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Nitric oxide is an endogenous pulmonary vasodilator that is synthesized from L-arginine
in pulmonary vascular endothelial cells by nitric oxide synthase and diffuses to adjacent
vascular smooth muscle cells where it activates soluble guanylyl cyclase. This enzyme converts GTP to cGMP which activates cGMP dependent protein kinase leading to a series of
events that decrease intracellular calcium and reduce vascular muscle tone. Nitric oxide is
an important mediator of pulmonary vascular tone and vascular remodeling. A number
of studies suggest that the bioavailability of nitric oxide is reduced in patients with pulmonary vascular disease and that augmentation of the nitric oxide/cGMP pathway may
be an effective strategy for treatment. Several medications that target nitric oxide/cGMP
signaling are now available for the treatment of pulmonary hypertension. This review explores the history of nitiric oxide research, describes the major NO synthetic and signaling
pathways and discusses a variety of abnormalities in NO production and metabolism that
may contribute to the pathophysiology of pulmonary vascular disease. A summary of the
clinical use of presently available medications that target nitric oxide/cGMP signaling in
the treatment of pulmonary hypertension is also presented. © 2017 Published by Elsevier
Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). (Am J Cardiol 2017;120:S71–S79)
Brief History and Discovery
Nitric oxide (NO) is a potent vasodilator that works by
activating soluble guanylate cyclase (sGC) in vascular smooth
muscle cells (SMCs) to catalyze the conversion of guanosine triphosphate (GTP) to cyclic guanosine monophosphate
(cGMP).1–3 Key milestones in the history of nitrovasodilators,
as described previously,4 include the synthesis of amyl NO2−
in 1844 and its first use for the treatment of angina pectoris
in 1867. Other key milestones in the 19th century were the
synthesis of nitroglycerin in 1847 and its first clinical use in
angina pectoris in 1879. Further characterization of nitroglycerin’s properties as a vasodilator was made in the 1940s,
leading to the development of nitroglycerin as a first-line medication for the relief of coronary artery vasospasm in the
prevention and treatment of angina episodes.
A number of early studies played key roles in elucidating the mechanism responsible for the marked vasodilatory
effects of oral NO3− therapy. In 1941, investigators published results of a seminal study on enzymatic reactions in
the renal conversion of citrulline to arginine, the substrate for
NO biosynthesis.5,6 In the late 1970s, investigators identified dose-dependent increases in cGMP levels in smooth
muscles in response to NO, as well as increases in cGMP levels
in response to sodium nitroprusside and nitroglycerin.7,8 In
1980, Furchgott and Zawadzki discovered the central role of
the arterial endothelium as the source of a factor that medi-
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ated vascular relaxation responses to acetylcholine, and they
proposed the existence of an endothelial-derived relaxing factor
(EDRF).9 After considerable interest in the identification of
the EDRF, Ignarro et al, in 1987, demonstrated that the EDRF
was, in fact, NO.10 This discovery ushered in a new age in
vascular biology, in which arterioles were viewed not merely
as conduit vessels but as active participants in determining
regional perfusion. In this paradigm, endothelial cells lining
small resistance vessels respond to changes in their local environment, such as O2 concentration and sheer stress, by
synthesizing potent vasodilators, such as NO and prostacyclin,
or constrictors, such as endothelin, that diffuse into the adjacent vascular smooth muscle to modulate vascular tone.
Overview of the NO Pathway in the Lung
In the canonical NO–sGC–cGMP signaling pathway, NO
is synthesized in pulmonary vascular endothelial cells via conversion of l-arginine to NO and citrulline via NO synthase
(NOS) (Figure 1). Three isoforms of NOS have been identified in the human lung: neuronal NOS (nNOS), inducible
NOS (iNOS), and endothelial NOS (eNOS, or NOS III).11,12
Unlike the nNOS and eNOS isoforms, which are expressed
mainly in neuronal and endothelial cells, respectively, the iNOS
isoform is expressed in many nonvascular cell types (e.g., macrophages, hepatocytes, fibroblasts), as well as in endothelial
cells.13 A major functional difference between iNOS and the
other NOS isoforms is that iNOS generates NO in response
to inflammatory mediators, whereas nNOS and eNOS generate NO as a signaling molecule to regulate physiologic
processes such as vasodilatation.14 The biosynthesis of NO
via iNOS is a calcium-independent process lasting a few days,
whereas nNOS and eNOS synthesize NO via a calcium- and
calmodulin (CaM)–dependent process lasting several minutes.15
In an early study of eNOS, in situ hybridization of lung tissue
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Figure 1. Biosynthesis of NO.11 CPS = carbamoyl phosphate synthetase;
NO = nitric oxide; NOS = nitric oxide synthase. Adapted from11 Xu W,
Kaneko FT, Zheng S, et al. Increased arginase II and decreased NO synthesis in endothelial cells of patients with pulmonary arterial hypertension.
FASEB J. 2004;18(14):1746–1748.

