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ABSTRACT  Intact nitric oxide (NO) signalling is critical to maintaining appropriate pulmonary vascular
tone. NO bioavailability is reduced in patients with pulmonary arterial hypertension. This study aimed to
examine the impact of NO plasma metabolites (NOx) relative to haemodynamic dysfunction and mortality
in patients with idiopathic pulmonary arterial hypertension (IPAH).

A total of 104 consecutive adult IPAH patients who had undergone genetic counselling when first
diagnosed were enrolled in this prospective study.

The median concentration of NOx (umol-L™") was significantly lower in IPAH patients compared with
healthy subjects, and was decreased further in 19 carriers of the bone morphogenetic protein-receptor
type-2 (BMPR2) mutation compared to non-carriers. Reduced concentrations of NOx were correlated with
mean pulmonary arterial pressure (mPAP), pulmonary vascular resistance (PVR) and cardiac output.
Compared with higher baseline NOx concentrations, patients with a NOx concentration of <10 umol-L™"
had a markedly worse survival. After adjustment for clinical features, a BMPR2 mutation and
haemodynamics, a lower NOx level remained an increased risk of mortality.

Patients with IPAH had lower levels of plasma NOx, which correlated inversely with mPAP, PVR and
survival. Plasma NOx may be an important biomarker and prognostic indicator, suggesting that reduced
NO synthesis contributes to the pathogenesis of IPAH.
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Introduction

Although pulmonary arterial hypertension (PAH) is a severe and life-threatening disease with still largely
unknown pathogenesis, it is well accepted that one factor in the progression of PAH is an imbalance
between vasodilation and vasoconstriction in pulmonary circulation [1]. Chronically impaired production
of vasoactive mediators, such as nitric oxide (NO) and prostacyclin, along with prolonged over-expression
of vasoconstrictors, such as endothelin-1, not only affect vascular tone but also promote vascular
remodelling [2]. The pulmonary artery bed appears unreactive to vasodilators in disease evolution,
vasoreactivity and remodelling.

Reduced NO bioavailability in PAH could be caused by decreased expression of endothelial NO synthase
(eNOS) and inhibition of eNOS activity. Thus, patients with idiopathic PAH (IPAH) have reduced NO
formation and eNOS activity [3, 4]. At lower concentrations, NO serves a regulator via the activation of
soluble guanylate cyclase (sGC), resulting in increased cyclic guanosine monophosphate (cGMP) levels in
target cells. Therefore, NO synthesis and signalling through eNOS/NO-sGC-cGMP pathway have been
proposed as a potential therapy. Some currently approved therapeutics target the NO pathway, such as
phosphodiesterase type 5 inhibitors (PDE-5i) and sGC stimulators [5, 6].

The NO/eNOS system plays a critical homeostatic role in cardiovascular disease. Patients with IPAH have
higher plasma level of asymmetric and symmetric dimethylarginine, which act as endogenous inhibitors of
eNOS and have been implicated in pulmonary arterial endothelial dysfunction [3, 7]. In addition,
knockout of eNOS mice spontaneously develop multiple cardiovascular disorders [3, 8]. Moreover, NAGAYA
et al. [9] have suggested that treatment with L-arginine, the substrate of eNOS, may have beneficial effects
on the haemodynamics and exercise tolerance in patients with PAH. Because NO is a diatomic free radical
that is extremely short-lived in biological systems, the established paradigm for NO biochemistry from
production by eNOS to activation of sGC to eventual oxidation to NOx (nitrite (NO27) plus nitrate
(NO37)), may represent part of NO’s affects in vivo [10]. Plasma NOx, stable NO metabolites, act as a
biomarker for NO formation in vivo and a routine indirect NO measurement [11-14]. Additionally, ~20%
of patients with IPAH carry a mutation for bone morphogenetic protein-receptor type-2 (BMPR2), where
a loss of BMPR2 function can compromise the integrity of the endothelial barrier and contribute to
endothelial dysfunction by mediating eNOS activation [15, 16].

