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" Lerner Research Institute, Cleveland Clinic, Cleveland, OH, United States, ? Heart and Vascular Institute, Cleveland Clinic,
Cleveland, OH, United States, ° Heart and Vascular Institute, Northwestern University Hospital, Chicago, IL, United States,
4 Respiratory Institute, Cleveland Clinic, Cleveland, OH, United States

Background: The therapeutic benefits of B-blockers are well established in left heart
failure. The Pulmonary Arterial Hypertension Treatment with Carvedilol for Heart Failure
[PAHTCH] study showed safety and possible benefit of carvedilol in pulmonary arterial
hypertension (PAH) associated right heart failure over 6 months. This study aims at
evaluating the short-term cardiovascular effects and early mechanistic biomarkers of
carvedilol therapy.

Methods: Thirty patients with pulmonary hypertension (PH) received low dose carvedilol
(8.125mg twice daily) for 1 week prior to randomization to placebo, low-dose, or dose-
escalating carvedilol therapy. Echocardiography was performed at baseline and 1 week.
Exercise capacity was assessed by 6 min walk distance (6BMWD). The L-arginine/nitric
oxide pathway and other biological markers of endothelial function were measured.

Results: All participants tolerated 1 week of carvedilol without adverse effects. After 1
week of carvedilol, BMWD and heart rate at peak exercise did not vary (both p > 0.1).
Heart rate at rest and 1 min post walk dropped significantly (both p < 0.05) with a trend
for increase in heart rate recovery (p = 0.08). Right ventricular systolic pressure (RVSP)
decreased by an average of 13 mmHg (o = 0.002). Patients who had a decrease in RVSP
of more than 10 mm Hg were defined as responders (n = 17), and those with a lesser drop
as non-responders (n = 13). Responders had a significant drop in pulmonary vascular
resistance (PVR) after 1 week of carvedilol (p = 0.004). In addition, responders had a
greater decrease in heart rate at rest and 1 min post walk compared to non-responders
(both p < 0.05). Responders had higher plasma arginine and global bioavailability of
arginine at baseline compared to non-responders (p = 0.03 and p = 0.05, respectively).
After 1 week of carvedilol, responders had greater increase in urinary nitrate (p = 0.04).
Responders treated with carvedilol had a sustained drop in RVSP and PVR after 6 months
of carvedilol with no change in cardiac output.
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Conclusions: Low-dose carvedilol for 1 week can potentially identify a PH responder
phenotype that may benefit from B-blockers that is associated with less endothelial

dysfunction.

Clinical Trial Registration: http://www.clinicaltrials.gov. identifier: NCT01586156.

Keywords: pulmonary hypertension, carvedilol, 8-blockers, nitric oxide, right ventricle

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive
pulmonary vascular disease defined by elevated pulmonary
arterial pressure leading to right-sided heart failure. Recent
studies have investigated the safety and potential benefits of
p-blockers in pulmonary arterial hypertension (PAH) related
heart failure (1, 2). Whereas, the therapeutic benefits of p-
blockers are well established in left-sided heart failure (3, 4);
studies in PAH have shown conflicting results. In a small study,
10 patients with portopulmonary hypertension on p-blockers
for reasons other than PAH, were found to have an increase in
6 min walk distance and cardiac output (CO) after B-blocker
withdrawal (5). Another case report described a single patient
with portopulmonary hypertension treated with B-blockers for
supraventricular tachycardia leading to acute cardiovascular
decompensation (6). On the other hand, other studies support
the use of B-blockers in PAH. In a retrospective analysis, PAH
patients on P-blockers for conditions unrelated to PAH had
similar survival and functional outcomes compared to those
not receiving B-blockers (7). In a prospective non-randomized
cohort study of 94 patients, B-blockers were reported to be safe
in PAH, as defined by pulmonary hemodynamic, functional,
or cardiac outcomes over 2 months (8). In another small
pilot study, carvedilol was found to be safe in patients with
stable PAH and right ventricular (RV) dysfunction and was
associated with an improvement in RV ejection fraction
(9). A randomized prospective small clinical trial showed
bisoprolol therapy to be well tolerated in PAH patients but
there was an associated decrease in cardiac index and 6 min
walk distance (10). Recently, a double-blind, randomized,
controlled trial of Pulmonary Arterial Hypertension Treatment
with Carvedilol for Heart Failure (PAHTCH) showed that
carvedilol is safe over 6 months of therapy and has clinical and
mechanistic benefits associated with improved outcomes (11).
The PAHTCH trial design included a 1 week run-in, followed
by randomization of participants to one of three arms for 24
weeks: placebo, low-fixed dose, or dose-escalating carvedilol
(11).

Prior studies of the short-term effects of B-blockade did
not evaluate cardiac function and/or pulmonary pressures,
or biologic markers of disease pathway activation. The L-
arginine/nitric oxide (NO) pathway is abnormal in PAH. L-
arginine, the substrate for synthesis of the vasodilator NO, is
consumed by arginase to produce ornithine and urea, and/or
altered by methylation pathways that inhibit NO production
(12). In PAH, plasma arginase activity levels are higher than
normal, and the global bioavailability of arginine for NO
synthesis, determined by the ratio of arginine to ornithine

and citrulline, is lower in PH patients (13-15). High arginase
activity and concomitant low NO synthesis are associated with
greater disease severity and higher mortality (13-15). Likewise,
arginine methylation is dysregulated with increased asymmetric
dimethylarginine (ADMA), an inhibitor of NO synthetase (15).
Cyclic guanosine monophosphate (cGMP) is the downstream
effector of NO, but also is part of the signaling pathway for brain
natriuretic peptide (BNP), a hormone released by the straining
heart that mediates beneficial natriuresis and vasodilation (16).
The pro-hormone, pro-BNP, is cleaved to BNP and an inactive
metabolite N-terminal pro-BNP (NT-proBNP). Currently, BNP
or NT-proBNP are the only biomarkers recommended by
clinical guidelines to monitor disease and address treatment
goals (17). While the L-arginine/NO and BNP pathways activate
guanylate cyclase, resulting in the release of cGMP that
mediates vasodilation (17), endothelial release of endothelin-1, a
vasoconstrictor, is excessive in PAH, and blocking the endothelin
receptor is a successful strategy for therapy (18).