Figure 2. Pathway for NO synthesis.19 ASL = argininosuccinate lyase;
ASS = argininosuccinate synthase; BH4 = tetrahydrobiopterin; FAD = flavin
adenine dinucleotide; FNM = flavin mononucleotide; KG = kinase G;
NADPH = nicotinamide adenine dinucleotide phosphate; NO = nitric oxide;
NO2− = nitrite; NO3− = nitrate; NOS = nitric oxide synthase; OTC = ornithine transcarbamylase; TCA = tricarboxylic acid (i.e., citric acid). Reprinted
under HHS public access from19 Luiking YC, Engelen MP, Deutz NE. Regulation of nitric oxide production in health and disease. Curr Opin Clin Nutr
Metab Care. 2010;13(1):97–104.

with a messenger RNA (mRNA) probe identified pronounced expression of eNOS in the pulmonary endothelium,
nerve fibers, and pulmonary epithelium in normal lungs.16
eNOS-mediated biosynthesis of NO in endothelial cells
is considered the major source of bioavailable NO in the pulmonary circulation,17 although iNOS, which is responsible
for the generation of most exhaled NO, also contributes to
NO in the pulmonary vasculature.18 Synthesis of NO by NOS
requires the substrate l-arginine, and a steady supply is provided by numerous pathways for l-arginine synthesis
(Figure 2). Glutamine is absorbed in the gut and converted
to citrulline and ammonia, both of which enter the liver, where
ammonia is metabolized to urea, but citrulline passes through
and into the systemic circulation, where it is metabolized to
arginine and urea in the kidney.20
Approximately 60% of arginine is generated in the kidney
by this mechanism, whereas only about 15% of arginine is

