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Abstract
Manipulation of nitric oxide (NO) may enable control of progression and treatment of pulmonary hypertension (PH).
Several approaches may modulate the NO-cGMP pathway in vivo. Here, we investigate the effectiveness of 3 modulatory
sites: (i) the amount of L-arginine; (ii) the size of plasma NO stores that stimulate soluble guanylate cyclase; (iii) the
conversion of cGMP into inactive 50-GMP, with respect to hypoxia, to test the effectiveness of the treatments with respect
to hypoxia-induced PH. Male rats (n ¼ 80; 10/group) maintained in normoxic (21% O2) or hypoxic chambers (10% O2) for
14 days were subdivided in 4 sub-groups: placebo, L-arginine (20 mg/ml), the NO donor molsidomine (15 mg/kg in drinking
water), and phoshodiesterase-5 inhibitor sildenafil (1.4 mg/kg in 0.3 ml saline, i.p.). Hypoxia depressed homeostasis and
increased erythropoiesis, heart and right ventricle hypertrophy, myocardial fibrosis and apoptosis inducing pulmonary
remodeling. Stimulating anyone of the 3 mechanisms that enhance the NO-cGMP pathway helped rescuing the functional
and morphological changes in the cardiopulmonary system leading to improvement, sometimes normalization, of the
pressures. None of the treatments affected the observed parameters in normoxia. Thus, the 3 modulatory sites are
essentially similar in enhancing the NO-cGMP pathway, thereby attenuating the hypoxia-related effects that lead to pul-
monary hypertension.
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Introduction

Pharmacological modulation of nitric oxide (NO)1 is well-

known to be an efficient way to regulate the progression of

several cardiopulmonary diseases and to represent a potential

therapeutic option. Many studies suggest that NO bioavailabil-

ity is indeed reduced in patients and in rodent models of

pulmonary vascular diseases, and that enhancement of the

NO-cyclic guanosine monophosphate (cGMP) pathway

(Figure 1) may represent an effective strategy for treatment.1-4

NO is synthesized in endothelial cells from L-arginine (L-Arg)

by endothelial NO synthase (eNOS).5 After its release in the

circulation, it establishes an equilibrium with plasma nitrates

and nitrites (NOx) and, to a minor extent, with circulating hemo-

globin (Hb) to form nitrosylated Hb or nitrosothiolated Hb.6 Part

of NO enters the smooth muscle cell, where it activates soluble

guanylate cyclase (sGC) generating cGMP, which in turns acti-

vates protein kinase G that sequesters Caþþ thereby favoring

smooth muscle relaxation.7 Although controversial,8 the same

mechanism in the myocytes might contribute to decrease muscle

contractility thereby acting as a negative inotropic factor. The

cellular level of cGMP is kept under the control of the activity of

phosphodiesterase 5 (PDE5), which converts active cGMP in

inactive 50-GMP.

The mentioned chain of events may be modulated at 3 levels

at least, by altering: (i) the amount of L-Arg entering the chain;

(ii) the amount of NO in the plasma that can stimulate sGC; or

(iii) the amount of cGMP that is inactivated to 50-GMP by
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PDE5. Several drugs have been proposed to manipulate the

NO-cGMP pathway activity through 3 broad approaches:

i) by manipulating the level of L-Arg, ii) by increasing the

amount of plasma NO, for example through the use of NO

donors, and iii) by modulating the activity of PDE5, for exam-

ple through the use of PDE5 inhibitors. The NO-cGMP path-

way has become a therapeutic target and several treatments, as

inhaled NO, administration of PDE5 inhibitors and soluble

guanylates cyclase modulators, have been proposed to treat

several cardiopulmonary diseases, such as pulmonary arterial

hypertension (PAH, group 1 of PH9) and neonatal respiratory

diseases associated with PH.10 Although any one of the men-

tioned actions to exploit the NO-cGMP pathway-based thera-

pies could be considered effective, in the clinical practice this

does not occur, and a recent Cochrane survey shows that there

is currently insufficient evidence to recommend NO donors,

L-Arg or eNOS inhibitors in acute stroke, and only one drug,

glyceryl trinitrate is able to give measurable clinical end-

points.11 Although inhaled NO is approved to treat certain

types of PH and PDE5 inhibitors are approved in the treatment

of PAH, the overlapping of several side reactions that eventu-

ally masks the final outcome also plays a role in this disap-

pointing result.

