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patients with preserved left ventricular ejection fraction and
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Abstract

Pulmonary hypertension complicating left heart disease (PH-LHD) is associated with increased morbidity and mortality, especially
in patients who develop combined pre- and post-capillary PH (Cpc-PH). Mechanisms underlying PH-LHD are incompletely under-
stood, particularly for individuals with preserved left ventricular ejection fraction (LVEF). We hypothesized that transpulmonary
concentrations of biomarkers representing signaling pathways with known effects on the pulmonary circulation could provide
insight into the molecular etiology of PH-LHD in patients with preserved LVEF. Blood samples were collected from the pulmonary
artery (PA) and wedge positions of outpatients with normal LVEF referred for right heart catheterization. Hemodynamic tracings
were reviewed to classify patients as “no PH” (n=23) or “PH-LHD” (n=22). A biomarker’s transpulmonary ratio (TPR) was
calculated as the quotient of wedge and PA concentrations. The TPR of endothelin | (ET-1) was elevated in Cpc-PH (n=10)
compared to no PH or isolated post-capillary PH (Ipc-PH, n = 12); cAMP and cGMP TPRs were not different among groups. Higher
ET-1 TPR in Cpc-PH was due to increased wedge ET-1 concentration. Pulmonary vascular resistance (PVR) strongly correlated with
wedge ET-1 exclusively in Cpc-PH patients. In patients with normal LVEF and Cpc-PH, ET-1 TPR is higher, due to elevated wedge
ET-1, compared to those without PH or with Ipc-PH. Strong correlation between PVR and wedge ET-1, observed only in the
Cpc-PH group, may suggest increased pulmonary vascular responsiveness to ET-1 in these patients. These findings implicate
elevated pulmonary ET-1 as a marker of, and a potential contributor to, development of Cpc-PH in this population.
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Pulmonary hypertension due to left heart disease (PH-LHD)
is defined as elevated mean pulmonary artery pressure
(mPAP; >25mmHg) in the setting of elevated left ventricu-
lar (LV) filling pressure (pulmonary artery wedge pressure
[PAWP] > 15mmHg)." PH-LHD occurs in the setting of
heart failure with reduced or preserved left ventricular ejec-
tion fraction (LVEF) and/or left-sided valvular disease® and
portends a worse prognosis compared to LHD with normal
PA pressure.” A subset of patients with PH-LHD develops
increased pre-capillary pulmonary vascular resistance

(PVR) superimposed on elevated LV filling pressure, result-
ing in combined pre- and post-capillary PH (Cpc-PH).?
Elucidating the pathophysiologic processes underlying this
combined phenotype is important, as it may carry increased
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morbidity and mortality compared to isolated post-capillary
PH (Ipc-PH), yet has no targeted treatment with proven
benefit.* ©

In pulmonary arterial hypertension (PAH), dysregulation
of the endothelin (ET), prostacyclin, and nitric oxide signal-
ing pathways has a well-established pathophysiologic role;
drugs that modulate these pathways are the mainstay of
PAH treatment.* In patients with heart failure with reduced
LVEF (HFrEF), there is evidence that impaired pulmonary
release of cGMP, a secondary messenger downstream of
nitric oxide and natriuretic peptides, plays a role in the
development of pre-capillary PH.” However, analogous
mechanisms in patients with preserved LVEF are less well
understood.

We hypothesized that measurement of the relative con-
centrations of biomarkers and mediators across the pulmon-
ary circulation may provide insight into the molecular
etiology of PH-LHD with preserved LVEF, including
Cpc-PH. Enhanced understanding of the pathophysiologic
processes underlying PH-LHD may enable development of
novel therapies or personalized application of current medi-
cations and, ultimately, improve outcomes. We therefore
conducted a study in patients with preserved LVEF compar-
ing transpulmonary levels of putative biomarkers in patients
with PH-LHD and no PH.

Methods
Participants

In this prospective, cross-sectional study, patients were eli-
gible for enrollment if they were aged 18 years or older and
had been referred for right heart catheterization (RHC) with
or without left heart catheterization/coronary angiography
as part of their usual clinical care. Exclusion criteria were
LVEF <40%, atrial fibrillation on the day of catheteriza-
tion, significant anemia (hemoglobin < 10 g/dL and hemato-
crit <30%), pregnancy, and treatment with PAH-specific
medications or nitrates. The study was approved by the
Vanderbilt University Institutional Review Board and all
participants provided written informed consent.

