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Abstract

Inhaled nitric oxide (iNO), long used as a selective pulmonary vasodilator, has demonstrated potential antimicrobial
and antiviral properties when administered at high concentrations (> 20 parts per million, ppm). While definitive
evidence is still lacking, this narrative review synthesizes the emerging clinical and mechanistic properties supporting
high-dose iNO as a potential therapeutic strategy for lower respiratory tract infections, including drug-resistant bacte-
rial pneumonias, COVID-19, nontuberculous mycobacteria, and bronchiolitis. We summarize safety data from labora-
tory studies, Phase | trials, clinical findings from 27 predominantly early-phase studies, and highlight its as both hospi-
tal-based and home-based therapy. High-dose iNO acts through multiple pathways, including direct microbial killing,
biofilm disruption, immune modulation, and mucociliary enhancement, and holds promise in addressing unmet
needs in respiratory infection management. We also propose a roadmap for future research to optimize dosing, deliv-
ery, and efficacy endpoints in well-defined patient populations.

Take-home message

High-dose inhaled nitric oxide is a potential antimicrobial therapy with broad-spectrum activity against bacteria,
viruses, fungi, and parasites, and has been safely administered in diverse clinical contexts from ICU to outpatient care.
This review summarizes translational and early clinical data and outlines a roadmap for future trials needed to define
safety, efficacy, and optimal use in drug-resistant lung infections and acute respiratory failure.

Keywords Nitric oxide, Nitrogen dioxide, Methemoglobin, Pneumonia, Multidrug-resistant pathogens, Antimicrobial
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Introduction

Nitric oxide (NO) is a potent antimicrobial molecule
endogenously produced by immune cells, particularly
macrophages, which generate NO and reactive nitrogen
species to combat a wide array of pathogens [1-7]. Since
the early 1980s, foundational studies have established
NO’s critical role in innate immune defense.

In 1991, two anesthesiologists, Claes Frostell and War-
ren Zapol pioneered the administration of inhaled NO
(iNO) to treat pulmonary hypertension in lambs, a break-
through that laid the foundation for its clinical use [8].
These seminal findings led to the U.S. Food and Drug
Administration’s (FDA) approval of iNO at a dose of 20
parts per million (ppm) for the treatment of hypoxic
respiratory failure associated with pulmonary hyperten-
sion in term and near-term neonates (>34 weeks gesta-
tion) [9, 10]. Beyond its established vasodilatory role
[11], iNO has recently been investigated as a potential
antimicrobial therapy, particularly for lower respiratory
tract infections [12]. Antimicrobial mechanisms of NO
have been extensively studied [13—15]. NO is an unsta-
ble molecule that, in the presence of oxygen, can form a
variety of intermediates including peroxynitrite, nitro-
gen dioxide (NO,), S-nitrosothiols, dinitrogen trioxide
and, in the presence of iron, dinitrosyl iron complexes. It
exhibits selective toxicity, meaning it preferentially harms
invading microorganisms while minimizing damage to
host cells. NO can modulate the antimicrobial immune
response through several mechanisms, including (I) ubiq-
uitous nitrosation of proteins, impairing their functions
[16, 17]; (II) modification of the DNA sequence resulting
from deamination of deoxyribonucleotides [18-21]; (III)
induction of lipid peroxidation impairing cell wall integ-
rity [22, 23]; and (IV) disruption of iron—sulfur clusters of
the respiratory chain [24] (Fig. 1).

According to the 2024 Global Burden of Disease
Report, pneumonia was responsible for over 2 million
deaths globally, disproportionately affecting children
under five and adults over 70, who accounted for more
than 500,000 and 1 million deaths, respectively [25].
Moreover, antimicrobial resistance (AMR) represents a
parallel and escalating crisis, contributing to an estimated
4.71 million deaths annually, with 1.14 million directly
attributed to drug-resistant infections [25]. The most
frequently implicated pathogens include Escherichia
(E.) coli, Staphylococcus aureus, Klebsiella pneumoniae,
Streptococcus pneumoniae, Acinetobacter baumannii,
and Pseudomonas (P) aeruginosa.