The aim of this study is to investigate separately the effec-

tiveness of the 3 modulations mentioned above with respect to

a single cardiopulmonary stress, e.g. hypoxia, in order to under-

stand how a single modulation affects the final outcome. To

this purpose, here we examine the effects of manipulation of

the NO pathway with regard to the chronic hypoxic in cardio-

pulmonary system. It is widely appreciated that NO production

is limited by insufficient supply of L-Arg. When administered

in a variety of cardiovascular diseases, L-Arg, NO donors and

PDE5 inhibition appear to reduce PH progression in hypoxic

animals and chronic heart failure patients. Yet, studies that

compare these strategies using the same methods, approaches,

procedures and kinds of animals with the same PH severity

have not yet been performed. Therefore, this study aims at

supporting the paradigm that pulmonary hemodynamics and

gas exchange efficiency may benefit from NO-based

approaches in patients with PH.

Materials and Methods

Chronic Hypoxia and Experimental Groups

Adult male Sprague-Dawley rats (n¼ 80; 10/group; 200-250 g;

Charles River, France) were randomly assigned to 1 of 4 treat-

ments: Control (no treatment), L-Arg (20 mg/ml in drinking

water), the NO-donor molsidomine (Mols, 0.1875 mg/ml in

drinking water), and the PDE5 inhibitor sildenafil (Sild,

1.4 mg/kg in 0.3 ml saline, i.p.). In each group, rats were

maintained either in normoxic (21% O2) or hypoxic chambers

(10% O2) for 14 days.12,13 The chambers, built to accommodate

4 rats each, differed only for the gas mixture flowing through

them. When the hypoxic chambers needed to be opened for

Figure 1. Simplified scheme of the mechanisms investigated in this study. Four distinct compartments are examined: the endothelial cells
(green), the blood (red), the smooth muscle cell (light blue), and the myocardial cell (yellow). The modulators considered here (in black boxes)
are L-arginine, which acts in endothelial cells, molsidomine, which acts on the NO stores in blood, and sildenafil, which inhibits
phosphodiesterase-5 in smooth muscle and myocardial cells.
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cleaning and monitoring, they were equipped with a compen-

sation chamber flowed with the same gas mixture of the

hypoxic chamber, thereby avoiding any contact of the rat with

room air and its reoxygenation. Rats were treated with the

assigned drug since day 0 of normoxia or hypoxia exposure.

At day 15, rats were first transferred anaerobically to the com-

pensation chamber, then anesthetized i.p. with a cocktail con-

taining 10 mg/kg xylazine, 100 mg/kg ketasol and 1500 IU

heparin within the compensation chamber at 10% O2, thus

avoiding reoxygenation before sacrifice.14 In each subgroup,

2 subsets of rats were used, one for hemodynamic and morpho-

logical analyses, and one for tissue assays.

Animal experiments were performed according to the Swiss

Federal guidelines (Ethical Principles and Guidelines for

Experiments on Animals). The protocol was approved by the

local Institutional Animal Committee (Service Vétérinaire

Cantonal, Lausanne, Switzerland). All efforts were made to

minimize animal suffering during the experiments.

Right Heart Catheterization

To examine PH development, we measured the RV systolic

pressure (RVSP) and the RV contractility expressed as maxi-

mum rate of pressure development (dP/dtmax).12 Briefly, a

small traverse incision was made in the abdominal wall, the

diaphragm was exposed and opened. A 24-gauge butterfly nee-

dle with tubing attached to a pressure catheter was inserted into

the RV and pressure measurements were recorded with Power-

Lab (AD Instruments, Colorado Springs, CO).