Here, the cardiovascular effects of short-term (1 week) use
of carvedilol at low dose were evaluated in patients with PH,
in order to assess clinical and biological markers that might
identify those with an acute beneficial response to p-blockers. To
study the short-term effects of carvedilol, the PAHTCH cohort
was analyzed for clinical characteristics and echocardiographic
measures as well as biomarkers of endothelial function, including
the arginine/NO pathway, BNP, and endothelin-1 at baseline
prior to drug and at 1 week of low-dose carvedilol. In contrast to
the prior PAHTCH report, this study provides new information
on the 1 week low-dose carvedilol intervention evaluating both
clinical measures and mechanistic biomarkers.

METHODS
Study Design and Participants

The Pulmonary Arterial Hypertension Treatment with
Carvedilol for Heart Failure (PAHTCH) clinical trial was
approved by the Institutional Review Board at the Cleveland
Clinic. A total of 30 PH patients and 12 healthy participants
were consented and enrolled. PH patients started with a 1 week
open-label low-dose carvedilol at 3.125 mg twice daily, followed
by double-blinded randomization to placebo, low-fixed dose or
escalating dose arms. Study design and participants have been
previously described in detail (11).

Echocardiogram

All echocardiograms and Doppler examinations were performed
on a General Electric (GE) Ultrasound system (models E95
and E9), by an advanced cardiac sonographer (MP). Analysis
was performed offline via Syngo Dynamics Cardio PACS
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system, Siemens Healthcare and EchoPAC Clinical workstation,
GE Medical Imaging. Transthoracic echocardiograms were
performed after 1 week of carvedilol to assess acute changes
in cardiac structure and function as safety measures (11).
For the purpose of this study, echocardiograms were later
retrieved to collect parameters not quantified in real time.
Three data points were analyzed and the average reported
with the exception of the peak TR velocity. High frame
imaging between 60 and 90 frames per second was acquired
for both left ventricular (LV) and right ventricular (RV) global
peak systolic longitudinal strain analysis. Longitudinal strain
for the left and right ventricle was measured off line using
GE EchoPAC software. The aortic valve opening and closure
time was set using the aortic valve pulsed wave Doppler
trace acquired from the left ventricular outflow tract. From
an apical 4-chamber view focusing on the LV, data points
marking the septal, and lateral mitral valve annulus and the
apex were joined to trace the entire LV myocardial border.
The speckle tracking thickness was adjusted to match the
myocardial thickness. The image was then played continuously
to check that tracking of all wall segments was appropriate. When
necessary, adjustments in tracking were made. If adjustments
were necessary more than twice, a new image clip was selected
for analysis.

The same method was applied to the RV for analysis of peak
global RV longitudinal strain. The spectral Doppler waveform
recorded at the level of the right ventricular outflow tract was
used to identify the timing of pulmonic valve opening and closing
times. An RV focused, or modified view was captured during
breath hold and analyzed. RV peak global RV longitudinal strain
values for the base, mid and apical RV lateral wall segments were
recorded as well as the global 6-wall strain, which also included
the interventricular base, mid, and apical segments.

Continuous wave (CW) Doppler of the peak tricuspid
valve regurgitant (TR) jet was used to calculate RV systolic
pressure using the Bernoulli equation. For weak and insufficient
TR jets, agitated saline contrast was used to enhance the
TR jet signal. A peak TR Doppler jet of good quality was
obtainable on all study subjects. Right atrial pressure was
calculated from the change in inferior vena cava collapse
during respiration and with the sniff test as reported. Two-
dimensional echo analysis included LV end diastolic and
systolic diameters measured from the parasternal long axis
view, LV end diastolic and systolic volume assessment (biplane
method of disc) for LV ejection fraction (LVEF), cardiac
output (CO), and stroke volume (SV). The pulmonary vascular
resistance (PVR) was calculated by: Peak TV velocity/time

velocity integral of the RVOT x 10 + 0.16 = PVR in
Woods (19).

NT-proBNP

Plasma NT-proBNP was measured by an

electrochemiluminescence immunoassay using the Roche
Cobas e411 analyzer as previously described (11). Data <5
pg/mL are below detectable level and are assigned an arbitrary
value of 4. NT-proBNP was measured at baseline and 3 and
6-months visits.

Arginine Metabolism

Measurements of arginine, ornithine, citrulline, asymmetric
dimethylarginine (ADMA), symmetric dimethyl arginine
(SDMA), and monomethyl arginine (MMA) were performed
by stable-isotope-dilution High-performance liquid
chromatography (HPLC) with online tandem mass spectometry
as previously described (20). These markers were measured at
baseline and 3 and 6-months visits.

Urinary Nitrate and cGMP

All values of urine samples were normalized by urine creatinine
to account for differences in hydration and urine volume.
Creatinine concentrations were measured with the Abbott
Architect machine according to manufacturers instructions.
All samples tested negative for nitrite using the Griess
reaction. Nitrate (NO;) was measured by chemiluminescence
as previously described (21). cGMP was quantified by diluting
urine samples by 10-fold according to the manufacturer’s
protocol of the cGMP parameter assay (KGE003, R&D Systems,
Minneapolis, MN). Urinary nitrates and cGMP were measured at
all visits.

Serum Endothelin-1

Serum endothelin-1 was measured by the Endothelin-1
Quantikine ELISA Kit (DET100, R&D Systems, Minneapolis,
MN) according to the manufacturer’s protocol at baseline and 3
and 6-months visits.

Statistical Analysis

All analyses were performed using JMP Pro, version 13.1 (SAS
Institute). One-tail Fisher’s Exact (for 2 x 2 tables) or Likelihood
Ratio chi-square test was used for comparison of categorical
variables. One-tail Student’s t-test was used for quantitative
values with natural log transformation used for values with
skewed distributions. Associations among quantitative measures
were assessed using Pearson correlations. Statistical significance
was accepted at a level of p < 0.05.