synthesized de novo in the endothelium.6,21 In addition to its
function as a substrate for NO synthesis, arginine is also a
substrate for urea synthesis in the kidney.11 The conversion
of arginine to citrulline and urea is catalyzed by the enzyme
arginase. Arginase exists in two isoforms: arginase I, a cytosolic enzyme expressed primarily in the liver as part of the
urea cycle, and arginase II, a mitochondrial enzyme expressed primarily in the kidney. Arginase I is also present in
human erythrocytes and remains active in plasma. In addition, arginase catalyzes the cleavage of urea from arginine,
which results in the generation of ornithine.22 At the same time,
citrulline produced in the urea cycle can be recycled
back to arginine via conversion to argininosuccinate
by argininosuccinate synthase and conversion from
argininosuccinate to arginine by argininosuccinate lyase (ASL)
(Figure 2).21 One study evaluated ASL deficiency as a source
of NO deficiency in a mouse model and also in human subjects with argininosuccinic aciduria (ASA), which is a common
urea cycle disorder. In the mouse model, aortic rings from
mutant mice with ASL deficiency did not relax in response
to acetylcholine and to arginine treatment. In human
subjects with ASA, compared with healthy controls, plasma
levels of nitrosothiols (RSNO) and NO2− (both metabolic products of NO production) were decreased, and ASA subjects
had dramatically decreased transfer of guanidine nitrogen from
arginine to citrulline. These findings in ASA subjects reflect
an inability to recycle intracellular citrulline into arginine for
endogenous NO production and to direct extracellular plasma
arginine for NO production.23
Despite these various pathways for endogenous arginine
synthesis, plasma l-arginine levels are heavily dependent on
dietary intake, and endogenous biosynthesis of l-arginine is
not able to compensate for insufficient intake.24 Arginine circulates in the blood in concentrations of approximately
100 µM, but its concentration is up to 20 times greater (0.5
to 2 mM) in endothelial cells.11 The ability of arginine supplementation in the diet to augment the endothelial production
of NO has been referred to as the “arginine paradox” because
circulating levels are 25- to 30-fold greater than the Michaelis–
Menten constant Km of eNOS in vitro. Small increases in
circulating arginine levels from dietary supplementation should
therefore have little effect on increasing NO synthesis. One
mechanism that may explain the beneficial effect of l-arginine
supplementation on endothelial NO synthesis is that l-arginine
antagonizes asymmetric dimethylarginine (ADMA), which
is an endogenous NOS inhibitor.25 Another possible explanation is that most intracellular l-arginine is not available to
eNOS for NO production, whereas extracellular arginine
coming into endothelial cells from the circulation is more likely
to interact with eNOS. This may occur because cationic amino
acid transporter 1, the major transporter for arginine into endothelial cells, co-localizes with eNOS in caveolae.26
Dietary arginine supplementation has shown benefits in
some patients with endothelial dysfunction (e.g., sickle cell
disease).27,28 By contrast, investigators in a study of hypertensive patients determined that arginine supplementation did
not augment vasodilatation, whereas arginase inhibition did.29
This study supports a corollary of the “arginine paradox”
related to the impact of arginase on the NO pathway: the more
arginine is added, the more it is destroyed by arginase.21 As
previously mentioned, arginase I and II are prominent in the
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liver and kidneys, respectively, as well as in the bloodstream, and arginase-mediated catalysis of arginine to urea
and ornithine reduces the amount of arginine available for NO
synthesis. Recycling of citrulline from the kidney is a route
by which additional arginine can be synthesized, but the substrate for NO synthesis still can be inactivated by arginase
en route to pulmonary endothelial cells and other sites of NOS
activity. Although it has been difficult to demonstrate improvement in cardiovascular function by dietary
supplementation with l-arginine, patients with l-arginine deficiency have been demonstrated to have endothelial
dysfunction. In one report of a patient with an autosomal recessive defect of dibasic amino acid transport that results in
severe L-arginine deficiency, plasma NO3−, NO2− levels, and
endothelium-dependent vasodilatation as measured by ultrasonography of the brachial artery were reduced compared with
controls, and both became normal after infusion of l-arginine.30
The activity of eNOS in vascular endothelial cells is mediated in part by caveolae, invaginations in the plasma
membranes that contain the transmembrane protein caveolin.
Caveolin serves to sequester NOS in an inactive state until
cytoplasmic calcium and CaM concentrations reach sufficient levels. Calcium-activated CaM binds to NOS and aligns
oxygenase and reductase domains in the enzyme; this leads
to caveolin dissociation, NOS activation, and triggering of
NO synthesis (Figure 3).31,32 Without the regulatory control
of caveolin, eNOS may become hyperactive and deplete a
variety of co-factors critical for NO synthesis.32 This in turn
leads to the uncoupling of eNOS activity and the production of superoxides that cause oxidative and nitrative stress
and decreased vascular function.