Blood Collection and Analysis

At the end of the hemodynamic study, a blood sample was

collected in heparinized syringes from the abdominal vein to

measure Hb concentration, hematocrit and red blood cell count

(Abbott Cell-dyn 3500 R System, Baar, Switzerland). The

remaining sample was centrifuged for 15 min at 3000g. Plasma

was stored at �80�C. For the measurements of NOx, we used

the Nitric Oxide Colorimetric assay kit (Nitrate/Nitrite colori-

metric Assay Kit, Cayman Chemical, No. 780001) following

the manufacturer’s protocol.

Heart Morphology

The anesthetized animals were sacrificed by exsanguination,

heart and lung were washed with PBS at 4�C, harvested and

processed for analysis. The RV was separated from the left

ventricle (LV) and septum (S), and all parts were weighed

separately. The degree of RV hypertrophy was calculated as

the RV/LVþS ratio.

The degree of cardiac fibrosis was determined by Sirius red

staining. Briefly, 10 mm-thick paraffin-embedded tissue sec-

tions were deparaffinized, rehydrated and stained in iron hema-

toxylin for 10 min, followed by rinsing in water for 10 min. The

slides were then stained in 0.1% (w/v) Sirius Red F3B (Sigma-

Aldrich, Buchs SG, Switzerland) in saturated aqueous picric

acid (Sigma-Aldrich, Buchs SG, Switzerland) for 1 h. Sections

were washed twice in 0.5% v/v acetic acid, dehydrated rapidly

3 times in 100% alcohol, cleared in xylene and mounted using

Merckoglas medium (Merck, Germany). Each section was

photographed under a light microscope (Nikon Instruments

Inc., Melville, NY, USA) at 10x magnification. At least 10

fields were randomly selected for each rat, each of which con-

tains at least 6 vessels. Images were analyzed using Image

software. The percentage collagen was calculated as fibrosis

area/total area of the tissue section.

Pulmonary Vascular Remodeling

To determine the degree of muscularization in pulmonary arter-

ioles, we used the technique described in Nydegger et al,12

which includes lung inflation with formalin, embedding in par-

affin and sectioning (8-mm thickness). Samples were then

blocked with goat serum and incubated with an antibody

against smooth muscle a-actin (a-SMA 1:250, clone 1A4,

Sigma-Aldrich), followed by incubation with goat anti-mouse

IgG secondary antibody (1/500, DAKO). After developing

with 3,30-diaminobenzidine and counter staining with hema-

toxylin and eosin, transversal cut arterioles were counted

(image analysis system Nikon eclipse 80i camera with NIH

image software, Nikon Instruments Inc., Melville, NY, USA).

Pulmonary arterial thickening was measured by calculating the

percentual pulmonary artery thickness as described in the lit-

erature.12 We analyzed 10 vessels for each rat (n¼ 6/group) by

double-blind morphological analysis.

cGMP and Caspase-3 Activity

We measured cGMP in frozen tissue that was homogenized at

4�C with 0.1 mol�l�1 HCl (10% wet wt/vol) and centrifuged

(2000 rpm for 10 min at 4�C). The measurement of cGMP was

made by an immunoassay kit (Assay designs, Inc., MI).

Caspase-3 activity was tested by the Caspase-3/CPP32 colori-

metric assay kit (MBL). NOx was determined by the Nitric

Oxide Colorimetric assay kit (Nitrate/Nitrite colorimetric

Assay Kit, Cayman Chemical, No. 780001) following the man-

ufacturer’s protocol.

Statistics

Data are expressed as box and whiskers plot following the

Tukey method, with outliers plotted individually when present.

To detect significant differences, we first ran ordinary 2-way

ANOVA analysis. If significant, we proceeded to the multiple

comparison tests. To test whether hypoxia has effect on the

single treatments, we used the Sidak’s multiple comparison test

(significant comparisons are marked as # in the figures). To

detect whether treatments had an effect with respect to controls

within normoxia and hypoxia, we used the Dunnett’s test (sig-

nificant comparisons are marked as § in the figures). Analyses

were performed using GraphPad Prism version 8, San Diego,

California USA. The significance level was set at P ¼ 0.05.
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Results

None of the rats that entered this study (243.7 + 1.4 g body

weight, BW) died nor showed signs of discomfort. Unless oth-

erwise stated, the treatments did not have remarkable effects in

normoxia rats.