RESULTS

Baseline Characteristics

Patients with pulmonary hypertension (N = 30) and healthy
controls (N = 12) were enrolled in the study. The study
population was described in a prior report (11). The majority of
the patients were WHO group 1 PAH (N = 26) with 2 patients
with chronic thromboembolic PH (WHO group 4) and 2 with PH
associated with lung diseases (WHO group 3). Among the 30 PH
participants, 24 were taking phosphodiesterase type 5 inhibitors,
19 endothelin receptor antagonists, and 16 prostacyclin analogs.
Healthy controls and PH patients were ethnically similar. There
were no differences in age or gender distribution. However,
PH patients had overall higher body mass index and lower
oxygen saturation. Indicators of RV and pulmonary vascular
function as measured by right ventricular systolic pressure
(RVSP), plasma NT-proBNP and endothelin-1 were higher in
PH patients compared to controls. In addition, urinary cGMP
was higher in PH compared to healthy controls. Plasma arginine
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TABLE 1 | Baseline biomarkers of endothelial function.

Characteristics Healthy controls PH (n = 30) t-test
(n=12) p-value

Arginine (M) 91 +£ 35 66 + 23 0.02

Ornithine (wM) 76 + 22 85 + 28 0.2

Citrulline (wM) 41+9 34 +7 0.01

Arginine/(ornithine + 0.74 +£ 0.26 0.57 £ 0.30 0.04

citrulline)

MMA (uM) 0.11 +£ 0.04 0.14 + 0.04 0.02

SDMA (uM) 0.64 + 0.11 0.62 + 0.20 0.3

ADMA (M) 0.52 + 0.07 0.55 +0.14 0.2

Urine 0.08 + 0.04 0.08 + 0.06 0.5

nitrate/creatinine

(mol/pmol)

Urine 68 + 19 120 £ 79 0.001

cGMP/creatinine

(nmol/mmol)

Endothelin-1 (pg/mL) 0.92 +£ 0.25 3.07 £ 1.62 <0.0001

PH, pulmonary hypertension; MMA, monomethy! arginine; SDMA, symmetric dimethy!
arginine; ADMA, asymmetric dimethylarginine; cGMR, cyclic guanosine monophosphate.
Data shown as mean + SD, one-sided t-test unequal variance.

levels and global arginine bioavailability (ratio of arginine to
ornithine and citrulline) and citrulline were lower in PH, whereas
the plasma level of MMA, an endogenous inhibitor of nitric
oxide synthase, was higher (Table 1; Figure 1). No differences in
endothelial markers were observed as measured by plasma levels
of ornithine, SDMA, and ADMA, and in urinary nitrate between
healthy controls and PH patients in this study (Table 1). These
findings support the abnormalities in endothelial NO pathway in
PH.

Since ¢cGMP is the downstream signaling molecule of both
NO and BNP pathways, we tested the strength of relationship
of these biomarkers in PH patients and healthy controls. At
baseline, plasma NT-proBNP directly correlated with urine
cGMP/creatinine in healthy controls (R* = 0.5; p = 0.007) and
in PH (R?> = 0.4; p =0.0004) (Supplemental Figure 1). Likewise,
urinary nitrate correlated with urinary cGMP in healthy controls
(R> = 0.8; p = 0.0002) and in PH (R? = 0.5; p < 0.0001;
Supplemental Figure 1). In addition, cGMP related to clinical
markers of disease severity. In fact, urinary cGMPcreatinine
positively correlated with RVSP in healthy controls (R?> = 0.8;
p = 0.0003) and in PH (R?> = 0.2; p = 0.02). Similarly, plasma
NT-proBNP directly correlated with RVSP in PH (R?* = 0.2;
p = 0.009]; Supplemental Figure 2). Urinary nitrate/creatinine
and cGMP/creatinine both inversely correlated with 6 min walk
distance in PH (Nitrate: R?> = 0.2; p = 0.03; cGMP: R = 0.3; p =
0.002; Supplemental Figure 2).

Changes in Clinical Parameters in PH
Patients After 1 Week of Carvedilol

All patients tolerated 1 week of carvedilol at 3.125 mg twice daily.
Exercise capacity as measured by 6 min walk distance did not vary
after 1 week of low dose carvedilol. Heart rate at rest dropped by
an average of 6 beats/minute (paired ¢-test p = 0.01). Heart rate at
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FIGURE 1 | Comparison between healthy controls (N = 12) and PH subjects
(N = 30): PH patients had higher urinary cyclic guanosine monophosphate
normalized by creatinine (cGMP/creatinine). They had lower arginine, citrulline,
and global arginine bioavailability compared to healthy controls.

maximum exertion at 6 min did not vary on carvedilol therapy (p
= 0.3); however heart rate at 1 min recovery post walk dropped
significantly [Heart rate (beats/minute): baseline 98 £ 15; 1 week
87 &£ 16; paired t-test p = 0.004] and heart rate recovery (HRR)
tended to increase [HRR (beats/minute): baseline 20 & 18; 1 week
27 £ 15; paired t-test p = 0.08].

To further evaluate the short-term effect of low-dose
carvedilol on cardiac function in PH, we analyzed different
echocardiographic parameters of right and left ventricular
function. After 1 week of low dose carvedilol 3.125mg twice
daily, RVSP dropped significantly in PH patients [RVSP (mmHg):
baseline 67 £ 26; 1 week 54 £ 25; paired t-test p = 0.002;
Figure 2). More than half of PH patients (n = 17) had a
drop in RVSP of > 10 mmHg, and were defined as responders
(Supplemental Figure 3). Those with a lesser drop (RVSP <10
mmHg) were defined as non-responders (n = 13). Responders
had significantly lower RVSP at 1 week compared to non-
responders [RVSP (mmHg): responders (n = 17) 46 =+ 28;
non-responders (n = 13) 65 £ 18; p = 0.01] and the change
in RVSP from baseline was significant [change in RVSP from
baseline (mmHg): responders —26 £ 10, non-responders 5 +
16; p < 0.0001; Table 2; Figure 2]. Furthermore, responders had
a more significant drop in heart rate at rest [Heart rate at rest
(beats/minute): baseline 81 =+ 8; 1 week 74 =+ 6; paired t-test p =
0.02; Table 2].

