (DAPI) (5 mM) for 15 min at room temperature.
DAPI, a nuclear stain, was used normalize for total cell
number. Comparisons were made between baseline conditions and with the addition of either ET-1 (1 mM/mL) or
BQ788 (an ETB receptor antagonist, 1 mM/mL).

Statistical analysis
Data are represented as mean  SD. Statistical signiﬁcance
was determined by one-way analysis of variance with posthoc Tukey’s tests. A p-value <0.05 was taken to be statistically signiﬁcant.

Results
We previously demonstrated the hemodynamic diﬀerences
in the lamb models.25 As expected, both LPA ligation and
shunt lambs had signiﬁcantly higher right PBF, compared to
controls, while shunt lambs had higher mean PA pressure
compared to both control and LPA lambs25 (Table 1).
Peripheral lung preproET-1 mRNA expression was
increased in shunt lambs compared to both control and
LPA ligation lambs (Fig. 1a). Compared to controls,
preproET-1 mRNA expression was modestly increased in
LPA lambs (Fig. 1a). ECE-1 mRNA expression was similarly increased in shunt and LPA lambs compared to controls (Fig. 1b). Lung preproET-1 and ECE-1 protein levels
were increased in shunt lambs compared to both control and
LPA ligation lambs (Fig. 1c and d). Compared to controls,
both preproET-1 and ECE-1 protein levels were modestly
increased in LPA lambs (Fig. 1d). ECE-1 activity was similar in all three groups (744.1  21.8 RFU control;
724.6  54.6 RFU shunt; 731.2  68.7 RFU LPA, n ¼ 3 in
each group). These changes resulted in increased lung ET-1

Table 1. Baseline hemodynamics in Control (n ¼ 9), LPA ligation
(n ¼ 8), shunt (n ¼ 4) lambs.

Control
LPA
Shunt
a

MAP
(mmHg)

MPAP
(mmHg)

 PAP
(mmHg)

RPAQ
(L/min)

70  9.4
74  15
61  8.7

14  1.8
19  3.6a
26  6.3a,b

11.8  0.2
14.8  3.2
18  0.4a,b

0.7  0.1
1.4  0.3a
2.0  0.2a,b

p < 0.05 vs control.
p < 0.05 shunt vs LPA ligation lambs.
Notes: In order to compare pulmonary blood flow between the three groups,
right pulmonary artery blood flow (RPAQ) was estimated assuming 55% of total
pulmonary blood flow, for control and shunt lambs.
MAP: mean arterial pressure; MPAP: mean pulmonary arterial pressure; PAP:
pulse pulmonary pressure; RPAQ: right lung pulmonary artery blood flow.
Source: reproduced with permission from Johnson Kameny et al., 2019.25
b
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Fig. 2. Peripheral lung tissue levels of ET-1 (ELISA) are increased in
shunt lambs, but not LPA lambs (a). n ¼ 5 for each group, * vs. control
p < 0.05. Control PAECs exposed to 8 h of shear stress (20 dyn/cm2)
decreases ET-1 levels; 8 h of cyclic stretch (CS, 20%) increases ET-1
levels (b). n ¼ 5, *vs. static; yvs. LPA p < 0.05.
LPA: left pulmonary artery; ET-1: endothelin-1.

Fig. 1. Lung preproET-1 mRNA and protein expression were
increased in shunt lambs compared to controls (a and c) (p < 0.05).
PreproET-1 mRNA expression was unchanged in LPA lambs, and
protein was modestly increased (a and c). In both shunt and LPA lambs,
ECE-1 mRNA and protein expression were increased compared to
controls (b and d) (p < 0.05). In addition, shunt ECE-1 mRNA and
protein expression were increased compared to LPA (b and d).
Representative images of western blots (c and d) are shown. In all
panels, shunt and LPA values are normalized to control. Values are
mean  SD, n ¼ 5 for each group, *vs. control; yvs. LPA p < 0.05.
LPA: left pulmonary artery; ET-1: endothelin-1; qPCR: quantitative realtime PCR.

levels in shunt lambs, while LPA levels were similar to
controls (Fig. 2a). Interestingly, the application of cyclic
stretch to control PAECs increased ET-1 levels, while
the application of ﬂuid shear stress decreased ET-1 levels
(Fig. 2b).
Importantly, previous RNAseq evaluation on PAECs
harvested from the main PA from each model demonstrated
ET-1 (EDN1) as a top upregulated gene in shunt lambs that
was uniquely downregulated in LPA ligation lambs compared to controls.25 Dendrogram and unsupervised hierarchical clustering heat map analysis demonstrate excellent
diﬀerentiation between PAECs derived from each model
(Fig. 3).
Given the relationship between ET-1 expression and
hemodynamics in the pulmonary vasculature, we hypothesized that downstream changes in gene transcription related
to ET-1 would be observed in PAECs and these changes
might shed light on the pathophysiology of PVD. We utilized RNAseq data derived from PAECs taken from shunt,