Figure 3. Activation of eNOS and NO synthesis in caveolae.31 Arg = arginine; CaM = calmodulin; eNOS = endothelial nitric oxide synthase; NO = nitric
oxide. Reprinted with permission from31 Kone BC, Kuncewicz T, Zhang W,
Yu ZY. Protein interactions with nitric oxide synthases: controlling the right
time, the right place, and the right amount of nitric oxide. Am J Physiol Renal
Physiol. 2003;285(2):F178-190.
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After it is generated in the caveolae, NO diffuses freely
and can exert its vasodilatory effects in the perivascular smooth
muscle or can enter the bloodstream. NO contains an odd
number of electrons, which explains its radical nature. NO
may react by electron gain to form the nitroxyl anion NO−
and by electron loss to form the nitrosonium ion NO+. The
rate of NO degradation is dependent on its concentration and
the concentration of the surrounding bioreactants, but at physiologic concentrations, its half-life in aqueous solutions is in
the order of seconds. The major breakdown product of NO
is nitrate (NO3−), which is then further reduced to nitrite (NO2−).
NO3− and NO2− are often symbolized as NOx. Circulating
levels of NOx can be used as markers of NO synthesis. NO2−
also serves as an NO storage reservoir from which physiologic and pathologic stimuli can promote its conversion back
to NO. NO2− can be recycled to NO in blood and peripheral
tissue. The reduction of NO3− to NO2− requires enzymes in
the mouth and gastrointestinal tract. Diets rich in leafy greens
and root vegetables contain high levels of NO3− that can help
increase endogenous NO synthesis.33 After ingestion, NO3−
is concentrated in the saliva, where it can be reduced to NO2−
by bacterial NO3− reductases. The NO2− produced in the oral
cavity is then ingested and absorbed into the circulation from
the Gastrointestinal tract. Dietary NO3− have been shown to
lower blood pressure in healthy volunteers34 and to blunt the
development of hypoxic pulmonary hypertension (PH) in
mice,35 making it a potential therapeutic tool for the treatment of pulmonary arterial hypertension (PAH). At the same
time, the consumption of meat products cured with NO2− and
NO3− have been associated with deleterious health effects
because of their potential for forming carcinogenic nitrosamines when present in high concentrations at high heat, as
occurs during cooking. NO synthesized by vascular endothelial cells can also be scavenged by erythrocytes and bound
with hemoglobin.19,36 Erythrocytes are not a simple physiologic sink for binding NO; rather, they are able to carry NO
away from its sites of generation to be released when and
where it is needed. Erythrocytes are an integral player in the
actions of the NO–sGC–cGMP signaling pathway. A study
in healthy humans demonstrated that erythrocytes carry eNOS,
and release NO and its intermediates (i.e., NO2−, NO3−, and
other nitrosylated adducts) into the surrounding plasma.37
A variety of co-factors influence the activation of NOS and
are critical for NO synthesis (Figure 2). For example, the entry
of arginine into the NOS pathway requires oxidation of nicotinamide adenine dinucleotide phosphate (NADPH).
Tetrahydrobiopterin (BH4) reduces molecular oxygen to form
water, a process coupled to the oxidation of l-arginine to generate NO and l-citrulline. Reductions in BH4 allow the
uncoupling of NOS and the reduction of oxygen to superoxide anion rather than water.38 Mice with BH4 deficiency
have a greatly exacerbated development of PH in response
to hypoxia compared with mice with normal BH4 synthesis. Restoration of BH4 via cross-breeding with mice that have
a normal expression of GTP cyclohydrolase I, the ratelimiting enzyme in BH4 biosynthesis, abolished the pulmonary
hypertensive phenotype.39 Other NOS co-factors, such as flavin
adenine dinucleotide, flavin mononucleotide, and heme, are
needed to carry electrons during the conversion of arginine
to NO and citrulline (Figure 2).19 In the same manner, deficiency of glucose-6-phosphate dehydrogenase (G6PD), which
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plays a major biochemical role in the generation of NADPH,
has been shown to promote the accumulation of reactive
oxygen species and endothelial dysfunction.40
The depletion of any of these co-factors can inhibit the
synthesis of NO or uncouple NOS activity, resulting in the
generation of free radicals, such as superoxide ( O2− ) and
peroxynitrite (OONO−).
Evidence of NO Deficiency in Pulmonary Vascular
Disease
Oxidants, such as peroxynitrite, and antioxidants, such as
glutathione, glutathione peroxidase (GPx), and superoxide
dismutase (SOD), modify the bioavailability of free NO and
its biochemical reaction products. A study investigating the
association of oxidants and antioxidants with PAH measured levels of oxidants, NO, and reaction products of NO
in 8 patients described as having PAH and compared these
levels with those in 8 healthy control subjects. The investigators measured intrapulmonary levels of NO during an
expiratory breath hold and also measured the activity of GPx
and SOD enzymes in bronchoalveolar lavage fluid (BALF).
Levels of intrapulmonary NO were significantly lower in PAH
subjects than they were in control subjects (2.8 ± 0.9 ppb vs
8 ± 1 ppb, respectively; p = 0.016), and the NO-product levels
in BALF were also significantly lower in PAH subjects versus
controls (p = 0.03). Furthermore, biochemical reaction products of NO were inversely correlated with pulmonary artery
pressures (R = −0.713; p = 0.047).41
In a separate study, investigators compared exhaled NO
levels in 23 subjects with systemic sclerosis (SSc), 6 of whom
also had PH, versus 67 control subjects without SSc or PH.
They also estimated pulmonary artery pressure (PAP) in the
study groups. Exhaled NO was significantly lower in patients with SSc and PH than it was in SSc subjects without
PH (20 ppb vs 149 ppb, respectively; p <0.001). Exhaled NO
was significantly higher in normal subjects (80 ppb, p <0.002)
than in patients with SSc and PH, and significantly lower
(p <0.004) in normal subjects than in patients who had SSc
but not PH (80 ppb; p <0.002). There was no evident correlation between exhaled NO and PAP. The investigators
commented that their finding of higher exhaled NO levels in
SSc patients without PH than in control subjects could have
resulted from increased release of NO due to the presence
of inflammatory cells (macrophages and neutrophils) in the
former group. They speculated that the lower NO levels in
the PH patients may have been due to greater structural damage
to pulmonary arteries in this group with a reduction in endothelial cell populations available to generate NO.42 However,
an alternative hypothesis is that reduced NO synthesis contributes to the development of PAH.
Altered Expression of Factors and Co-Factors for NO
Synthesis in PAH
The expression of NOS and regulatory factors and cofactors for NOS activity, such as arginine levels, the NOS
inhibitors ADMA and NGmonomethyl-l-arginine (l-NMMA),
and arginase, are altered in patients with PAH. In one study,
Western blot analyses of NO expression in airway epithelial
cells obtained by bronchial brushing demonstrated that 8 subjects with PAH and 8 normal controls had similar levels of