Recognition of NO production and its clinical implications are needed to better understand PAH
pathophysiology and to facilitate potential therapeutic strategies. Accordingly, the objective of the present
study was to prospectively determine whether: 1) abnormalities of NO metabolism were related to
haemodynamic dysfunction; 2) patients with BMPR2 mutation had more severely reduced NOx levels; and
3) whether plasma NOx level is a predictor of prognoses and outcomes.

Patients and methods

Subjects

A total of 104 consecutive adults patients with IPAH, aged >18 years at diagnosis, and who had undergone
BMPR?2 genetic counselling at the time of their first right heart catheterisation were prospectively enrolled in
this study between January 2009 and July 2010. A total of 110 control subjects were selected from a cohort of
healthy volunteers. The median age of control subjects was 40 years (range: 20-57 years), and the ratio of
women to men was 3:1. IPAH was diagnosed according to standard criteria: a mean pulmonary artery
pressure (mPAP) of >25 mmHg and pulmonary vascular resistance (PVR) of >3 Woods units at rest in the
presence of a normal pulmonary artery wedge pressure (PAWP <15 mmHg) [5, 17, 18]. Patients were
excluded if this was caused by connective-tissue disease, congenital heart disease, portopulmonary
hypertension, chronic pulmonary thromboembolism, pulmonary hypertension due to left heart disease, lung
diseases and/or hypoxaemia. Other exclusion criteria were any potential confounding factors associated with
plasma NOx production: i.e. cigarette smoking, excessive alcohol consumption, hypercholesterolaemia,
hypertension or type 2 diabetes mellitus [12, 19, 20]. We also excluded participants who had received PDE-5i
as a background treatment, cyclooxygenase (COX) inhibitors, including nonsteroidal anti-inflammatory
medications, aspirin or COX-2 inhibitors within 14 days of blood sample collection [14, 21].

We prospectively followed-up patients for a mean 26+9 months after enrollment and no patients had
received a lung or heart-lung transplant. The major endpoint was defined as all-cause mortality. The study
was conducted according to the principles of the Declaration of Helsinki and was approved by the Shanghai
Pulmonary Hospital Ethics Committee. Written informed consent was obtained from all participants.

Blood sampling and plasma NOx assay

Venous blood was collected from all subjects after fasting overnight (>12 h) to minimise the effects of foods
and beverages on plasma NOx concentrations. All samples were collected directly into prepared sodium
EDTA tubes containing a preservative to retard auto-oxidation. After centrifuging at 3000 rpm (1750xg) at
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4°C for 15 min, the supernatants was frozen in aliquots and stored in cryotubes at —80°C until assayed. All
procedures were completed within 20 min. The presence of 0.005% butylated hydroxytoluene (BHT;
without glutathione) in plasma was used for anti-ex-vivo oxidation and improved stability, routinely [22,
23]. Each sample was tested within a month of collection and at least two different dilutions of the same
sample (in triplicate) were analysed. To minimise the intra- and inter-assay coefficients of variation for the
performance of NOx, each analyte was duplicated on three different days within one month. Plasma nitrite
(NO27) and nitrate (NO3™) were assessed using the Griess method after conversion of nitrate to nitrite,
using a commercially available assay kit (R&D Systems, Abingdon, UK), as previously reported [12, 13, 24].

Statistical analyses

Results are expressed as numbers, percentages and medians with corresponding 25th and 75th percentiles
(interquartile range). When data were not normally distributed, a nonparametric test was used. The
nonparametric two-sided Mann-Whitney U-test was used to compare baseline characteristics,
haemodynamic parameters, and NOx levels. Proportions were compared with the Chi-squared test. The
relations between NOx and baseline variables were assessed by Spearman rank correlation coefficients. To
compare the prognostic values of NOx, brain natriuretic peptide (BNP) and selected haemodynamic
parameters, receiver operating characteristic curves (ROC) were generated and the areas under the curves
(AUCs) were calculated. Survival analyses were performed using the Kaplan-Meier method and were
compared using the log-rank test. Cox proportional hazard regression was used for time-to-event analysis to
estimate hazard ratios (HR) and 95% confidence intervals (CI) for all-cause mortality between the two
groups (NOx concentration <10 umol-L™" versus >10 umol-L™"). Adjustments for age and sex were included
in the stepwise model with backward elimination. Other pertinent covariates thought to have clinical
importance and those with p-value of <0.20 in the univariate analyses were considered to be confounders,
including the BMPR2 mutation, mPAP, PVR, cardiac output and other clinical features and haemodynamics.
A p-value less than 0.05 was considered statistically significant. All analyses were performed using the SPSS
14.0 statistical software package (Statistical Package for Social Science, Chicago, IL, USA).