LPA, and control animals to investigate changes in gene
expression associated with ET-1. After generating a list of
signiﬁcantly DEGs (FDR <0.05, FE > 2), we then used IPA
Pathway Analysis (Qiagen, Inc) to produce a set of likely
transcription networks downstream of EDN1. DEGs shown
in orange are predicted to be activated, while those in blue
are predicted to be inhibited (Fig. 4a and c). We then utilized IPA knowledge database to highlight terms associated
with either angiogenesis or apoptosis as indicated by light
blue dashed lines. These results suggest that ET-1 likely
exerts additional downstream eﬀects on PAEC pathology
through direct transcriptional regulation of genes related
to angiogenesis and apoptosis.
Additionally, we hypothesized that changes in ET-1
expression could have indirect inﬂuence on gene expression
given its function as a potent vasoconstrictor. To test this
hypothesis, we identiﬁed a subset of genes with expression
patterns correlated to ET-1 expression (i.e. elevated in shunt
PAEC and depressed in LPA PAEC). Of the 1069 genes that
were signiﬁcantly elevated in shunt PAECs, 136 (13%) were
also signiﬁcantly depressed in PAECs from LPA animals
with respect to control. To gain a more complete understanding of how these DEGs may inﬂuence PAEC biology,
they were submitted to the GO database for pathway enrichment analysis. Doing so revealed a total of 152 signiﬁcantly
enriched biological processes (FDR <0.05; FE > 2). Among
the most signiﬁcant pathways included associated angiogenesis (GO:0001525) (Fig. 4a and b) and negative regulation of
apoptosis (GO:0043066) (Fig. 4c and d).
To more directly determine a potential role for the diﬀerential EDN1 in relation to the angiogenic, anti-apoptotic
shunt cellular phenotype, we determined the eﬀect of ET-1
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Fig. 3. EDN1 transcriptional characterization of control, LPA and shunt PAECs. n ¼ 4 control, n ¼ 3 LPA, n ¼ 2 shunt. Gene expression of the
136 significant DEGs exhibiting expression patterns similar to EDN1 with respect to animal model hemodynamics (q-value <0.05) are represented here in a heatmap. Expression is quantified by log fragments per kilobase million (FPKM) where green indicates relatively higher levels of
expression and red represents lower levels. Heat map of PAEC RNA-Seq data confirm clustering of gene expression by model.
LPA: left pulmonary artery.

and ETB receptor blockade on: (1) tube formation length in
growth factor restricted Matrigel to characterize angiogenesis and (2) TUNEL staining following TNF-a stimulation
to induce apoptosis. As seen in Fig. 5a and b, at baseline,
PAECs from shunt animals had a greater rate of angiogenesis compared to control and LPA cells after 72 h in
Matrigel, as quantiﬁed by increased tube formation length.
The addition of ET-1 had no eﬀect on control or shunt cells,
but increased LPA tube length to that of shunt PAECs,
suggesting a primed LPA phenotype. ETB receptor blockade
decreased shunt tube length to control values. As seen in
Fig. 6a and b, control PAECs had the greatest percentage
of apoptotic cells, followed by LPA PAECs, with shunt

PAECs exhibiting the greatest resistance to apoptosis (Fig.
6a and b). The addition of ET-1 decreased apoptosis in control, LPA, and shunt cells. ETB receptor blockade did not
alter apoptosis rates in control or LPA cells, but increased
shunt cells above its respective baseline values.

Discussion
PVD is associated with a spectrum of pathology that
includes chronic hypoxic conditions, infections, chronic
inﬂammatory states, drug/toxin-induced, and genetic etiologies.1 Although the late symptoms and histopathology of
these diﬀering etiologies are similar, their initial
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Fig. 4. IPA Pathway Analysis (Qiagen, Inc) was utilized to generate networks of differentially expressed genes (DEG) (FDR <0.05; FE >2)
downstream of EDN1 (a and c). DEGs shown in orange are predicted to be activated, while those in blue are predicted to be inhibited. We then
utilized IPA knowledge database to highlight terms associated with either angiogenesis or apoptosis as indicated by light blue dashed lines. We
searched our PAEC dataset of differentially expressed genes for transcripts that adhere to EDN1’s unique expression pattern (i.e. elevated in
shunt, depressed in LPA). These unique 136 DEGs were submitted to the Gene Ontology (GO) database for pathway enrichment analysis which
revealed a total of 152 significantly enriched biological processes (FDR <0.05; fold enrichment (FE) >2). Among the most significant pathways
associated with PVD physiology, were associated angiogenesis (b) and negative regulation of apoptotic process (d). For each pathway, mean
expressions of candidate effector genes are displayed.
LPA: left pulmonary artery.