Systemic Changes: Homeostasis, Erythropoiesis, and
Plasma NOx

Fourteen-day hypoxia depressed the BW gain and increased

(Hb) concentration ([Hb]) (Figure 2A and B). Plasma NOx

expresses the level of NO stores in blood (Figure 2C). As

expected, both L-Arg and Mols increased plasma NOx in nor-

moxia, as opposed to lack of effect of Sild, which affects the

NO-cGMP pathway downstream.

The treatments in hypoxia did not substantially affect nei-

ther the BW gain nor [Hb], although Sild slightly improved the

BW gain and Mols slightly increased [Hb]. L-Arg and Sild

were unable to alter plasma NOx, but Mols further increased

it by virtue of its NO-donor effect. Although Sild did not

change plasma NOx with respect to untreated hypoxic rats,

plasma NOx was higher than in normoxia.

Myocardial Morphology

Myocardial hypertrophy was evaluated through the heart

weight/body weight (HW/BW). Hypoxia markedly increased

the HW/BW ratio (Figure 3A). This increase was at least in part

due to RV hypertrophy, which was evaluated through the RV/

(LVþS) ratio (Figure 3B). The increase in both myocardial and

RV hypertrophy was mitigated by all treatments, while Mols

did not apparently affect the RV/(LVþS) ratio.

Myocardial fibrosis was evaluated separately in the RV and

LV by Sirius Red Staining (Figure 4). Hypoxia increased

Figure 2. Some systemic effect of hypoxia (14 days at 10% O2) in rats treated with placebo (control), L-arginine (L-Arg), molsidomine (Mols),
and sildenafil (Sild) for the same time duration. Panels A, B, and C report the effects on the body weight gain, hemoglobin concentration, and
plasma nitrates and nitrites, respectively. Data are expressed as box and whiskers plots following the Tukey method, with outliers plotted
individually when present. #P < 0.05: normoxia vs hypoxia within the same treatment (Sidak’s test); §P < 0.05: with respect to control within
normoxia or hypoxia (Dunnett’s test).

Figure 3. Effects of hypoxia (14 days at 10% O2) on myocardial morphology in rats treated with placebo (control), L-arginine (L-Arg),
molsidomine (Mols), and sildenafil (Sild) for the same time duration. Panels A and B report the effects on the heart/body weight ratio and the
right ventricle/(left ventricle þ septum) ratio, respectively. Data are expressed as box and whiskers plots following the Tukey method, with
outliers plotted individually when present. #P < 0.05: normoxia vs hypoxia within the same treatment (Sidak’s test); §P < 0.05: with respect to
control within normoxia or hypoxia (Dunnett’s test).
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myocardial fibrosis in both the LV and RV. All treatments

could normalize myocardial fibrosis.

Biochemistry

The degree of apoptosis was evaluated through the activation

of Caspase-3, a hallmark of apoptosis in myocardial cells (Fig-

ure 5A). Hypoxia determined a marked increase in myocardial

apoptosis. Myocardial cGMP, which is directly related to the

modulation of PDE5 by its inhibitors, was not affected by

hypoxia (Figure 5B). The level of myocardial NOx remained

nearly unaffected by hypoxia, but all treatments elevated this

level with respect to control groups (Figure 5C).

All treatments were able to normalize apoptosis in hypoxia-

challenged hearts. By contrast, the myocardial cGMP level was

increased only by Sild, as a result of its function as PDE5

inhibitor. All treatments increased the production of NO.

Hemodynamics

Hemodynamics was assessed by left and right heart catheter-

ization with measure of the end-diastolic (EDP) and systolic

(SP) pressures, and of the rate of pressure development

(dP/dtmax). Hypoxia did not affect the left heart function (Fig-

ure 6A), but RV SP (Figure 6B) and RV dP/dtmax were mark-

edly increased (Figure 6C), indicative of pulmonary pressure

increase. RV EDP remained unaffected (Figure 6C). LV SP

was not affected by none of the treatments. By contrast, all

treatments decreased RV SP and RV þdP/dtmax (Figure 6D)