In this context, the antimicrobial properties of iNO
represent a promising but still exploratory avenue for
innovation. Much of the pioneering work in high-dose
iNO feasibility originates from the authors’ affiliated hos-
pital and institution—Massachusetts General Hospital,
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Harvard Medical School (Boston, MA). This review
summarizes evidence from 27 clinical studies explor-
ing the administration of iNO at doses higher than the
FDA-approved 20 ppm. These investigations suggest that
higher-dose iNO may reduce the burden of pneumonisa,
both community-acquired pneumonia (CAP) and hospi-
tal-acquired pneumonia (HAP), and infections caused by
multi-drug resistant (MDR) organisms. High-dose iNO
may also play a role in more chronic infections (e.g., non-
tuberculous mycobacteria) in the setting of bronchiecta-
sis and cystic fibrosis (CF).

High-dose iNO in healthy subjects and phase | clinical trials
The FDA has identified four warnings and precautions
regarding the use of iNO: hypoxemia due to methemo-
globinemia (MetHb), airway injury from nitrogen diox-
ide (NO,), rebound pulmonary hypertension following
abrupt discontinuation, and worsening heart failure
[26]. Since iNO is commonly used in cardiac surgery;, it
is important to underline that iNO can worsen left ven-
tricular failure (LVF) by increasing left ventricular fill-
ing pressure [27]. In patients with LVF, the decrease in
pulmonary vascular resistance (PVR) from iNO can be
associated with an increase in pulmonary capillary wedge
pressure (PCWP) and left ventricular end-diastolic pres-
sure (LVEDP), leading to a backup of fluid into the lungs
and potentially causing pulmonary edema. Three stud-
ies have been conducted to evaluate the safety of high-
concentration iNO in relation to these concerns and to
assess potential injury to other organs (Table 1) [28—30].
The first Phase I trial in healthy subjects, Miller et al.
suggests that MetHb levels increased an average of
0.9% during inhalation of 160 ppm of NO and returned
to pre-treatment values after discontinuation of iNO
therapy [28]. The highest level of MetHb measured by
non-invasive co-oximetry was 2.5%. The highest level
of NO, recorded was 2.8 ppm, with a mean of 2.3 ppm.
Later, Gianni et al. [29] extended these findings by testing
160 ppm of iNO as a preventive measure against COVID-
19 in healthcare workers while comparing pressurized
NO cylinders and electrical NO (eNO) generators. Both
methods (171 via iNO tanks, 14 via eNO generator) deliv-
ered NO safely, with no adverse events. MetHb increased
from 0.85% to 1.98%. Five minutes after stopping NO
administration, MetHb decreased to 1.87%. NO, concen-
trations varied from 0.70 to 0.88 ppm. Oxygen saturation
(SpO,) was stable between 96 and 97%, and the hemody-
namics were unchanged. The latest study by Yu et al. [30]
enrolled ten healthy adult volunteers who received iNO
at a concentration of 300 ppm for 30 min, three times
daily over five consecutive days (total of 15 treatments).
NO, averaged between 1.0 and 2.1 ppm depending on the
sampling sites (at mouth or in the inspiratory limb), and
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DOSING STRATEGIES:
1.Standard: <20 ppm
iNO

2.High dose: 20-80 ppm
iNO

3. Very high dose: >80
ppm iNO

CLINICAL
APPLICATIONS:
1.Cystic Fibrosis (CF) and
Non tubercolous

Mycobacteria (NTM)
2.Viral, Bacterial or
fungal Pneumonia

3. Bronchiolitis
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MONITORING:
1. MetHb levels
2. NO; concentration
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Fig. 1 High-dose inhaled nitric oxide as antimicrobial therapy. Sketch on mechanisms of action, dosing strategies, clinical applications and safety

considerations on the therapeutic use of high-dose inhaled nitric oxide

MetHb peaked to 9.0+1.1% (range: 6.8-11.3%) during
exercise on day 5. In addition to non-invasive, continuous
MetHb monitoring using a pulse co-oximeter (Masimo),
we also collected blood samples before and after iNO