Results

NOx levels and characteristics of the study population

Plasma NOx concentration was significantly decreased in all patients with IPAH compared with control
subjects (9.7 umol-L™"; 95% CI, 6.7-12.4 umol-L™" versus 29.2 umol-L™"; 95% CI, 21.9-34.4 umol-L ™",
respectively; p<0.001). The mean intra-coefficients of variation for all patients and controls were 24%
(20%-28%) and 17% (10%-23%), respectively. Among the 104 patients with IPAH, 19 (18.3%) were found
to be carriers of the BMPR2 mutation (BMPR2mut); the other 85 patients were wild-type BMPR2
(BMPR2wt). NOx concentration in patients with BMPR2mut was significantly decreased compared to
patients in the BMPR2wt group (BMPR2wt, p=0.007) (figure 1). However, there was no significant difference
in the severity of World Health Organization (WHO) functional class between the two groups. The clinical
characteristics are summarised in table 1. BMPR2mut patients had a younger median age at diagnosis
(27 years; interquartile range 21-35 years) than those of BMPR2wt group (41 years; interquartile range
29-51 years) (p<0.001). The sex ratio of females to males was 2.7:1 (n=76 and 28, respectively) overall.
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TABLE 1 Baseline characteristics and NOx levels in patients with idiopathic pulmonary arterial
hypertension

Total BMPRZmut BMPR2nt p-value#

Patients n 104 19 85
Age years 38 (26-50) 27 (21-35) 41 (29-51) <0.001
Female 76 (73) 11 (58) 65 (76) <0.001
BMI kg-m—2 22 (20-24) 21 (19-22) 22 (21-25) 0.23
WHO FC 0.06

Class Il 32 (31) 5 (26) 27 (32)

Class Il 56 (54) 11 (58) 45 (53)

Class IV 16 (15) 3(16) 13 (15)
Onset to diagnosis months 24 (7-48) 18 (5-43) 24 (7-48) 0.27
6MWD m" 365 (320-434) 407 (315-426) 360 (320-439) 0.49
BNP pg-mL_1 345 (145-517) 305 (144-537) 389 (155-472) 0.67
NOx pmol-L~’ 9.7 (6.7-12.4) 7.3 (4.6-9.8) 10.7 (7.1-12.8) 0.007
Haemodynamic variables

Heart rate beats-min™" 88 (75-92) 87 (80-92) 87 (73-92) 0.64

mRAP mmHg 8 (5-10) 11 (4-11) 7 (5-10) 0.58

mPAP mmHg 61 (50-68) 67 (57-82) 59 (49-67) 0.02

PAWP mmHg 9 (6-10) 9 (6-10) 9 (6-10) 0.33

€O L:-min~" 3.8 (3.0-5.0) 3.5(2.8-5.2) 4.0 (3.2-4.9) 0.58

Cl L-min~"-m™2 2.4 (1.9-3.1) 2.1(1.7-3.2) 2.5 (2.0-3.1) 0.49

PVR Wood units 14 (9-18) 17 (13-22) 13 (8-17) 0.04

Svo, % 61 (55-69) 60 (55-68) 63 (56-69) 0.62
PAH-specific therapies®

Bosentan (oral) 15 (14) 4 (21) 11 (13)

Iloprost (inhaled) 2(2) 0 (0) 2(2)