Overall, the mean cardiac output decreased with carvedilol
[CO (L/minute): baseline 4.8 £ 1.6, 1 week 3.1 £ 1.0; paired ¢-
test p < 0.0001]. Heart rate measured during echocardiography
was not significantly reduced (p = 0.4) but stroke volume
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FIGURE 2 | Right ventricular systolic pressure (RVSP) drops in PH patients
after 1 week of 3.125 mg of carvedilol treatment. Responders, defined by a
decrease of >10 mmHg RVSP after 1-week carvedilol treatment have higher
baseline plasma arginine levels and global arginine bioavailability compared to
non-responders. Responders have a greater increase in urinary nitrates
compared to non-responders.

was decreased compared to baseline (p < 0.0001). Systolic
and diastolic blood pressures dropped with carvedilol therapy
[systolic blood pressure (mmHg): baseline 116.8 £ 16.8, 1 week
112.2 4 13.8; paired t-test p = 0.03 and diastolic blood pressure
(mmHg): baseline 71.4 £ 11.9, 1 week 68.7 £ 11.2; paired t-test
p = 0.05]. Pulmonary vascular resistance (PVR) did not change
significantly (paired ¢-test > 0.1). The drop in stroke volume was
associated with a decrease in left ventricle end diastolic volume
[LVEDV (ml): baseline 96 + 26, 1 week 84 =+ 23; paired t-test p
= 0.01]. There was a non-significant drop in LV ejection fraction
(LVEF) [LVEF (%): baseline 59 £ 8, 1 week 55 & 8; paired ¢-test
p = 0.05]. Despite these changes, LV and RV strains did not vary
significantly (both p > 0.1). Both responders and non-responders
had a decrease in CO [CO (L/min): responders baseline 4.8 & 1.6,
1 week 3.1 &£ 1.2; paired t-test p = 0.0001 and non-responders
baseline 4.7 £ 1.5, 1 week 3.1 £ 0.7; paired t-test p = 0.003]
[Table 2]. Systolic blood pressure tended to drop after 1 week
of carvedilol non-responders (p = 0.08; Table 2). Diastolic blood
pressure dropped significantly in responders (p = 0.03) (Table 2).
There was no significant drop in heart rate as measured at time
of echocardiography in either subgroup (both p > 0.05). In non-
responders, the drop in CO was associated with a drop in left
ventricular end diastolic volume [LVEDV (ml): baseline 100 =+

33, 1 week 84 =+ 26; paired t-test p = 0.008] and a non-significant
increase in PVR [PVR (Woods unit): baseline 2.5 & 0.7, 1 week
2.7 £ 0.7; paired t-test p = 0.05]. The drop in LVESV was not
significant (p = 0.09). There was no change in LVEF. On the other
hand, in the responder group, the drop in CO was associated with
adrop in PVR [PVR (Woods unit): baseline 3.1 & 1.5, 1 week 2.3
=+ 0.8; paired t-test p = 0.004] and a decrease in LVEF [LVEF
(%): baseline 61 4 9, 1 week 55 + 7; paired t-test p = 0.008).
Again, there were no changes in RV and LV strain with carvedilol
in either group (all p > 0.1). The findings suggest a negative
inotropic effect with short-term carvedilol with differential effect
on the ventricles unique to responders and non-responders.

We further compared responders and non-responders at
baseline. Both groups had similar age [Age (years): responders
42 £ 13, non-responders 46 =+ 11; t-test p = 0.2]. There were
no differences in gender, race, or WHO classification between
responders and non-responders. Functional class as measured
by New York Heart Association (NYHA) classification was not
different between the 2 groups [NYHA class (I/II/III): responders
4/9/3, non-responders 0/10/3; p = 0.07]. There was no difference
in PH therapy at baseline between the 2 groups (p > 0.1). Baseline
biomarkers of disease severity, NT-proBNP and endothelin-
1 were similar [NT-proBNP (pg/ml): responders 569 + 1645,
non-responders 464 £ 751; p = 0.3 and endothelin-1 (pg/ml):
responders 2.6 & 0.9, non-responders 3.6 £ 2.0; p = 0.1]. There
were no significant differences between the 2 groups at baseline
based on 6 min walk distance or echocardiography (Table 2).

L-Arginine-Nitric Oxide Pathway in PH
Responders

To identify the possible mechanisms of action of carvedilol,
we compared features between responders and non-responders
[Table 3]. At baseline, responders had higher plasma levels
and global bioavailability of arginine compared to non-
responders (Figure 2). Both responders and non-responders had
similar levels of methylarginines, ADMA and MMA. However,
responders tended to have lower SDMA levels compared to
non-responders [SDMA (uwM): responders 0.58 % 0.17, non-
responders 0.68 £ 0.21; p = 0.09]. After 1 week of low-
dose carvedilol treatment, urinary nitrate/creatinine increased
in responders compared to non-responders [Change in urinary
nitrate/creatinine (jumol/pmol): responders 0.014 & 0.046, non-
responders—0.015 £ 0.040; p = 0.03]. These findings suggest
that responders had recovery of L-arginine-nitric oxide pathway
whereas non-responders did not.

Long-Term Follow up at 3 and 6-Months

The PAHTCH study design offered an ideal opportunity to
determine if the early response to carvedilol predicted sustained
response over time. After 1 week open-label carvedilol, 5 of
the 17 PH responders were randomized to the placebo arm, 7
to the low-fixed dose carvedilol and 5 to the escalating dose
carvedilol. Of the 13 non-responders, 5 were randomized to
the placebo arm, 3 to the low-fixed dose carvedilol and 5
to the escalating dose carvedilol. There were no significant
differences in the clinical parameters between responders and
non-responders assigned to carvedilol at the 3 and 6-months
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TABLE 2 | Characteristics of responders and non-responders at baseline and 1-week carvedilol.