treatment on days 1 and 5 to measure MetHb level with
a blood gas analyzer (ABL90 Flex, Radiometer Amer-
ica, Inc.). The MetHb concentrations obtained from the
blood gas analyzer, peaked at 6.7 + 1.3% (range: 3.9-8.0%).
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Table 1 High-dose iNO in healthy individuals/Phase | studies
Study Study design Patients NO dose and source  Safety endpoint Adverse event Outcome
Miller et al. 2012 Phase | 10 healthy individu- 160 ppm 30 minx5/ MetHb <5% 2 subjects: transient 160 ppm iNO well
als day for 5 days NO, <5 ppm tongue numbness  tolerated
SpO,>85% during NO treat- No effect on lung

Giannietal. 2022 Phase | 12 healthy individu-

als

An INOmax, 800 ppm
pressurized cylinder,
Ikaria, USA

160 ppmx 15 minx 2/
day for 14 days

An 850 ppm NO/N,
cylinder from Airgas,
USA

An eNO generator
(Odic, USA) producing
1180 ppm NO from air

Significant BP, RR,
and HR changes
Adverse events
noted

MetHb < 5%
NO, <3 ppm
SpO,>90%

HR changes
Adverse effects
occurred

ment

0 subjects: reported
discomfort, cough,
wheezing, or other
adverse events
during NO adminis-
tration

function or inflamma-
tory markers
Favorable safety pro-
file, no major adverse
effects

High-dose iINO
delivered via cylinders
and eNO generators
No significant adverse
effects

Both methods were
safe and effective

via pulsed electrical

discharge

Yu et al. 2025 Phase | 10 healthy individu-

als day for 5 days

A 20,000 ppm NO in N,
cylinder was used

(Airgas, USA)

300 ppm x 30 minx 3/

MetHb < 10%
NO, <5 ppm

1 subject: mask NO, <5 ppm through-
discomfort out
MetHb < 10% (peak
2-3%)
No serious adverse
events; mild
symptoms transient
and self-resolving

None of the healthy subjects had anemia, with an aver-
age hemoglobin level of 13.9+1.5 g/dL. The MetHb val-
ues measured with the pulse co-oximeter (9.0 + 1.1% with
a range of 6.8—11.3%) were higher than those measured
with the blood gas analyzer (6.7+1.3% with a range of
3.9-8.0%). No serious adverse events, cardiopulmonary
dysfunction, or organ injury were reported, and mild
symptoms such as headache or dizziness were transient
and resolved without intervention.

High-dose iNO in cystic fibrosis and nontuberculous
mycobacteria patients

Numerous in vitro studies have shown that NO has dose-
dependent bactericidal properties [31, 32], inhibits viral
replication [33-36], and maybe synergistic with anti-
biotics such as amikacin and clofazimine against Myco-
bacterium (M.) abscessus [37]. Pre-clinical and clinical
evidence suggests that iNO presents favorable clinical
applications to treat lung infections due to its multiple
mechanisms of action and unique properties—unlike
common antibiotics, which typically rely on a single
mechanism. NO induces DNA modifications such as
deamination and cross-linking, disrupting microbial rep-
lication and repair mechanisms [19, 38]. It also inhibits
aerobic respiration in pathogens like Mycobacterium
tuberculosis, forcing dormancy [39], disrupts bacterial
membranes [31, 32, 40], and depolarizes the cytoplasmic

membrane in Gram-positive bacteria [31]. Beyond direct
antimicrobial effects, NO disrupts biofilms formed by
resistant organisms such as P aeruginosa and Klebsiella
pneumoniae, enhancing antibiotic efficacy and reducing
bacterial shielding [41, 42]. Additionally, NO increases
ciliary beat frequency via a cGMP-dependent pathway,
improving mucociliary and bacterial clearance [43].
Recently, Okda et al. [14] summarized these mechanisms
in a comprehensive review on the antimicrobial effects of
NO.