Sample collection and processing

Swan-Ganz catheter placement in the proximal PA or
wedge position was confirmed by pressure waveform ana-
lysis. A 5-10-cc blood sample was collected from each site
with the minimal aspiration pressure necessary; samples
were not sent for blood gas analysis. In patients who under-
went fluid challenge, sample collection was repeated after
normal saline administration (500cc administered via
peripheral IV over approximately Smin) and acquisition
of subsequent pressure measurements. Samples were
immediately placed on ice and then hand-delivered to the
Vanderbilt Core Laboratory for  Cardiovascular
Translational and Clinical Research. Plasma was separated

and stored in a —80°C freezer for later batched analysis as
described below.

Hemodynamic classification

RHC pressure tracings (recorded at baseline, before fluid
challenge, if performed) were reviewed independently by
two authors (DFM and KM) for classification as precapil-
lary PH (mPAP >25mmHg and pulmonary artery wedge
pressure < I5mmHg), PH-LHD (mean PA pressure>
25mmHg and PAWP > 15mmHg) or no PH (mPAP <
25mmHg). PH-LHD was further subdivided into Cpc-PH
(diastolic pressure gradient [DPG]>7mmHg and/or
PVR >3 Wood units [WU]) and Ipc-PH (DPG <7 mmHg
and PVR <3 WU).4 All pressures were measured at end
expiration.

Biomarker analysis

Patients were excluded from biomarker analysis if they had:
precapillary PH (WHO group 1, 111, IV, or V); no PH, but
co-existing acute cardiopulmonary disease discovered at or
after catheterization (i.e. coronary disease and/or severe
valvular disease); uninterpretable pressure tracings; or
absence of wedge blood sample due to inability to obtain
during catheterization. Plasma ET-1, cAMP, and cGMP
concentrations were measured in the Vanderbilt Core
Laboratory for Cardiovascular Translational and Clinical
Research by ELISA (R&D Systems, Inc., Minneapolis,
MN, USA; Cat# DETI100, KGE002B, and KGE003,
respectively) according to manufacturer’s instructions.
Each sample was run in duplicate. The ELISA plate was
read on an Epoch microplate spectrophotometer (BioTek
Instruments, Inc., Winooski, VT, USA) and data analysis
was performed with Gen5 software (BioTek).

Statistical analysis

The transpulmonary ratio (TPR) of a biomarker was calcu-
lated as the quotient of its concentration in the wedge blood
sample and its concentration in the PA sample. Statistical
analysis was performed with Prism 7 (GraphPad Software,
Inc., La Jolla, CA, USA). Box plots represent minimum,
first quartile, median, third quartile, and maximum values.
For continuous variables, normality of distribution was
determined using the D’Agostino—Pearson test. For nor-
mally distributed variables, statistical significance was eval-
uated using two-tailed t-test with Welch’s correction (for
pairwise comparisons) or ANOVA followed by Tukey’s
test (for multiple comparisons). For non-normally distribu-
ted variables, statistical significance was evaluated by
Wilcoxon—-Mann—Whitney test (for pairwise comparisons)
or Kruskal-Wallis test followed by Dunn’s test (for multiple
comparisons). The statistical significance of categorical vari-
ables was determined using a two-tailed Fisher’s exact test.
For scatter plots, Spearman correlation coefficients were
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Table |. Demographics and co-morbidities of participants with
samples sent for biomarker analysis.

No PH
(n=23)

PH-LHD

(n=22) P value

61+8
12 (55)
2746
5945
8 (35)
7 (30)
5(22)
Il (48)

6448
14 (61) 0.77
3348 0015
61 +5 02
18 (86) <0.001
10 (45) 037
10 (45) 0.12
8 (36) 0.55

Age (years) 0.19
Female (n (%))

BMI (kg/m?)

LVEF

Hypertension (n (%))

Diabetes (n (%))

Ischemic heart disease (n (%))
Chronic kidney disease (n (%))

The average BMI and prevalence of hypertension were higher in the group with
PH-LHD than in the control group. For continuous variables, values represent
mean == SD.

PH, pulmonary hypertension; PH-LHD, pulmonary hypertension due to left
heart disease; BMI, body mass index; LVEF, left ventricular ejection fraction.

calculated and statistical significance determined with two-
tailed t-test. For all tests, a P value <0.05 was considered
statistically significant.