Baseline 1-week carvedilol
Responders Non- t-test Responders Non- t-test

responders p-value responders p-value
Variable N=17 N=13 N=17 N=13
Weight (kg) 76 £ 18 91 £19 0.02 76 + 18 91 £19 0.02
Systolic blood pressure (mmHg) 116 + 19 117 £ 13 0.4 111 +£ 14 113 + 14 0.4
Diastolic blood pressure (mmHg) 71+ 12 72 + 12 0.4 66 + 12* 72 £ 10 0.08
Oxygen saturation (%) 96.8 + 2.8 95.7 £ 2.0 0.1 96.8 + 2.6 952 + 2.6 0.06
6-MINUTE WALK TEST
Distance walked (feet) 1647 + 421 1468 + 337 0.3 1510 + 446 1476 + 338 0.4
Oxygen saturation at 6 min (%) 89 +7 91+4 0.1 88 £ 5 87 £8 0.4
Heart rate at rest (beats/min) 81+8 9+7 0.3 74 + 6* 74 + 13 0.5
Heart rate at 6 min (beats/min) 115 £ 19 123 £ 20 0.1 110 £ 21 120 £ 15 0.06
Heart rate 1 min post exercise (beats/min) 95 + 15 101 £ 14 0.1 83 + 16* 92 + 14* 0.06
Heart rate recovery (beats/min) 19 +£18 22 + 19 0.4 26 + 16 28 + 15 0.4
ECHOCARDIOGRAM
LVEDD (cm) 4.4 +£06 4.6 +£0.7 0.3 4.6 +£09 4.6 +£0.8 0.4
LVESD (cm) 26 +0.9 26+ 05 0.5 2.7 +06 29408 0.3
LVEDV (ml) 92 £19 100 £ 33 0.2 84 + 22 84 + 26” 0.5
LVESV (ml) 40 £ 13 44 + 16 0.2 37 +£9 38 £ 18 0.4
LVEF (%) 61+9 56 + 6 0.05 55 + 7* 56 + 9 0.4
RAP (mmHg) 6+3 8+5 0.2 6+3 8+5 0.1
RVSP (mmHg) 71 £ 30 61 + 20 0.1 48 + 28* 65 + 18 0.01
LV stroke volume (ml) 64 + 18 61 +£18 0.3 47 £ 16* 46 + 10" 0.4
LV cardiac output (//min) 48 +1.6 47 +£15 0.4 3.1 +1.2* 3.1 +£0.7" 0.5
Pulmonary vascular resistance (wood units) 31+15 25+ 0.7 0.08 2.3+ 0.8 2.7 +£0.7* 0.08
LV peak global longitudinal strain (%) —-18+3 —-18+3 0.5 —-18+4 —18+2 0.3
RV peak global longitudinal strain (%) —16+4 —-16+5 0.3 —16 £+ 3 —16+ 4 0.4
RV fractional area change (%) 31+9 27 £ 11 0.2 33 £ 10 33 £ 6” 0.5
{Daz‘a shown as mean + SD; one-sided t-test unequal variance.
p < 0.05 for change compared to baseline.
visits. Responders on carvedilol had a sustained response DISCUSSION

to carvedilol at 6 months. In fact, RVSP and PVR were
lower in responders at 6 months compared to baseline
with no change in cardiac output (Figure3). In addition,
responders on carvedilol tended to increase RV strain at 6
months [RV strain (%): baseline —17 + 2, 1 week —18
£ 3; paired t-test p = 0.05]. Responders on carvedilol at
6 months had higher arginine and arginine biovailability
compared to non-responders on carvedilol [arginine (uM):
responders 78.4 £ 21.7, non-responders 14.8 £+ 52; p =
0.01 and arginine/(ornithine+citrulline): responders 0.63 =+
0.27, non-responders 0.45 =+ 0.20; p = 0.05]. Responders
on carvedilol had lower SDMA and ADMA at 6 months of
therapy compared to non-responders (p = 0.01 and p =
0.006, respectively). These results suggest that the drop in
RVSP after 1 week of therapy might predict patients who will
maintain a drop in RVSP over time and that the response
is related in part to recovery of the endothelial arginine/NO
pathway.

Short-term carvedilol at low dose decreased pulmonary pressures
in patients with pulmonary hypertension. Responders, who had a
drop of more than 10 mmHg in RVSP after 1 week of therapy and
continued carvedilol for the following 6 months, maintained a
lower RVSP and PVR compared to non-responders on carvedilol.
Further, responders had a greater decrease in heart rate at
rest. Short-term carvedilol could potentially identify a responder
subgroup that will maintain the decrease in RVSP overtime based
on initial drop in RVSP and heart rate response. Independent
of the possible therapeutic opportunity, the differential response
to carvedilol also identifies distinct phenotypes of pulmonary
hypertension.

The short-term effect of carvedilol was associated with
increase L-arginine mediated NO production. In fact, responders
to carvedilol had higher arginine levels and greater bioavailability
of arginine at the beginning of the study as compared to non-
responders. Carvedilol increased total body NO production, as
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TABLE 3 | L-arginine-nitric oxide pathway of responders and non-responders at
baseline.

Characteristics Responders Non- t-test

(n=17) responders p-value
(n=13)

Arginine (M) 73 + 26 58 + 15 0.08

Ornithine (wM) 84 + 30 86 + 26 0.4

Citrulline (wM) 35+ 8 34+ 6 0.3

Arginine/(ornithine + 0.64 + 0.35 0.47 + 0.21 0.05

citrulline)

MMA (uM) 0.13 + 0.04 0.14 + 0.04 0.2

SDMA (uM) 0.57 +£ 0.17 0.68 + 0.21 0.07

ADMA (M) 0.52 + 0.11 0.59 + 0.16 0.1

Urine nitrate/creatinine 0.079 £ 0.071  0.078 £+ 0.033 0.5

(rmol/umol)

Urine cGMP/creatinine 131 £ 96 105 £ 51 0.2

(nmol/mmol)

MMA, monomethyl arginine; SDMA, symmetric dimethyl arginine; ADMA, asymmetric
dimethylarginine; cGMF, cyclic guanosine monophosphate.

Responders refer to PH patients whose right ventricular systolic pressure dropped >10
mmHg after 1-week of 3.125mg carvedilol twice daily.

Data shown as mean + SD, one-sided t-test.

measured by urinary nitrate, in responders but not in non-
responders, indicating a potential mechanism of carvedilol via
the L-arginine-nitric oxide pathway. This finding is consistent
with a previous study of primary cultures of pulmonary arterial
endothelial cells from explanted lungs of patients with PAH
(22, 23). In that study, p-blockers recovered NO synthase (NOS)
activity through reversal of phosphorylation-inactivation of the
endothelial NOS. Deficiency of NO synthesis is a hallmark
of PAH and implicated in its pathophysiology (15, 24). Thus,
recovery of this pathway by carvedilol suggests an endothelial-
based mechanism of action of the drug (11). Carvedilol may
affect systemic circulation and these changes might be relevant
to systemic effect and not specific to the pulmonary vasculature.
Notably, biomarkers of cardiovascular function such as NT-
proBNP, nitrate, and cGMP were highly correlated with clinical
parameters in PH patients at baseline. However, these biomarkers
did not predict therapeutic response to carvedilol at any time
point.