Building on this mechanistic rationale, Deppisch et al.
[44] were the first to investigate iNO in CF patients
with chronic bacterial lung infections. They reported
improved lung function (17.3% increase in FEV,,
P=0.012), decreased airway inflammation, and reduced
bacterial and fungal colonization, including P aerugi-
nosa, M. abscessus, and ESBL-producing E. coli (Table 2).
Yaacoby-Bianu et al. [45] using intermittent 160 ppm
iNO therapy found reduced sputum bacterial load and
improved well-being in two CF patients with chronic
M. abscessus infection. Bentur et al. [46] extended these
findings in a broader safety and efficacy study, showing
improvement in lung function and endurance, partial
culture conversion, and reductions in bacterial DNA
load, as quantified by qPCR. These early investigations
indicated the biological activity of high-dose iNO in
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targeting drug-resistant infections while maintaining a
favorable safety profile.

High-dose iNO has also been used as a compassion-
ate therapy in CF patients with no other viable treatment
options, particularly for multidrug-resistant M. abscessus
or Burkholderia (B.) multivorans infections. In three sep-
arate case reports, intermittent iNO was associated with
improvements in lung function (FEV; and FVC), partial
reductions in bacterial burden or improved antibiotic
susceptibility, and significant gains in quality of life and
functional capacity. In the case described by Bogdanovski
et al. [47], iNO was used in a patient with M. abscessus
infection and led to subjective respiratory improvement
and small gains in FEV; and 6MWD. Goldbart et al. [48]
reported more extensive benefits in a second patient
with refractory M. abscessus, including sustained radio-
graphic improvement, increased 6MWD, and transient
reductions in bacterial load. Bartley et al. [49] described
improved lung function, inflammatory marker reduction,
and increased antibiotic susceptibility in a 16-year-old
with B. multivorans, highlighting the potential for iNO to
restore antibiotic sensitivity in resistant pathogens. In all
cases, iNO treatment was well tolerated, with no serious
adverse events reported.

Two studies have evaluated high-dose iNO therapy for
refractory non-tuberculous mycobacterial pulmonary
disease (NTM-PD). In an open-label, proof-of-concept
trial, Flume et al. [50] evaluated the safety and feasibil-
ity of a 3-week course of iNO in adults with refractory
NTM-PD across two centers in the US. While the study
did not reach statistical significance in microbiological or
symptom outcomes, 4 out of 10 patients achieved tem-
porary culture conversion, and several reported improve-
ments in cough and quality of life. Notably, the study
demonstrated the technical feasibility and safety of high-
dose iNO for this indication. Complementing these find-
ings, Thomson et al. [51] conducted a Phase II pilot study
in 15 patients with NTM-PD who had failed standard-
of-care antibiotics. This study took the innovative step
of assessing safety and efficacy of home-based iNO treat-
ment utilizing a novel NO generator. Treatment compli-
ance was>90% across the 12-week treatment period. The
study demonstrated a significant reduction in semiquan-
titative mycobacterial culture scores and improvements
in respiratory and emotional well-being. One patient
achieved sustained culture conversion, and only one SAE
(mild hemoptysis) was possibly related to iNO therapy.
These findings suggest antimicrobial activity of high-dose
iNO and support its further evaluation in controlled tri-
als, providing a preliminary foundation for evaluating the
feasibility and safety of home-based administration in
selected chronic infection settings.
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Together, these studies highlight the need for multi-
center clinical trials to further evaluate high-dose iNO as
a potential, multimodal adjunctive strategy for patients
with chronic, drug-resistant pulmonary infections, both
in hospital and home settings.

High-dose iNO in ARDS and SARS/COVID-19 patients
Nitric oxide targets the RNA-dependent RNA poly-
merase (RdRp), a critical enzyme for SARS-CoV-2 rep-
lication. RdRp function depends on iron—sulfur (Fe-S)
clusters, which are disrupted by NO, thereby inhibiting
viral RNA synthesis and replication [33]. This antiviral
mechanism, distinct from traditional antivirals, inspired
the testing of iNO as a potential therapeutic and prophy-
lactic agent in respiratory viral infections, particularly
COVID-19 [52].

Eleven clinical trials (Table 3) have evaluated iNO in
patients with ARDS, COVID-19, or in perioperative set-
tings for pneumonia prevention. These studies employed
a range of delivery strategies, including intermittent
high-dose and continuous low-dose iNO, and collec-
tively explored iNO’s potential to modulate viral clear-
ance, inflammation, clinical recovery, and postoperative
complications.