Sidenafil (oral) 49 (47) 8 (42) 41 (48)

Vardenafil (oral) 17 (16) 2 (11) 15 (18)

Combination therapy 15 (14) 2 (11) 13 (15)

Data are presented as median [interquartile range) or n (%), unless otherwise stated. BMI: body mass
index; WHO FC: World Health Organization functional class; 6MWD: 6-min walk distance; BNP: brain
natriuretic peptide; NOx: nitrite (NO;) plus nitrate (NO3’); mRAP: mean right atrial pressure; mPAP: mean
pulmonary arterial pressure; PAWP: mean pulmonary artery wedge pressure; CO: cardiac output; Cl:
cardiac index; PVR: pulmonary vascular resistance; Sv0,: mixed venous oxygen saturation; PAH: pulmonary
arterial hypertension. #: comparison between groups with a BMPRZmut and BMPR2wt; . éMWD could be
successfully measured in 92 patients; *: six (6%) patients were enrolled in the PATENT-1(Riociguat] study.

The female/male ratio was 3.3:1 in the BMPR2wt group (n=65 and 20, respectively) and 1.4:1 in the
BMPR2mut group (n=11 and 8, respectively).

Correlation of NOx levels with haemodynamic variables

Compared with BMPR2wt patients, BMPR2mut patients had more severe haemodynamic impairment as
evidenced by significantly higher mPAP and PVR (table 1). Baseline plasma NOx concentrations were
negatively correlated with mPAP (r=-0.35, p<0.001) and PVR (r=-0.36, p<0.001), and correlated positively
with cardiac output (r=0.26; p=0.02) and cardiac index (r=0.23; p=0.02) (figure 2). However, the baseline
NOx concentration did not correlate with age, 6-min walking distance (6WMD), mean right arterial pressure
or mixed venous oxygen saturation (figures S1-S4). When patients were divided into groups with mPAP of
<50 mmHg, mPAP of >70 mmHg, or an intermediate group of mPAP 51-69 mmHg, there was a graded
decrease in mPAP with greater NOx level (figure 3).

Survival analyses

During the follow-up period, the observed mortality rate was 25% (26 patients) in the total IPAH
population. 19 of the deaths were directly related to right ventricular failure; five were sudden deaths, but the
cause of death was not able to be ascertained in two cases. All patients with IPAH were divided into two
groups based on cut-off levels for NOx, calculated by ROC analysis to detect mortality rates. The cut-off
value was determined as 10 umol-L™" for NOx concentration, giving a sensitivity of 55.8% and a specificity
of 80.8%. NOx level (AUC 0.76; 95% CI 0.62-0.90) was numerically superior to cardiac output (AUC 0.64;
95% CI 0.47-0.82), BNP (AUC 0.59%; 95% CI 0.43-0.75), mPAP (AUC 0.53; 95% CI 0.35-0.71) and PVR
(AUC 0.60; 95% CI 0.39-0.77) (figure 4a).
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FIGURE 2 Relationship between nitric oxide metabolite (NOx) concentrations with a] mean pulmonary arterial pressure (mPAP), b) pulmonary
vascular resistance (PVR), c) cardiac output (CO), and d] cardiac index (Cl) in patients with idiopathic pulmonary arterial hypertension.

In 56 patients with a NOx concentration of <10 umol-L™", 21 (37.5%) patients died, whereas only five
(10.4%) of the 48 patients in NOx concentrations of >10 pumol-L™" died ( p=0.001). A comparison with
patients with plasma NOx concentration of <10pumolL™', those with NOx concentrations of
>10 umol-L™" had significantly lower mPAP and PVR in pulmonary haemodynamics (table 2). Moreover,
the proportion of patients carrying a BMPR2mut with a NOx-concentration of <10 umol-L™" was greater
than for those with a NOx concentration of >10 pmol-L™" (table 2). Survival was significantly better for
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FIGURE 4 Nitric oxide metabolite (NOx) concentration in relation to other markers for an adverse prognosis according to a) receiver operation
characteristic (ROC) analyses and b] Kaplan-Meier survival curves for the baseline cut-off plasma NOx concentration in patients with idiopathic
pulmonary arterial hypertension. NO: nitric oxide: CO: cardiac output; PVR: pulmonary vascular resistance; BNP: brain natriuretic peptide; mPAP:

mean pulmonary arterial pressure.