Results

The cohort consisted of 23 patients with no PH and 22
patients with PH-LHD. Patient demographic information
and co-morbidities are shown in Table 1. LVEF was
normal in both the no PH and PH-LHD groups. There
was no significant difference in age or gender between the
two groups. Consistent with previous reports,® hypertension
and obesity were more prevalent in the PH-LHD group than
in the no PH group. RHC showed normal right atrial, pul-
monary artery, and wedge pressures in the no PH group; as
expected, all were elevated in the PH-LHD group (Fig. 1a).

To investigate potential molecular associations with PH-
LHD, we calculated TPRs of mediators with known effects
on the pulmonary vasculature (Fig. 1b). There was no stat-
istically significant difference between the no PH and
PH-LHD groups in the TPRs of ET-1, cAMP, or cGMP.
However, the skewed distribution of ET-1 TPRs in the
PH-LHD group suggested the presence of outliers with
high TPR. Normality analysis and examination of individ-
ual patient TPRs revealed a non-Gaussian distribution in
this group, suggestive of a discrete subset of patients with
high ET-1 TPRs (Fig. 1c).

Postulating that patients with Cpc-PH have a distinct
pathophysiology from those with Ipc-PH, we stratified the
PH-LHD group based on DPG and PVR as recommended
in recent guidelines.* Clinical and hemodynamic character-
istics of the two groups are shown in Table 2. There was no
difference in heart rate, systolic or diastolic systemic blood
pressure, right atrial pressure, PAWP, or cardiac index. The
Cpc-PH group had higher mPAP and diastolic pulmonary
artery pressure than the Ipc-PH group. As expected based
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Fig. |. A subset of patients with PH-LHD has elevated TPR of ET-1
compared to the rest of the group and individuals with no PH. (a)
Hemodynamics from RHC showing higher right atrial pressure, mPAP,
and wedge pressures in individuals with PH-LHD (n =22) compared to
those without PH (n=23). *P < 0.001 vs. no PH. (b) There was no
difference in TPRs for any of the three biomarkers measured between
the no PH and PH-LHD groups. (c) The distribution of TPR in the
PH-HD group is non-normally distributed due to outliers with high
TPR. *P < 0.001 for non-Gaussian distribution. RAP, right atrial
pressure; mPAP, mean pulmonary artery pressure; PAWP, pulmonary
artery wedge pressure; PH, pulmonary hypertension; PH-LHD,
pulmonary hypertension due to left heart disease; cAMP, cyclic
adenosine monophosphate; cGMP, cyclic guanosine monophosphate;
ET-1, endothelin 1.

on the parameters used to define Cpc-PH, this group had
higher PVR than the Ipc-PH group, and the latter included
no patients with elevated DPG. A third measure of
increased precapillary resistance, transpulmonary pressure
gradient (TPG), was also higher in the Cpc-PH group.
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Table 2. RHC hemodynamics in PH-LHD stratified by DPG and PVR. (@) p =0.03 ,
5 - I 1
Ipc-PH Cpc-PH p=0.03
n=12) (n=10) P value E 4 4 o
HR (bpm) 76 121 66+ 14 0.8 ": 00
Systolic BP (mmHg) 129 +23 134 +21 0.84 f= 31
Diastolic BP (mmHg) 70+ 14 67413 0.92 [ )
RAP (mmHg) I1+4 14+4 0.12 ° ALA X
PAP (mmHg) 302+5 2410 0.003 2 °9 0°
m & : w14 % slas
dPAP (mmHg) 22+4 30+6 0.003 X
PAWP (mmHg) 23+5 23+6 0.96 0 S T T
PVR (WU) 1.6+0.4 4+ 1.4 <0.001 No PH Ipc-PH Cpc-PH
PVR >3 WU (n (%)) 0 (0) 9 (90) nfa (b) 5 - A No PH
DPG > 7 mmHg (n (%)) 0 (0) 6 (60) n/a o X Ipc-PH
TPG (mmHg) 10+£3 19+£8 <0.001 = 4- A o Cpc-PH
Cl (L/min/m?) 3+0.7 27407 0.35 o N
Chronic HTN (n (%)) Il (85) 9 (90) >0.99 ; 3 «
Loop diuretic (n (%)) 7 (58) 7 (70) 0.67 g A o
ACEI/ARB (n (%)) 3 (25) 5 (50) 0.38 % 2 ©)
o Ala o AP«
Diastolic pressure and mPAP were higher in the Cpc-PH group than the Ipc-PH 2 1 - %
group, despite similar PAWP. Consistent with the definition of Cpc-PH used in © % O
this study, PVR and the prevalence of elevated DPG were higher in the Cpc-PH = A
group. TPG, an additional measure of precapillary PH, was also significantly 0
higher in Cpc-PH group. Values represent mean + SD. cAMP cGMP
Ipc-PH, isolated post-capillary pulmonary hypertension; Cpc-PH, combined pre-
and post-capillary pulmonary hypertension; HR, heart rate; BP, blood pressure () A No PH p <0.001
(systemic); bpm, beats per minute; RAP, right atrial pressure; mPAP, mean pul- X Ipc-PH
monary artery pressure; dPAP, diastolic pulmonary artery pressure; PAWP, p =0.009
pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; DPG, 8- © Cpc-PH I I
diastolic pressure gradient; TPG, transpulmonary pressure gradient; Cl, cardiac - e}
index; HTN, hypertension; ACEI, angiotensin-converting enzyme inhibitor; £
ARB, angiotensin receptor blocker. K 6
= o
~ @)
. . .. b olo
There was no difference between the two groups in clinical £ 4 - A x o5
characteristics including prevalence of chronic hypertension, .,-% AAA X 0 A
use of loop diuretics, or use of ACE inhibitors/angiotensin S 2- A %
receptor blockers. & oo X
Patients with Cpc-PH had higher ET-1 TPR than those 0 ©
with no PH or with Ipc-PH (Fig. 2a). There was no differ- Pulmonary Artery Wedge