The first signal came during the 2002 SARS out-
break, when Chen et al. [53] observed that iNO not
only improved oxygenation but also led to persistent
radiographic improvements. This led to the first clinical
hypothesis that iNO might exert direct antiviral effects,
moving beyond the conventional role of improving venti-
lation—perfusion matching.

Wiegand et al. [54] were among the first to explore
the feasibility of high-dose iNO as a rescue therapy in
non-intubated, spontaneously breathing COVID-19
patients. Conducted at Massachusetts General Hospital
(Boston, MA), this case series introduced the concept
of administering repeated intermittent iNO sessions
outside of the ICU, demonstrating not only tolerabil-
ity but also subjective symptomatic relief and hospital
discharge in patients with early disease. Importantly,
this study expanded the application of iNO beyond
ventilated patients and offered a foundation for early-
intervention use. Safaee et al. [55] advanced the field
by conducting a larger feasibility trial in non-intubated
COVID-19 patients, providing prospective evidence of
clinical improvement, including reduction in respira-
tory rate and viral clearance within 28 days in 70% of
cases. This was the first study to systematically link
high-dose iNO to potential antiviral activity in a non-
intubated population, supporting the hypothesis that
NO may influence disease course beyond its effects on
oxygenation.
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Safaee et al. [56] conducted the first study of high-
dose iNO in pregnant patients with COVID-19, at a time
when no approved therapies were available for this popu-
lation due to safety concerns. This pioneering prospective
case series demonstrated that iNO was feasible, well-
tolerated, and associated with immediate symptomatic
relief in both ICU and non-ICU patients. Importantly,
the study provided initial evidence of maternal and fetal
safety, including favorable delivery outcomes and neona-
tal SARS-CoV-2 negativity. By initiating this work during
a period of therapeutic uncertainty for pregnant individ-
uals, Dr. Safaee’s study laid the groundwork for the safe
inclusion of pregnant patients in future respiratory thera-
peutic trials. Valsecchi et al. [57] followed with the largest
multicenter study to date of pregnant patients with severe
COVID-19 treated with iNO, confirming not only favora-
ble maternal outcomes, including more oxygen-free days
and shorter hospitalization, but also comparable neona-
tal outcomes to standard care. This retrospective cohort
study further validated the safety and translational poten-
tial of high-dose iNO in obstetric critical care and built
upon the initial feasibility findings from Safaee et al.

Strickland et al. [58] conducted a prospective ran-
domized trial testing the practicality of administer-
ing a single session of high-dose iNO in the Emergency
Department (ED). This was the first randomized study
targeting early COVID-19 in spontaneously breathing
patients, showing that iNO at 250-300 ppm was well-
tolerated in the ED setting. Though prematurely termi-
nated due to declining case numbers, this trial opened
new frontiers for pre-hospital or early hospital-based use
of antimicrobial gas therapies.

In Russia, Pechyonkin et al. [59] tested ultra-high-dose
iNO (1100 ppm) in severely hypoxemic patients, report-
ing full survival and resolution of inflammation without
need for mechanical ventilation. Meanwhile, Di Fenza
et al. [60] conducted a multicenter randomized trial in
intubated COVID-19 patients, showing 80 ppm iNO
accelerated viral clearance, reduced neurological symp-
toms at 90 days, and transient improvements in gas
exchange. Although mortality was unaffected, the trial
provided valuable safety and translational data for use in
critically ill patients.

Further refining delivery strategies, Kamenshchikov
et al. [61] combined intermittent 200 ppm with continu-
ous 20 ppm in spontaneously breathing patients, dem-
onstrating short-term gains in oxygenation and lung
function, with acceptable safety. Wolak et al. [62] cor-
roborated these results in a multicenter open-label trial,
showing shorter oxygen support duration and faster sta-
bilization in patients with viral pneumonia.