patients with a NOx concentrations of >10 umol-L™" (figure 4b). The 1- and 3-year survival estimates were
75% and 61%, respectively, for patients with a NOx concentration of <10 umol-L_l, and were 96% and
889%, respectively, for patients with a NOx concentrations of >10 umol-L™" (log-rank test p=0.001).

TABLE 2 Baseline characteristics of the study population in relation to NOx

NOx <10 pmol-L™" NOx >10 pmol-L~" p-value®
Patients n 56 48
Age years 38 (27-45) 44 (22-51) 0.73
Female 15 (70) 37 (77) <0.001
BMPR2 mutation 15 (27) 4(9) 0.02
BMI kg-m~2 21 (19-23) 22 (20-26) 0.17
WHO FC 0.78
Class Il 16 (29) 16 (33)
Class Il 33 (59) 25 (52)
Class IV 7 (13) 7 (15)
Onset to diagnosis months 24 (6-48) 23 (8-65) 0.65
6MWD m" 383 (315-425) 423 (290-445) 0.47
BNP pg-mL~’ 226 (44-435) 116 (20-341) 0.70
Haemodynamic variables
Heart rate bpm 86 (76-95) 84 (72-92) 0.47
mRAP mmHg 7 (4-11) 8 (6-14) 0.69
mPAP mmHg 63 (53-67) 61 (45-69) 0.002
PAWP mmHg 9 (8-11) 9 (6-10) 0.26
€O L-min~! 3.9 (3.3-5.0) 4.2 (3.2-4.8) 0.09
Cl L-min~"-m™2 2.4 (1.9-3.1) 2.7 (2.2-3.2) 0.07
PVR Wood units 14 (9-19) 12 (8-17) 0.002
Svop % 61 (55-67) 63 (51-73) 0.18

Data are presented as median (interquartile range) or n (%), unless otherwise stated. BMI: body mass index;
WHO FC: World Health Organization functional class; 6MWD: 6-min walk distance; BNP: brain natriuretic
peptide; mRAP: mean right atrial pressure; mPAP: mean pulmonary arterial pressure; PAWP: mean
pulmonary artery wedge pressure; CO: cardiac output; Cl: cardiac index; PVR: pulmonary vascular resistance;

Svo,: mixed venous oxygen saturation.

: comparison between groups with nitrite (NO5) plus nitrate (NO3)

(NOx) <10 umol-L=" and NOx >10 umol-L™"; 1: MWD could be successfully measured in 92 patients.
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NOx level in relation to other markers of adverse outcomes

NOx level was significantly associated with the risk of death (table 3). A lower NOx concentration
(<10 umol-L™") was associated with higher all-cause mortality after adjustment for age and sex (p=0.001).
This association persisted after the addition with BMPR2mut (p=0.002). Further adjustment for
haemodynamic variables (i.e. mPAP, PVR and cardiac output), a NOx concentration below this cut-off
value still maintained a 2.27-fold increased risk of mortality (p=0.003). In all models, patients in the lower
NOx concentration had almost 2-3-times the risk of mortality compared with those in the higher tertile.
Additional adjustment for WHO functional class, 6 MWD and other covariates did not change these results.

Discussion

As an endothelium-derived relaxing factor, NO represents an important signalling molecule involved in
the regulation of basal vasomotor tone and in pathological remodelling of the pulmonary vasculature
during the development of PAH [25]. An understanding of NO-related pathway has led to the rapid
clinical development of medications to treat PAH. However, it is unclear whether abnormality of NO
metabolism is associated with haemodynamic dysfunction and poor outcomes of patients with IPAH. Our
results demonstrate that 1) plasma NOx levels were markedly more reduced in patients with IPAH than in
healthy subjects, especially for patients that had a BMPR2 mutation; 2) NOx levels correlated with
haemodynamic abnormalities; and 3) lower NOx levels were associated with greater mortality risk,
suggesting their possible use as prognostic indicators and for possible therapeutic manipulation.