without effects on RV EDP. All hemodynamics parameters

were recorded in rats breathing the same gas mixture, hypoxic

or normoxic, to which they were exposed during the preceding

14 days using a technology that fully prevents any risk of

reoxygenation.14,15

Pulmonary Remodeling

The lung water content highlights the presence of pulmonary

edema, which was not affected by hypoxia (Figure 7A). To

evaluate pulmonary remodeling, we measured the number of

vessels in lung sections stained with hematoxylin & eosin (Fig-

ure 7B), as well as the medial wall thickness in large (100-200

mm internal diameter, Figure 7D) and small (internal diameter

0-50 mm, Figure 7E) pulmonary vessels. The figure reports the

number of vessels in the left lung only because this value was

superimposable to that found in the right lung (not shown).

Figure 4. Effects of hypoxia (14 days at 10% O2) on myocardial fibrosis in rats treated with placebo (control), L-arginine (L-Arg), molsidomine
(Mols), and sildenafil (Sild) for the same time duration. Panels A and B refer to the left and right ventricles, respectively. Panels A and C report
representative pictures, with the bar representing 100 mm. Summary data in panels B and C are expressed as box and whiskers plots following
the Tukey method, with outliers plotted individually when present. #P < 0.05: normoxia vs hypoxia within the same treatment (Sidak’s test); §P <
0.05: with respect to control within normoxia or hypoxia (Dunnett’s test).
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Figure 5. Effects of hypoxia (14 days at 10% O2) on myocardial biochemistry in rats treated with placebo (control), L-arginine (L-Arg),
molsidomine (Mols), and sildenafil (Sild) for the same time duration. Panels A, B, and C report the effects on Caspase 3, myocardial cGMP
content, and the myocardial NOx level, respectively. Data are expressed as box and whiskers plots following the Tukey method, with outliers
plotted individually when present. #P < 0.05: normoxia vs hypoxia within the same treatment (Sidak’s test); §P < 0.05: with respect to control
within normoxia or hypoxia (Dunnett’s test).

Figure 6. Effects of hypoxia (14 days at 10% O2) on hemodynamics and myocardial function in rats treated with placebo (control), L-arginine (L-
Arg), molsidomine (Mols), and sildenafil (Sild) for the same time duration. Panels A, B, C, and D report the effects on the left ventricle systolic
pressure, the right ventricle systolic pressure, the right ventricle end-diastolic pressure, and the maximal rate of pressure development in the
right ventricle, respectively. Data are expressed as box and whiskers plots following the Tukey method, with outliers plotted individually when
present. #P < 0.05 normoxia vs hypoxia within the same treatment (Sidak’s test); §P < 0.05 with respect to control within normoxia or hypoxia
(Dunnett’s test).
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Hypoxia markedly increased the number of vessels in the left

lung as well as the medial wall thickness of small pulmonary

arteries, while pulmonary vessels of larger caliber remained

unaffected, confirming previously published data.13

The effect of the treatments was heterogenous. While the

lung water content remained unchanged, the number of vessels

in the left lung was unaffected by Sild, but L-Arg and Mols

further increased it. The wall thickness in small vessels was

almost normalized by all the treatments, as opposed to lack of

effect in large vessels.

Discussion

In this study, we investigate 3 of the broad mechanisms that

enhance the NO-cGMP pathway activity in hearts and lungs

challenged by chronic hypoxia. As expected, 14-day breathing

a gas mixture containing 10% O2, equivalent to approximately

5000 m altitude, affects most of the considered parameters

without being lethal. The degree of hypoxia can therefore be

classified as moderate, but still potentially harmful. Therefore,

the selected hypoxia condition results in a layout that includes

depressed body homeostasis, excessive erythropoiesis, heart

and RV hypertrophy, myocardial fibrosis, higher degree of

apoptosis and as a stimulus for pulmonary vascular remodeling.

These features lead to a phenotype very similar to PH in

humans. As drug treatments started in coincidence with the

onset of hypoxia, the observed mechanisms may reflect pro-

phylactic rather than therapeutic interventions.