pathobiology is likely disparate. CHD-associated PVD is a
common pediatric etiology of PVD, but unique in several
aspects: (1) the inciting event, or trigger, is known (exposure
of the pulmonary vasculature to abnormal mechanical
forces); (2) there is an understanding of the natural history
of disease progression, and an insight into early disease; (3)
persistence of the abnormal forces leads to progressive PVD
that shares many characteristics with other forms of PVD;
(4) timely removal of these forces with surgical correction
results in complete disease reversal; and (5) the subgroup of
patients that do not reverse PVD despite surgical correction
facilitates the potential identiﬁcation of conditions and
mechanisms speciﬁcally associated with (the transition
towards) irreversible disease.37 In the current study, we

utilized two diﬀering ovine models of CHD to determine
potential diﬀerences in ET-1 expression associated with different forms of CHD. In fact, we found that ET-1 expression was preferentially increased in our shunt model as
compared to our LPA ligation model. Our shunt model
mimics cardiac defects that are most at risk for developing
irreversible PVD without early surgical repair, cardiac
defects that induce increased PBF plus a direct pressure
stimulus from the systemic ventricle on the pulmonary circulation (e.g. non-restrictive VSD).24 Our LPA ligation
model mimics cardiac defects (e.g. Atrial Septal Defects
(ASD)) that have a much lower incidence of developing
PVD, pre-tricuspid valve defects that induce increased
PBF alone.25 These ﬁndings were recapitulated in vitro, in
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Fig. 5. PAECs angiogenic capacity was assess using Matrigel assay. Over a 72-h period, both shunt PAECs formed tubes of longer length that
PAECs isolated from control lambs, while shunt PAECs from LPA animals had a similar tube length to controls. The addition of ET-1 (1 mM/mL)
increased tube length in cells harvested from LPA lambs, but did not change tube length in cells harvested from control or shunt lambs. The
addition of BQ788 (1 mM/mL, an ETB receptor antagonist) decreased tube length in shunt PAECs but did not change tube length in control or LPA
PAECs. n ¼ 5 per group. (a) representative photos; (b) quantification. *p < 0.05 vs. baseline controls; yp < 0.05 vs. baseline LPA; ’p < 0.05 vs.
corresponding baseline cell model.
LPA: left pulmonary artery; ET-1: endothelin-1.

which cyclic stretch, the mechanical force associated with
increased pressure, increased ET-1 signaling, while increased
shear stress, the mechanical force associated with increased
ﬂow, decreased ET-1 signaling.
Taken together, this study provides both in vivo and
in vitro evidence that pressure (stretch) is the major driver
of ET-1 upregulation. The eﬀects of ET-1 gene expression
and release have been previously studied with diverse
in vitro study designs.38–45 These studies demonstrate varying results, but they diﬀered by the cell type studied, and the
type, extent, and duration of the mechanical force utilized.
For example, studies in human umbilical venous endothelial
cells consistently demonstrate a decrease in ET-1 release,
preproET-1, and ECE-1 expression in response to increased
shear stress.38,39,42,43 However, cyclic stretch increases

preproET-1 expression but systemic levels of pressure
decrease ET-1 release.38–40 Studies in systemic vascular ECs
consistently demonstrate an increase in ET-1 release and
preproET-1 expression in response to cyclic stretch or systemic levels of pressure.41,44 Similar to our study, the only
previous study in PAECs demonstrated a decrease in ET-1
release with an increase in shear stress from 5 dyn/cm2 to
20 dyn/cm2. However, further increases to pathologic levels
of shear stress (120 dyn/cm2) increased ET-1.45 The current
study is the ﬁrst to evaluate diﬀering mechanical forces by
comparing both in vivo models and in vitro forces.
Interestingly, RNAseq analysis from cells cultured from our
animal models correlates exactly with our in vitro studies;
PAECs isolated from shunt lambs exposed to increased pressure in vivo and PAECs isolated from normal lambs exposed
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Fig. 6. PAECs apoptosis susceptibility was assessed using TUNEL assay following TNF-a treatment to induce apoptosis. Over a 24-h period,
both LPA and shunt PAECs had less apoptosis than did PAECs isolated from control lambs, while shunt PAECs had even less apoptosis than did
PAECs derived from LPA lambs. The addition of ET-1 (1 mM/mL) decreased apoptosis in cells from each animal model. The addition of BQ788
(1 mM/mL, an ETB receptor antagonist) increased apoptosis in shunt PAECs. n ¼ 5 per group. (a) representative photos; (b) quantification.
*p < 0.05 vs. baseline controls; yp < 0.05 vs. baseline LPA; ’p < 0.05 vs. corresponding baseline cell model.
LPA: left pulmonary artery; ET-1: endothelin-1.

