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Abstract: Pulmonary hypertension (PH) is a progressive disease characterized by elevated
blood pressure in the pulmonary arteries, associated also with inflammation and oxidative
stress. Inducible nitric oxide synthase (iNOS) is one of the key mediators of inflammation
and immune system activation. Although preclinical studies mostly suggest a detrimental
role of iNOS overactivation in PH, there is a lack of exhaustive analyses and summaries.
Therefore, this literature overview aims to fill this gap. The involvement of iNOS in the
pathogenesis of the four main clinical groups of PH is discussed to assess whether target-
ing iNOS could be a promising way to treat PH. iNOS expression patterns in the organs
primarily affected by PH are analyzed both in animals and in humans. Consequently, the
effectiveness of pharmacological iNOS inhibition and/or iNOS gene deletion is discussed
and compared, also with reference to the activity of constitutive NOS isoforms, particularly
endothelial NOS (eNOS). Overall, our overview suggests that selective iNOS inhibitors
could be considered as a novel treatment strategy for PH, as decreases in right ventricular
and pulmonary artery pressure, the alleviation of ventricular hypertrophy, and improve-
ments of pulmonary and cardiac function were observed, among others. Nevertheless,
further research efforts in this area are needed.

Keywords: nitric oxide; inducible nitric oxide synthase; nitrosative stress; pulmonary
hypertension; cardiovascular system; pulmonary arterial hypertension; enzyme inhibition;
oxidative stress; inflammation; animal models

1. Introduction
Pulmonary hypertension (PH) comprises a group of disorders characterized by a

mean pulmonary artery pressure (mPAP) over 20 mmHg, measured at rest via right heart
catheterization [1,2]. The classification of PH encompasses pulmonary arterial hypertension
(PAH) and PH associated with left heart disease, lung diseases, hypoxia or pulmonary
artery obstructions (Table 1) [1]. In PH pathogenesis, many processes are involved, which
are so complex that differences exist not only between individual clinical groups, but also
within them [3]. However, a few linking features shall be highlighted, i.e., elevated blood
pressure in the pulmonary arteries, leading to increased pulmonary vascular resistance
(PVR), vascular remodeling, right ventricular (RV) dysfunction, excessive oxidative stress,
and inflammation [1–6].

Antioxidants 2025, 14, 377 https://doi.org/10.3390/antiox14040377

https://doi.org/10.3390/antiox14040377
https://doi.org/10.3390/antiox14040377
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0009-0007-2416-6039
https://orcid.org/0000-0002-7057-8153
https://doi.org/10.3390/antiox14040377
https://www.mdpi.com/article/10.3390/antiox14040377?type=check_update&version=2


Antioxidants 2025, 14, 377 2 of 38

Table 1. The clinical classification of the four main groups of pulmonary hypertension (PH), according
to Humbert et al. (2022) [1]. Sub-groups, in which the role of inducible nitric oxide synthase (iNOS)
was investigated, are marked in bold.

Clinical Groups Classification

Group 1
pulmonary arterial hypertension (PAH)

1. Idiopathic:
1.1. Non-responders at vasoreactivity testing
1.2. Acute responders at vasoreactivity testing

2. Heritable
3. Associated with drugs and toxins
4. Associated with:

4.1. Connective tissue disease
4.2. Human immunodeficiency virus (HIV) infection
4.3. Portal hypertension
4.4. Congenital heart disease
4.5. Schistosomiasis

5. PAH with features of venous/capillary involvement
6. Persistent PH of the newborn

Group 2
PH associated with left heart disease

1. Heart failure:
1.1. With preserved ejection fraction
1.2. With reduced or mildly reduced ejection fraction

2. Valvular heart disease
3. Congenital/acquired cardiovascular conditions leading to post-capillary PH

Group 3
PH associated with lung diseases and/or hypoxia

1. Obstructive lung disease or emphysema *
2. Restrictive lung disease **
3. Lung disease with mixed restrictive/obstructive pattern
4. Hypoventilation syndromes
5. Hypoxia without lung disease (e.g., high altitude)
6. Developmental lung disorders

Group 4
PH associated with pulmonary artery obstructions

1. Chronic thromboembolic PH
2. Other pulmonary artery obstructions

Group 5 according to Humbert et al. [1] (PH with unclear and/or multifactorial mechanisms) does not appear in
this table. *, e.g., chronic obstructive pulmonary disease (COPD); **, e.g., idiopathic pulmonary fibrosis (IPF).

At the crossroads of the latter two processes stands inducible nitric oxide synthase
(iNOS, NOS2), a key mediator of immune activation. Nitric oxide (NO), the product of
its catalytic activity, serves primarily as a potent vasodilator, and plays a critical role in
maintaining vascular homeostasis and regulating pulmonary vascular tone [7]. However, its
excessive production seems to be a double-edged sword, as NO’s reaction with superoxide
radicals leads to the formation of peroxynitrite, a highly reactive species that promotes
oxidative stress and endothelial dysfunction (Figure 1) [8].
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Figure 1. Contribution of inducible nitric oxide synthase (iNOS) overexpression to the pathological
processes involved in pulmonary hypertension (PH). This schematic diagram explains the basis of
the enzymatic activity of iNOS and gives a general perspective on the possibly detrimental role of
iNOS-derived nitric oxide (NO) in the progression of PH. Excessive amounts of NO, generated in
response to iNOS induction by proinflammatory cytokines (IL-1β, IL-6, TNF-α), are prone to interact
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with reactive oxygen species (ROS), giving peroxynitrite and other reactive nitrogen species (RNS,
orange rectangle), which directly or indirectly (e.g., via decreased NO bioavailability) promote
the mechanisms underlying the development of PH (blue rectangles). Abbreviations: 1400W,
N-(3-(aminoethyl)benzyl)acetamidine; AG, aminoguanidine; BH4, tetrahydrobiopterin; FAD, flavin
adenine dinucleotide; FMN, flavin mono¬nucleotide; iNOS, inducible nitric oxide synthase; IL-1β,
-6, interleukin 1β, -6; L-Arg, L-arginine; L-NIL, L-N6-(1-iminoethyl)-lysine; NADPH, reduced nicoti-
namide adenine dinucleotide phosphate; O2

•−, superoxide anion; TNF-α, tumor necrosis factor
alpha; +, stimulation; –, inhibition; ↑, increase.

In this review, the role of NO in cardiopulmonary diseases has been highlighted
(Section 2), and characteristics of the main clinical groups of PH have been described
(Section 3). To get an idea of whether iNOS might serve as a potential therapeutic target
in PH, we have searched the literature for changes in its expression in animal models
(Section 5). In particular, we compared the efficacy of iNOS inhibitors (Section 6) and of
genetic iNOS ablation (Section 7). In the final part, the (so far limited) data from clinical
studies are presented (Section 8).

2. Nitric Oxide and Its Role in Cardiopulmonary System
2.1. Nitric Oxide

Nitric oxide is a free gaseous radical with an unpaired electron. NO is a key mediator
in the cardiopulmonary system and serves as a paracrine and autocrine signaling molecule,
which participates in vasodilation, smooth muscle relaxation, neurotransmission, and
immune responses [7–11]. It also possesses anti-inflammatory, anti-thrombotic, and anti-
proliferative properties, which contribute to the overall maintenance of cardiovascular and
pulmonary health state [10,11]. NO is produced by the oxidation of amino acid L-arginine
(L-Arg) to L-citrulline (Figure 1). This reaction is catalyzed by each of the three isoforms
of nitric oxide synthase (NOS): neuronal nitric oxide synthase (nNOS, NOS1), endothelial
nitric oxide synthase (eNOS, NOS3) (both constitutively expressed), and iNOS, which
is expressed only when activated by certain stimuli [7,11]. NO can also be alternatively
formed from the nitrite anion (NO2

–) through a NOS-independent mechanism [12]. Despite
its short half-life, NO is critical for the proper functioning of cells and for maintaining
vascular homeostasis [10,13].

The biological role of NO is multifaceted and depends on, e.g., its concentration, the
activity of certain enzymes (e.g., arginase, which converts the NOS substrate, L-Arg, to
ornithine and urea, thereby affecting NOS activity), and the presence of reactive oxygen
species [8]. However, the border between beneficial and detrimental aspects of NO is very
thin, and to date not entirely clear. Although NO, at lower concentrations, plays a positive
role in regulating various biological processes, it appears to be detrimental at higher levels.
For instance, NO interaction with superoxide (at a diffusion-limited rate) gives a potent
oxidative and nitrative agent, peroxynitrite (ONOO−), a fundamental mediator of tissue
injury [14]. Unless neutralized to a harmless nitrate, peroxynitrite can exert serious damage
to DNA, alter DNA repair processes, irreversibly inactivate important cellular proteins (e.g.,
via nitration of tyrosine), or initiate the production of other cytotoxic molecules [8,10]. NO
participates in posttranslational modifications of proteins, e.g., S-nitrosylation of cysteine,
nitration of tyrosine, and nitrosylation of prosthetic groups [10]. Excessive amounts of NO
are also prone to interact with transition metals, e.g., iron in heme and cobalt in cobalamine,
thereby disrupting the biological activity of metal-containing complexes [7,11]. However,
the latter properties, if considering them as a part of the immune system response against
pathogens or tumor cells, are found to be beneficial [7,8,15].

Soluble guanylate cyclase (sGC) is the physiological executor of NO functions. Acti-
vated by NO, sGC increases the intracellular levels of cyclic guanosine-3′,5′-monophosphate
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(cGMP), which results in the activation of various intracellular effector molecules, e.g.,
the activation of cGMP-gated calcium-sensitive potassium channels, leading to the in-
hibition of the sarcoplasmic reticulum-mediated release of calcium. A subsequent de-
crease in intracellular calcium inhibits the phosphorylation of myosin and, eventually,
vasoconstriction [10,16].

2.2. The Role of NOS in the Cardiopulmonary System

All three isoforms of NOS were identified in the human respiratory system. They
concomitantly participate in the regulation of the above-mentioned physiological pro-
cesses via complementary NO synthesis. eNOS is localized in the cellular membrane of
endothelial cells of pulmonary blood vessels, but also in epithelial cells of trachea, bronchi,
and alveoli [8,17]. nNOS is constitutively expressed in epithelium, and in the inducible
non-adrenergic–non-cholinergic autonomic system (iNANC), where it participates in the
regulation of airway smooth muscle tone as an inhibitory neurotransmitter [8,18]. iNOS,
similarly to nNOS, is a cytoplasmic enzyme. It generates higher quantities of NO than
constitutively express isoforms (micromolar vs. nanomolar levels, respectively) in a con-
tinuous release manner [7,8]. iNOS is expressed while stimulated by proinflammatory
stimuli in various types of cells, e.g., smooth muscle cells, cardiac myocytes, hepatocytes,
chondrocytes, glial cells, astrocytes, neurons, and microglia, as a type of defense mecha-
nism [7]. Within the pulmonary system, it is expressed under such conditions in alveolar
macrophages, the epithelium of the proximal and terminal bronchioles, alveolar epithelial
type II cells, lung fibroblasts, bronchial and vascular smooth muscle cells, mast cells, neu-
trophils, and the endothelium [8]. iNOS is considered a key mediator of immune activation
and inflammation. Proinflammatory cytokines (i.e., interleukin-1β (IL-1β), interferon-γ
(IFN-γ), tumor necrosis factor-α (TNF-α), Figure 1) and bacterial lipopolysaccharide (LPS)
are the main endogenous and exogenous inducers of iNOS, respectively. The combination
of these stimulators might generate a synergistic effect [7].

2.3. iNOS—Protective or Harmful?

The dysregulation or overexpression of iNOS is typical for many pathological states,
e.g., cardiovascular diseases, sepsis (and septic shock), various types of pain, diabetes
mellitus, and neurodegenerative disorders [13,19–22]. Cancer is a disease sustained by
the high expression of iNOS [20,21]. High iNOS expression has also been determined in
patients infected with Mycobacterium tuberculosis, Plasmodium falciparum, and HIV [7].
Also, insulin-sensitive tissues induce iNOS, which might be related to insulin resistance
development and diabetes mellitus [11,23,24]. Excessive NO production is also observed in
many complex diseases associated with inflammation, e.g., Alzheimer’s disease, Parkin-
son’s disease, multiple sclerosis, rheumatoid arthritis, inflammatory bowel disease, and
celiac disease [10].

In the case of cardiopulmonary diseases, a multifaceted role of iNOS is
suggested [25,26]. For instance, iNOS plays a pivotal role in the recruitment and activation
of macrophages during the inflammatory phase of acute lung injury [27]. It contributes
to heart failure with a preserved ejection fraction [28]. The inhibition of iNOS activity
alleviated chronic allergic pulmonary inflammation in guinea pigs [29] and lung remodel-
ing in mice [30]. However, in myocardial ischemia–reperfusion injury, both detrimental
and beneficial effects of iNOS have been described. On the one hand, NO derived from
upregulated iNOS might attenuate cardiac contractile function and increase oxidative
stress and myocardial apoptosis. On the other hand, during ischemic preconditioning,
hypoxia inducible factor 1α (HIF-1α) signaling enhances iNOS-derived NO and increases
levels of TNF-α and cyclooxygenase-2 (COX-2)-dependent prostanoids, which lead to
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myocardial protection. The elimination of oxidative stress might contribute to switching
iNOS from harmful to protective [31]. Additionally, a dual role of iNOS has already been
established in postischemic cardiac remodeling (protective in the context of preconditioning
and deleterious during chronic exposure to proinflammatory stimuli) [32].

3. Pulmonary Hypertension (PH)—Short Characteristics of the Main
Clinical Groups
3.1. Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH, group 1 PH, Table 1), a subtype of PH that
primarily affects the pulmonary vasculature, is a progressive and devastating chronic
disease. Long-standing pressure overload in the pulmonary artery leads to RV hypertrophy,
RV failure, and premature death, especially if this condition remains untreated [33–35]. PH
should not be mixed up with PAH, as these terms are not exactly synonymous. Throughout
this review, according to Tabima et al. (2012) [12], we will refer to pulmonary arterial hyper-
tension as PAH in the context of human group 1 disease and to pulmonary hypertension
as PH in the context of group 2–5 disease in patients, and in the context of all preclinical
animal models.

The pathogenesis of PAH involves multiple processes, interconnected at the molecular,
cellular, and tissue levels, such as endothelial dysfunction [36,37], excessive vasoconstric-
tion [38–41], vascular remodeling [3,42,43], oxidative stress, inflammation and immune
dysregulation [40,44,45], metabolic dysregulation [46,47], and thrombosis [39,48], i.e., pro-
cesses driven by iNOS overexpression (Figure 1). While most cases of PAH are sporadic,
a small proportion of individuals inherits the disease through genetic factors. Mutations
in bone morphogenetic protein receptor 2 gene (BMPR2), a member of the transforming
growth factor β (TGF-β) family, dramatically increase the risk of developing heritable PAH,
and lead to dysregulations in signaling pathways involved in cell growth, differentiation,
and survival [35,37,40,49,50].