The stimulation of anyone of the 3 broad mechanisms that

enhance the NO-cGMP pathway did not produce appreciable

changes in normoxia, but tended to improve, and in some

instance to normalize most of the parameters that were chal-

lenged by hypoxia. This highlights the validity of the experi-

mental model with respect to the pathological situation of PH

patients. Remarkably, monocrotaline-treated rats, a common

rodent model of PH, develop symptoms similar to those elicited

by hypoxia only, including pulmonary vessel remodeling, RV

hypertrophy and apoptosis.12,13,16 However, hypoxia-induced

PH occurs without use of compounds that were reviewed

to be subjected to differences in pharmacokinetics, hepatic

Figure 7. Effects of hypoxia (14 days at 10% O2) on lung morphology and remodeling in rats treated with placebo (control), L-arginine (L-Arg),
molsidomine (Mols), and sildenafil (Sild) for the same time duration. Panels A, B, C, and E report the effects on the lung water content, the
number of vessels in the left lung, the average wall thickness in large-caliber vessels, and the average wall thickness in small-caliber vessels,
respectively. Panel D reports representative images from which the vessels numbers were derived. Data are expressed as box and whiskers
plots following the Tukey method, with outliers plotted individually when present. #P < 0.05: normoxia vs hypoxia within the same treatment
(Sidak’s test); §P < 0.05: with respect to control within normoxia or hypoxia (Dunnett’s test). The pictures report representative images of lung
vessels in the 0-50 mm range.
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formation of pyrrole derivatives that finally lead to anorexia,

apathy, inability to gain weight and tachypnea, all symptoms

that may overlap with those led by hypoxia as dyspnea, weak-

ness, diarrhea, and peripheral cyanosis.17 In addition to

monocrotaline-treated rats, the Sugen/Hypoxia model also

mimics PAH in group 1 by combining a single administration

of Sugen 5416, a vascular endothelial growth factor receptor 2

(VEGFR2) antagonist, with 3-week hypoxia. This treatment

causes severe PAH in rats, characterized by smooth muscle

proliferation, vascular rarefaction and perivascular fibrosis that

contribute to increase precapillary vascular resistance, RV

afterload and hypertrophy even after return to normoxia for

5-10 weeks.18,19 Compared with rats exposed to chronic

hypoxia alone, Su-Hx rats develop decompensated RV failure,

as evident from elevated RV EDP, RV dilatation and decreased

RV ejection fraction with maladaptative RV remodeling.20 A

third PH model is constituted by the persistent PH model

obtainable in lambs by surgical constriction of the fetal ductus

arteriosus,21,22 which results in increased right-to-left extra-

pulmonary shunting of deoxygenated blood and mimics with

augmented vascular constriction and smooth muscle hypertro-

phy, which leads to persistently increased pulmonary vascular

resistance and RV hypertrophy.

In this study, rats were exposed to hypoxia for 14 days, a

time long enough to rise some adaptation to hypoxia or com-

pensation to PH. Therefore, data taken at a single time point

may be considered potentially unstable and not fully represen-

tative of hypoxia-induced PH. However, we previously

showed12 that in this model most of the data reported here

remain constant for 4 weeks. Despite ongoing hypoxia adaption

as from the steadily increasing erythropoietic response, most

parameters related to the compensation to PH appear relatively

constant, including the RV/(LVþS) ratio, the number of lung

vessels, the wall thickness of small vessels, RV fibrosis, and

myocardial NOx. Remarkably, the effect of one of the inter-

ventions described here, e.g. PDE5 inhibition, elicits similar

responses after 2- and 4-week hypoxia. Noteworthily, despite

constant LV SP and RV SP, LV EDP and dP/dtmax were sub-

jected to instability on opposite directions: tendency toward

normalization for dP/dtmax, and toward further deterioration for

LV EDP.