to cyclic stretch in vitro both increased ET-1 RNA expression,
while PAECs isolated from LPA ligation lambs exposed to
increased ﬂow alone in vivo and PAECs isolated from normal
lambs exposed to shear stress in vitro both decreased RNA
ET-1 expression (Fig. 2). However, studies from peripheral
lung correlate less precisely suggesting that the diﬀering cell
types in lung homogenate likely alter the results slightly. For
example, in peripheral lung from shunt lambs, ET-1, ECE-1,
and ET production were increased compared to both LPA
and control lambs, correlating with the increased ET-1
levels in shunt lambs. However, despite the fact that ET-1
levels in peripheral lung from LPA lambs was similar to controls, ET-1 and ECE-1 expression was modestly increased in
peripheral lung from LPA ligation lambs compared to controls (Figs 1 and 2).
Our previous study demonstrated an increase in the
number of pulmonary vascular arterioles in shunt compared

to control four-week-old lambs.24 This doubling of pulmonary vessels may represent an early compensatory angiogenesis to incorporate the increased ﬂow and pressure.
Importantly, this angiogenesis is not appreciated in our
ﬂow alone LPA ligation lambs (unpublished observation).
In addition, we recently demonstrated a hyperproliferative,
angiogenic, anti-apoptotic phenotype in cells harvested from
shunt PA, but not in LPA cells.25 To determine a potential
role for ET-1 in this phenotype, we utilized IPA Knowledge
and GO databases that revealed signiﬁcantly enriched biological pathways that included angiogenesis and negative
regulation of apoptosis, suggesting that ET-1 activity may
inﬂuence the expression of other genes whose functions
relate to this phenotype (Fig. 4). In addition, as seen in
Figs 5 and 6, in vitro assays demonstrate that the addition
of ET-1 or the ETB receptor antagonist BQ788 directly
inﬂuences these functions. Further studies are warranted
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to determine if this early EC phenotype of hyperproliferation, angiogenetic, and anti-apoptotic is initially an adaptive
response to incorporate the increase in ﬂow and pressure
that with increasing time will contribute to the pathologic
remodeling associated with the development of PVD.
Although these data clearly demonstrate that increased
pressure in vivo, and cyclic stretch in vitro, upregulate ET-1
expression, a signiﬁcant limitation of the current study is
that the mechanism by which the mechanotransduction of
pressure or stretch upregulates ET-1 is not investigated. We
are currently evaluating several potential mechanisms that
include alterations in reactive oxygen species (ROS) and
hypoxia-inducible factors (HIF)-1 and -2. For example,
data suggest that cyclic stretch increases mitochondrial
ROS production, which can stimulate HIF-1a activity,
and the induction of several HIF-1a-dependent genes
including ET-1 expression.46–48 We have previously demonstrated increases in ROS in shunt lambs, and this ROS/HIF1/ET-1 pathway has been implicated in the cardiovascular
complications of obstructive sleep apnea.49,50 This potential
mechanism in CHD requires further investigation and is
beyond the scope of this manuscript.
This is the ﬁrst investigation of the diﬀerential eﬀects of
in vivo and in vitro mechanical forces associated with diﬀerent
types of CHD on ET-1. Our results suggest that pressuredriven lesions that are associated with cyclic stretch and a
greater risk of developing PVD are associated with an upregulation of ET-1 signaling and production. In addition, directly and/or indirectly, ET-1 signaling may be related to the
cellular hyperproliferative phenotype demonstrated in shunt
PAECs. The development of new therapies over the past
decade has certainly improved outcomes of patients with
PVD. However, morbidity and mortality remain unacceptably
high, and our current therapeutic approach remains suboptimal on several fronts that include: (1) currently only three
signaling cascades are targeted (Nitric oxide-cGMP, prostacyclin, ET-1) and (2) the treatment approach is similar in all
forms of PVD despite the diﬀerential pathobiology, and
relates to disease severity as opposed to underlying pathology.51 In this study, we focus on one form on PVD, that
associated with CHD, and evaluate diﬀerential signaling of
one of the current therapeutic targets, ET-1. We speculate
that further translational investigations that discern particular
aberrations in PH biology within subsets of patients could
facilitate a more tailored therapeutic approach for clinicians
within diﬀerent types of PVD. For example, our results would
suggest that a PVD treatment prevention strategy in a patient
with CHD whose surgery requires delay, may be dependent
upon their underlying physiology; a treatment strategy in a
patient with CHD associated with increased PBF alone may
not include an ET receptor antagonist, while a patient with
CHD resulting in both increased ﬂow and a direct pressure
stimulus may include an ET receptor antagonist. Further studies are warranted to better inform these types of therapeutic
decisions.
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