ence in the TPRs for cAMP or cGMP among the three
groups (Fig. 2b). The ET-1 TPR was elevated because of
higher wedge concentration rather than lower PA concen-
tration (Fig. 2¢), suggestive of either increased production or
decreased clearance of ET-1 in the pulmonary circulation of
patients with Cpc-PH. There was no difference in ET-1 TPR
or wedge ET-1 between the no PH and Ipc-PH groups. The
finding of higher TPR and wedge ET-1 in Cpc-PH was dur-
able across two alternative definitions of Cpc-PH:
(1) TPG>12mmHg; and (2) DPG>7mmHg alone
(Suppl. Fig. 1).

Next, we sought to determine whether elevated wedge
ET-1 was related to LV filling pressure. While PAWP and
wedge ET-1 correlated in the no PH group, there was no
relationship between the two in either PH-LHD sub-group,
suggesting that elevated wedge pressure alone does not drive
ET-1 production or development of Cpc-PH (Fig. 3a).

Fig. 2. The TPR of ET-1 is elevated in Cpc-PH due to high wedge ET-1.
(2) ET-1 TPR was elevated in the Cpc-PH group (n = 10) compared to
the Ipc-PH (n=12) and no PH (n=23) groups. There was no differ-
ence in wedge ET-1 levels between the Ipc-PH and no PH groups. (b)
There was no difference in the TPRs of cAMP and cGMP among the
three groups. (c) The elevated ET-1 TPR in Cpc-PH was due to higher
wedge ET-1 rather than lower pulmonary artery ET-1. ET-1, endothelin
I; PAWP, pulmonary artery wedge pressure; PH, pulmonary hyper-
tension; Ipc-PH, isolated post-capillary pulmonary hypertension;
Cpc-PH, combined preand post-capillary pulmonary hypertension;
cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine
monophosphate.

To determine whether pulmonary ET-1 secretion could be
stimulated by acute volume loading, we analyzed a subset of
patients who had undergone fluid challenge during catheter-
ization. In four individuals without PH and four with
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Fig. 3. Wedge ET-| is neither correlated with PAWP in PH-LHD nor
affected by acute fluid challenge in individuals with no PH or Ipc-PH.
(a) Scatter plot showing correlation between wedge ET-1 and PAWP in
the no PH group, but not in either PH-LHD group. (b) There was no
consistent change in wedge ET-1 after fluid challenge in four individuals
with no PH and four with Ipc-PH. (c) Scatter plot of the same par-
ticipants depicted in (b) showing no relationship between the change in
PAWP and the change in ET-I in response to fluid challenge. ET-1,
endothelin I; PH, pulmonary hypertension; PH-LHD, pulmonary
hypertension due to left heart disease; PAWP, pulmonary artery wedge
pressure; |lpc-PH, isolated post-capillary pulmonary hypertension;
Cpc-PH, combined pre-and post-capillary pulmonary hypertension.

Ipc-PH there was no consistent difference in wedge ET-1
pre- and post-fluid bolus (Fig. 3a), regardless of the
change in wedge pressure (Fig. 3b). These findings suggest
that ET-1 secretion is not triggered by acute volume loading
in these populations.