Currently, Food and Drug Administration- (FDA) or European Medicines Agency
(EMA)-approved drugs for PAH therapy mainly comprise vasodilators, including (1) stim-
ulators of sGC (riociguat) or inhibitors of phosphodiesterase 5 (sildenafil, tadalafil) [51],
which target the NO/cGMP pathway, (2) synthetic prostacyclin analogues (iloprost, tre-
prostinil) or prostacyclin IP receptor agonists (selexipag) and (3) endothelin-A receptor
antagonists (ambrisentan, bosentan, macitentan). Additionally, amlodipine, a calcium
channel blocker, might be considered as a treatment option in patients with positive vasore-
activity test results [1,34,52–54]. It is important to note that not all PAH patients require
or respond to the same therapies, thus individualized assessment, taking into account the
severity of the disease and patient-specific factors, appears the optimum way to achieve
better outcomes [1,5]. PAH is still considered an incurable disease with a high mortality
rate (5-year survival rate ~50%; in end-stage disease, lung transplantation remains the only
treatment option), and drugs currently available on the market have not been shown to
reduce mortality in randomized, controlled clinical trials [5]. So, there is an urgent need to
define new targets and investigate other drug candidates [5,34,35,55].

3.2. Pulmonary Hypertension Due to Left Heart Disease

Pulmonary hypertension due to left heart disease (PH-LHD, group 2 PH, Table 1)
is characterized by elevated blood pressure in the pulmonary circulation, which results
from dysfunction or pathology of the left side of the heart. This condition typically arises
as a consequence of left ventricular (LV) systolic or diastolic dysfunction, valvular heart
diseases, or myocardial diseases [1]. The underlying mechanism involves increased left
atrial pressure, which is transmitted backward into the pulmonary vasculature, leading
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to an elevation in PAP, and pulmonary vascular remodeling [56–59]. This imposes an
additional burden on the RV, ultimately contributing to a progressive and often debilitating
clinical course [60]. The pathophysiology of PH-LHD remains insufficiently comprehended.
Pulmonary vascular remodeling may stem from (1) heightened wall stress attributable to
elevated left atrial pressure; (2) reduced shear stress in the pulmonary vascular bed induced
by hemodynamic congestion; (3) endothelial dysfunction prompted by comorbidities,
leading to direct harm to the pulmonary microvasculature, and/or (4) the influence of risk
factors for PAH [61].

Although the incidence of PH-LHD is the highest of all clinical PH groups (65–80%
of cases [1]), there is no specific treatment for this condition, and advantages of treatment
schedules approved for PAH could not be shown in randomized clinical trials [58,61].
The management of PH-LHD as of now encompasses targeting the underlying left heart
pathology to alleviate left heart dysfunction, reduce PVR, and improve overall cardiopul-
monary function [1]. Treatment protocols may include diuretics, angiotensin-converting
enzyme inhibitors, beta-blockers, and, in select cases, surgical interventions, e.g., valve
replacement [1,62,63].

3.3. Pulmonary Hypertension Associated with Lung Diseases and/or Hypoxia

Pulmonary hypertension is a relatively common complication of chronic lung dis-
eases (group 3 PH, Table 1), such as chronic obstructive pulmonary disease (COPD) or
idiopathic pulmonary fibrosis (IPF). It affects ~40% of patients suffering from each of these
diseases [64,65]. Fibrosis is also considered to be involved in PAH pathogenesis (see above).
Nonetheless, the use of PAH-approved drugs in patients with group 3 PH is very limited,
and the evidence for clinical benefits of such a treatment remains unclear and conflicting [1].

COPD is a progressive respiratory condition characterized by the limitation of airflow,
and is primarily caused by environmental factors, such as exposure to noxious parti-
cles or gases, most commonly cigarette smoke, with the concomitant influence of several
genetic factors [66,67]. The pathogenesis of COPD involves inflammation, increased oxido-
nitrosative stress, structural changes in the airways due to imbalances between proteolytic
activity and anti-proteolytic defense, uncontrolled autophagy, and/or enhanced apopto-
sis [66–69]. IPF is a condition in which the lungs become scarred over time. Although the
cause is unknown (leading to the term “idiopathic”), the pathogenesis may comprise envi-
ronmental and/or endogenous injury to alveolar epithelium, resulting in the promotion of
extracellular matrix deposition, increased cell death, and/or the dysregulation of epithelial–
fibroblast cross-talk [70–72]. Chronic hypoxia is a prolonged deficiency of oxygen in the
tissues, often stemming from conditions such as COPD and interstitial lung disease, but also
as a result of high-altitude (≥2500 m) living. Hypoxic pulmonary vasoconstriction (HPV)
is a physiological homeostatic mechanism that promotes the constriction of pulmonary
vessels in response to low oxygen levels [73]. However, its dysregulation or excessive
activation may contribute to severe cardiopulmonary complications, e.g., high-altitude PH
and high-altitude pulmonary edema [73,74].

3.4. Pulmonary Hypertension Associated with Pulmonary Artery Obstructions

Chronic thromboembolic pulmonary hypertension (CTEPH; group 4 PH; Table 1) is
a form of PH characterized by the persistent obstruction of pulmonary arteries due to
remodeling following thromboembolic events. In acute pulmonary embolism (APE), blood
clots that typically originate in the deep veins of the legs or pelvis migrate to the pulmonary
arteries, causing vascular obstruction. In ~4% of the patients with APE, the thromboembolic
material fails to resolve [75], leading to chronic pulmonary vascular changes [76]. The
pathogenesis involves the formation of fibrotic material in the pulmonary arteries, leading
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to increased PVR and elevated (m)PAP. This results in right heart strain and, if left untreated,
may progress to right heart failure [76]. The gold standard multi-modal approach for
alleviating pulmonary artery obstruction in individuals with CTEPH comprises pulmonary
endarterectomy, balloon pulmonary angioplasty, and pharmacotherapy [1]. The aim is to
decrease PVR, alleviate PH, and mitigate RV dysfunction [77].

4. Study Selection Criteria
To check the contribution of iNOS activation to PH development, we conducted an

extensive search in the PubMed database (closed on 11 March 2025). Firstly, we checked for
the clinical evidence of iNOS involvement in PH. The search was performed by combining
the phrases regarding respective clinical (sub)groups of PH (Table 1) with “inducible
nitric oxide synthase”, “iNOS” or “NOS2”, and “humans” or “patients”. Then, after the
appropriate animal models mimicking those four clinical groups had been identified (see
Section 5.1), we searched for preclinical studies in which the expression of iNOS in the
organs primarily affected by PH was assessed, iNOS inhibitors were administered, or
animals with genetic NOS depletion were used. The following example phrases were used
during the search: “pulmonary hypertension monocrotaline iNOS (or NOS2)”, “pulmonary
hypertension hypoxia iNOS (or NOS2)”, “pulmonary hypertension emphysema iNOS (or
NOS2)” etc. Ultimately, 112 publications were selected for this review, as summarized in
Sections 5.2 and 6–8, respectively. Additional references were included to provide more
background on NOS and NO signaling in the cardiopulmonary system, human PH, and
respective animal models of this disease.

5. iNOS Expression Patterns in Preclinical Models of PH
5.1. A Brief Overlook on Animal Models

Due to the complexity of P(A)H pathogenesis, briefly noted above, animal models are
useful tools for investigating the complicated molecular pathways and developing novel
therapeutic interventions. In this section, only a brief description of the preclinical PH
models considered in this review will be given. For more details, the reader is referred to
some excellent reviews [78–84].

One of the most frequently used models is chronic hypoxia-induced PH (Hx-PH) [79].
However, a prolonged deficiency of oxygen is also associated with high-altitude living
or chronic lung diseases, such as COPD. Thus, it appears quite challenging to accurately
classify whether the Hx-PH model under study mimics human PAH (clinical group 1)
rather than high-altitude PH (clinical group 3). For the purpose of this review, we assume
that the hypoxic model predominantly mimics PAH. The combination of chronic hypoxia
with the administration of the angiogenesis inhibitor Sugen (SU5416), a vascular endothelial
growth factor receptor (VEGFR) antagonist, represents another model, in which concentric
laminar and plexiform lesions (i.e., glomus-like structures, the walls of which consist of
fibrous tissue covered by endothelial cells) typical of human PAH are developing [79].

The monocrotaline (MCT) model is also commonly used to induce PH in rodents, but,
importantly, it does not entirely mimic the complexity of human PAH pathobiology as, e.g.,
plexiform lesions are not detected [79]. Furthermore, the gradual and chronic nature of
human PAH is not reflected well, as MCT-PH often develops very rapidly [85,86], and the
variability of the individual response to this alkaloid is quite high [79,85,86]. Moreover,
the toxicity of MCT is not limited to the pulmonary vasculature only, but also affects other
organs and tissues, e.g., liver and kidneys; so, non-specific effects may be elicited that
confound the interpretation of the experimental results [79].

Several models of PH-LHD (group 2 PH) have been proposed to date [80,81]; they
induce increased pressure in the left heart artificially, e.g., via transverse aortic constriction
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(TAC). This, in turn, triggers a heightened pressure response in the pulmonary artery
through backward transduction. Moreover, obesity-induced models are applied, as among
the majority of patients with PH-LHD, the combination of metabolic syndrome, hyperten-
sion, hyperlipidemia, and/or diabetes mellitus is very common [1,87]. Both models mimic
certain aspects of left heart failure with preserved ejection fraction (HFpEF) [80].

With respect to preclinical models resembling clinical group 3 PH, we will refer
to COPD induced either by cigarette smoke or elastase instillation. Both models share
some notable similarities, i.e., the development of emphysema-like changes, excessive
oxidative stress, and inflammation in the respiratory tract [88]. Additionally, one model
of IPF will be considered, i.e., pulmonary fibrosis induced by intratracheal instillation of
bleomycin. Progressive fibrosis, excessive inflammation and oxidative stress, and a decline
in pulmonary function (i.e., reduced lung compliance and impaired gas exchange) are its
main features [82,83].

CTEPH (group 4 PH) is mimicked in animal experimental models by permanent liga-
tion of the left PA, the induction of blood clots in vivo, and the administration of autologous
thrombi prepared in vitro or exogenous particles of a non-thrombotic nature [84]. In our
review, we will refer to the latter method only.

5.2. Changes in iNOS Expression in Preclinical Studies

The overall picture of iNOS expression in PH animals is shown in Table 2. One
should be aware that we focused on the changes in iNOS expression in organs primarily
affected by PH, namely, lungs, heart, and pulmonary vasculature, across a variety of models
mimicking the respective clinical groups of PH. We believe that this is a suitable approach
to establish a framework for formulating more general conclusions. However, one should
also keep in mind that iNOS expression is regulated or influenced by a complex interplay
of multiple factors, including the experimental conditions, the pathophysiological and
molecular characteristics of the model used, and ultimately, by the interaction with other
signaling pathways. As shown in Figure 1, typical P(A)H features can be connected with
an increase in iNOS activity/expression (blue rectangles).

The assessment of the localization of iNOS expression varies, depending on the method
used, i.e., western blotting, reverse transcription polymerase chain reaction (RT-PCR), quan-
titative polymerase chain reaction (qPCR), in-situ hybridization or immunohistochemistry.
Considering lung tissue and vasculature, iNOS expression was determined either in whole
lung homogenates [89–98] or in the respiratory tract, i.e., trachea, airway epithelia and
intraparenchymal airways [99–101], alveoli [101–103], lung macrophages [103,104], or pul-
monary vasculature [102,105–107]. Taking into account the heart [108], the expression was
assessed mainly in the myocardium [105,109,110], but also in fibroblasts [111], from either
the right [112] or the left [113] ventricle.

Unlike in most control tissues, in which iNOS expression was negligible, experimental
PH in most cases increased iNOS mRNA or protein expression. Increases in iNOS expres-
sion were observed in all experimental models of the different PH groups. The histological
distribution of iNOS overexpression is important, as it plays a role in the pathogenesis of
the particular forms of PH. In early phases of chronic hypoxic exposure, iNOS induction
appeared predominantly in the smooth muscle layer of pulmonary arteries (i.e., media),
and, to a lesser extent, in endothelium (i.e., intima) and adventitia [100,101,114–116]. Dur-
ing prolonged hypoxia, iNOS expression in the pulmonary vascular wall returned to nearly
undetectable baseline levels, but was continuously present in the airway epithelium [100].
Flow/wall shear stress may also be the cause of increased iNOS expression [117,118].
During chronic tobacco smoke exposure, the upregulation of the iNOS protein was more
prominent in the pulmonary vasculature than in the alveoli or bronchi [119], and was
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also observed in systemic blood vessels, i.e., aorta [120]. Pulmonary fibrosis induced by
bleomycin was also associated with increased iNOS expression in lungs of rats [121,122]
and mice [123–126]. The administration of embolizing particles, mimicking certain as-
pects of human group 4 PH, resulted in iNOS induction in lungs [127] and pulmonary
vasculature [128].

Interestingly, in a few cases (Table 2), no changes in iNOS expression were ob-
served [129–134]. In the study by DeMarco et al. (2009), this lack of effect was explained
by the fact that iNOS transcript levels were highly variable and, as a consequence, the
detection of significant changes was impaired [130]. Moreover, shifts to the expression
of other NOS isoforms were observed [130]. In MCT-treated rodents, iNOS upregula-
tion was accompanied by simultaneous eNOS downregulation [102,135]. On the other
hand, prolonged exposure to low oxygen levels enhanced the expression of all three NOS
isoforms in pulmonary vessels [136–138], but only the increase in iNOS expression was
prone to coincide with the onset of hypoxic pulmonary vascular remodeling and PH
development [100,139]. By contrast, Camelo et al. (2012) showed the overexpression of
iNOS with the concomitant downregulation of eNOS in pulmonary artery endothelial
cells, alveolar and interstitial macrophages [131]. The overactivation of iNOS, with the
concomitant downregulation of eNOS, was also detected in the pulmonary vasculature
of smoke-exposed mice [68,69,119,140,141]. However, when fetuses or newborns were
subjected to hypoxia, this type of relationship did not hold true. In newborn PH piglets,
both eNOS and iNOS activities in pulmonary artery homogenates were decreased [134].
This might suggest that PH in newborns, in contrast to adults, is associated with decreased
NO production [132,134]. Nevertheless, Evans et al. (2012) showed that chronic hypoxic
exposure enhances iNOS and decreases eNOS expression in the ventricles of fetal guinea
pig hearts [142]. Increased iNOS expression was also found in a model mimicking portal
PH [143].

Across the analyzed studies (Table 2), iNOS expression was determined mainly in
tissues collected at the end of the experiment, i.e., at the time of full development of PH.
However, the proper selection of the time points for the assessment of iNOS expression
in the experimental protocol is of high importance, as it might affect the results obtained.
For instance, after four-day hypoxia, a striking iNOS expression was observed in the lungs
of hypoxic rats, but these levels returned to baseline after 20 days of hypoxia [100]. In the
study by Guo et al. (2023b), the expression became significant at 1 week, and reached its
peak at 3 weeks after TAC surgery [144]. The induction of iNOS expression in pulmonary
vasculature in response to exposure to cigarette smoke was evident already 2 h after the
beginning of the exposure, and was still present 24 h after its termination [99]. In an elastase-
induced model of pulmonary emphysema, iNOS lung expression gradually increased over
time, and was already higher than in the respective control 24 h after the onset of elastase
application [103]. Similarly, in hypertrophied RV, iNOS expression increased gradually
over time during 8-, 15-, and 21-day hypoxia [110].
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Table 2. Changes in inducible nitric oxide synthase (iNOS) mRNA and protein expression in preclini-
cal models representing various clinical groups of pulmonary hypertension (PH) in comparison to
the respective controls *.