The short-term response to carvedilol as defined by a drop in
RVSP of more than 10 mmHg identified long-term responders
with sustained reduction in pulmonary artery pressure at 6-
months of therapy. Long-term responders had lower RVSP and
PVR on follow up with no change in cardiac output. A favorable
response to pulmonary vasodilators and earlier calcium channel
blockers has been studied in an attempt to identify PAH patients
that would respond long-term to calcium channel blockers (CCB)
and carry better prognosis (25-28). During acute vasodilator
testing, a minority of patients with idiopathic PAH (~10%) have
amore pronounced fall in mean pulmonary arterial pressure and
lower absolute values (25). These patients have a sustained long-
term hemodynamic benefit to CCB and better long-term survival
(25, 29). Here the short-term response to carvedilol predicted 6-
months response. Importantly, there were no other differences

6 p=0.03
o
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FIGURE 3 | Short-term effects of carvedilol are sustained at 6-months of
therapy with carvedilol. Responders, randomized to receive carvedilol either
low-fixed or escalating dose of carvedilol have a marked drop in right
ventricular systolic pressure and pulmonary vascular resistance (measured by
echocardiography) at 6-months of therapy with no change in cardiac output.

between responders and non-responders at baseline and markers
of disease severity were not different.

The drop in stroke volume and contractility described is
similar to what is described in earlier studies in left heart
failure (30, 31). In fact, short-term effects of f-blockade in
left heart failure are different than long-term effects with
an acute depression in systolic function followed by marked
improvement with longer use (30). The effects of B-blockers
are seen after 3 to 12 months depending on the severity of
myocardial dysfunction (31). Here, short-term carvedilol led to
a drop in left ventricular stroke volume in PH patients. In non-
responders, this was associated with reduced left ventricular end
diastolic volume suggesting decreased RV contractility. However,
in responders, this was associated with reduced LV ejection
fraction. Nonetheless, LV and RV strains did not significantly
drop in either group. Findings suggest a dichotomous phenotypic
response to carvedilol among a relatively homogeneous group
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of patients that otherwise could not be discerned by clinical or
physiologic measures.

This study has several limitations. One limitation of the
study is the lack of invasive hemodynamic measures. We used
echocardiography to assess pulmonary pressure and cardiac
function and minimized variance by having all echocardiograms
and analyses performed by a single expert sonographer.
Echocardiography provides a number of variables for evaluating
right heart hemodynamics and left heart function (32, 33).
Nevertheless, volumetric assessment by 2-D echocardiography
may not be as accurate due to geometric assumptions.
Hemodynamics would have been the most reliable measure for
pulmonary pressures and cardiac output. This secondary ad-
hoc investigation of the PAHTCH study limits the power of the
analyses. The echocardiogram performed at the 1-week visit was
a limited study performed to assess safety. However, a single
expert sonographer who was blind to the randomization scheme
performed all echocardiograms. Another limitation is the sample
size. Dividing participants into responders and non-responders
led to smaller subgroups in placebo, low-dose and dose-
escalating carvedilol groups, decreasing the power for detection
of significant changes. We were able to detect differences over
time between responders and non-responders who continued on
carvedilol when assignment was characterized by any carvedilol
therapy (low dose or dose escalation) vs. no therapy (placebo).
The difference in weight between responders and non-responders
and the possibility of insufficient dosing of carvedilol might
have affected the long-term findings. Based on good clinical
practice, all patients were started on a low initial dose of 3.125 mg
twice daily regardless of weight (34). The carvedilol response
may be influenced by weight due to inadequate amount of p-
blocker dosing in the obese, but the finding of a signal of
response to low dose carvedilol supports a mechanistic link
between p-blockade and cardiovascular physiologic response in
PH. Notably, there were responders who weighed over 85kg,
and non-responders who weighed <85kg, suggesting that the
relationship between dose response and weight/BMI is not
the only factor in response to carvedilol in this population.
Finally, blood was not collected at the 1 week visit and NT-
proBNP and more complete arginine metabolites could not
be measured. Additional biomarkers mainly anti-inflammatory
markers would have added more mechanistic insight into the
role of carvedilol in pulmonary hypertension but were not
measured.

In summary, low-dose carvedilol decreases RVSP by more
than 10 mmHg in more than 50% of patients with pulmonary
hypertension within 1 week of therapy. This effect is sustained

REFERENCES

1. Humbert M, Sitbon O, Simonneau G. Treatment of pulmonary arterial
hypertension. N Engl ] Med. (2004) 351:1425-36. doi: 10.1056/NEJMra040291
2. Voelkel NE Quaife RA, Leinwand LA, Barst RJ, McGoon MD, Meldrum
DR, et al. Right heart, right ventricular function and failure: report of a
national heart, lung, and blood institute working group on cellular and

with carvedilol up to 6 months and is associated with recovery of
endothelial L-arginine/nitric oxide signaling pathway.

ETHICS STATEMENT

The Pulmonary Arterial Hypertension Treatment with
Carvedilol for Heart Failure (PAHTCH) trial is a double-blinded,
randomized, controlled intervention with three arms preceded
by an open-label 1-week run-in period (NCT01586156). It
was conducted from 2012 to 2016 at the Cleveland Clinic.
The Institutional Review Board at Cleveland Clinic approved
the study (IRB number # 11-1198). All participants provided
informed consent prior to their participation in the study.

AUTHOR CONTRIBUTIONS

SF conducted the study, analyzed and interpreted the data, and
wrote the manuscript. DS conducted study and collected and
analyzed the data. MP performed and read the echocardiography
and collected the data. JT read the echocardiography and
reviewed the manuscript. HC performed the research experiment
and analyzed and interpreted the data. SC collected the data and
samples and put in place database. JS recruited the patient. KH
conducted the study and reviewed the manuscript. WT analyzed
the data and reviewed the manuscript. SE designed the research,
analyzed the data, and wrote the manuscript.

FUNDING

This project was supported by the National Institutes for Health
ROIHL115008 and ROIHL60917. Funding supported the entire
trial, including visits, clinical, and experimental testing, and effort
of investigators.