iNOS, while nNOS was undetectable in both groups.
Immunostaining to detect eNOS in the vascular endothelium identified similar positive immunoreactivity in 3 PAH
subjects and 3 normal controls (n = 3).11 The high-performance
liquid chromatography analyses found no significant difference in epithelial arginine levels for PAH subjects and controls,
although these levels were inversely correlated with PAP in
the PAH subjects. Based on this finding, the investigators noted
that PAH may restrict the availability of endogenous arginine for NO synthesis and vasodilatation. Serum tests
demonstrated that ADMA, l-NMMA, and symmetric
dimethylarginine (SDMA) levels were not higher in PAH subjects (n = 16) than in normal controls (n = 14), but l-NMMA
levels were lower in PAH patients, and arginase levels were
significantly higher (30 ± 7 vs 14 ± 1 mU/mL, respectively;
p <0.05). In addition, PAH subjects had a significantly lower
arginine-to-ornithine ratio than controls (0.88 ± 0.14 vs
1.52 ± 0.23 µM, respectively; p = 0.02), indicating that PAH
subjects had greater intracellular arginase activity in vivo. The
investigators observed no difference in the cellular distribution of arginase in PAH versus control subjects, although the
expression of endothelial arginase was more prominent in PAH
subjects. However, arginase activity was significantly higher
in the serum of PAH patients (n = 15) compared with that of
healthy controls (n = 13) (30 ± 7 vs 14 ± 1 mU/mL; p <0.05).
In addition, arginase expression was 10-fold higher in the
lysates of pulmonary artery endothelial cells (PAECs) obtained from PAH subjects than it was in PAECs obtained from
normal controls. Based on NO2− concentrations in culture supernatants, PAECs from PAH lungs had significantly lower
NO production (132 ± 26 vs 181 ± 44 pmol/min/105 cells, respectively; p <0.05) than control lungs. In PAECs from PAH
lungs, however, preincubation with an arginase inhibitor and/
or l-arginine significantly increased NO production. The
authors concluded that low NO levels in PAH are a result of
decreased NO synthesis due to increased arginase activity and
that arginase inhibition or induction of arginine recycling into
the NO synthesis pathway may provide a greater therapeutic benefit than arginine supplementation.
In a study designed to investigate the endogenous inhibition of NO synthesis, Pullamsetti et al found that plasma
ADMA levels in PAH subjects were more than double those
of healthy controls, and SDMA levels were nearly tripled
(p <0.01 and p <0.05, respectively).43 Lung sections from patients with PAH also had a significantly greater expression
of ADMA and SDMA compared with lung sections taken from
healthy donors. Furthermore, the expression of dimethylarginine
dimethylaminohydrolases (DDAH)2 mRNA (the protein that
metabolizes ADMA and SDMA) was lower in PAH lungs compared with controls, although Western blotting did not reveal
any significant change in DDAH1. Similarly, in rats with
monocrotaline-induced PH, plasma ADMA levels were 4-fold
higher than in control rats, and the mRNA level of DDAH2,
but not DDAH1, was significantly decreased. The authors noted
that the observed increase in ADMA concentrations in the
plasma was comparable with effects associated with endothelial dysfunction in patients with PAH associated with
congenital heart disease and in patients with hypercholesterolemia, type 2 diabetes mellitus, and hyperhomocystinemia.
Reduced NO synthesis may also play a role in persistent
PH of the newborn (PPHN). Newborns with PPHN have been
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shown to have low plasma concentrations of arginine and NO
metabolites, suggesting that inadequate production of NO may
contribute to the pathogenesis of this disease.44