Disease Entity Model Species Tissue
Changes in iNOS

mRNA/Protein
Expression

References

Models of disease entities within group 1 PH

PAH

MCT-induced PH rat

lungs
↑ [90–94,136,137]

↔ [129]

alveoli ↑ [102]

PA ↑ [102]

RV (myocardium) ↑ [109,112,135]

RV (fibroblasts) ↑ [111]

Hx-induced PH
rat

lungs ↑ [95–97,114,115,139,145]

lung macrophages ↑ [104]

alveoli ↑ [101]

PA
(endothelium, smooth

muscle cells)
↑ [100,101,104,106,116,146]

hearts (whole) ↑ [108]

RV myocardium ↑ [110]

LV myocardium ↑ [110]

mouse lungs ↑ [98]

Sugen-Hx-induced PH rat
pulmonary vessels ↑ [105]

RV myocardium ↑ [105]

Ren2 rat model rat lungs ↔ [130]

portal PH portal vein ligation rat lungs ↑ [143]

PPHN Hx-induced PH

rat ♀
(pregnant) lungs ↔ [132]

pig
(newborn)

lungs ↔ [131]

PA

↔
(membrane fraction)

[134]↓
(cytosolic fraction)

guinea pig ♀
(pregnant) LV ↑ [113]

Models of disease entities withingroup 2 PH

HFpEF

TAC mouse
lungs ↑ [89]

RV myocardium ↑ [144,147]

metabolic (obesity)-HF rat
lungs ↔ [133]

PA ↑ [107]

Models of disease entities within group 3 PH

COPD

elastase-induced lung
emphysema mouse

lungs
(macrophages, alveolar

wall, alveolar
epithelium)

↑ [103,141]

cigarette
smoke-induced lung

injury

rat

trachea,
intraparenchymal

airways
↑ [99]

PA ↑ [99]

aorta ↑ [120]

mouse
lungs ↑ [119,140,148]

bronchi ↑ [119,148]

guinea pig lungs ↑ [149]

IPF
bleomycin-induced
pulmonary fibrosis

rat
lungs ↑ [121,122]

PA ↑ [93]

mouse lungs ↑ [123–126,150]
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Table 2. Cont.

Disease Entity Model Species Tissue
Changes in iNOS

mRNA/Protein
Expression

References

Models of disease entities within group 4 PH

chronic
thromboembolic PH

administration of
embolizing particles

broiler chicken lungs ↑ [127]

rabbit pulmonary vessels,
alveoli ↑ [128]

* Experiments were performed on male animals, if not stated otherwise. COPD, chronic obstructive pulmonary
disease; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; Hx, chronic hypoxia; iNOS,
inducible nitric oxide synthase; IPF, idiopathic pulmonary fibrosis; LV, left ventricle; MCT, monocrotaline;
PA, pulmonary artery; PAH, pulmonary arterial hypertension; PH, pulmonary hypertension; PPHN, persis-
tent pulmonary hypertension of the newborn; RV, right ventricle; TAC, transverse aortic constriction; ♀female;
↓, decrease; ↑, increase;↔ no change(s).

6. Pharmacological iNOS Inhibition—Promising or Discouraging Way
to Treat PH?

Considering the changes in iNOS expression in animals (Table 2), one might as-
sume that its overactivation in PH is detrimental, and therefore should be pharmaco-
logically suppressed. The effects of iNOS inhibitors in animal models were studied in
in vitro and acute and chronic in vivo experiments. In some studies, the three non-selective
NOS inhibitors L-NAME (Nω-nitro arginine methyl ester), L-NNA (Nω-nitro-L-arginine)
and L-NMMA (Nω-monomethyl-L-arginine) were examined (given in italics in Table 3).
In most of the studies shown in Table 3, however, selective iNOS inhibitors were ex-
amined, or the effects of selective and non-selective iNOS inhibitors were compared.
Within the group of selective iNOS inhibitors, both competitive inhibitors, such as L-NIL
(L-Nω-(1-iminoethyl)lysine), L-canavanine, and S-MIT (S-methylisothiourea), and non-
competitive inhibitors, including 1400W, ONO-1714, and GW27415, were used [7].

With respect to in vitro experiments, it is not surprising that the direct influence of
iNOS inhibitors on lungs or pulmonary vasculature was investigated, because all current
state-of-the-art medications, approved for PAH treatment, are targeted towards pulmonary
vasodilatation. Most experiments were performed on isolated tissues from animal models
mimicking group 1 PH; the study by Morales-Cano et al. (2019; model mimicking group
2 PH) was the only exception [133]. Table 3 shows that non-selective NOS inhibitors
had detrimental effects, including increased PAP, PVR, vascular tension, and exacerbated
vasoconstrictor responses, independently of the experimental model [115,132,151–154].
This may be caused mainly by the inhibition of eNOS. However, in lungs from chronically
hypoxic rats, as opposed to MCT-treated animals, no increase in PAP after L-NAME
administration was observed [151].
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Table 3. The efficacy of inducible nitric oxide synthase (iNOS) inhibitors in preclinical models resembling different clinical groups of pulmonary hypertension.

Disease Entity Model(s) Species Selective and Non-Selective
iNOS Inhibitor(s)

Acute/Chronic/
In Vitro

Preventive (P)/Curative
(C) Treatment Effects References

Models of disease entities within group 1 PH

PAH

MCT- and Hx-induced
PH

rat L-NAME in vitro -

isolated lungs:
MCT: ↑ basal PAP;↔ ampl. of HPV
Hx: ↔ basal PAP;↔ ampl. of HPV

[151]

isolated PA (MCT and Hx):
slight ↑ basal tension

slight ↑ of Phe-induced constriction
[152]

Hx-induced PH

mouse L-NAME in vitro -
isolated PA:

(-) Ach-induced relaxation
↔ PGF2α-induced contraction

[153]

rat L-NIL
L-NNA in vitro -

isolated lungs:
↔ (L-NIL, L-NNA) basal PVR, arterial and venous resistance
↔ (L-NIL)/↑ (L-NNA) of arterial and (weak) venous constrictor

responses to TXA2 analogue

[115]

PPHN Hx-induced PH

pig L-NAME
AG in vitro - isolated PA:

↓ (L-NAME)/↔ (AG) PA diameter [154]

rat ♀ L-NNA in vitro -
isolated lungs (from Hx neonates):
↑ PVR, ↑ reactivity to TXA2 analogue

↔ pulmonary venous tone
[132]

PAH

Sugen-Hx-induced PH rat

L-canavanine acute -
8 weeks after Sugen-Hx:

↔ RVSP,↔ LVSP,↔ PVRI,↔ SVRI
[155]

L-NAME acute -
3, 5, and 8 weeks after Sugen-Hx:
↑ RVSP, ↑ LVSP, ↑ PVRI, ↑ SVRI, ↓ CI

Hx-induced PH rat

S-MIT
L-canavanine acute - ↔ PAP,↔ SAP slight ↓ PAs (mainly muscular) diameter

[146]
L-NAME
L-NMMA acute - ↑ PAP, ↑ SAP ↓ PAs (muscular and elastic) diameter

ONO-1714 acute - ↑mPAP (slight and transient) [145]

Hx-induced PH

rat

L-NIL,
L-NAME:

(1) 3 days before + during a 1-week Hx;
(2) 3 days before + during 1 week

of a 3-week Hx;
(3) during the final 10 days of a

3-week Hx

chronic P (1,2);
C (3)

L-NIL:
↔ SAP (1,2,3), ↓ PAP (1,2,3), ↓ exhaled NO (1,3),↔ RV weight (1,3), ↓

RV weight (2),↔ FI (1,3), ↓ FI (2)
L-NAME:

↑ SAP (1,3), ↓ PAP (1,2) ↑ PAP (3), ↓ exhaled NO (1,3), ↓ RV weight (3)

[100]

rat

ONO-1714
(10 days) chronic P ↔mPAP,↔ Hx-induced changes in vascular structure,↔ FI [145]

L-NAME
(4 weeks) chronic P ↓ PAP, ↑ SAP

↓ RV/BW, ↓ LV/BW [110]
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Table 3. Cont.

Disease Entity Model(s) Species
Selective and

Non-Selective iNOS
Inhibitor(s)

Acute/Chronic/
In Vitro

Preventive (P)/Curative
(C) Treatment Effects References

PAH MCT-induced PH rat AG
(4 weeks) chronic P

↓ RVP
restoration of Ach-induced relaxation

(in PAs and systemic arteries)
[156]

PPHN Hx-induced PH pig ♀
L-NIL

(10 days, 4 days after Hx
onset)

chronic C

in fetal hearts:
anti-nitrative: ↓ 3-NT

anti-oxidative: ↓MDA
anti-fibrotic: ↓MMP-9, collagen

other: ↓ cGMP levels

[142]

Models of disease entities within group 2 PH

HFpEF

metabolic (obesity)-HF rat 1400W in vitro -
isolated PA:

modest ↑ Phe-induced vasoconstriction
(only to its highest concentration)

[133]

TAC mouse 1400W
(2 weeks) chronic C

↔ LV systolic pressure,↔ HR
LV hypertrophy and dysfunction:
↓ ventricular weight/BW ratio

↓ LV end-systolic diameter, ↑ LV ejection fraction, ↑ LV
fractional shortening
↓ LV fibrosis

pulmonary congestion:
↓ lung weight/BW ratio

[147]

high-fat diet + L-NAME mouse L-NIL
(3 days) chronic C

↔ HR,↔ SBP,↔ DBP, ↑ cardiac diastolic function (↓ E/A and
E/E’ ratios),

↔ ejection fraction, ↑ running distance,↔ lung edema (wet
weight/dry weight ratio),↔ heart weight/tibia length ratio

oxidative status:
↓MDA, ↑ GPX, ↓ NOX-4

↑ pNRF2,↔ SOD2, ↑ HO1 in hearts

[28]

high-fat high-sucrose diet
(HFHSD) mouse 1400W

(8 weeks) chronic C

↓ cardiovascular oxidative stress
↑myocardial perfusion reserve

↓ arteriolar reactivity
(-) HFHSD-induced ↓ in EF and changes in systolic and

diastolic strain

[22]

Models of disease entities within group 3 PH

COPD
cigarette smoke-induced

lung injury

sheep ♀ MEG acute -
↓ PVRI, SVRI,

↑ CI, ↓ lung weight
↔ PAP, MAP

[157]

mouse

L-NIL:
(1) parallel to smoke
exposure (8 months)

(2) after 8 months of smoke
exposure (3 months)

chronic (1) P
(2) C

↓ RVSP
anti-hypertrophic:

↓ FI
anti-emphysematic:
↓mean linear intercept

↓ air space, ↑ septal wall thickness
↓ alveoli/vessels ratio

[119]
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Table 3. Cont.

Disease Entity Model(s) Species
Selective and

Non-Selective iNOS
Inhibitor(s)

Acute/Chronic/
In Vitro

Preventive (P)/Curative
(C) Treatment Effects References

COPD

cigarette smoke-induced
lung injury

guinea pig
L-NIL:

(1) 7 days before smoke
exposure

(2) 60 days from the 29th
day after smoke exposure

chronic
P

anti-emphysematic:
↓mean linear intercept
↓ destructive index

anti-oxidative:
↓ protein nitration and oxidation (lungs)

anti-inflammatory:
↓ leukocyte infiltration, IL-1β, IL-8, TGF-β, IL-4 (BAL)

↓ total NOx (heart, liver, BAL)

[149]

C ↔mean linear intercept,↔ destructive index

elastase-induced lung
emphysema mouse

L-NIL
(12 weeks, 3 weeks after

elastase instillation)
chronic C

↓ RVSP,↔ SAP,↔ FI
anti-nitrative (lungs):

↓ 3-NT
↓ iNOS

anti-inflammatory:
↓ immune cells (CD45+),↔ TNF-α,↔MMP-8, 9, 12

lung structure and function:
↓ pulmonary vascular muscularization

[141]

1400W
(20 days, 1 day before
elastase instillation)

chronic P

anti-nitrative:
↓ 3-NT (lungs)
pro-oxidative:

↑ protein carbonyls
other:

↔mean chord length of alveoli
↔ HO1, MMPs, CCL-2, CXCL2, TNF-α, and IL-6 (lungs)
↔ inflammatory cell counts, CCL-2, MMP-2, MMP-9 protein

(BAL)
↔ alveolar cell proliferation

[103]

COPD/IPF SP-D deficiency-related
emphysema mouse

1400W
(7 weeks from 3 weeks of

age)
chronic C

anti-oxidative:
↓ % of oxidants-producing macrophages

anti-inflammatory (time-dependent):
↓ cellular infiltration, ↓ total BAL cell count, ↓ IFN-γ in BAL,

↓macrophage recruitment
anti-fibrotic:

↓MMP-2, MMP-9

[150]

IPF bleomycin (BLM)-induced
lung injury

mouse
1400W

(6 days before BLM
instillation)

chronic P

anti-nitrative:
↓ SNO-SP-D (BAL)
anti-inflammatory:

↓ BAL chemotactic activity
↓ IL-1β, COX-2, CCL2

anti-fibrotic:
↓ Fizz1, TGF-β, Ym-1

[158]



Antioxidants 2025, 14, 377 15 of 38

Table 3. Cont.

Disease Entity Model(s) Species
Selective and

Non-Selective iNOS
Inhibitor(s)

Acute/Chronic/
In Vitro

Preventive (P)/Curative
(C) Treatment Effects References

IPF
bleomycin (BLM)-induced

lung injury

mouse

GW274150
(14 days, 1 day after BLM

instillation)
chronic P

anti-oxidative (lungs):
↓ lipid peroxidation

anti-inflammatory (lungs):
↓ neutrophils infiltration

anti-fibrotic (lungs):
↓ collagen formation and deposition

↓ TGF-β expression
other:

↓ lung injury, ↓ edema formation, ↓mortality rate; ↓ BW loss

[159]

rat
AG

(13 days, 1 day after BLM
instillation)

chronic

anti-oxidative:
↓MDA (pulmonary blood) *

anti-nitrative:
↓ NOx (plasma) ‡

↓ ONOO- formation †,‡
anti-fibrotic:

↓ α-SMA and myofibroblast number ‡
↓ type I ‡ and III † collagen lung deposition

[160] *, [161] †,
[162] ‡

Models of disease entities within group 4 PH

CTEPH
application of embolizing

particles

chicken
AG acute - ↔ PAP,↔ PVR,↔mortality

[163]
L-NAME acute - ↑ PAP, ↑ PVR, ↑mortality

dog ♀

AG acute - ↓mPAP, ↓ PVRI [164]

S-MIT acute -

S-MIT:
↔mPAP,↔ PVRI

(-) embolization-induced ↑ NOx, MDA, TBARS (plasma)
[165]

S-MIT with sildenafil:
↓mPAP, ↓ PVRI, but effect of sildenafil↔ [164]

L-NAME acute - ↑mPAP, ↑ PVRI, ↑mortality [165]