In our study, plasma NOx concentrations were lower in patients with BMPR2mut than those with
BMPR2wt. GANGOPAHYAY et al. [16] indicated that stimulation of pulmonary arterial endothelial cells taken
from PAH patients with BMPR2 mutations led to decreased eNOS phosphorylation and activity. Loss of
BMPR?2 may partially disrupt a larger complex of proteins that interact with eNOS, leading to inefficient
or impaired signalling [4, 26]. Among 18% BMPR2mut patients in our present study, NOx concentration
was markedly lower: this was possibly because of reduced compliance of the pulmonary vascular bed.
Previous studies have shown that patients with PAH who carry a BMPR2 mutation have a worse prognosis
than non-carriers [27-29]. The decreased levels of NO in those with mutant BMPR2 may explain their
association with the development of PAH [30]. Although NO do affect the systemic circulation and can
produce systemic hypotension, they are considered “selective” pulmonary vasodialtors [4, 5]. Herein, the
decreased bioavailability and responsiveness to NO during PAH may occur secondarily to the impaired
NO formation or the increased NO consumption.

NO metabolites can be readily detected and quantified. The major pathway of NO metabolism is its
stepwise oxidation to nitrite (NO,") and nitrate (NOj;"). In plasma or other physiological fluids or buffers,
NO is oxidised almost completely to nitrite, where it remains stable. Kamezaxi et al. [12] implied that
plasma NOx levels, a marker of systemic NO production, was correlated with the prevalence and severity
of electrocardiographically determined left ventricular hypertrophy. The ability of NOx levels to predict
long-term outcomes in patients with IPAH is of interesting. Our study showed that risk prediction using
NOx concentration appears to be robust, even after adjustments for clinical characteristics, BMPR2mut and
haemodynamics. The cut-off level for NOx suggests more IPAH patients may be identified as being at risk
using this biomarker. Although plasma BNP levels are recommended for initial risk stratification and are
biomarkers for PAH prognoses [31], NOx was superior to BNP in predicting outcomes in our study. NOx
may provide an insight into a distinct pathophysiologic process, suggesting that multi-marker strategies
can be increasingly used to assess risks and to utilise individual therapies [32].

Total NO (NO;/NO5) is found in the plasma of healthy individuals at concentrations ranging between 20 and
40 uM under fasting conditions [33]. Nitrite has been proposed as a therapy for pulmonary hypertension based

TABLE 3 Cox proportional hazard analysis for NOx concentration on mortality

Analysis HR (95% CI) p value
Univariate analyses®” 2.79 (1.68-5.91) 0.001
Multivariate analyses”
Model 11 3.15 (1.51-6.25) 0.001
Model 2* 2.21 (1.83-5.87) 0.002
Model 3% 2.27 (1.85-6.02) 0.003
#

: nitrite (NO7) plus nitrate (NO3) (NOx) concentrations were dichotomised at 10 umol-L™"; T: adjusted for

age and sex; ": model 1 plus BMPR2 mutation; 8. model 2 plus mean pulmonary arterial pressure,
pulmonary vascular resistance and cardiac output.
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on inhalation studies performed on newborn sheep with hypoxia- and thromboxane-induced pulmonary
hypertension [34]. Inhale low-dose nebulised sodium nitrite prevented and reversed experimental PAH
and heart failure in a chronic hypoxia mouse model and a monocrotaline rat model [10, 35]. Of note, the
NO;3; -NO; -NO pathway has been proposed to act as a “back-up” system for NO generation in situations
where conventional pathways for NO synthesis may be compromised [33, 36]. BauiGa et al [37] have
demonstrated that dietary nitrate elicit pulmonary dilation, prevented pulmonary vascular remodelling and
reduced right ventricular hypertrophy, which is characteristic of pulmonary hypertension. Thus, there exists an
alternative reductive pathway that may aid the therapeutic treatment of PAH.