leading to pathogenesis of PH. Interestingly, a frameshift mutation in the gene for caveolin has recently been associated
with PAH in humans.47

eNOS Expression in PAH

Progression of Disease in PAH

Alterations in eNOS expression and/or function may contribute to the decrease in pulmonary NO synthesis observed
in pulmonary vascular disease. Most studies show that eNOS
protein expression is unchanged or increased in experimental PH, but enzyme activity is uncoupled. This can result in
an increase in reactive oxygen species production relative to
NO synthesis. In 1995, Giaid and Saleh reported that pulmonary vascular eNOS expression was markedly decreased
in patients with PAH.16 Subsequent studies found normal pulmonary expression of all 3 NOS isoforms in PAH patients,45
and one study reported increased expression of eNOS and
iNOS in the plexiform lesions of patients with PAH.46 However,
enzyme expression is not synonymous with NO production.
When eNOS expression is increased, eNOS activity can
become uncoupled, producing superoxide instead of NO.
Zhao et al examined eNOS activity in caveolin-1 knockout mice.45 Caveolin acts to suppress eNOS activity. The
investigators observed that expression of eNOS-derived NO3−
and NO2− and total NO2− production were markedly increased in Cav-1−/− mice compared with wild-type (WT) mice.
Cav-1−/− mice had significantly increased right ventricular systolic pressure and pulmonary vascular remodeling compared
with WT mice. The investigators also observed impairment
of protein kinase G (PKG) activity and concluded that loss
of caveolin-1 inhibition increases eNOS-driven NO generation that impairs PKG kinase activity via tyrosine nitration,

Taken together, the previously mentioned findings suggest
that NO synthesis is depleted or altered in the lungs of patients who have PAH. Reduced generation or altered activation
of NO, eNOS, or cGMP may contribute to the development
and progression of PAH.48 In the NO pathway, cGMP is a
downstream factor that lowers pulmonary artery pressure by
activating PKG in SMCs.49 PKG induces phosphorylation of
the cell membrane–bound protein Ras homolog, member A,
and accelerates its inactivation, as well as the activation of
Rho kinase and myosin light-chain kinase (MLCK). This
induces SMC relaxation by inducing dephosphorylation of
serine on the SMCs’ myosin light-chain and by inhibiting mobilization of intracellular Ca++ (Figure 4). The correlation of
plasma cGMP levels with PAP has been demonstrated in
hypoxic mice (Figure 5).50 The metabolism of cGMP is mediated primarily by phosphodiesterase type 5 (PDE5), which
is expressed in high concentrations in lung tissue (Figure 6).51
Overview of Treatment Options
Approved treatments for PAH target 3 potent mediators
of vascular tone: prostacyclin, endothelin, and the NO–sGC–
cGMP pathway (Table 1).52–65 Five distinct classes of drug
have now been developed for the treatment of PAH:
prostacyclin analogues, nonprostanoid prostacyclin receptor agonists, endothelin receptor antagonists (ERAs), PDE5

Figure 4. Lowering PAP with cGMP. α-AR = α-adrenergic receptor; AT1 = angiotensin receptor; BK = KCa channels; cGMP = cyclic guanosine monophosphate; ET1 = endothelin receptor; MLCK = myosin light-chain kinase; MYPT = myosin phosphatase targeting subunit; NO = nitric oxide; NPR = natriuretic
peptide receptor; NTG = nitroglycerin; PKG = protein kinase G; rGC = receptor guanylate cyclase; ROCK = rho kinase; sGC = soluble guanylate cyclase;
TRPC = transient receptor potential channels. Reprinted with permission from49 Kass DA, Champion HC, Beavo JA. Phosphodiesterase type 5: expanding
roles in cardiovascular regulation. Circ Res 2007;101(11):1084–1095.
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Figure 5. Plasma cGMP levels and PAP in mice. cGMP = cyclic guanosine monophosphate; PAP = pulmonary artery pressure. Adapted from50 Baliga
RS, Zhao L, Madhani M, et al. Synergy between natriuretic peptides and
phosphodiesterase 5 inhibitors ameliorates pulmonary arterial hypertension. Am J Respir Crit Care Med. 2008;178(8):861–869.