Non-selective NOS inhibitors’ names are given in italics; experiments were performed on male animals, if not stated otherwise; ♀, female; 1400W, N-(3-(aminomethyl)benzyl)acetamidine;
3-NT, 3-nitrotyrosine; Ach, acetylcholine; AG, aminoguanidine; ampl., amplitude; BAL, bronchoalveolar lavage; BLM, bleomycin; BW, body weight; C, curative; CCL-2, small inducible
cytokine A2; CD45+, cluster of differentiation 45 positive; cGMP, cyclic guanosine-3′,5′-monophosphate; CI, cardiac index; COPD, chronic obstructive pulmonary disease; COX-2,
cyclooxygenase-2; CTEPH, chronic thromboembolic pulmonary hypertension; CXCL2, stroma-derived factor 1; EF, ejection fraction; FI, Fulton index; Fizz1, resistin-like molecule
alpha 1; GPX, glutathione peroxidase; HFHSD, high-fat high-sucrose diet; HFpEF, heart failure with preserved ejection fraction; HO1, heme oxygenase 1; HPV, hypoxic pulmonary
vasoconstriction; HR, heart rate; Hx, chronic hypoxia; IFN-γ, interferon gamma; IL-1β, -4, -6, -8, interleukin-1 beta, -4, -6, -8; iNOS, inducible nitric oxide synthase; IPF, idiopathic
pulmonary fibrosis; L-NAME, Nω-nitro-L-arginine methyl ester; L-NIL, L-Nω-(1-iminoethyl)lysine; L-NMMA, Nω-monomethyl-L-arginine; L-NNA, Nω–nitro-L-arginine; LVSP, left
ventricular systolic pressure; MCT, monocrotaline; MDA, malondialdehyde; MEG, mercaptoethylguanidine; MMP-2, -8, -9, -12, matrix metalloproteinase -2, -8, -9, -12; (m)PAP, (mean)
pulmonary artery pressure; NO, nitric oxide; NOx, nitrite/nitrate; NOX-4, NADPH oxidase 4; ONOO-, peroxynitrite; P, preventive; PA(s), pulmonary artery(-ies); PAH, pulmonary
arterial hypertension; PH, pulmonary hypertension; Phe, phenylephrine; pNRF2, phosphorylated nuclear factor erythroid 2-related factor 2; PPHN, persistent pulmonary hypertension of
the newborn; PVR(I), pulmonary vascular resistance (index); RV(S)P, right ventricular (systolic) pressure; RV, right ventricle; SAP, systemic arterial pressure; S-MIT, S-methylisothiourea;
SNO-SP-D, S-nitroso-surfactant protein-D; SOD2, superoxide dismutase 2; SP-D, surfactant protein-D; SVR(I), systemic vascular resistance (index); TAC, transverse aortic constriction;
TBARS, thiobarbituric acid reactive substances; TGF-β, transforming growth factor beta; TNF-α, tumor necrosis factor alpha; TXA2, thromboxane A2; Ym-1, chitinase-like protein 3;
α-SMA, alpha smooth muscle actin; ↓, decrease; ↑, increase;↔ no change(s); (-), inhibition; * Chen et al. (2001); † Chen et al. (2003); ‡ Chen et al. (2017).
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Selective iNOS inhibitors, like L-NIL and AG, neither intensified pulmonary vascular
responsiveness to vasoconstrictors, nor did they change the pulmonary artery diameter
in hypoxia-induced PH (Table 3) [115,154]. Admittedly, the selective iNOS blocker 1400W
slightly increased the pulmonary artery contractile response to phenylephrine, but this
occurred at its highest (10 µM) concentration only [133]. One might thus assume that the
detrimental effects of non-selective NOS blockade might be driven by the lack of function
of the constitutive isoforms, rather than the inducible one.

Table 3 also shows the effects of the acute in vivo administration of iNOS inhibitors.
This scheme of drug application is however very rarely encountered in clinical practice in
the context of PH, since mainly chronic pharmacotherapy is carried out [1,4]. The findings
from studies in which systemic iNOS inhibitors were administered acutely are consistent
with those from the in vitro studies discussed above (Table 3). Non-selective NOS blockade
by L-NAME or L-NMMA increased both pulmonary and systemic arterial pressure and
vascular resistance indexes in rats with chronic hypoxia- and Sugen-hypoxia-induced
PH [145,146,155], i.e., animal models mimicking group 1 PH. By contrast, selective iNOS
inhibitors (i.e., L-canavanine, S-MIT (S-methylisothiourea), ONO-1714) did not influence the
basal values of these parameters, despite a minor and temporary increase in mPAP induced
by the latter compound [145]. As is noteworthy, these changes were likely independent
from the stage of PH progression, since very similar increases were observed 3, 5, and
8 weeks after the onset of Sugen-Hx. The mechanism behind the L-NAME-induced increase
in RV systolic pressure is apparently active pulmonary vasoconstriction, since an increase
in cardiac output was not observed [155].

In the context of models mimicking group 3 PH, the acute administration of the selec-
tive iNOS inhibitor MEG (mercaptoethylguanidine) alleviated lung edema, and decreased
pulmonary and systemic vascular resistance with no effects on pulmonary and systemic
arterial pressure, in an ovine model of COPD [157]. Among the models corresponding
to group 4 PH [84], the potential importance of blocking iNOS function was assessed by
injecting intravenous microparticles (Table 3) into chickens [163] or dogs [164,165]. Simi-
larly to the group 1 PH models, acute non-selective NOS inhibition increased PAP, PVR,
and overall mortality (Table 3). Unlike L-NAME, AG successfully attenuated pulmonary
vascular obstruction-induced PH [164]. However, S-MIT failed to reduce PH, although it
decreased oxidative stress. mPAP reduction was achieved after the combined application of
S-MIT and the phosphodiesterase-5 inhibitor sildenafil, but resulted solely from the effect
of the latter [165].

With respect to preclinical research, the chronic in vivo administration of compounds
to animals represents the most accurate approach in the context of PH. The studies address-
ing the prolonged administration of NOS can be divided into two main groups, in which
either (1) preventive treatment (which was initiated before or parallel to PH induction) or
(2) a curative approach (which was started at least two to three days after the onset of PH)
was chosen (Table 3). This distinction was introduced for the purpose of this review, as the
authors of the original studies either used these terms inconsistently or did not use them
at all.

Direct comparisons between (1) and (2) were conducted by Hampl et al. (2006) [100] in
a hypoxia-induced PH model and by Seimetz et al. (2011) [119] and Gupta et al. (2016) [149]
in a cigarette smoke-induced COPD model (Table 3). The non-selective NOS inhibitor
L-NAME, as expected, increased systemic BP, in both the preventive and curative protocols,
and PAP in the curative one [100]. By contrast, the selective iNOS inhibitor L-NIL effec-
tively decreased PAP with no impact on systemic BP in both protocols [100]. Moreover,
it diminished RV systolic pressure and had anti-hypertrophic and anti-emphysematous
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effects [119]; anti-oxidative and anti-inflammatory effects occurred only if L-NIL had been
administered preventively [149]. The question arises as to why the curative administration
of L-NIL for two to three months was effective in mice [119], but not in guinea pigs [149].
In addition to the species difference, it is likely that the route of administration and dose
may be decisive, i.e., 600 mg/mL in drinking water (p.o.) vs. 1 mg per animal via inhala-
tion, respectively. Nevertheless, the reductions in the exhaled NO quantity [100], tissue
nitrite/nitrate concentrations [149], and iNOS overexpression [141,149] further confirm
the pharmacological efficacy of this compound. Analogous findings showing a high anti-
nitrative potency were found also in an elastase-induced emphysema model, although
RV hypertrophy was not alleviated [141]. What is more, a three-day curative application
of L-NIL already improved the cardiac function and overall physical condition of mice
with left heart failure, although PH development was not confirmed in this study [28]. The
anti-oxidative, anti-nitrative, and anti-fibrotic potential of L-NIL was also seen in a porcine
model of persistent PH in the newborn [142].

To the best of our knowledge, 1400W, another selective iNOS inhibitor, was not
investigated in preclinical models of groups 1, 4, and 5 PH (Table 3). However, in a group
2 PH model, Zhang et al. (2007) [147] and Guo et al. (2023b) [144], using TAC- and high-
fat high-sucrose diet-induced LV pressure overload models in mice, respectively, found
beneficial anti-hypertrophic and anti-fibrotic effects of the chronic curative administration of
this compound. Unfortunately, in none of the latter studies was PH development confirmed.
Further, 1400W, administered preventively in bleomycin-induced pulmonary fibrosis [158]
or curatively in surfactant protein-D deficiency-related emphysema [150], showed anti-
nitrative, anti-inflammatory, and anti-fibrotic effects. Preventive 1400W administration in
an elastase-induced emphysema model led to a combination of effects, including beneficial
effects (slight anti-nitrative potency), detrimental effects (intensified protein carbonylation),
or no effects at all (expression of inflammatory and emphysema-related parameters) [103].

Another three selective iNOS inhibitors were studied beyond L-NIL and 1400W
(Table 3). GW274150 was investigated in a preventive model of pulmonary fibrosis. Its
two-week preventive administration, apart from its anti-inflammatory, anti-oxidative, and
anti-fibrotic effects, halted loss of body weight, alleviated lung injury, and decreased mor-
tality [159]. AG was investigated in two preventive protocols. Four-week administration to
rats with MCT-induced PH decreased RV pressure and restored MCT-abolished vasodilator
responses in both pulmonary and systemic vessels [156]. In a pulmonary fibrosis model,
anti-oxidative, anti-nitrative, and anti-inflammatory effects were observed [160–162]. ONO-
1714 appeared ineffective, but this could be due to the short duration of its administration
(10 days only) [145].

Figure 2 summarizes the main findings regarding in vivo and in vitro selective iNOS
inhibition in the context of pulmonary hypertension (PH) and PH-associated diseases.
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Figure 2. Effects of selective inhibitors of inducible nitric oxide synthase (iNOS) on key features of 
pulmonary hypertension (PH) and PH-associated diseases in the preclinical studies of Table 3. 
Changes in the discussed parameters which have a positive influence on PH progression are marked 
in green, those which might negatively affect the disease are shown in red, and those with a neutral 
effect in blue. Abbreviations: 3-NT, 3-nitrotyrosine; BAL, bronchoalveolar lavage; BW, body weight; 
CCL2, small inducible cytokine A2; COX-2, cyclooxygenase-2; EF, ejection fraction; Fizz1, resistin-
like molecule alpha 1; FS, fractional shortening; GPX, glutathione peroxidase; HO1, heme oxygenase 
1; IFN-γ, interferon gamma; IL-1β, -6, interleukin-1 beta, -6; iNOS, inducible nitric oxide synthase; 
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Figure 2. Effects of selective inhibitors of inducible nitric oxide synthase (iNOS) on key features
of pulmonary hypertension (PH) and PH-associated diseases in the preclinical studies of Table 3.
Changes in the discussed parameters which have a positive influence on PH progression are marked
in green, those which might negatively affect the disease are shown in red, and those with a neutral
effect in blue. Abbreviations: 3-NT, 3-nitrotyrosine; BAL, bronchoalveolar lavage; BW, body weight;
CCL2, small inducible cytokine A2; COX-2, cyclooxygenase-2; EF, ejection fraction; Fizz1, resistin-like
molecule alpha 1; FS, fractional shortening; GPX, glutathione peroxidase; HO1, heme oxygenase
1; IFN-γ, interferon gamma; IL-1β, -6, interleukin-1 beta, -6; iNOS, inducible nitric oxide synthase;
LV, left ventricle; MDA, malondialdehyde; MMP-2, -8, -9, -12, matrix metalloproteinase-2, -8, -9, -12;
(m)PAP, (mean) pulmonary artery pressure; NOx, nitrite/nitrate; NOX-4, NADPH oxidase 4; ONOO−,
peroxynitrite; pNRF2, phosphorylated nuclear factor erythroid 2-related factor 2; PVR, pulmonary
vascular resistance; RVSP, right ventricular systolic pressure; SNO-SP-D, S-nitroso-surfactant protein-
D; TGF-β, transforming growth factor beta; TNF-α, tumor necrosis factor alpha; Ym-1, chitinase-like
protein 3; α-SMA, alpha smooth muscle actin; ↑, increase/improvement of; ↓, decrease;↔, no change;
* ONO-1716 induced a slight and transient increase in mPAP after acute administration.

7. Is iNOS Gene Deletion Protective in PH? Insights from
Knock-Out Studies

As discussed above, non-selective NOS inhibition resulted in a variety of detrimental
consequences, including increases in systemic blood pressure and exaggerated vasocon-
strictor responses. When considering the influence of NOS inhibition on PH progression,
the question arises as to whether these effects were caused by the inhibition of the activity
of different NOS isoenzymes, or rather by the unfavorable pharmacodynamic properties
(off-target effects) of the inhibitors used. For this purpose, experiments on knock-out
mice are very helpful. A variety of studies including global and conditional knock-out
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were taken into account (Table 4). Like non-selective pharmacological NOS inhibition, the
deletion of all three NOS isoforms [166] increased RV systolic pressure [138], exacerbated
cardiac and pulmonary artery hypertrophy and remodeling, intensified inflammation and
fibrosis [138,167], and increased mortality [138]. This appears to be related to the lack of
eNOS, since single eNOS knock-out did not appear preventive in the bleomycin-induced
model of pulmonary fibrosis [166,167]. Moreover, it caused several detrimental effects in a
hypoxia PH model [138]. The role of nNOS in the function of the cardiovascular system in
the context of PH does not seem equally significant compared to the other isoforms, so we
did not further consider its effects in this review [168]. However, one should keep in mind
that in the knockout experiments, the lack of iNOS function may be compensated by other
NOS isoforms [166,169].

The question of whether the selective pharmacological inhibition of iNOS (Table 3)
generally reproduces the phenotype of iNOS knock-out mice (Table 4), despite the differ-
ences in the pharmacokinetic and pharmacodynamic properties of the agents, has been
directly compared in seven studies (Tables 3 and 4). Chronic GW274150 administration ex-
actly mirrored the anti-inflammatory, anti-oxidative, anti-fibrotic, and other positive effects
of iNOS knock-out mice in a bleomycin-induced lung injury model [159]. Moreover, the
prolonged administration of L-NIL was as effective as genetic iNOS deficiency in alleviating
oxidative stress, cardiac dysfunction, and pulmonary congestion in a model of HFpEF [28].
In a cigarette-smoke induced lung injury/COPD model, iNOS deficiency protected against
the development of emphysema and PH; virtually the same results were obtained when
wild-type (WT) mice were preventively or curatively treated with L-NIL [119]. The chronic
administration of 1400W, like iNOS deficiency, led to similar anti-hypertrophic, anti-fibrotic,
and anti-edematous effects in the TAC model [147], and improved perfusion reserve with
reduced oxidative stress in the obesity-induced PH-LHD model [22].

On the other hand, although the pharmacological and genetic approaches inhibited
oxidative parameters to a similar extent in a bleomycin-induced pulmonary fibrosis model,
they differed in their effects on fibrosis; 1400W diminished but iNOS knock-out increased
pro-fibrotic markers, suggesting that iNOS appears to be necessary for controlling the
late-phase response to injury [158]. Finally, in an elastase-induced model of COPD, both
pharmacological iNOS inhibition (by 1400W) and genetic iNOS deficiency appeared equally
ineffective against a multitude of biochemical and histological markers, although both of
them diminished protein nitration; both approaches also resembled each other inasmuch
as they led to pro-oxidative effects [103].

As described above, iNOS expression occurs in different cell types that may be in-
volved in PH pathogenesis and, for this reason, cell type-specific iNOS gene depletion
is worth considering. Three studies have been published related to this topic (Table 4).
(i) Alveolar epithelial type II cell-specific iNOS knock-out was ineffective in preventing an
elastase-induced increase in RV systolic pressure, RV hypertrophy and dysfunction, and
emphysema development [69]. (ii) By contrast, myeloid-cell-specific iNOS gene deletion
effectively prevented the development of PH in the cigarette smoke-induced model of
COPD, but not in the hypoxia-induced PH; moreover, protection against emphysema was
not achieved [68]. (iii) It has already been mentioned that the development of PH and of
emphysema was prevented in cigarette smoke-treated iNOS knock-out (iNOS−/−) mice.
When the latter ones were transplanted with the bone matter of WT mice, the development
of emphysema, as opposed to PH, was prevented. However, in wild-type mice transplanted
with bone marrow from iNOS–/– mice, protection against PH, but not against emphysema,
took place [119].