To investigate other potential determinants of ET-1 pro-
duction, we compared wedge ET-1 concentration to systolic
and diastolic systemic blood pressure, cardiac output, and
cardiac index. As shown in Suppl. Fig. 2, the only significant
correlation was between wedge ET-1 and systolic blood
pressure in the Cpc-PH group. While it is possible that sys-
tolic hypertension promotes pulmonary ET-1 production in

81 -6~ Cpc-PH
- r=0.83
2 64 p =0.005
c [o]
2 = Ipc-PH
o 44 o o r=0
g L 8 g ° p>0.99
&~ a
X
g ,] s =& NoPH
a % r=-0.12
%7, p=0.59
0 T T T 1
0 2 4 6 8

Wedge ET-1 (pg/mL)

Fig. 4. Pulmonary ET-1 may contribute to increased PVR in patients
with Cpc-PH. PVR was strongly correlated with wedge ET-1 in the
Cpc-PH group. There was no correlation between PVR and wedge
ET-I in the Ipc-PH and no PH groups. ET-1, endothelin |; Cpc-PH,
combined pre- and post-capillary pulmonary hypertension; Ipc-PH,
isolated postcapillary pulmonary hypertension.

this group, it seems more biologically plausible that ET-1 is
contributing to the determination of systolic blood pressure.

Finally, to assess whether elevated pulmonary ET-1 had a
functional consequence, we compared PVR to the wedge
ET-1 concentration in each study participant. In the
Cpc-PH group, there was a strong, positive correlation, sug-
gesting that ET-1 may contribute to elevated precapillary
resistance in these patients (Fig. 4). There was no relation-
ship between PVR and wedge ET-1 in the Ipc-PH or no PH
groups. As shown in Suppl. Fig. 3, there was no statistically
significant correlation between PVR and ET-1 TPR, indicat-
ing that the absolute concentration of ET-1 to which the
pulmonary circulation is exposed, rather than TPR, is
likely the most physiologically relevant parameter.

Discussion

We have shown that in patients with preserved LVEF and
Cpc-PH, wedge blood ET-1 concentration is elevated com-
pared to patients with Ipc-PH or without PH, potentially
implicating ET-1 in the etiology of Cpc-PH. We have fur-
ther shown that in patients with Cpc-PH, PVR strongly cor-
relates with the ET-1 concentration in wedge blood and that
wedge ET-1 concentration is not solely determined by LV
filling pressures.

ET-1 has well-described functions in both systemic and
pulmonary physiology, acting as a potent vasoconstrictor
and smooth muscle cell mitogen.”'" A role for ET-1 signal-
ing in the pathophysiology of PAH is clearly estab-
lished.'*'? Elevated blood levels of ET-1 and a decrease in
PVR after acute administration of an ET receptor antagon-
ist have been described in HFrEF.'*'® However, very little
is known about the circulating concentration or pathophy-
siologic effects of ET-1 in heart failure with preserved EF
(HFpEF)." In the one controlled clinical trial of ET recep-
tor antagonism in HFpEF, sitaxsentan treatment resulted in
increased treadmill time but was not associated with changes
in echocardiographic or clinical outcomes.?” Clinical trials
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of ET receptor antagonists and other PAH medications in
both HFrEF and HFpEF have been similarly neutral or
even suggested detrimental effects.”’ >

Largely unaddressed in clinical trials, but increasingly
appreciated, is the heterogeneous nature of PH-LHD.
Although there is a growing body of data to suggest distinct
pathophysiology in Cpc-PH patients,”®?” little is known
about the specific molecular etiology of this newly-recog-
nized phenotype. Measurement of transpulmonary bio-
markers has the potential to help elucidate this molecular
pathophysiology, refine HFpEF phenotypes, and identify
treatments that may be effective in a given patient. Among
the several studies that have evaluated transpulmonary ET
levels, only one included a patient population potentially
comparable to ours.”® Of 27 patients included in that
study, the five with elevated PAWP had no arteriovenous
difference in ET immunoreactivity. Based on the available
clinical information in that study as well as the early-gen-
eration ET assay used, it is challenging to compare directly
that study to ours. A step-up in ET-1 concentration across
the lungs, correlating with pulmonary pressures, has been
demonstrated in PAH'*?° and HFrEF,** *?; however those
studies did not evaluate as a separate sub-group individuals
that may have had Cpc-PH. Our study is unique among
those done in patients with LHD in its focus on patients
with preserved LVEF. In addition, our analysis of Cpc-PH
and Ipc-PH as distinct phenotypes provides data that may
implicate ET-1 in the pathogenesis of superimposed pre-
capillary PH; this hypothesis could not have been generated
in a study that grouped all PH-LHD patients together.