There was a close correlation between NOx levels and haemodynamic impairment in our study population
despite the statistical r-values being weak. This implies that the levels of NOx reflected the degree of
endothelial cell apoptosis or obliterative vascular remodelling. Most patients with IPAH, and particularly
IPAH patients with a BMPR2 mutation, have little to no pulmonary vasodilator response to NO and only
a modest response to PDE5i or sGC stimulators [38]. Some studies have reported elevated NOx levels in
patients with pulmonary hypertension. These findings differ from our study and may be due to the type of
pulmonary hypertension studied, the age of the patient and body fluid where NOx was measured [39-43].
For example, adult and children patients with associated congenital heart disease have increased plasma
nitrate or nitrite levels. It should be noted that endothelia can respond to raised intravascular or cardiac
pressure with increased NO production. When pulmonary arterial pressure is raised, enhanced NO
production probably acts as a compensatory mechanism in the cardio-haemodynamics of congenital heart
disease by decreasing myocardial contractility and causing vascular dilatation. However, nitrate
concentrations can be reduced dramatically after cardiac surgery and also in older children. Despite these
discrepancies regarding NOx values in pulmonary hypertension, interest in plasma NOx in pulmonary
hypertension is growing, as this marker may relate to the degree of pulmonary hypertension, and could be
used to monitor response to a specific therapy.

As one of the body’s most versatile molecules, NO scavenging by reactive oxygen species (ROS) is
normally controlled through the well-balanced production of NO and ROS [4, 44]. In this chronic
pulmonary hypertension model, upstream dysregulation of ROS/NO redox homeostasis impairs vascular
tone and contributes to cell proliferation and obliteration of the vasculature. Canonical ROS and NO
signalling pathways are simultaneously disrupted in PAH. Thereby, selective inhibitors of cGMP-specific
PDE-5 may have direct and indirect effects on PAH by preventing hydrolysis of cGMP and ROS [4, 45].
In addition, the stimulators that directly activate sGC in a preferential manner do not require NO for this
activation. The approval of riociguat as a potential agent for PAH treatment acts on exciting the enzyme
and elevating sensitivity to lower levels of NO [6, 46]. However, whether treatment with sGC stimulator
reverses PAH through reduction of ROS formation or increase NO bioavailability is unclear. Thus, a
stratagem to increase bioavailable NO if there is endothelial dysfunction and reduced endogenous NO
production could be expected to have a favourable effect [47].

Study limitations

There are several limitations to our study. Firstly, plasma NOx levels were only measured at the baseline
time point; we were unable to test the variability and prognostic changes over time or the impact of
different therapies. It remains to be elucidated whether the outcomes of this study are relevant to the
selected population. Secondly, although blood sample taken to measure plasma NOx levels were collected
in the morning (07:00-09:00 h) after an overnight fast (>12 h), the optimal time to collect these samples
remains unclear. Further studies are needed to clarify this issue. Finally, we may have underestimated NOx
concentration compared with the corresponding concentrations measured by high performance liquid
chromatography Griess method. However, enzyme immunoassay techniques offer ease of performance and
are also available to measure NOx [48]. Differences in our study between inter-batch and inter-operator
variability were reasonable in our study. Therefore, the choice of analytical method needs to consider
technical familiarity, cost and personal preference. Furthermore, another potential limitation is lack of
exact match between control subjects and patients although the present results are promising.

Conclusions

In conclusion, we have demonstrated that plasma NOx levels were markedly lower in patients with IPAH
compared with healthy controls, when correlated against haemodynamic measures of diseases severity and
presence of the BMPR2 mutation. Patients with reduced NOx levels had an increased risk for mortality
independently of clinical characteristics and other risk factors. Our findings add further evidence to the
concept that NO production may be reduced in patients with IPAH, and highlight the importance of NO
in the pathogenesis of PAH. In addition, the development of effective therapeutic strategies using NOx
metabolites requires further study and clarification.
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