PH patients, in particular group 3 due to hypoxia or lung

disease, usually display low L-Arg levels compared to healthy

subjects.4,23 Consequently, increasing the substrate for NO pro-

duction (L-Arg supplementation) is thought to attenuate PH

development in both monocrotaline-24 and hypoxia-chal-

lenged25 rats. In PH patients, L-Arg supplementation consider-

ably reduces pulmonary vascular resistance.26 It must be noted

that L-Arg supplementation can be replaced by other treat-

ments or supplementation, as for example combining

L-citrulline with tetrahydrobiopterin, which produced encoura-

ging results in hypoxic pigs.27 Besides providing the substrate

for NO formation in endothelial cells, L-Arg prevents eNOS

uncoupling, a phenomenon whereby eNOS generates ROS

rather than NO, thus serving as ROS scavenger, decreasing

their formation and increasing NO release.28 In this study,

L-Arg attenuated RV hypertrophy and muscularization of small

pulmonary vessels secondary to the effect of NO in inhibiting

vascular pulmonary artery smooth muscle cell proliferation and

attenuating the morphological changes by improving cardio-

pulmonary remodeling. It should be noted that, besides provid-

ing substrate for eNOS, L-Arg also feeds the inducible form of

NO synthase (iNOS), which, at odds with eNOS, generates

considerable oxidative and nitrosative stress.29

NO donors were first reviewed in 1995 and classified as “a

new class of drugs [ . . . with . . . ] potential utility in the treat-

ment of coronary and pulmonary arterial diseases.”30 Among

several developed NO donor molecules, Mols, which releases

NO non-enzymatically, was suggested for acute pre-ischemic

treatment that improves cardiac ischemia tolerance in animals

adapted to hypoxia.31 Several reports have shown that Mols

reduces the pulmonary arterial pressure in rats with PH induced

by monocrotaline injection or hypoxia32 and reduces both pul-

monary vascular remodeling and ET-1 expression.33 In addi-

tion, Mols improves cardiac function, reduces neurological

symptoms and enhances atherosclerotic plaque stability.34 In

this study, we found that Mols acts similarly to L-Arg, but, in

addition, it provides a further stimulus to erythropoiesis. This is

in agreement with the observation that the NO-cGMP pathway

upregulates erythropoiesis at the level of gene transcription,

thereby providing a novel target to stimulate erythropoiesis

in vivo.35

It was reported that inhibition of PDE5 by Sild alleviates

symptoms in several cardiopulmonary diseases including PH36

and rescues hypoxia-induced RV hypertrophy.37 This pheno-

type is the outcome of the increase of cGMP secondary to

upregulated eNOS phosphorylation,38-43 which translates into

mitigated apoptosis. Sild does not only contribute to vasodila-

tion, but also favors the recruitment of bone marrow-derived c-

kitþ cells, that improves pulmonary hemodynamic16 through a

mechanism that persists over time, thus independent from

hypoxia adaptation.12 Sild improves pulmonary remodeling

and RV function in hypoxia by increasing NO signaling.12,13

In this study, we did not attempt dose/response assays to

detect the drugs optimal concentration, but rather we approxi-

mated the dose normally used in clinical contexts. Assuming a

water intake of 20 ml/day in hypoxic rats,14 the selected dose of

L-Arg (1.6 g/day/kg for 2 weeks) compares with that associated

with improved resting systolic blood pressure and quality of

life in PH patients with microvascular angina (0.1 g/kg/day for

4 weeks).44 Similar doses were also effective to improve hemo-

dynamics and exercise capacity in patients with precapillary

PH (up to 0.15 g/kg)45 as well as to ameliorate functional and

quality of life outcomes (0.1 g/kg/day for 3 months).46 Like-

wise, the selected dose of Mols (15 mg/kg/day) compares with

that reported in the MEDCOR clinical trial demonstrating ben-

eficial effects on the myeloperoxidase activity/antigen ratio in

angina patients undergoing percutaneous coronary intervention

(16 mg/day for 1 year)47 and is identical to that reported to be

effective to reduce PH in hypoxic rats.48 As for Sild, the typical

per os dose used for PAH treatment is usually higher (25-

100 mg/kg twice-daily per os) than that used in the present
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study. However, for consistency with previous studies, we

opted for i.p. delivery of Sild in a single daily dose within the

range that saturates protection in humans.49 Despite the plasma

half-life of 4-6 h,50 the selected dose was observed to elevate

myocardial cGMP in a rodent model of hypoxia,37 indicative of

efficient inhibition of PDE5 activity. Other /agents such as the

stimulator of sGC riociguat might soon be competitive.51 This

consideration is further supported by the observation that deac-

tivating by oxidation the a subunit of protein kinase G does not

change the benefits of the stimulation of sGC, thereby high-

lighting the combination therapy with PDE5 inhibitors and

sGC stimulators.52 Here we show that the effect of Sild is

virtually indistinguishable from those of L-Arg and Mols, with

a slight improvement of body homeostasis. As expected, Sild

did not affect the parameters upstream PDE5 inhibition, e.g.