It is unknown whether development of superimposed pre-
capillary PH is related to the magnitude or duration of eleva-
tion in left-sided filling pressures. The cross-sectional nature of
our study does not allow careful examination of these deter-
minants. However, the lack of difference in PAWP between the
Cpc-PH and Ipc-PH groups may provide some evidence that
neither development of Cpc-PH, nor elevation in wedge ET-1,
is solely related to the magnitude of LV filling pressure eleva-
tion, consistent with prior findings.?” Although data are avail-
able for only a small subset of the cohort, the lack of consistent
change in ET-1 TPR after a fluid bolus in those with no PH or
Ipc-PH raises the possibility that changes in transpulmonary
ET levels cannot be induced rapidly with acute changes in
volume status. Rather, our data suggest patient-intrinsic fac-
tors that result in increased ET-1 expression in response to
elevated wedge pressure of some chronicity, coupled with
increased pulmonary vasoreactivity to ET-1. Further study
will be required to elucidate these mechanisms; possibilities
include differences in pulmonary mechanosensing of increased
post-capillary pressure, genetic or epigenetic variability in com-
ponents of the ET-1 synthesis and post-translational process-
ing pathways, and differences in absolute or relative expression
of ET-A and ET-B receptors in the pulmonary circulation.*?

This study has several potential limitations. During
sample collection, catheter positioning was evaluated only
by waveform analysis; measuring oxygen saturation would

have allowed us to be more confident about the fidelity of
sample acquisition, particularly from the wedge position.
However, failure to achieve the wedge position would be
expected to: (1) result in lower transpulmonary gradients
in all patients; and (2) make identifying a difference between
groups less likely. Importantly, this study does not allow us
to definitively determine the anatomic source of ET-1 in the
wedge samples. Given the relatively small volume of blood
sampled in relation to the large capacity of the pulmonary
circulation, it is likely we collected intrapulmonary, rather
than left atrial, blood, perhaps even from the level of the
resistance arteriole known to have a central role in the
pathophysiology of PAH. The sample size was relatively
small, especially the key sub-group of patients with Cpc-
PH; confirmation of our findings in a larger population is
needed. The clinical and diagnostic data needed to assess
formally whether study patients had HFpEF were not uni-
formly available, although it is likely that many of the PH-
LHD patients in this study qualify for that diagnosis.

Further, we evaluated only a focused panel of biomarkers
chosen based on their known effects in the pulmonary cir-
culation in PAH. However, the pathophysiology of PH-
LHD is likely more complex than can be captured solely
with the biomarkers evaluated in this study and an
unbiased, larger-scale approach could lead to the identifica-
tion of additional novel targets. As noted above, the study is
also limited by its cross-sectional nature. Longitudinal data
from serial RHCs would allow us to investigate the relative
timing of PAWP elevation and rise in PAP. These sequential
measurements would facilitate exploration of the hypothesis
that elevated wedge pressure leads to elevated wedge ET-1
and subsequent elevation in PVR. A subset of patients in
our cohort with Ipc-PH but elevated ET-1 TPR might rep-
resent the early stage of this progression. Ultimately, ET-1
TPR could be used to identify patients most likely to derive
benefit in a clinical trial of ET receptor blockade.

In conclusion, this study highlights the potential of
transpulmonary biomarkers to refine specific patient pheno-
types in PH-LHD. Specifically, our findings suggest that
Cpc-PH may occur, in part, due to exaggerated ET-1 pro-
duction in response to elevated wedge pressure and
increased responsiveness of the pulmonary vasculature to
elevated ET-1. Therefore, this study lends support to the
notion that Cpc-PH has a molecular pathophysiology dis-
tinct from Ipc-PH, potentially implicates ET-1 signaling in
this pathophysiology, and may provide rationale for evalu-
ation of ET receptor blockade in this selected population of
patients.

Acknowledgments

The authors are grateful to study coordinators Laura Maynard,
Sherron Crook, and Carol Meisch; to Drs. Robert Piana, Marshall
Crenshaw, Joseph Fredi, Mark Glazer, David Slosky, Pete Fong,
Elias Haddad, and Richard Gumina for blood sample collection;
and to Kelsey Tomasek for assistance with biomarker ELISAs.