Finally, the efficacy of iNOS knock-out across the different PH clinical groups and
experimental models will be considered (Table 4; studies to groups 4 and 5 PH not available).
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No positive effects of either systemic or myeloid-cell specific iNOS gene deletion were
observed in hypoxia-induced PH, a group 1 PH model (Table 4), despite the effectiveness
of selective pharmacological iNOS inhibition (Table 3). However, in the models resembling
group 2 PH (TAC and metabolic (obesity)-induced PH), a slight preventive effect of iNOS
knock-out on, e.g., cardiac hypertrophy and dysfunction, oxidative stress markers and
inflammation was observed (Table 4) [22,28,144,147]. However, in none of the latter studies
was PH development confirmed by right heart catheterization or another relevant method.
Moreover, RV function was not assessed. In group 3 PH models, the protection from
cigarette smoke-induced emphysema [119] or PH development [68,119] in iNOS knock-out
mice was very pronounced and substantially higher than in elastase-induced COPD models
(Table 4). In the model of cigarette smoke-induced lung injury, changes in ferroptosis-related
proteins were observed [148]. This finding is of interest, as the activation of ferroptosis may
contribute to bronchoalveolar damage.

Table 4. Impact of global and conditional genetic deletion of inducible nitric oxide synthase (iNOS)
* on pulmonary hypertension (PH): insights from preclinical murine models resembling different
clinical PH groups **.

Disease
Entity Model Effects References

Disease models within group 1 PH

PAH
Hx-

induced
PH

iNOS−/− vs. WT: eNOS−/− vs. WT: triple n/i/eNOS−/− vs. WT:

[138]↔ RVSP;↔ FI
↔ PA medial thickness
↔ survival rate

moderate
↑ RVSP; ↑ FI

↑ PA medial thickness
↓ survival rate

highest↑ RVSP; ↑ FI↑ PA
medial thickness↓ survival

rate

myeloid-cell-specific iNOS−/− vs. WT:
↔ RVSP,↔ FI,↔ TAPSE,↔ pulmonary vascular remodeling (small vessels)

[68]

Disease models within group 2 PH

HFpEF

TAC

iNOS–/–vs. WT:
anti-oxidative: ↓ 4-HNE, ↓ 3-NT, ↓ PRMT1, ↓ DDAH1 in LV myocardium

anti-hypertrophic: ↓ ventricular weight/BW ratio, ↓myocyte cross-sectional area,
↓myocyte diameter, ↓MMP-2 and collagen-1 in LV myocardium

↓ cardiac dysfunction: ↑ LV ejection fraction, ↑ LV fractional shortening, ↑ LV diastolic wall thickness, ↑ LV diameter in end
systole and diastole, ↓ cardiac ANP and BNP levels
↓ pulmonary congestion: ↓ lung weight/BW ratio

other effects:↔mortality rate

[147]

iNOS–/–vs. WT:
anti-inflammatory: ↓ cardiac IL-1β, IL-6 expression, CD68+ M1 macrophage count

↓ cardiac cytosolic mtDNA levels
anti-fibrotic effects: ↓ fibrosis area

↓ cardiac remodeling and hypertrophy: ↓myocyte cross-sectional area, ↓ heart weight/tibia length ratio
↓ cardiac dysfunction: ↓ cardiac ANP and BNP levels, ↑ LV ejection fraction, ↑ LV fractional shortening

[144]

High-fat
diet + L-
NAME

iNOS–/–vs. WT:
(mostly) anti-oxidative: ↓MDA, ↑ GPX, ↓ NOX-4, ↑ pNRF2,↔ SOD2, ↑ HO1 in hearts

↓ cardiac dysfunction: ↑ cardiac diastolic function (↓mitral E/E’ ratio)
↓ pulmonary congestion: ↓ lung edema (wet weight/dry weight ratio)

other effects: ↑ running distance,↔ heart weight/tibia length ratio,↔ HR,↔ ejection fraction,↔ systolic BP,↔ diastolic BP

[28]

HFHSD

iNOS–/–vs. WT:
↓ cardiovascular oxidative stress, ↑ cardiac stress perfusion
↑ vasodilatation to adenosine (in coronary arteries)

↓ HFHSD-induced changes in systolic and diastolic strain,↔ cardiac rest perfusion,
↔myocardial perfusion reserve,↔ arteriolar reactivity

[22]
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Table 4. Cont.

Disease
Entity Model Effects References

Disease models within group 3 PH

COPD

cigarette
smoke-

induced
lung

injury

myeloid-cell-specific iNOS−/−vs. WT:
↓ development of PH, but not emphysema

↓ RV hypertrophy, ↓ pulmonary vascular remodeling
[68]

iNOS−/−vs. WT:
ferroptosis-related proteins: ↓ ACSL4, ↑ GPX4, xCT, FTL, FTH1 [148]

iNOS−/−vs. WT:
protection against PH and emphysema

[119]iNOS−/−specific
for bone marrow-derived cells *** vs. controls ****:

↓ PH: ↓ RVSP
↔ number of alveoli

iNOS−/− except for bone
marrow-derived cells ***** vs. controls ****:

↔ PH:↔ RVSP
↓ emphysema: ↓ number of alveolii

elastase-
induced

lung
emphy-
sema

iNOS−/−vs. WT:
anti-nitrative: ↓ 3-NT positive cells
pro-oxidative: ↑ protein carbonyls

other:↔ HO1, CCL2, CXCL2, TNF-α, and IL-6 (lungs)
↔mean chord length of alveoli

[103]

AECII-specific iNOS−/−induced by doxycyclin vs. doxycyclin-naïve mice:
↔ RVSP,↔ RV hypertrophy,↔ FI,↔ RVWT

RV function: ↔ PAT/PET,↔ TAPSE,↔ pulmonary vascular muscularization
emphysema development: ↔ lung compliance,↔mean linear intercept,↔ lung airspace

[69]

IPF

bleomycin
(BLM)-

induced
lung

injury

iNOS−/−vs. WT:
anti-fibrotic: ↓ fibrosis score, ↓ TIMP-1, ↓ CCL-2, ↓ hydroxyproline content, ↓ α-SMA (lungs)

other:↔ lung compliance, ↓mortality
[123,124]

iNOS−/−vs. WT:
anti-nitrative: ↓ SNO-SP-D

anti-inflammatory: ↓ chemotactic activity (BAL)
↓ IL-1β, COX-2, CCL-2

pro-fibrotic: ↑ Fizz1, TGF-β, Ym-1

[158]

iNOS−/−vs. WT:
anti-oxidative: ↓ lipid peroxidation

anti-inflammatory (lungs): ↓ neutrophil infiltration
anti-fibrotic (lungs): ↓ collagen formation and deposition; ↓ TGF-β expression

other: ↓mortality rate, (-) loss of body weight, ↓ lung injury, ↓ edema formation

[159]

iNOS−/−vs. WT:
anti-inflammatory:
↓ TNF-α, CCL-2,

lymphocyte count,
protein conc. (BAL),
↔ total inflammatory

cells (BAL)
anti-fibrotic (lungs):
↔ fibrotic area
↓ TGF-β1
↓ collagen 1

other:↔ BW, IL-1β,
IL-6, IFN-γ, CTGF

(BAL)

eNOS−/−vs. WT:
inflammatory parameters:

↔ TNF-α, CCL-2, IL-1β, IL-6, IFN-γ, CTGF, protein conc.,
lymphocyte count, total inflammatory cells (BAL)

fibrotic parameters:
↔ lung fibrotic area

↔ TGF-β1 and collagen 1 in lungs
other:↔ BW

triple n/i/eNOS−/−vs. WT:
pro-inflammatory:

↑ TNF-α, CCL-2, IL-1β,
IL-6, IFN-γ, lymphocyte
count and protein conc.

(BAL)
↑ total inflammatory cells

(BAL)
pro-fibrotic:

↑ lung fibrotic area, ↑
TGF-β1

,↑ collagen 1, ↑ CTGF in
lungs

other: ↓ BW

[167]

* if not stated otherwise; ** if no additional information regarding the selectivity of gene deletion is included, the knock-out
is global; *** iNOS−/− specific for bone marrow-derived cells—WT mice transplanted with bone marrow from iNOS−/− mice;
**** controls—WT mice transplanted with bone marrow from WT mice; ***** iNOS−/− except for bone marrow-derived cells—
iNOS−/− mice transplanted with bone marrow from WT mice; 3-NT, 3-nitrotyrosine; 4-HNE, 4-hydroxynonenal; ACSL4, long-
chain fatty-acid-CoA ligase 4; AECII, alveolar epithelial type II cells; ANP, atrial natriuretic peptide; BAL, bronchoalveolar lavage;
BLM, bleomycin; BNP, B type natriuretic peptide; BW, body weight; CCL-2, small inducible cytokine A2; CD68, cluster of dif-
ferentiation 68; conc., concentration; COX-2, cyclooxygenase 2; CTGF, connective tissue growth factor; CXCL2, stroma-derived
factor 1; DDAH1, dimethylamine dimethylaminohydrolase 1; eNOS, endothelial nitric oxide synthase; FI, Fulton index; Fizz1,
resistin-like molecule alpha 1; FTH1, ferritin heavy chain; FTL, ferritin light chain; GPX(4), glutathione peroxidase (4); HFHSD,
high-fat high-sucrose diet; HFpEF, heart failure with preserved ejection fraction; HO1, heme oxygenase 1; Hx, chronic hypoxia;
IFN-γ, interferon gamma; IL-1β, -6, interleukin-1β, -6; iNOS, inducible nitric oxide synthase; IPF, idiopathic pulmonary fibro-
sis; L-NAME, Nω-nitro-L-arginine methyl ester; LV, left ventricle; MDA, malondialdehyde; MMP-2, matrix metalloproteinase
2; mtDNA, mitochondrial DNA; nNOS, neuronal nitric oxide synthase; NOX-4, NADPH oxidase 4; PA, pulmonary artery;
PAH, pulmonary arterial hypertension; PAT, pulmonary acceleration time; PET, pulmonary ejection time; PH, pulmonary hy-
pertension; pNRF2, phosphorylated nuclear factor erythroid 2-related factor 2; PRMT1, protein arginine methyltransferase 1; RV,
right ventricle; RVSP, right ventricular systolic pressure; RVWT, right ventricular wall thickness; SNO-SP-D, S-nitroso-surfactant
protein-D; SOD2, superoxide dismutase 2; TAC, transverse aortic constriction; TAPSE, tricuspid annular plane systolic excursion;
TGF-β, transforming growth factor beta; TIMP-1, tissue inhibitor of metalloproteinase 1; TNF-α, tumor necrosis factor alpha;
WT, wild type; xCT, cystine-glutamate antiporter; Ym-1, chitinase-like protein 3;α-SMA, alpha-smooth muscle actin; ↓, decrease;
↑, increase;↔, no change(s).
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8. iNOS Expression in Patients Affected by Diseases Associated
with PH

iNOS is overexpressed during various cardiopulmonary disorders (see above), and as a
mediator of inflammation it is also involved in the pathogenesis of PH. Amongst 36 studies
on tissues obtained directly from humans (Table 5), 8 were related to PAH (clinical group
1), 18 to PH due to left heart disease (clinical group 2), and another 10 to chronic lung
diseases and/or hypoxia (clinical group 3). Importantly, only parts of the subtypes/disease
entities associated with PH were studied, i.e., congenital heart disease, persistent PH of
the newborn, and PH due to congenital diaphragmatic hernia in group 1; heart failure and
valvular heart disease in group 2; COPD and IPF in group 3 (Table 5). Furthermore, PH
development was not confirmed in two studies from group 1 [170,171], 18 studies from
group 2 [172–187], or in 8 studies from group 3 [68,123,124,188–192]. Ultimately, in some
studies, the control groups could not be examined, the number of control individuals is
not mentioned, or the studies are based on a very small number of patients only (as low as
two to three per group; Table 5) [189]. These shortcomings render the discussion of a direct
impact of iNOS overexpression on human PH very challenging.

Table 5. Organ/tissue/cell changes in inducible nitric oxide synthase (iNOS) expression in patients
affected by pulmonary hypertension (PH) and/or diseases commonly associated with PH.

Disease Entity Size of Sample Number of
Control Patients

Development of
PH Confirmed?

(+/-)

Changes in iNOS Expression
(If Any) Versus Respective

Control Group; Alteration of
eNOS (If Studied)

References

Group 1 PH

PAH associated with
congenital heart
disease (CHD)

18 (flow-associated
PH)

6 (congestive
vasculopathy)
10 (increased

pulmonary blood
flow but normal PAP)

4 + ↑ in PA
↔ eNOS [193]

26 (septal defects) 8 + ↑ in PA endothelium
↑ eNOS [194]

24 (VSD, including 10
surgically corrected) - + ↔ in lungs *

↓ eNOS [195]

7 (TOF);
8 (VSD) - TOF: -;

VSD: +
detected in RA and RV

myocardium [196]

19 (CHD) 10 - ↑ in LV myocardium ** [170]

rapid persistent PH
of the newborn 2 neonates 3 neonates +

↔ in lungs
(PA endothelium, PA smooth

muscle cells, macrophages,
epithelium)

[189]

PH associated with
congenital

diaphragmatic hernia
(CDH)

33
(10 ECMO-treated

and 23 not treated by
ECMO)

11 +

in small PA endothelium:
↔ treated by ECMO,
↓ not treated by ECMO

↔ eNOS

[197]

13 (PH-CDH);
20 (lung hypoplasia
due to other causes)

33 - ↔ in lung vasculature [171]

Group 2 PH

PH associated with
left heart disease

(PH-LHD)

43 15 + ↑ in monocytes [198]

20 15 + ↑ in PBMC [199]

15 (decompensated
HF) 6 - ↑ in venous endothelium

↔ eNOS [172]

24 (DCM); 17 (IHD);
10 (VHD) 11 - ↑ in heart [173]
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Table 5. Cont.

Disease Entity Size of Sample Number of
Control Patients

Development of
PH Confirmed?

(+/-)

Changes in iNOS Expression
(If Any) Versus Respective

Control Group; Alteration of
eNOS (If Studied)

References

PH associated with
left heart disease

(PH-LHD)

9 (HF—transplant
group); 10 (LVAD); 11

(post-LVAD
transplantation)

7 - ↑ in heart (HF-transplant and
LVAD groups) [174]

28 4 -

↑ in heart
↑ in macrophages

↑ eNOS in cardiomyocytes and
subendocardial areas

[175]

18 (DCM); 7
(ischemic

cardiopathy and
severe ventricular

dysfunction); 4 (AMI)

11 - ↑ in myocardium [176]

8 (DCM); 14 (IHD) - -
↑ in myocardium

↑ in endothelium, vascular
smooth muscle cells

[177]

14 (DCM); 9 (ICM); 7
(PCM) 5 - ↔ in myocardium

↑ eNOS [178]

24 (end-stage HF) 5 - ↑ in LV
↓ eNOS [179]

10 (HF due to CAD) 10 - ↑ in RA
↓ eNOS [180]

19 20 - ↑ in macrophages [181]

25 (acute congestive
HF) ? - ↑ in plasma [182]

10 ? - ↑ in plasma [183]

40 20 - ↑ in plasma [184]

42 (HFpEF)
38 (HFrEF) - - ↑ in serum (HFpEF)

↑ eNOS (HFrEF) [185]

23 (LVAD
implantation)

36 (elective heart
transplantation)

- - detected in heart and blood
vessels [186]

7 (end-stage HF) - - detected in LV myocardium [187]

Group 3 PH

PH associated with
chronic obstructive
pulmonary disease

(COPD)

11 (severe COPD) 13 *** -

↑ in lungs
(alveolar wall, alveolar

macrophages, bronchial wall,
adventitia of PAs, smooth

muscle cells)

[188]

10 10 - ↑ in lungs [148]

10 10 - ↑ in pulmonary macrophages [68]

10 11 - ↑ in airway inflammatory cells [190]

13 (severe COPD);
14 (mild/moderate

COPD)

13 smokers, 11
non-smokers -

↑ in bronchial submucosa and
bronchoalveolar lavage

(smokers)
[191]

7 (normal BMI);
7 (low BMI) - - ↑ in skeletal muscles (low BMI) [192]

PH associated with
idiopathic pulmonary

fibrosis (IPF)

17 21 + ↑ in PAs
↓ eNOS [200]

17 10 - ↑ in lungs [123]

12 6 -
↑ in lungs

(fibrotic scars, thickened septa,
fibroblast foci)

[124]
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Table 5. Cont.