neither plasma nor myocardial NOx.53

Table 1 summarizes the most important findings in this

study. The effect of the 3 mechanisms that enhance the NO-

cGMP pathway, thus, followed the effects expected by the

actions exerted by NO, which include reduction of heart and

RV hypertrophy, apoptosis and pulmonary remodeling.

Remarkably, the 3 mechanisms have an anisotropic effect in

reducing the RV pressure and dP/dtmax. In facts, in addition to

the well-known effect of vasodilatation, an additional effect of

NO on skeletal muscles fibers has been proposed, i.e. through

nitrosation/nitrosylation of target proteins, which leads to

depressed isometric force, shortened velocity of contraction,

with the outcome of “braking” muscle contraction54 and low-

ering force output by altering the excitation-contraction cou-

pling.55 By contrast, other Authors documented lack of

inotropic effect of NO in rat myocardium.56

Limitations of the Study

In this study, no attempt was made to compare directly the

effectiveness of the 3 strategies to improve the NO-cGMP path-

way. This goal should be preceded by complex pharmacoki-

netic evaluations as well as dose/response preliminary studies.

Likewise, a large number of drugs and approaches were not

examined in this study, but we focused in a representative drug

for every site of modulation. As far as NO donors are consid-

ered, alternative drugs/treatments include inhaled NO ther-

apy,57 administration of inorganic nitrite and nitrate,58 such

as sodium nitrite,59 as well as diethylamine NONOate diethy-

lammonium, sodium nitroprusside and the sGC stimulator rio-

ciguat.60 As for PDE5 inhibitors, several other drugs besides

Sild have been proposed, each with different pharmacokinetics,

efficiency and persistence in the circulation, but with essen-

tially similar mechanisms of action and outcomes.61 Finally, in

this study we did not assess any combination of these

approaches in the search of synergistic effects.

Conclusion

Enhancing the NO-cGMP pathway in any form attenuates the

hypoxia-related PH syndrome. Remarkably, the tested treat-

ments appeared to be effective in hypoxia at doses that were

ineffective in normoxia. Thus, the 3 strategies to enhance the

NO-cGMP pathway in vivo appear equivalent in terms of effi-

cacy and molecular mechanisms of action. The choice of the

best treatment, therefore, should not be based on the mechan-

isms of action but rather on clinical relevance, such as toler-

ability, side effects and persistence in the circulation.

Table 1. Summary of the Observed Findings.a

Hypoxia vs normoxia

Within hypoxia vs control

L-Arginine Molsidomine Sildenafil

Systemic changes Body homeostasis # ¼ ¼ "
Erythropoiesis " ¼ " ¼
Plasma nitrates þ nitrites ¼ ¼ " ¼

Myocardial morphology Cardiac hypertrophy " ## ## #
RV hypertrophy " # ¼ #
LV fibrosis " ## ## ## N

RV fibrosis " ## ## ##
Heart biochemistry Caspase-3 activation " ## ## #

Heart cGMP ¼ ¼ ¼ "
Myocardial NOx ¼ "" "" ""

Myocardial function LV systolic pressure ¼ ¼ ¼ ¼
RV systolic pressure " ## # #
RV end-diastolic pressure ¼ ¼ ¼ ¼
RV þdP/dtmax " ## ## #

Pulmonary remodeling Lung hypertrophy " ¼ ¼ ¼
Pulmonary remodeling, small vessels (<50 mm) " ## # #
Pulmonary remodeling, large vessels (100-200 mm) ¼ ¼ ¼ ¼

a", increase; #, decrease;¼, no change. For within hypoxia: ## and ""mean complete normalization (decrease or decrease, respectively) with respect to normoxia
control. N denotes that the effect was observed also in normoxia.
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