Pulmonary Circulation Volume 8 Number | | 7

Conflict of interest

Ken Monahan received an investigator-initiated grant from Gilead
Sciences for this study. Evan Brittain receives investigator-initiated
funding from Gilead Sciences through the Gilead Sciences
Research Scholars Program in Pulmonary Arterial Hypertension.
Anna Hemnes serves as a consultant for United Therapeutics,
Actelion Pharmaceuticals, Bayer, and GlaxoSmithKline.

Funding

The work was supported by Gilead Sciences investigator-initiated
grant [IN-US-300-0155] to Ken Monahan. Evan Brittain is sup-
ported by an American Heart Association Fellow to Faculty
Award [13FTF16070002] and a Gilead Sciences Research
Scholars Award in Pulmonary Arterial Hypertension. This work
was supported by CTSA award [UL1TR000445] from the National
Center for Advancing Translational Sciences. Its contents are
solely the responsibility of the authors and do not necessarily
represent official views of the Center for Advancing Translational
Sciences or the National Institutes of Health.

References

1. Simonneau G, Gatzoulis MA, Adatia I, et al. Updated clinical
classification of pulmonary hypertension. J Am Coll Cardiol
2013; 62(25 Suppl.): D34-41.

2. Vachiery JL, Adir Y, Barbera JA, et al. Pulmonary hyperten-
sion due to left heart diseases. J Am Coll Cardiol 2013; 62(25):
D100-108.

3. Ghio S, Gavazzi A, Campana C, et al. Independent and addi-
tive prognostic value of right ventricular systolic function and
pulmonary artery pressure in patients with chronic heart fail-
ure. J Am Coll Cardiol 2001; 37(1): 183-188.

4. Gali¢ N, Humbert M, Vachiery J-L, et al. 2015 ESC/ERS
Guidelines for the diagnosis and treatment of pulmonary
hypertension. Eur Heart J 2016; 37(1): 67-119.

5. Gerges C, Gerges M, Lang MB, et al. Diastolic pulmonary
vascular pressure gradient: A predictor of prognosis in “‘out-
of-proportion” pulmonary hypertension. Chest 2013; 143(3):
758-766.

6. Dalos D, Mascherbauer J, Zotter-Tufaro C, et al. Functional
status, pulmonary artery pressure, and clinical outcomes in
heart failure with preserved ejection fraction. J Am Coll
Cardiol 2016; 68(2): 189-199.

7. Melenovsky V, Al-Hiti H, Kazdova L, et al. Transpulmonary
B-type natriuretic peptide uptake and cyclic guanosine mono-
phosphate release in heart failure and pulmonary hyperten-
sion: the effects of sildenafil. J Am Coll Cardiol 2009; 54(7):
595-600.

8. Robbins IM, Hemnes AR, Pugh ME, et al. High prevalence of
occult pulmonary venous hypertension revealed by fluid chal-
lenge in pulmonary hypertension. Circ Hear Fail 2014; 7(1):
116-122.

9. Hyman L, Howard L, Hauth TA, et al. Endothelin produces
pulmonary vasoconstriction and systemic vasodilation. J App/
Physiol 1989; 66(2): 1008-1012.

10. Hassoun P, Thappa V, Landman M, et al. Endothelin 1: mito-
genic activity on pulmonary artery smooth muscle cells and
release from hypoxic endothelial cells. Proc Soc Exp Biol
Med 1992; 199(2): 165-170.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hasegawa K, Fujiwara H, Doyama K, et al. Endothelin-1-
selective receptor in the arterial intima of patients with hyper-
tension. Hypertension 1993; 23(3): 288-293.

. Giaid A, Yanagisawa M, Langleben D, et al. Expression of

endothelin-1 in the lungs of patients with pulmonary hyperten-
sion. N Engl J Med 1991; 328(24): 1732-1739.

Yoshibayashi M, Nishioka K, Nakao K, et al. Plasma
endothelin concentrations in patients with pulmonary hyper-
tension associated with congenital heart defects. Evidence for
increased production of endothelin in pulmonary circulation.
Circulation 1991; 84(6): 2280-2285.

Hilsmann M, Stanek B, Frey B, et al. Value of cardiopulmon-
ary exercise testing and big endothelin plasma levels to predict
short-term prognosis of patients with chronic heart failure. J
Am Coll Cardiol 1998; 32(6): 1695-1700.

Pousset F, Isnard R, Lechat P, et al. Prognostic value of
plasma endothelin-1 in patients with chronic heart failure.
Eur Heart J 1997; 18: 254-258.