Friedrich et al. [63] performed a randomized Phase I
trial in hospitalized adults with moderate COVID-19,
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reporting that iNO led to significantly more oxygen-free
days, shorter hospital stay, and faster clinical improve-
ment. This was the first trial to demonstrate functional
recovery endpoints in COVID-19 patients treated with
iNO.

Despite the promising results from the aforementioned
trials, larger Phase III studies are warranted to further
evaluate the efficacy and long-term antimicrobial effects
of high-dose iNO across diverse populations.

High-dose iNO in cardiac surgery

Beyond COVID-19, Kalashnikova et al. [64] conducted a
novel prospective RCT in moderate-risk patients under-
going elective cardiac surgery (Table 4). They demon-
strated that prophylactic iNO significantly reduced
postoperative pneumonia and preserved spirometry
parameters, positioning iNO as a potential preventive
agent in surgical patients. Kamenshchikov et al. [65] fur-
ther supported these findings in a recent parallel cardiac
surgery trial, where pneumonia incidence was halved
(14.7% vs. 29.4%) and iNO remained well tolerated. These
studies suggest a promising new role for NO-based ther-
apy in perioperative infectious risk management.

High-dose iNO in bronchiolitis

The use of high-dose iNO as an adjunctive therapy
in infants with acute bronchiolitis has emerged as an
innovative approach to treating a viral illness that cur-
rently lacks effective pharmacologic therapies. A series
of three randomized controlled trials in Israel have sys-
tematically advanced the field by establishing the feasi-
bility, safety, and dose-dependent efficacy of intermittent
high-dose iNO in this vulnerable population (Table 5).
Tal et al. [66] conducted the first pilot randomized con-
trolled trial to test high-dose iNO in hospitalized infants
with moderate bronchiolitis. While the primary outcome
showed no group difference, a post hoc analysis revealed
significantly shorter hospital stays in infants hospital-
ized for more than 24 h who received iNO. This was the
first demonstration that iNO could meaningfully impact
clinical recovery in selected subgroups of infants with
viral bronchiolitis. Building on these findings, Gold-
bart et al. [67] conducted a multicenter double-blind
RCT and demonstrated that iNO-treated infants with
acute bronchiolitis had a significantly shorter length of
stay and achieved target oxygen saturation levels ear-
lier than controls. This trial helped to verify the con-
cept that iNO could accelerate clinical stabilization in
bronchiolitis through mechanisms potentially related to
its antiviral and anti-inflammatory effects. In a follow-
up dose-finding RCT, Goldbart A et al. [68] compared
two iNO doses (150 ppm and 85 ppm) against standard
therapy. The 150 ppm group showed superior outcomes
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Table 4 High-dose iNO in cardiac surgery

(2026) 14:13
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Study Study design Patients NO dose and source  Safety endpoint Adverse event Outcome
Kalashnikova et al. Pilot study 74 elective cardiac 200 ppmx30min, 2/  MetHb <5% 0 subjects: 1.iNO reduced post-
2025 surgery patients day for 5 days NO, <3 ppm NO-related operative nosocomial
at pneumonia risk; NO from plasma- Hemodynamic insta- adverse events  pneumonia incidence
37 received iNO chemical device bility (BP, HR, RR) reported vs. control (p=0.046)
(Tianox KS, Russia) Postoperative pneu- 2.No increase in acute
monia incidence kidney injury inci-
during hospital stay dence with iNO
Kamenshchi-kov Randomized, 136 patients 80 ppmxintraop+6h  MetHb <5% 0 subjects: 1.1 AKlincidence
etal. 2025 controlled with CKD undergo-  postop, single course  NO, <3 ppm NO-related with iNO (23.5% vs.
trial ing elective cardiac NO (80 ppm) Blood transfusion adverse events  39.7%, p=0.043)
surgery with CPB from plasma-chemical frequency, blood reported 2.1 eGFR at 6 months

device (Tianox KS,

loss volume, platelet
count (PODT1)

(p=0.038)
3.l postoperative

Russia)

Oxidative/nitrosyl
stress markers

pneumonia (p=0.039)
4. No safety concerns
(MetHb, NO,, bleeding,
oxidative stress)

across multiple endpoints, including faster time to dis-
charge and quicker oxygen stabilization, with no increase
in treatment-related serious adverse events. This was the
first pediatric RCT to define an optimal therapeutic dose
of high-dose iNO, providing a critical reference point for
future trials.