Disease Entity Size of Sample Number of
Control Patients

Development of
PH Confirmed?

(+/-)

Changes in iNOS Expression
(If Any) Versus Respective

Control Group; Alteration of
eNOS (If Studied)

References

PH associated with
idiopathic pulmonary

fibrosis (IPF)
48 21 +

↑ in lungs
(macrophages, neutrophiles,

alveolar epithelium, PA
endothelium, PA smooth

muscle cells)
↓ eNOS

[201]

* in comparison to patients with ventricular septal defect (surgically corrected or not); ** high expression in 16 CHD
cases, low expression in 3 CHD cases; *** control smokers; no healthy control subjects; AMI, acute myocardial
infarction; BMI, body mass index; CAD, coronary artery disease; CDH, congenital diaphragmatic hernia; CHD,
congenital heart disease; COPD, chronic obstructive pulmonary disease; DCM, dilated cardiomyopathy; ECMO,
extracorporeal membrane oxygenation; eNOS, endothelial nitric oxide synthase; HF, heart failure; HFpEF, heart
failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; ICM, ischemic
cardiomyopathy; IHD, ischemic heart disease; iNOS, inducible nitric oxide synthase; IPF, idiopathic pulmonary
fibrosis; LHD, left heart disease; LVAD, left ventricular assist device; P(A)H, pulmonary (arterial) hypertension;
PA, pulmonary artery; PAP, pulmonary artery pressure; PBMC, peripheral blood mononuclear cells; PCM,
postmyocarditis cardiomyopathy; RA, right atrium; RV, right ventricle; TOF, tetralogy of Fallot; VSD, ventricular
septal defect; VHD, valvular heart disease; ↑, increase; ↓, decrease;↔, no change(s); +, yes; -, no(ne); ?, not stated.

Despite these limitations, three types of comparisons are possible on the basis of the
available data, as follows: (1) iNOS expression across the PH-associated disease states,
(2) iNOS expression patterns in organs primarily affected by PH, and (3) expression of
other NOS isoforms, particularly of eNOS. These issues will be addressed separately for
groups 1, 2 and 3.

With respect to PAH (group 1), iNOS was overexpressed in lungs, pulmonary arteries,
and airways in most cases (Table 5). This overexpression localized most markedly to the
pulmonary artery endothelium [194]. Moreover, enlarged iNOS activity was also found
in plexiform lesions and the endothelium of muscular pulmonary arteries, and also in
objects with increased pulmonary blood flow but no PH [193]. This might suggest the
role of shear stress and cyclic strain in pulmonary vascular iNOS induction. Moreover,
extracorporeal membrane oxygenation (ECMO) treatment was identified as a trigger of
iNOS induction [197]. An increase in iNOS expression is also likely for the right atrium and
ventricle of patients suffering from tetralogy of Fallot (TOF) and ventricular septal defect
(VSD); however, it could not be quantified since control patients could not be examined
in that study. Myocardial iNOS levels did not differ between patients with TOF and VSD,
suggesting that hypoxemia (typical for TOF) does not play a role in this respect [196].
In studies on patients with VSD [195], congenital diaphragmatic hernia [171], and rapid
persistent PH of the newborn [189], no changes in pulmonary iNOS expression were
detected. In one study dedicated to patients with congenital diaphragmatic hernia (and not
treated with ECMO), iNOS expression in the endothelium of small pulmonary arteries was
even decreased [197].

Considering the correlations between inducible and constitutive NOS isoforms, PAH
associated with congenital heart disease (CHD) showed elevated levels of both iNOS and
eNOS in pulmonary vascular endothelial cells, but not in other cell types, i.e., pulmonary
macrophages, airway epithelium, and alveolar lining cells [194]. This might suggest a
potential compensatory mechanism aimed at restricting the increase in PAP (in long-
standing PH, however, the increase in eNOS is reversed into a decrease because endothelial
damage occurs; as discussed in Hoehn et al., 2009) [194]. In the other three studies, in
which iNOS and eNOS were compared, three different scenarios were found: iNOS was
overexpressed and eNOS was unaffected [193], iNOS unaffected and eNOS decreased [195],
and iNOS decreased but eNOS unaffected (patients without ECMO) [197].
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With respect to congestive heart failure, valvular diseases, and other left heart patholo-
gies (e.g., cardiomyopathy) that might lead to group 2 PH, iNOS expression was increased
in hearts, macrophages, and blood vessels (endothelium and smooth muscle cells), irre-
spective of PH diagnosis [172–187,198,199]. This increase was correlated with an increased
iNOS activity [179]. Moreover, the intensity of iNOS overexpression had a significant
relationship with the New York Heart Association (NYHA) class—higher iNOS amounts
were detected in patients from classes III (associated with a marked limitation of patients’
physical activity) and IV (inability to engage in any physical activity without experiencing
discomfort), rather than I (no limitation of physical activity) and II (slight limitation of
physical activity) [198]. Moreover, increased levels of iNOS protein were also observed
during the decompensatory phase of HF, and were generally linked to a larger LV vol-
ume, deteriorated LV function [172,202], and a higher expression of proinflammatory
cytokines [183]. Moreover, in those patients, iNOS activity showed a strong linear rela-
tionship with plasma brain natriuretic peptide (BNP) levels [199]. Elevated BNP levels are
often associated with PH. When the condition returned to its compensated state or a left
ventricular assist device implantation procedure had been performed, iNOS expression sig-
nificantly decreased [172,174]. A similar direction of changes in iNOS expression/activity
was observed in patients with cardiomyopathy [173,176–178], valvular heart disease [173],
coronary artery disease [180], and ischemic heart disease [177], and this suggests that iNOS
is linked to heart failure (HF) itself (also in quantitative terms, NYHA class), rather than
being connected to the underlying cause of the HF.

With respect to inducible and constitutive NOS isoforms, disease entities that might
lead to PH-LHD showed different expressions of the two enzymes. In one study, elevated
levels of both iNOS and eNOS were observed in the heart [175]. On the other hand, two
studies reported decreases in eNOS with concomitant increases in iNOS expression in
left ventricle [179] and right atrium [180], respectively. The other reported cases are no
changes in iNOS, eNOS increased [178], and iNOS increased but eNOS unchanged [172].
Interestingly, in patients with heart failure with a preserved ejection fraction, higher iNOS
concentrations were detected compared to patients with heart failure with reduced ejection
fraction. However, eNOS concentrations tended to change in an opposite direction [185].
Genetic polymorphism of iNOS and eNOS genes might also play a role in the severity of
HF [203]. It is noteworthy that, in nonfailing hearts, both iNOS and eNOS expression were
minimal or undetectable [173–175].

With respect to chronic lung diseases leading to group 3 PH, iNOS expression was
increased in patients with COPD and IPF, regardless of PH diagnosis. This overexpression
was localized to airways, pulmonary vasculature, and inflammatory cells (Table 5). The
rate of peroxynitrite-derived protein nitration in lung tissue was found to be directly
proportional to iNOS expression. In COPD patients, the above relationship was associated
with lower values of forced expiratory volume in one second and forced vital capacity [188].
It is noteworthy that patients with IPF exhibit a decreased (or absent) expression of eNOS
in the pulmonary artery in two studies on patients suffering from IPF [200,201].

The question arises as to whether the expression patterns would also be similar in
the other PH clinical groups (i.e., 4 and 5). In general, there are few studies on this, which
involve relatively small patient populations (frequently without controls and without
confirmation of the development of PH) and do not address the overall complexity of PH
pathobiology; so it would be inappropriate to draw hasty, generalized conclusions. Further
studies are needed to fully elucidate this particular problem.
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9. Limitations and Perspectives
The following limitations should be considered. Although there is much evidence

for iNOS overexpression in PH animal models (Table 2), the amount of studies regarding
group 2 and 4 PH is relatively small. Similarly, studies involving the administration of
iNOS inhibitors were most frequently carried out for group 1 and 3 PH (Table 3). Moreover,
most experiments were performed on male rodents, and this does not accurately reflect
clinical conditions, as female individuals are more predisposed to PAH development [204].
There is also a need for more studies on larger animals, e.g., as they allow for chronic
instrumentation and repeated measurements in CTEPH models [205]. Finally, chronic
curative treatment protocols mimic the actual pharmacotherapy schemes in PH humans
most closely, yet studies of that type have been carried out rarely (regarding group 1,
PAH) or not at all (regarding group 4 PH; Table 3). We were not able to find studies
on human tissues (Table 5) from patients of clinical group 4. Moreover, in the case of
diseases that might lead to group 2 PH (exhibiting the highest incidence rate), only two
studies were found in which PH development was confirmed. With respect to group 1,
only patients with PAH related to congenital heart disease were examined. Moreover, the
number of individuals in the studies was often low, the lack of control groups in some
of the studies made the interpretation of the results very difficult, and PH development
was not confirmed in many studies. The latter limitations have much to do with the fact
that ethical issues have to be strictly obeyed in experiments on humans. This also explains
why the direct effect of iNOS inhibitors was not assessed. The side effects and toxicity of
the discussed compounds should also be taken into account. The clinical development
of 1400W was halted due to such concerns, while the development of ONO-1714 was
discontinued because of inadequate selectivity between iNOS and eNOS [10].

This does not mean that inhibiting iNOS activity is per se detrimental, as many ben-
efits were shown in preclinical studies, extending far beyond the PH discussed in this
review. One potential reason for the lack of success could be the differences in disease path-
omechanisms across species, making preclinical animal models insufficiently predictive.
Additional challenges include an inadequate degree of in vivo iNOS inhibition, as well as
the lack of tissue specificity or limited bioavailability [206,207]. As a result, novel iNOS
modulators are being developed [207]. These agents are often based on the lead structures
of already-known compounds and act upon iNOS in a similar manner [208]. Moreover,
nanotechnological preparations offer the chance to overcome the limited bioavailability of
highly lipophilic iNOS inhibitors [206]. Another approach is to introduce combined therapy.
The β2-adrenoceptor antagonist ICI 118551 and the iNOS inhibitor 1400W, despite being
ineffective if administered separately, reduced the lipopolysaccharide-induced mortality in
an animal model of shock when given in combination [209]. Sometimes, iNOS-modulating
properties are combined with the affinity to other targets in one molecule. Such an approach
is called polypharmacology [210]. The dual-target-directed ligand (S)-MRI-1867 (a combined
cannabinoid CB1 receptor and iNOS blocker) is considered a promising drug candidate for
pulmonary fibrosis associated with Hermansky–Pudlak syndrome [211]. Continued efforts
to refine and optimize such compounds could pave the way for more effective and safer
therapies in the future.

10. Conclusions
A detailed review of all publications regarding the role of iNOS in PH clearly shows

that iNOS induction is associated with the pathogenesis of PH in its four main clinical
groups and subtypes (according to the classification by Humbert et al., 2022; Table 1) [1]. In
experimental animals and patients, iNOS is overexpressed in the organs primarily affected
by PH (Tables 2 and 5). The beneficial effects (see Figure 3) of suppressing iNOS activity by
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pharmacological inhibition (Table 3) or genetic depletion (Table 4) were disclosed across a
variety of animal models of PH and PH-associated diseases, such as COPD or IPF. However,
in some studies on iNOS knock-out animals, the direction of changes differed from the
general trend (Figure 3). Only selective iNOS inhibitors are worth considering as a potential
novel strategy for PH management. Non-selective NOS pharmacological blockade, like
the simultaneous deletion of all three NOS isoforms, resulted in a variety of detrimental
consequences, and even the aggravation of PH (Figure 3).
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possible implementation of selective iNOS inhibitors into the clinical management of PH
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E.R. Regulation of inducible nitric oxide synthase (iNOS) and its potential role in insulin resistance, diabetes and heart failure.
Open Cardiovasc. Med. J. 2011, 5, 153–163. [CrossRef]

25. Rochette, L.; Lorin, J.; Zeller, M.; Guilland, J.C.; Lorgis, L.; Cottin, Y.; Vergely, C. Nitric oxide synthase inhibition and oxidative
stress in cardiovascular diseases: Possible therapeutic targets? Pharmacol. Ther. 2013, 140, 239–257. [CrossRef]

26. Wilmes, V.; Scheiper, S.; Roehr, W.; Niess, C.; Kippenberger, S.; Steinhorst, K.; Verhoff, M.A.; Kauferstein, S. Increased inducible
nitric oxide synthase (iNOS) expression in human myocardial infarction. Int. J. Leg. Med. 2020, 134, 575–581. [CrossRef]

27. Golden, T.N.; Venosa, A.; Gow, A.J. Cell origin and iNOS function are critical to macrophage activation following acute lung
injury. Front. Pharmacol. 2022, 12, 761496. [CrossRef]

28. Guo, Y.; Wen, J.; He, A.; Qu, C.; Peng, Y.; Luo, S.; Wang, X. iNOS contributes to heart failure with preserved ejection fraction
through mitochondrial dysfunction and Akt S-nitrosylation. J. Adv. Res. 2023, 43, 175–186. [CrossRef]

29. Prado, C.M.; Yano, L.; Rocha, G.; Starling, C.M.; Capelozzi, V.L.; Leick-Maldonado, E.A.; Martins, M.d.A.; Tibério, I.F. Effects of
inducible nitric oxide synthase inhibition in bronchial vascular remodeling-induced by chronic allergic pulmonary inflammation.
Exp. Lung Res. 2011, 37, 259–268. [CrossRef]

30. Prado, C.M.; Righetti, R.F.; Lopes, F.D.T.Q.D.S.; Leick, E.A.; Arantes-Costa, F.M.; de Almeida, F.M.; Saldiva, P.H.N.; Mauad, T.;
Tibério, I.F.L.C.; Martins, M.A. iNOS inhibition reduces lung mechanical alterations and remodeling induced by particulate
matter in mice. Pulm. Med. 2019, 2019, 4781528. [CrossRef]

31. Yu, X.; Ge, L.; Niu, L.; Lian, X.; Ma, H.; Pang, L. The dual role of inducible nitric oxide synthase in myocardial ischemia/reperfusion
injury: Friend or foe? Oxid. Med. Cell. Longev. 2018, 2018, 8364848. [CrossRef]

32. Manoury, B.; Montiel, V.; Balligand, J.L. Nitric oxide synthase in post-ischaemic remodelling: New pathways and mechanisms.
Cardiovasc. Res. 2012, 94, 304–315. [CrossRef] [PubMed]

33. Sparacino-Watkins, C.E.; Lai, Y.C.; Gladwin, M.T. Nitrate-nitrite-nitric oxide pathway in pulmonary arterial hypertension
therapeutics. Circulation. 2012, 125, 2824–2826. [CrossRef] [PubMed]