Figure 6. Presence of PDE-5 in lung tissue. PDE-5 = phosphodiesterase5; PKG = protein kinase G. Reprinted with permission from51 Corbin JD,
Beasley A, Blount MA, Francis SH. High lung PDE5: a strong basis for treating pulmonary hypertension with PDE5 inhibitors. Biochem Biophys Res
Commun 2005;334(3):930–938.

inhibitors, and sGC stimulators. These treatments are approved for patients with World Health Organization (WHO)
group 1 PAH who do not demonstrate a positive pulmonary
vasodilator response during acute vasodilator testing. These

drugs have been reviewed in recent treatment guidelines for
PAH, including the 5th World Symposium on Pulmonary Hypertension treatment algorithm, the 2014 CHEST Guideline
and Expert Panel Report on pharmacologic therapy for PAH
in adults, and the 2015 European Society of Cardiology/
European Respiratory Society (ESC/ERS) Guidelines for the
diagnosis and treatment of PH.66–68 In the absence of headto-head comparative trials, these guidelines do not make
evidence-based recommendations for choosing among these
agents as initial monotherapy, with the exception that intravenous (IV) epoprostenol is recommended as the initial
treatment for patients with advanced PAH in functional class
IV. Instead, patient-specific therapy is based on individual tolerability, patient preferences, co-morbidities, cost, physician
experience, and other factors.67,68 The following section provides an overview of approved PAH treatments that target the
NO pathway and details their mechanism of action.
NO binding activates sGC to catalyze the formation of
cGMP from GTP.3 Although sGC is downregulated in some
cardiovascular disease states, sGC is expressed in pulmonary artery SMCs in patients with PAH, indicating that
stimulation of sGC is a suitable target for overcoming the loss
of NO signaling in PAH.69 sGC is a heterodimer consisting
of an alpha subunit and a beta subunit, and NO binds to a
prosthetic heme group that is found on the beta subunit.3,70
The binding of NO to sGC leads to elevated levels of
cGMP.7 The downstream effects of NO–sGC–cGMP signaling include the induction of vasorelaxation and inhibitory
effects on platelet aggregation, remodeling, apoptosis, and inflammation. Desensitization of sGC after repeated exposure
to NO has been reported in various cell types and tissues and
is likely due to the S-nitrosylation of the enzyme.71 In this
regard, NO can act as an inhibitory regulator of cGMP production and may explain some of the tachyphylaxis that is
associated with long-term NO3− therapy.
sGC stimulators bind to the reduced (heme-bound) form
of sGC and activate it via two different mechanisms. In the
presence of NO, sGC stimulators can synergize with NO by
stabilizing the NO–sGC complex.69,70 sGC stimulators can also
activate sGC directly in the absence of NO by binding to a
separate, NO-independent regulatory site.69,70,72 Riociguat is

Table 1
Treatment options for PAH52–65
Treatment

Mechanism of action

sGC stimulators
Riociguat
sGC stimulator
PDE5 inhibitors
Sildenafil
Selective PDE5 inhibitor
Tadalafil
Selective PDE5 inhibitor
Prostacyclin IP receptor agonists
Epoprostenol
IP receptor agonist; synthetic prostacyclin
Iloprost
IP receptor agonist; prostacyclin analog
Beraprost
IP receptor agonist; prostacyclin analog
Treprostinil
IP receptor agonist; prostacyclin analog
Selexipag
IP receptor agonist; nonprostanoid
Endothelin receptor antagonists
Bosentan
Dual endothelin-A/endothelin-B receptor antagonist
Ambrisentan
Selective endothelin-A receptor antagonist
Macitentan
Dual endothelin-A/endothelin-B receptor antagonist

Route of administration

Key trials in PAH

Oral

PATENT-152

Oral
Oral

SUPER53
PHIRST-154

IV
IV, oral, inhaled
Oral
IV, SC, oral
Oral

Rubin et al, 199055
AIR56
ALPHABET57
Simonneau et al, 2002; TRIUMPH-I; FREEDOM-M58–60
GRIPHON61