ACKNOWLEDGMENTS

We thank C. Roach for patient recruitment and study
coordination, L Peterson for data entry and A Janocha for
editorial assistance. We thank the Data Safety Monitoring
committee, D. Taylor, J. Thomas, R. Dweik, and J. Hammel, for
careful oversight of the study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2018.00180/full#supplementary-material

molecular mechanisms of right heart failure. Circulation (2006) 114:1883-91.
doi: 10.1161/CIRCULATIONAHA.106.632208

3. Bristow MR, Gilbert EM, Abraham W'T, Adams KF, Fowler MB, Hershberger
RE, et al. Carvedilol produces dose-related improvements in left ventricular
function and survival in subjects with chronic heart failure. MOCHA
Investigators. Circulation (1996) 94:2807-16. doi: 10.1161/01.CIR.94.
11.2807

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2018 | Volume 5 | Article 180


https://www.frontiersin.org/articles/10.3389/fcvm.2018.00180/full#supplementary-material
https://doi.org/10.1056/NEJMra040291
https://doi.org/10.1161/CIRCULATIONAHA.106.632208
https://doi.org/10.1161/01.CIR.94.11.2807
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Cheong et al.

Carvedilol in Pulmonary Hypertension

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Bristow MR. Treatment of chronic heart failure with beta-adrenergic

receptor antagonists: a convergence of receptor pharmacology and clinical
cardiology. Circ Res. (2011) 109:1176-94. doi: 10.1161/CIRCRESAHA.111.
245092

. Provencher S, Herve P, Jais X, Lebrec D, Humbert M, Simonneau G, et al.

Deleterious effects of beta-blockers on exercise capacity and hemodynamics
in patients with portopulmonary hypertension. Gastroenterology (2006)
130:120-6. doi: 10.1053/j.gastro.2005.10.013

. Peacock A, Ross K. Pulmonary hypertension: a contraindication to the

use of {beta}-adrenoceptor blocking agents. Thorax (2010) 65:454-5.
doi: 10.1136/thx.2008.111955

. Bandyopadhyay D, Bajaj NS, Zein J, Minai OA, Dweik RA. Outcomes of

beta-blocker use in pulmonary arterial hypertension: a propensity-matched
analysis. Eur Res J. (2015) 46:750-60. doi: 10.1183/09031936.00215514

. So PP, Davies RA, Chandy G, Stewart D, Beanlands RS, Haddad H,

et al. Usefulness of beta-blocker therapy and outcomes in patients
with pulmonary arterial hypertension. Am ] Cardiol. (2012) 109:1504-9.
doi: 10.1016/j.amjcard.2012.01.368

. Grinnan D, Bogaard HJ, Grizzard J, Van Tassell B, Abbate A, DeWilde

C, et al. Treatment of group I pulmonary arterial hypertension with
carvedilol is safe. Am ] Respir Crit Care Med. (2014) 189:1562-4.
doi: 10.1164/rccm.201311-2025LE

van Campen JS, de Boer K, van de Veerdonk MC, van der Bruggen
CE, Allaart CP, Raijmakers PG, et al. Bisoprolol in idiopathic pulmonary
arterial hypertension: an explorative study. Eur Respir J. (2016) 48:787-96.
doi: 10.1183/13993003.00090-2016

Farha S, Saygin D, Park MM, Cheong HI, Asosingh K, Combhair SA,
et al. Pulmonary arterial hypertension treatment with carvedilol for
heart failure: a randomized controlled trial. JCI Insight (2017) 2:95240.
doi: 10.1172/jci.insight.95240

Wu G, Morris SM Jr. Arginine metabolism: nitric oxide and beyond. Biochem
J. (1998) 336 ( Pt 1):1-17.

Morris CR, Kato GJ, Poljakovic M, Wang X, Blackwelder WC, Sachdev V,
et al. Dysregulated arginine metabolism, hemolysis-associated pulmonary
hypertension, and mortality in sickle cell disease. JAMA (2005) 294:81-90.
doi: 10.1001/jama.294.1.81

Shao Z, Wang Z, Shrestha K, Thakur A, Borowski AG, Sweet W,
et al. Pulmonary hypertension associated with advanced systolic heart
failure: dysregulated arginine metabolism and importance of compensatory
dimethylarginine dimethylaminohydrolase-1. J Am Coll Cardiol. (2012)
59:1150-8. doi: 10.1016/j.jacc.2011.12.022

Xu WL, Kaneko FT, Zheng S, Comhair SAA, Janocha AJ, Goggans TFB,
et al. Increased arginase II and decreased NO synthesis in endothelial cells
of patients with pulmonary arterial hypertension. Faseb J. (2004) 18:1746-8.
doi: 10.1096/1].04-2317fje

Hodes A, Lichtstein D. Natriuretic hormones in brain function. Front
Endocrinol. (2014) 5:201. doi: 10.3389/fendo.2014.00201

Swaminathan AC, Dusek AC, McMahon TJ. Treatment-related biomarkers
in pulmonary hypertension. Am ] Respir Cell Mol Biol. (2015) 52:663-73.
doi: 10.1165/rcmb.2014-0438TR

Channick RN, Simonneau G, Sitbon O, Robbins IM, Frost A, Tapson VE
et al. Effects of the dual endothelin-receptor antagonist bosentan in patients
with pulmonary hypertension: a randomised placebo-controlled study. Lancet
(2001) 358:1119-23. doi: 10.1016/S0140-6736(01)06250-X

Abbas AE, Franey LM, Marwick T, Maeder MT, Kaye DM, Vlahos
AP, et al. Noninvasive assessment of pulmonary vascular resistance by
Doppler echocardiography. ] Am Soc Echocardiogr. (2013) 26:1170-7.
doi: 10.1016/j.echo.2013.06.003

Wang Z, Tang WH, Cho L, Brennan DM, Hazen SL. Targeted metabolomic
evaluation of arginine methylation and cardiovascular risks: potential
mechanisms beyond nitric oxide synthase inhibition. Arterioscler Thromb
Vasc Biol. (2009) 29:1383-91. doi: 10.1161/ATVBAHA.109.185645

Hoit BD, Dalton ND, Gebremedhin A, Janocha A, Zimmerman PA,
Zimmerman AM, et al. Elevated pulmonary artery pressure among
amhara highlanders in Ethiopia. Am ] Hum Biol. (2011) 23:168-76.
doi: 10.1002/ajhb.21130

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ghosh S, Gupta M, Xu W, Mavrakis DA, Janocha AJ, Comhair SA,
et al. Phosphorylation inactivation of endothelial nitric oxide synthesis in
pulmonary arterial hypertension. Am J Physiol Lung Cell Mol Physiol. (2016)
310:L1199-205. doi: 10.1152/ajplung.00092.2016