34. Karyofyllis, P.; Demerouti, E.; Habibis, P.; Apostolopoulou, S.; Tsetika, E.G.; Tsiapras, D. Should we change the target of therapy
in pulmonary hypertension? Life 2023, 13, 1202. [CrossRef] [PubMed]

35. Sun, Y.; Chen, C.; Yan, Q.; Wang, S.; Tan, Y.; Long, J.; Lin, Y.; Ning, S.; Wang, J.; Zhang, S.; et al. A peripheral system
disease-Pulmonary hypertension. Biomed. Pharmacother. 2024, 175, 116787. [CrossRef]

36. Hudson, J.; Farkas, L. Epigenetic regulation of endothelial dysfunction and inflammation in pulmonary arterial hypertension. Int.
J. Mol. Sci. 2021, 22, 12098. [CrossRef]

37. Cober, N.D.; VandenBroek, M.M.; Ormiston, M.L.; Stewart, D.J. Evolving concepts in endothelial pathobiology of pulmonary
arterial hypertension. Hypertension. 2022, 79, 1580–1590. [CrossRef]

38. Chester, A.H.; Yacoub, M.H. The role of endothelin-1 in pulmonary arterial hypertension. Glob. Cardiol. Sci. Pract. 2014, 2014,
62–78. [CrossRef]

39. Iyinikkel, J.; Murray, F. GPCRs in pulmonary arterial hypertension: Tipping the balance. Br. J. Pharmacol. 2018, 175, 3063–3079.
[CrossRef]

40. Thenappan, T.; Ormiston, M.L.; Ryan, J.J.; Archer, S.L. Pulmonary arterial hypertension: Pathogenesis and clinical management.
BMJ. 2018, 360, j5492. [CrossRef]

41. Kuhr, F.K.; Smith, K.A.; Song, M.Y.; Levitan, I.; Yuan, J.X. New mechanisms of pulmonary arterial hypertension: Role of Ca2+

signaling. Am. J. Physiol. Heart Circ. Physiol. 2012, 302, H1546–H1562. [CrossRef] [PubMed]
42. Condon, D.F.; Agarwal, S.; Chakraborty, A.; Auer, N.; Vazquez, R.; Patel, H.; Zamanian, R.T.; de Jesus Perez, V.A. Novel

mechanisms targeted by drug trials in pulmonary arterial hypertension. Chest 2022, 161, 1060–1072. [CrossRef] [PubMed]
43. Mamazhakypov, A.; Viswanathan, G.; Lawrie, A.; Schermuly, R.T.; Rajagopal, S. The role of chemokines and chemokine receptors

in pulmonary arterial hypertension. Br. J. Pharmacol. 2021, 178, 72–89. [CrossRef] [PubMed]
44. Fulton, D.J.R.; Li, X.; Bordan, Z.; Haigh, S.; Bentley, A.; Chen, F.; Barman, S.A. Reactive oxygen and nitrogen species in the

development of pulmonary hypertension. Antioxidants 2017, 6, 54. [CrossRef]
45. Klouda, T.; Yuan, K. Inflammation in pulmonary arterial hypertension. Adv. Exp. Med. Biol. 2021, 1303, 351–372. [CrossRef]
46. Peng, H.; Xiao, Y.; Deng, X.; Luo, J.; Hong, C.; Qin, X. The Warburg effect: A new story in pulmonary arterial hypertension. Clin.

Chim. Acta 2016, 461, 53–58. [CrossRef]
47. Han, S.; Chandel, N.S. Lessons from cancer metabolism for pulmonary arterial hypertension and fibrosis. Am. J. Respir. Cell Mol.

Biol. 2021, 65, 134–145. [CrossRef]
48. Cullivan, S.; Murphy, C.A.; Weiss, L.; Comer, S.P.; Kevane, B.; McCullagh, B.; Maguire, P.B.; Ní Ainle, F.; Gaine, S.P. Platelets,

extracellular vesicles and coagulation in pulmonary arterial hypertension. Pulm. Circ. 2021, 11, 20458940211021036. [CrossRef]
49. Cuthbertson, I.; Morrell, N.W.; Caruso, P. BMPR2 mutation and metabolic reprogramming in pulmonary arterial hypertension.

Circ. Res. 2023, 132, 109–126. [CrossRef]

https://doi.org/10.2174/1874192401105010153
https://doi.org/10.1016/j.pharmthera.2013.07.004
https://doi.org/10.1007/s00414-019-02051-y
https://doi.org/10.3389/fphar.2021.761496
https://doi.org/10.1016/j.jare.2022.03.003
https://doi.org/10.3109/01902148.2010.538289
https://doi.org/10.1155/2019/4781528
https://doi.org/10.1155/2018/8364848
https://doi.org/10.1093/cvr/cvr360
https://www.ncbi.nlm.nih.gov/pubmed/22227153
https://doi.org/10.1161/CIRCULATIONAHA.112.107821
https://www.ncbi.nlm.nih.gov/pubmed/22572912
https://doi.org/10.3390/life13051202
https://www.ncbi.nlm.nih.gov/pubmed/37240847
https://doi.org/10.1016/j.biopha.2024.116787
https://doi.org/10.3390/ijms222212098
https://doi.org/10.1161/HYPERTENSIONAHA.122.18261
https://doi.org/10.5339/gcsp.2014.29
https://doi.org/10.1111/bph.14172
https://doi.org/10.1136/bmj.j5492
https://doi.org/10.1152/ajpheart.00944.2011
https://www.ncbi.nlm.nih.gov/pubmed/22245772
https://doi.org/10.1016/j.chest.2021.10.010
https://www.ncbi.nlm.nih.gov/pubmed/34655569
https://doi.org/10.1111/bph.14826
https://www.ncbi.nlm.nih.gov/pubmed/31399998
https://doi.org/10.3390/antiox6030054
https://doi.org/10.1007/978-3-030-63046-1_19
https://doi.org/10.1016/j.cca.2016.07.017
https://doi.org/10.1165/rcmb.2020-0550TR
https://doi.org/10.1177/20458940211021036
https://doi.org/10.1161/CIRCRESAHA.122.321554


Antioxidants 2025, 14, 377 31 of 38

50. Tatius, B.; Wasityastuti, W.; Astarini, F.D.; Nugrahaningsih, D.A.A. Significance of BMPR2 mutations in pulmonary arterial
hypertension. Respir. Investig. 2021, 59, 397–407. [CrossRef]

51. Andersson, K.E. PDE5 inhibitors—Pharmacology and clinical applications 20 years after sildenafil discovery. Br. J. Pharmacol.
2018, 175, 2554–2565. [CrossRef] [PubMed]

52. Klinger, J.R.; Elliott, C.G.; Levine, D.J.; Bossone, E.; Duvall, L.; Fagan, K.; Frantsve-Hawley, J.; Kawut, S.M.; Ryan, J.J.; Rosenzweig,
E.B.; et al. Therapy for pulmonary arterial hypertension in adults: Update of the CHEST guideline and expert panel report. Chest
2019, 155, 565–586. [CrossRef] [PubMed]

53. Mandras, S.; Kovacs, G.; Olschewski, H.; Broderick, M.; Nelsen, A.; Shen, E.; Champion, H. Combination therapy in pulmonary
arterial hypertension-targeting the nitric oxide and prostacyclin pathways. J. Cardiovasc. Pharmacol. Ther. 2021, 26, 453–462.
[CrossRef] [PubMed]

54. Sommer, N.; Ghofrani, H.A.; Pak, O.; Bonnet, S.; Provencher, S.; Sitbon, O.; Rosenkranz, S.; Hoeper, M.M.; Kiely, D.G. Current and
future treatments of pulmonary arterial hypertension. Br. J. Pharmacol. 2021, 178, 6–30. [CrossRef]

55. Alamri, A.K.; Ma, C.L.; Ryan, J.J. Novel drugs for the treatment of pulmonary arterial hypertension: Where are we going? Drugs
2023, 83, 577–585. [CrossRef]

56. Omote, K.; Sorimachi, H.; Obokata, M.; Reddy, Y.N.V.; Verbrugge, F.H.; Omar, M.; DuBrock, H.M.; Redfield, M.M.; Borlaug, B.A.
Pulmonary vascular disease in pulmonary hypertension due to left heart disease: Pathophysiologic implications. Eur. Heart J.
2022, 43, 3417–3431. [CrossRef]

57. Wissmüller, M.; Dohr, J.; Adler, J.; Ochs, L.; Tichelbäcker, T.; Hohmann, C.; Baldus, S.; Rosenkranz, S. Pulmonary hypertension
associated with left heart disease. Herz 2023, 48, 266–273. [CrossRef]

58. Vachiéry, J.L.; Tedford, R.J.; Rosenkranz, S.; Palazzini, M.; Lang, I.; Guazzi, M.; Coghlan, G.; Chazova, I.; De Marco, T. Pulmonary
hypertension due to left heart disease. Eur. Respir. J. 2019, 53, 1801897. [CrossRef]

59. Aras, M.A.; Psotka, M.A.; De Marco, T. Pulmonary hypertension due to left heart disease: An update. Curr. Cardiol. Rep. 2019,
21, 62. [CrossRef]

60. Marra, A.M.; Benjamin, N.; Cittadini, A.; Bossone, E.; Grünig, E. When pulmonary hypertension complicates heart failure. Cardiol.
Clin. 2022, 40, 191–198. [CrossRef]

61. Huston, J.H.; Shah, S.J. Understanding the pathobiology of pulmonary hypertension due to left heart disease. Circ. Res. 2022, 130,
1382–1403. [CrossRef] [PubMed]

62. Macera, F.; Vachiéry, J.L. Management of pulmonary hypertension in left heart disease. Methodist Debakey Cardiovasc. J. 2021, 17,
115–123. [CrossRef] [PubMed]

63. Ltaief, Z.; Yerly, P.; Liaudet, L. Pulmonary hypertension in left heart diseases: Pathophysiology, hemodynamic assessment and
therapeutic management. Int. J. Mol. Sci. 2023, 24, 9971. [CrossRef] [PubMed]

64. Zhang, L.; Liu, Y.; Zhao, S.; Wang, Z.; Zhang, M.; Zhang, S.; Wang, X.; Zhang, S.; Zhang, W.; Hao, L.; et al. The incidence and
prevalence of pulmonary hypertension in the COPD population: A systematic review and meta-analysis. Int. J. Chron. Obs.
Pulmon Dis. 2022, 17, 1365–1379. [CrossRef]

65. Rajagopal, K.; Bryant, A.J.; Sahay, S.; Wareing, N.; Zhou, Y.; Pandit, L.M.; Karmouty-Quintana, H. Idiopathic pulmonary fibrosis
and pulmonary hypertension: Heracles meets the Hydra. Br. J. Pharmacol. 2021, 178, 172–186. [CrossRef]

66. Christenson, S.A.; Smith, B.M.; Bafadhel, M.; Putcha, N. Chronic obstructive pulmonary disease. Lancet 2022, 399, 2227–2242.
[CrossRef]

67. Cassady, S.J.; Reed, R.M. Pulmonary hypertension in COPD: A case study and review of the literature. Medicina 2019, 55, 432.
[CrossRef]

68. Gredic, M.; Wu, C.Y.; Hadzic, S.; Pak, O.; Savai, R.; Kojonazarov, B.; Doswada, S.; Weiss, A.; Weigert, A.; Guenther, A.; et al.
Myeloid-cell-specific deletion of inducible nitric oxide synthase protects against smoke-induced pulmonary hypertension in mice.
Eur. Respir. J. 2022, 59, 2101153. [CrossRef]

69. Gredic, M.; Sharma, V.; Hadzic, S.; Wu, C.Y.; Pak, O.; Kojonazarov, B.; Duerr, J.; Mall, M.A.; Guenther, A.; Schermuly, R.T.; et al.
iNOS deletion in alveolar epithelium cannot reverse the elastase-induced emphysema in mice. Cells 2022, 12, 125. [CrossRef]
[PubMed]

70. Spagnolo, P.; Kropski, J.A.; Jones, M.G.; Lee, J.S.; Rossi, G.; Karampitsakos, T.; Maher, T.M.; Tzouvelekis, A.; Ryerson, C.J.
Idiopathic pulmonary fibrosis: Disease mechanisms and drug development. Pharmacol. Ther. 2021, 222, 107798. [CrossRef]

71. Moss, B.J.; Ryter, S.W.; Rosas, I.O. Pathogenic mechanisms underlying idiopathic pulmonary fibrosis. Annu. Rev. Pathol. 2022, 17,
515–546. [CrossRef] [PubMed]

72. Collum, S.D.; Amione-Guerra, J.; Cruz-Solbes, A.S.; DiFrancesco, A.; Hernandez, A.M.; Hanmandlu, A.; Youker, K.; Guha, A.;
Karmouty-Quintana, H. Pulmonary hypertension associated with idiopathic pulmonary fibrosis: Current and future perspectives.
Can. Respir. J. 2017, 2017, 1430350. [CrossRef] [PubMed]

73. Dunham-Snary, K.J.; Wu, D.; Sykes, E.A.; Thakrar, A.; Parlow, L.R.G.; Mewburn, J.D.; Parlow, J.L.; Archer, S.L. Hypoxic pulmonary
vasoconstriction: From molecular mechanisms to medicine. Chest 2017, 151, 181–192. [CrossRef] [PubMed]

https://doi.org/10.1016/j.resinv.2021.03.011
https://doi.org/10.1111/bph.14205
https://www.ncbi.nlm.nih.gov/pubmed/29667180
https://doi.org/10.1016/j.chest.2018.11.030
https://www.ncbi.nlm.nih.gov/pubmed/30660783
https://doi.org/10.1177/10742484211006531
https://www.ncbi.nlm.nih.gov/pubmed/33836637
https://doi.org/10.1111/bph.15016
https://doi.org/10.1007/s40265-023-01862-z
https://doi.org/10.1093/eurheartj/ehac184
https://doi.org/10.1007/s00059-023-05189-z
https://doi.org/10.1183/13993003.01897-2018
https://doi.org/10.1007/s11886-019-1149-1
https://doi.org/10.1016/j.ccl.2021.12.007
https://doi.org/10.1161/CIRCRESAHA.122.319967
https://www.ncbi.nlm.nih.gov/pubmed/35482841
https://doi.org/10.14797/RKQN5397
https://www.ncbi.nlm.nih.gov/pubmed/34326931
https://doi.org/10.3390/ijms24129971
https://www.ncbi.nlm.nih.gov/pubmed/37373119
https://doi.org/10.2147/COPD.S359873
https://doi.org/10.1111/bph.15036
https://doi.org/10.1016/S0140-6736(22)00470-6
https://doi.org/10.3390/medicina55080432
https://doi.org/10.1183/13993003.01153-2021
https://doi.org/10.3390/cells12010125
https://www.ncbi.nlm.nih.gov/pubmed/36611917
https://doi.org/10.1016/j.pharmthera.2020.107798
https://doi.org/10.1146/annurev-pathol-042320-030240
https://www.ncbi.nlm.nih.gov/pubmed/34813355
https://doi.org/10.1155/2017/1430350
https://www.ncbi.nlm.nih.gov/pubmed/28286407
https://doi.org/10.1016/j.chest.2016.09.001
https://www.ncbi.nlm.nih.gov/pubmed/27645688


Antioxidants 2025, 14, 377 32 of 38

74. Hannemann, J.; Freytag, J.; Schiefer, L.M.; Macholz, F.; Sareban, M.; Schmidt-Hutten, L.; Stang, H.; Schwedhelm, E.; Swenson,
E.R.; Böger, R.; et al. Asymmetric and symmetric dimethylarginine in high altitude pulmonary hypertension (HAPH) and high
altitude pulmonary edema (HAPE). Front. Physiol. 2023, 14, 1297636. [CrossRef]