These trials represent a novel body of work demon-
strating that high-dose iNO is not only safe and well
tolerated in infants, but may also reduce hospitalization
time and improve clinical recovery in bronchiolitis, a
field where effective antiviral interventions are urgently
needed. The findings lay the foundation for larger, mul-
ticenter international studies and raise the possibility of
using iNO as a disease-modifying therapy in other forms
of pediatric viral pneumonia.

Together, these studies illustrate the evolution of high-
dose iNO from a physiological gas used for oxygenation
to a multifunctional therapeutic agent with direct antivi-
ral, antibacterial, and immunomodulatory effects. From
its initial application during the SARS outbreak to its use
in COVID-19 patients, including infants, pregnant indi-
viduals, outpatients, and emergency department presen-
tations, iNO has demonstrated a consistent safety profile
and promising signals of clinical benefit. Importantly, the
transition from ICU-based delivery to home and perio-
perative use marks a significant step toward broader
access and real-world feasibility. These findings support
the continued investigation of iNO as a novel adjunctive
or primary therapy for viral pneumonia, drug-resistant
lung infections, and postoperative respiratory complica-
tions, and they underscore its potential to fill critical gaps
where conventional therapies fall short.

Conclusions and future directions

High-dose iNO is emerging as a potential therapeutic
platform that extends far beyond its traditional role as a
selective pulmonary vasodilator. Across a diverse body
of clinical and translational studies, high-dose iNO has
demonstrated a unique constellation of effects, including
direct antimicrobial activity, inhibition of viral replica-
tion, disruption of biofilms, reduction of inflammation,
and enhancement of mucociliary clearance. These prop-
erties position iNO as a versatile agent capable of
addressing urgent clinical needs in both acute care and
chronic infection management.

Limitations and safety considerations

Safety considerations are particularly relevant when
repurposing iNO at supraphysiologic doses for anti-
microbial indications. Indeed, despite these advances,
several critical gaps remain. Current delivery systems
for NO rely on bulky and costly gas cylinders, which
increase public healthcare costs and limit its use in cer-
tain clinical environments and with controlled delivery
platforms. Emerging technologies, such as electrically
generated high-dose NO, offer the potential to enable
more portable, cost-effective delivery, making its use fea-
sible even in low-resource settings [69, 70]. The optimal
dose, frequency, and duration of therapy remain poorly
defined and appear to be disease-specific. In bronchi-
olitis, a dose of 150 ppm was superior to lower doses;
in NTM lung disease, intermittent high-dose regimens
based on in vitro activity have shown benefit. In ARDS
and COVID-19 patients, trials have tested a wide range
of regimens with variable efficacy outcomes, suggesting
that a more mechanistically grounded approach to dose
selection is needed.
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Equally important is the standardization of safety mon-
itoring. It has been established that iNO inhibits human
platelet aggregation in vitro and in vivo [71, 72]. In con-
trast, several prospective randomized controlled tri-
als reported that iNO did not affect platelet counts and
coagulation function in newborns [73] and in adults [30,
65, 74]. Thus, carefully monitoring platelet and coagula-
tion function is important during iNO delivery. While
most studies have adopted MetHb thresholds of 5%-10%
and NO, limits of 3-5 ppm, there is no consensus on
when to hold or adjust therapy, and some trials have
used real-time monitoring while others relied on post
hoc lab checks. The U.S. Occupational Safety and Health
Administration (OSHA) 8-h permissible exposure limit
(PEL) for NO, is 5 ppm. Higher MetHb levels have been
observed in specific indigenous populations than the
general population, particularly among Alaskan Natives,
Athabaskan Indians, Navajo Indians, and the Evenk
people of Yakutia [75-77]. This is not a universal trait
among all indigenous peoples but is linked to genetic
enzyme deficiencies that are more prevalent in these
isolated communities. Genetic deficiency is a primary
cause in some indigenous groups, including enzyme defi-
ciency (glucose-6-phosphate dehydrogenase (G6DP) and
cytochrome b5 reductase (CYB5R)), inheritance pattern
(an autosomal recessive trait), specific gene (CYB5R3),
and affected populations (some indigenous populations
and some high-altitude natives). Environmental influ-
ence, such as dietary intake, is another factor causing
methemoglobinemia. However, those people with high
baseline levels of MetHb are often asymptomatic. There-
fore, in certain populations with high baseline MetHb
levels, caution should be taken during iNO treatment,
particularly regarding changes in MetHb levels before
and after iNO administration, rather than the absolute
MetHb values. Harmonized thresholds, real-time moni-
toring protocols, and contingency plans for treatment
interruption must become standard in future multicenter
trials.
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Another safety concern is the global impact of NO on
immune cells. NO is a key immunoregulatory molecule
and plays a dual role in the immune system, acting as
both a protective agent and a destructive one, with its
impact depending on concentration and cell type. NO
modulates immune cell function, including the pro-
liferation, differentiation, and death of lymphocytes,
macrophages, and neutrophils [78]. It has substantial
potential for modulating immune dysregulation in vari-
ous diseases, such as cancer, rheumatoid arthritis, osteo-
arthritis, peritonitis, neuroinflammation, inflammatory
bowel disease, infectious diseases, and wound healing.
These examples demonstrate the use of NO-modulating
systems for fine-tuning immune responses in a disease-
specific manner. Although NO eradicates bacteria and
viruses in vitro and in vivo models, its effects on host
immune training, antigen presentation, and immune
memory formation remain largely unexplored in infec-
tious disease settings.