Saijonmaa O, Nyman T, Fyhrquist F. Carvedilol inhibits basal and stimulated
ACE production in human endothelial cells. ] Cardiovasc Pharmacol. (2004)
43:616-21. doi: 10.1097/00005344-200405000-00002

Xu W, Erzurum SC. Endothelial cell energy metabolism, proliferation,
and apoptosis in pulmonary hypertension. Compr Physiol. (2011) 1:357-72.
doi: 10.1002/cphy.c090005

Sitbon O, Humbert M, Jais X, Ioos V, Hamid AM, Provencher S,
et al. Long-term response to calcium channel blockers in idiopathic
pulmonary arterial hypertension. Circulation (2005) 111:3105-11.
doi: 10.1161/CIRCULATIONAHA.104.488486

Rich S, Kaufmann E, Levy PS. The effect of high doses of calcium-channel
blockers on survival in primary pulmonary hypertension. N Engl ] Med. (1992)
327:76-81. doi: 10.1056/NEJM199207093270203

Rich S, Brundage BH. High-dose calcium channel-blocking therapy for
primary pulmonary hypertension: evidence for long-term reduction in
pulmonary arterial pressure and regression of right ventricular hypertrophy.
Circulation (1987) 76:135-41. doi: 10.1161/01.CIR.76.1.135

Rozkovec A, Stradling JR, Shepherd G, MacDermot ], Oakley CM,
Dollery CT. Prediction of favourable responses to long term vasodilator
treatment of pulmonary hypertension by short term administration of
epoprostenol (prostacyclin) or nifedipine. Br Heart J. (1988) 59:696-705.
doi: 10.1136/hrt.59.6.696

Tonelli AR, Alnuaimat H, Mubarak K. Pulmonary vasodilator testing and use
of calcium channel blockers in pulmonary arterial hypertension. Respir Med.
(2010) 104:481-96. doi: 10.1016/j.rmed.2009.11.015

Ikram H, Chan W, Bennett SI, Bones PJ. Haemodynamic effects of acute
beta-adrenergic receptor blockade in congestive cardiomyopathy. Br Heart J.
(1979) 42:311-5. doi: 10.1136/hrt.42.3.311

Waagstein F, Caidahl K, Wallentin I, Bergh CH, Hjalmarson A. Long-
term beta-blockade in dilated cardiomyopathy. Effects of short- and long-
term metoprolol treatment followed by withdrawal and readministration of
metoprolol. Circulation (1989) 80:551-63.

Wright LM, Dwyer N, Celermajer D, Kritharides L, Marwick TH. Follow-up
of pulmonary hypertension with echocardiography. JACC Cardiovasc Imaging
(2016) 9:733-46. doi: 10.1016/j.jcmg.2016.02.022

Puwanant S, Park M, Popovic ZB, Tang WH, Farha S, George
D, et al. Ventricular geometry, strain, and rotational mechanics
in  pulmonary  hypertension.  Circulation ~ (2010)  121:259-66.
doi: 10.1161/CIRCULATIONAHA.108.844340

Swedberg K, Cleland J, Dargie H, Drexler H, Follath F, Komajda M, et al.
Task force for the, and c. treatment of chronic heart failure of the european
society of, guidelines for the diagnosis and treatment of chronic heart failure:
executive summary (update 2005): the task force for the diagnosis and
treatment of chronic heart failure of the european society of cardiology. Eur
Heart J. (2005) 26:1115-40. doi: 10.1093/eurheartj/ehi204

Conflict of Interest Statement: KH has grants and contracts, consult or is
on the speaker’s bureau of Actelion Pharmaceuticals, Arena Healthcare, Bayer
Healthcare, Boehringer Ingelheim, Eiger Pharmaceuticals, Gilead Sciences, Reata
Pharmaceuticals, and United Therapeutics.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2018 Cheong, Farha, Park, Thomas, Saygin, Comhair, Sharp, Highland,
Tang and Erzurum. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2018 | Volume 5 | Article 180


https://doi.org/10.1161/CIRCRESAHA.111.245092
https://doi.org/10.1053/j.gastro.2005.10.013
https://doi.org/10.1136/thx.2008.111955
https://doi.org/10.1183/09031936.00215514
https://doi.org/10.1016/j.amjcard.2012.01.368
https://doi.org/10.1164/rccm.201311-2025LE
https://doi.org/10.1183/13993003.00090-2016
https://doi.org/10.1172/jci.insight.95240
https://doi.org/10.1001/jama.294.1.81
https://doi.org/10.1016/j.jacc.2011.12.022
https://doi.org/10.1096/fj.04-2317fje
https://doi.org/10.3389/fendo.2014.00201
https://doi.org/10.1165/rcmb.2014-0438TR
https://doi.org/10.1016/S0140-6736(01)06250-X
https://doi.org/10.1016/j.echo.2013.06.003
https://doi.org/10.1161/ATVBAHA.109.185645
https://doi.org/10.1002/ajhb.21130
https://doi.org/10.1152/ajplung.00092.2016
https://doi.org/10.1097/00005344-200405000-00002
https://doi.org/10.1002/cphy.c090005
https://doi.org/10.1161/CIRCULATIONAHA.104.488486
https://doi.org/10.1056/NEJM199207093270203
https://doi.org/10.1161/01.CIR.76.1.135
https://doi.org/10.1136/hrt.59.6.696
https://doi.org/10.1016/j.rmed.2009.11.015
https://doi.org/10.1136/hrt.42.3.311
https://doi.org/10.1016/j.jcmg.2016.02.022
https://doi.org/10.1161/CIRCULATIONAHA.108.844340
https://doi.org/10.1093/eurheartj/ehi204
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Endothelial Phenotype Evoked by Low Dose Carvedilol in Pulmonary Hypertension
	Introduction
	Methods
	Study Design and Participants
	Echocardiogram
	NT-proBNP
	Arginine Metabolism
	Urinary Nitrate and cGMP
	Serum Endothelin-1
	Statistical Analysis

	Results
	Baseline Characteristics
	Changes in Clinical Parameters in PH Patients After 1 Week of Carvedilol
	L-Arginine-Nitric Oxide Pathway in PH Responders
	Long-Term Follow up at 3 and 6-Months

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References