75. Stam, K.; van Duin, R.W.B.; Uitterdijk, A.; Cai, Z.; Duncker, D.J.; Merkus, D. Exercise facilitates early recognition of cardiac and
vascular remodeling in chronic thromboembolic pulmonary hypertension in swine. Am. J. Physiol. Heart Circ. Physiol. 2018, 314,
H627–H642. [CrossRef]

76. Alba, G.A.; Atri, D.; Darbha, S.; Singh, I.; Tapson, V.F.; Lewis, M.I.; Chun, H.J.; Yu, Y.R.; Maron, B.A.; Rajagopal, S. Chronic
thromboembolic pulmonary hypertension: The bench. Curr. Cardiol. Rep. 2021, 23, 141. [CrossRef]

77. Yang, J.; Madani, M.M.; Mahmud, E.; Kim, N.H. Evaluation and management of chronic thromboembolic pulmonary hypertension.
Chest 2023, 164, 490–502. [CrossRef]

78. Dignam, J.P.; Scott, T.E.; Kemp-Harper, B.K.; Hobbs, A.J. Animal models of pulmonary hypertension: Getting to the heart of the
problem. Br. J. Pharmacol. 2022, 179, 811–837. [CrossRef]

79. Wu, X.H.; Ma, J.L.; Ding, D.; Ma, Y.J.; Wei, Y.P.; Jing, Z.C. Experimental animal models of pulmonary hypertension: Development
and challenges. Anim. Model. Exp. Med. 2022, 5, 207–216. [CrossRef]

80. Liu, S.F.; Yan, Y. Animal models of pulmonary hypertension due to left heart disease. Anim. Model. Exp. Med. 2022, 5, 197–206.
[CrossRef]
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reticulum stress and expression of nitric oxide synthases in heart failure with preserved and with reduced ejection fraction—Pilot
study. Cardiol. J. 2024, 31, 885–894. [CrossRef]

186. Birks, E.J.; Latif, N.; Owen, V.; Bowles, C.; Felkin, L.E.; Mullen, A.J.; Khaghani, A.; Barton, P.J.; Polak, J.M.; Pepper, J.R.; et al.
Quantitative myocardial cytokine expression and activation of the apoptotic pathway in patients who require left ventricular
assist devices. Circulation 2001, 104, I233–I240. [CrossRef]

187. Chen, Y.; Park, S.; Li, Y.; Missov, E.; Hou, M.; Han, X.; Hall, J.L.; Miller, L.W.; Bache, R.J. Alterations of gene expression in failing
myocardium following left ventricular assist device support LVAD. Physiol. Genom. 2003, 14, 251–260. [CrossRef]

188. Maestrelli, P.; Páska, C.; Saetta, M.; Turato, G.; Nowicki, Y.; Monti, S.; Formichi, B.; Miniati, M.; Fabbri, L.M. Decreased haem
oxygenase-1 and increased inducible nitric oxide synthase in the lung of severe COPD patients. Eur. Respir. J. 2003, 21, 971–976.
[CrossRef]

189. Hoehn, T.; Preston, A.A.; McPhaden, A.R.; Stiller, B.; Vogel, M.; Bührer, C.; Wadsworth, R.M. Endothelial nitric oxide synthase
(NOS) is upregulated in rapid progressive pulmonary hypertension of the newborn. Intensive Care Med. 2003, 29, 1757–1762.
[CrossRef]

190. Ichinose, M.; Sugiura, H.; Yamagata, S.; Koarai, A.; Shirato, K. Increase in reactive nitrogen species production in chronic
obstructive pulmonary disease airways. Am. J. Respir. Crit. Care Med. 2000, 162, 701–706. [CrossRef]

191. Ricciardolo, F.L.; Caramori, G.; Ito, K.; Capelli, A.; Brun, P.; Abatangelo, G.; Papi, A.; Chung, K.F.; Adcock, I.; Barnes, P.J.; et al.
Nitrosative stress in the bronchial mucosa of severe chronic obstructive pulmonary disease. J. Allergy Clin. Immunol. 2005, 116,
1028–1035. [CrossRef] [PubMed]

192. Agustí, A.; Morlá, M.; Sauleda, J.; Saus, C.; Busquets, X. NF-kappaB activation and iNOS upregulation in skeletal muscle of
patients with COPD and low body weight. Thorax 2004, 59, 483–487. [CrossRef] [PubMed]

193. Berger, R.M.; Geiger, R.; Hess, J.; Bogers, A.J.; Mooi, W.J. Altered arterial expression patterns of inducible and endothelial nitric
oxide synthase in pulmonary plexogenic arteriopathy caused by congenital heart disease. Am. J. Respir. Crit. Care Med. 2001, 163,
1493–1499. [CrossRef]

194. Hoehn, T.; Stiller, B.; McPhaden, A.R.; Wadsworth, R.M. Nitric oxide synthases in infants and children with pulmonary
hypertension and congenital heart disease. Respir. Res. 2009, 10, 110. [CrossRef] [PubMed]

195. Pan, X.; Zheng, Z.; Hu, S.; Li, S.; Wei, Y.; Zhang, Y.; Cheng, X.; Ma, K. Mechanisms of pulmonary hypertension related to
ventricular septal defect in congenital heart disease. Ann. Thorac. Surg. 2011, 92, 2215–2220. [CrossRef]

196. Qing, M.; Schumacher, K.; Heise, R.; Wöltje, M.; Vazquez-Jimenez, J.F.; Richter, T.; Arranda-Carrero, M.; Hess, J.; von Bernuth,
G.; Seghaye, M.C. Intramyocardial synthesis of pro- and anti-inflammatory cytokines in infants with congenital cardiac defects.
J. Am. Coll. Cardiol. 2003, 41, 2266–2274. [CrossRef]

197. Shehata, S.M.; Sharma, H.S.; Mooi, W.J.; Tibboel, D. Pulmonary hypertension in human newborns with congenital diaphragmatic
hernia is associated with decreased vascular expression of nitric-oxide synthase. Cell Biochem. Biophys. 2006, 44, 147–155.
[CrossRef]

198. Comini, L.; Bachetti, T.; Agnoletti, L.; Gaia, G.; Curello, S.; Milanesi, B.; Volterrani, M.; Parrinello, G.; Ceconi, C.; Giordano, A.;
et al. Induction of functional inducible nitric oxide synthase in monocytes of patients with congestive heart failure. Link with
tumour necrosis factor-alpha. Eur. Heart J. 1999, 20, 1503–1513. [CrossRef]

199. Speranza, L.; Franceschelli, S.; Riccioni, G.; Di Nicola, M.; Ruggeri, B.; Gallina, S.; Felaco, M.; Grilli, A. BNP and iNOS in
decompensated chronic heart failure: A linear correlation. Front. Biosci. (Elite Ed.) 2012, 4, 1255–1262. [CrossRef]

200. Almudéver, P.; Milara, J.; De Diego, A.; Serrano-Mollar, A.; Xaubet, A.; Perez-Vizcaino, F.; Cogolludo, A.; Cortijo, J. Role of
tetrahydrobiopterin in pulmonary vascular remodelling associated with pulmonary fibrosis. Thorax 2013, 68, 938–948. [CrossRef]

201. Saleh, D.; Barnes, P.J.; Giaid, A. Increased production of the potent oxidant peroxynitrite in the lungs of patients with idiopathic
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 1997, 155, 1763–1769. [CrossRef] [PubMed]

202. Vanderheyden, M.; Bartunek, J.; Knaapen, M.; Kockx, M.; De Bruyne, B.; Goethals, M. Hemodynamic effects of inducible nitric
oxide synthase and nitrotyrosine generation in heart failure. J. Heart Lung Transplant. 2004, 23, 723–728. [CrossRef] [PubMed]

203. Duarte, J.D.; Kansal, M.; Desai, A.A.; Riden, K.; Arwood, M.J.; Yacob, A.A.; Stamos, T.D.; Cavallari, L.H.; Zamanian, R.T.; Shah,
S.J.; et al. Endothelial nitric oxide synthase genotype is associated with pulmonary hypertension severity in left heart failure
patients. Pulm. Circ. 2018, 8, 2045894018773049. [CrossRef] [PubMed]

204. Dignam, J.P.; Sharma, S.; Stasinopoulos, I.; MacLean, M.R. Pulmonary arterial hypertension: Sex matters. Br. J. Pharmacol. 2024,
181, 938–966. [CrossRef] [PubMed]

205. Stam, K.; Clauss, S.; Taverne, Y.J.H.J.; Merkus, D. Chronic thromboembolic pulmonary hypertension—What have we learned
from large animal models. Front. Cardiovasc. Med. 2021, 8, 574360. [CrossRef]

206. Roy, H.S.; Singh, R.; Ghosh, D. Recent advances in nanotherapeutic strategies that target nitric oxide pathway for preventing
cartilage degeneration. Nitric Oxide 2021, 109–110, 1–11. [CrossRef]

https://doi.org/10.5603/cj.97962
https://doi.org/10.1161/hc37t1.094872
https://doi.org/10.1152/physiolgenomics.00022.2003
https://doi.org/10.1183/09031936.03.00098203
https://doi.org/10.1007/s00134-003-1892-y
https://doi.org/10.1164/ajrccm.162.2.9908132
https://doi.org/10.1016/j.jaci.2005.06.034
https://www.ncbi.nlm.nih.gov/pubmed/16275371
https://doi.org/10.1136/thx.2003.017640
https://www.ncbi.nlm.nih.gov/pubmed/15170030
https://doi.org/10.1164/ajrccm.163.6.9908137
https://doi.org/10.1186/1465-9921-10-110
https://www.ncbi.nlm.nih.gov/pubmed/19912632
https://doi.org/10.1016/j.athoracsur.2011.07.051
https://doi.org/10.1016/S0735-1097(03)00477-7
https://doi.org/10.1385/CBB:44:1:147
https://doi.org/10.1053/euhj.1999.1580
https://doi.org/10.2741/e456
https://doi.org/10.1136/thoraxjnl-2013-203408
https://doi.org/10.1164/ajrccm.155.5.9154889
https://www.ncbi.nlm.nih.gov/pubmed/9154889
https://doi.org/10.1016/j.healun.2003.07.015
https://www.ncbi.nlm.nih.gov/pubmed/15366433
https://doi.org/10.1177/2045894018773049
https://www.ncbi.nlm.nih.gov/pubmed/29718770
https://doi.org/10.1111/bph.16277
https://www.ncbi.nlm.nih.gov/pubmed/37939796
https://doi.org/10.3389/fcvm.2021.574360
https://doi.org/10.1016/j.niox.2021.01.002


Antioxidants 2025, 14, 377 38 of 38

207. Maccallini, C.; Budriesi, R.; De Filippis, B.; Amoroso, R. Advancements in the research of new modulators of nitric oxide
saynthases activity. Int. J. Mol. Sci. 2024, 25, 8486. [CrossRef]

208. Ji, D.; Jin, C.; Tao, M.; Sun, Y.; Chen, H.; Li, H.; Qu, X.; Ye, H.; Zhang, L.; Huang, Z.; et al. Design, synthesis, and biological
evaluation of novel iNOS inhibitors as potent neuroprotective agents for ischemic stroke. Eur. J. Med. Chem. 2024, 280, 116907.
[CrossRef]

209. Ndongson-Dongmo, B.; Lang, G.P.; Mece, O.; Hechaichi, N.; Lajqi, T.; Hoyer, D.; Brodhun, M.; Heller, R.; Wetzker, R.; Franz, M.;
et al. Reduced ambient temperature exacerbates SIRS-induced cardiac autonomic dysregulation and myocardial dysfunction in
mice. Basic Res. Cardiol. 2019, 114, 26. [CrossRef]

210. Ryszkiewicz, P.; Malinowska, B.; Schlicker, E. Polypharmacology: Promises and new drugs in 2022. Pharmacol. Rep. 2023, 75,
755–770. [CrossRef]

211. Padilha, E.C.; Yang, M.; Shah, P.; Wang, A.Q.; Duan, J.; Park, J.K.; Zawatsky, C.N.; Malicdan, M.C.V.; Kunos, G.; Iyer, M.R.; et al.
In vitro and in vivo pharmacokinetic characterization, chiral conversion and PBPK scaling towards human PK simulation of
S-MRI-1867, a drug candidate for Hermansky-Pudlak syndrome pulmonary fibrosis. Biomed. Pharmacother. 2023, 168, 115178.
[CrossRef] [PubMed]

212. Hellio le Graverand, M.P.; Clemmer, R.S.; Redifer, P.; Brunell, R.M.; Hayes, C.W.; Brandt, K.D.; Abramson, S.B.; Manning, P.T.;
Miller, C.G.; Vignon, E. A 2-year randomised, double-blind, placebo-controlled, multicentre study of oral selective iNOS inhibitor,
cindunistat (SD-6010), in patients with symptomatic osteoarthritis of the knee. Ann. Rheum. Dis. 2013, 72, 187–195. [CrossRef]
[PubMed]

213. Seymour, M.; Pétavy, F.; Chiesa, F.; Perry, H.; Lukey, P.T.; Binks, M.; Donatien, P.D.; Freidin, A.J.; Eckersley, R.J.; McClinton,
C.; et al. Ultrasonographic measures of synovitis in an early phase clinical trial: A double-blind, randomised, placebo and
comparator controlled phase IIa trial of GW274150 (a selective inducible nitric oxide synthase inhibitor) in rheumatoid arthritis.
Clin. Exp. Rheumatol. 2012, 30, 254–261. [PubMed]

214. Høivik, H.O.; Laurijssens, B.E.; Harnisch, L.O.; Twomey, C.K.; Dixon, R.M.; Kirkham, A.J.; Williams, P.M.; Wentz, A.L.; Lunnon,
M.W. Lack of efficacy of the selective iNOS inhibitor GW274150 in prophylaxis of migraine headache. Cephalalgia 2010, 30,
1458–1467. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms25158486
https://doi.org/10.1016/j.ejmech.2024.116907
https://doi.org/10.1007/s00395-019-0734-1
https://doi.org/10.1007/s43440-023-00501-4
https://doi.org/10.1016/j.biopha.2023.115178
https://www.ncbi.nlm.nih.gov/pubmed/37890204
https://doi.org/10.1136/annrheumdis-2012-202239
https://www.ncbi.nlm.nih.gov/pubmed/23144445
https://www.ncbi.nlm.nih.gov/pubmed/22409880
https://doi.org/10.1177/0333102410370875

	Introduction 
	Nitric Oxide and Its Role in Cardiopulmonary System 
	Nitric Oxide 
	The Role of NOS in the Cardiopulmonary System 
	iNOS—Protective or Harmful? 

	Pulmonary Hypertension (PH)—Short Characteristics of the Main Clinical Groups 
	Pulmonary Arterial Hypertension 
	Pulmonary Hypertension Due to Left Heart Disease 
	Pulmonary Hypertension Associated with Lung Diseases and/or Hypoxia 
	Pulmonary Hypertension Associated with Pulmonary Artery Obstructions 

	Study Selection Criteria 
	iNOS Expression Patterns in Preclinical Models of PH 
	A Brief Overlook on Animal Models 
	Changes in iNOS Expression in Preclinical Studies 

	Pharmacological iNOS Inhibition—Promising or Discouraging Way to Treat PH? 
	Is iNOS Gene Deletion Protective in PH? Insights from Knock-Out Studies 
	iNOS Expression in Patients Affected by Diseases Associated with PH 
	Limitations and Perspectives 
	Conclusions 
	References