Van Beneden R, Gurné O, Selvais PL, et al. Superiority of big
endothelin-1 and endothelin-1 over natriuretic peptides in pre-
dicting survival in severe congestive heart failure: A 7-year
follow-up study. J Card Fail 2004; 10(6): 490-495.
McMurray JJ, Ray SG, Abdullah I, et al. Plasma endothelin in
chronic heart failure. Circulation 1992; 85(4): 1374-1379.

Ooi H, Colucci WS and Givertz MM. Endothelin mediates
increased pulmonary vascular tone in patients with heart
failure demonstration by direct intrapulmonary infusion of
sitaxsentan. Circulation 2002; 106(13): 1618-1621.

Brouwers FP, Van Gilst WH, Damman K, et al. Clinical risk
stratification optimizes value of biomarkers to predict new-
onset heart failure in a community-based cohort. Circ Hear
Fail 2014; 7(5): 723-731.

Zile MR, Bourge RC, Redfield MM, et al. Randomized,
double-blind, placebo-controlled study of sitaxsentan to
improve impaired exercise tolerance in patients with heart fail-
ure and a preserved ejection fraction. JACC Hear Fail 2014;
2(2): 123-130.

Califf RM, Adams KF, McKenna WJ, et al. A randomized
controlled trial of epoprostenol therapy for severe congestive
heart failure: The Flolan International Randomized Survival
Trial (FIRST). Am Heart J 1997; 134(1): 44-54.

Bonderman D, Pretsch I, Steringer-Mascherbauer R, et al.
Acute hemodynamic effects of riociguat in patients with pul-
monary hypertension associated with diastolic heart failure
(DILATE-1): A randomized, double-blind, placebo-con-
trolled, single-dose study. Chest 2014; 146(5): 1274-1285.
Redfield MM, Chen HH, Borlaug BA, et al. Effect of phos-
phodiesterase-5 inhibition on exercise capacity and clinical
status in heart failure with preserved ejection fraction.
JAMA 2013; 309(12): 1268-1277.

Anand PI, McMurray PJ, Cohn PJN, et al. Long-term effects
of darusentan on left-ventricular remodelling and clinical out-
comes in the Endothelin A Receptor Antagonist Trial in Heart
Failure (EARTH): Randomised, double-blind, placebo-con-
trolled trial. Lancet 2004; 364(9431): 347-354.

Cleland JGF, Coletta AP, Freemantle N, et al. Clinical trials
update from the American College of Cardiology meeting:
CARE-HF and the Remission of Heart Failure, Women’s
Health Study, TNT, COMPASS-HF, VERITAS, CANPAP,
PEECH and PREMIER. Eur J Heart Fail 2005; 7(5): 931-936.



8

| Transpulmonary ET-1 in Combined Pulmonary Hypertension

Meoli et al.

26.

27.

28.

29.

30.

Assad TR, Brittain EL, Wells QS, et al. Hemodynamic evi-
dence of vascular remodeling in combined post- and precapil-
lary pulmonary hypertension. Pulm Circ 2016; 6(3): 313-321.
Assad TR, Larkin E, Glazer A, et al. Clinical and biologic
insights into combined post-capillary and pre-capillary pul-
monary hypertension. J Am Coll Cardiol 2016; 68(23):
2525-2536.

Stewart DJ, Levy RD, Cernacek P, et al. Increased plasma
endothelin-1 in pulmonary hypertension: Marker or mediator
of disease? Ann Intern Med 1991; 114(6): 464—469.

Langleben D, Dupuis J, Langleben I, et al. Etiology-specific
endothelin-1 clearance in human precapillary pulmonary
hypertension. Chest 2006; 129(3): 689-695.

Stangl K, Dschietzig T, Richter C, et al. Pulmonary release
and coronary and peripheral consumption of big endothelin

31.

32.

33.

and endothelin-1 in severe heart failure. Circulation 2000; 102:
1132-1138.

Tsutamoto T, Wada A, Maeda Y, et al. Relation between
endothelin-1 spillover in the lungs and pulmonary vascular
resistance in patients with chronic heart failure. J Am Coll
Cardiol 1994; 23(6): 1427-1433.

Maron BA, Stephens TE, Farrell LA, et al. Elevated pulmon-
ary arterial and systemic plasma aldosterone levels associate
with impaired cardiac reserve capacity during exercise in left
ventricular systolic heart failure patients: A pilot study.
J Heart Lung Transplant 2015; 35(3): 342-351.

Galié N, Manes A and Branzi A. The endothelin system in
pulmonary arterial hypertension. Cardiovasc Res 2004; 61(2):
227-237.