Oral
Oral
Oral

BREATHE-1; EARLY62,63
ARIES-1, -264
SERAPHIN65

IV, intravenous; PDE5, phosphodiesterase type 5; SC, subcutaneous; sGC, soluble guanylate cyclase.
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the first member of this therapeutic class, and it is approved
for the treatment of PAH and chronic thromboembolic PH
(CTEPH).66
PDE5 is a member of the PDE superfamily of enzymes,
which contains 11 different isoenzyme families classified, in
part, by whether they use cGMP or cyclic adenosine monophosphate as a substrate or are activated by calcium-CaM.49
PDE5 is the main cGMP-specific PDE present in the lung,
where it is expressed at high levels.49,51 It is upregulated in
pulmonary arterial SMCs in PAH and in cardiomyocytes in
right ventricle hypertrophy, which often accompanies PAH.73,74
PDE5 catalyzes the hydrolysis of the cGMP cyclic phosphate bond to form 5′-GMP. PDE5 inhibitors work by slowing
down the metabolism of cGMP, resulting in increased levels
of intracellular cGMP, which in turn activates PKG. The downstream effects of PKG activation include vascular relaxation
and inhibition of vascular smooth muscle proliferation.49,75 Two
PDE5 inhibitors, sildenafil and tadalafil, are approved for the
treatment of PAH. Both bind competitively to the catalytic
domain of PDE5 and prevent cGMP binding and hydrolysis.75
The efficacy of PDE5 inhibitors may be dependent on the
availability of cGMP as sildenafil was found to be less effective in blunting the development of PH in mice with genetic
disruption of the gene for the particulate guanylate cyclase
receptor natriuretic peptide receptor-A.76
At the same time, the use of PDE5 inhibitors is contraindicated in patients who are taking NO3− or sGC stimulators.
The use of PDE5 inhibitors with these drugs has been associated with an increased incidence of adverse effects usually
related to systemic hypotension. This likely occurs because
the combination of increased cGMP synthesis and impaired
metabolism leads to unusually high intracellular cGMP levels.
The efficacy of targeting the NO–cGMP pathway in the
treatment of PAH has been well demonstrated in several randomized controlled trials. Sildenafil and tadalafil were approved
in 2005 and 2009, respectively, for the treatment of PAH. The
safety and efficacy of sildenafil were established in the
Sildenafil Use in Pulmonary arterial hypertension Study, where
treated patients had a greater improvement in 6 minute walk
distance (6MWD), WHO functional class, and hemodynamics than those randomized to placebo.53 The Pulmonary Arterial
Hypertension and Response to Tadalafil Study demonstrated the efficacy of tadalafil 40 mg once daily—with patients
demonstrating significant improvement in 6MWD, and delay
in time to clinical worsening.54
Riociguat was approved in 2013 for the treatment of PAH
and CTEPH. In the PATENT-1 trial, patients treated with
riociguat showed significant improvements in 6MWD, WHO
functional class, and time to clinical worsening.52 Finally, patients with CTEPH (group IV PAH) in the CHEST-1 study
who received riociguat have a greater increase in 6MWD than
those randomized to placebo. Long-term extensions for the
previously mentioned trials demonstrated sustained efficacy.66
Conclusions
The NO–sGC–cGMP signaling pathway has broad effects
on vascular tone, endothelial cell permeability, platelet aggregation, and gene expression. Upstream steps in the
biosynthesis of the potent vasodilator NO are the entry of arginine into the NOS pathway and the conversion of arginine

S77

to NO and citrulline. The binding of NO to sGC catalyzes
the biosynthesis of cGMP, which is central to the activation
of PKG and the MLCK-mediated induction of SMC relaxation. Impaired NO–sGC–cGMP signaling triggers endothelial
dysfunction associated with cardiovascular diseases, including hypertension, heart failure, stroke, and atherosclerosis.
Several processes can exert deleterious effects on vascular tone, including the reduction of NOS activity with a
resultant decrease in NO generation, downregulation of cGMP
targets, and acceleration of cGMP degradation. Studies in patients with PAH have demonstrated decreased levels of
intrapulmonary and exhaled NO, which may be a result of
increased arginase activity, higher levels of endogenous eNOS
inhibitors, or depletion of eNOS co-factors. Impairment of
NO synthesis reduces NO bioavailability and allows vasoconstriction to occur.
sGC stimulators, such as riociguat, increase intracellular
cGMP levels by increasing cGMP synthesis in the vascular
smooth muscle. In contrast, PDE5 inhibitors increase intracellular cGMP levels by delaying its metabolism. Riociguat
should not be combined with PDE5 inhibitors because of enhanced adverse effects, such as hypotension. Whether some
patients respond better to sGC stimulation versus PDE5 inhibition is an area of current investigation.
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