In addition, the possible risks of iNO to eukaryotic
human cells, as well as its potential involvement in cancer
development or progression, warrant further long-term
studies to ensure safety and clinical applicability.

In chronic infection settings, including CF and NTM-
PD, there is growing interest in home-based high-dose
iNO therapy. Portable electrochemical generators now
make this feasible [51, 79, 80]. However, rigorous clinical
trials are needed to validate efficacy and define appropri-
ate delivery protocols, including whether iNO should be
administered alone or in combination with antibiotics,
and how to measure microbiological response over time.

In parallel with clinical work, basic and translational
studies are urgently needed to define microbial suscep-
tibility to NO, potentially synergy or antagonism with
antibiotic therapy, its interaction with the host immune
system, and the pharmacokinetics of repeated high-dose
inhalations. These studies should inform clinical trial
design, ideally enabling a precision medicine approach to
iNO therapy.

Table 6 Roadmap for advancing inhaled nitric oxide as antimicrobial therapy

Clinical and research domains Key actions and objectives

Dosing and regimen optimization
Standardized safety monitoring
Efficacy endpoints by indication
Home-based therapy protocols
Parallel mechanistic research

Expansion to new indications

Define condition-specific dose ranges (e.g., 150-300 ppm), frequency, and duration for effective therapy
Implement real-time monitoring of methemoglobin (MetHb) and nitrogen dioxide (NO,) with clear thresholds
Tailor primary outcomes by disease: e.g., culture conversion, time to discharge, and viral load reduction

Develop and validate chronic-use protocols using portable delivery systems for non-hospitalized patients
Investigate pharmacokinetics, microbial susceptibility, and immune modulation in conjunction with clinical trials
Evaluate efficacy in ventilator-associated pneumonia (VAP), hospital-acquired pneumonia (HAP), tuberculosis

(TB), immunocompromised hosts, and post-viral fibrosis

Phase lll clinical trials

Conduct multicenter outcome trials in selected high-need patient populations to confirm safety and efficacy
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Future directions and research roadmap
Recognizing these limitations and safety considerations,
the next phase of investigation must focus on carefully
designed translational and clinical studies to clarify the
therapeutic potential of high-dose inhaled nitric oxide.
Specifically, the range of potential indications for high-
dose iNO is likely underappreciated. Conditions such
as ventilator-associated pneumonia, hospital-acquired
pneumonia, tuberculosis, lung transplantation, post-viral
fibrosis, and infections in the immune-suppressed host,
represent fertile ground for future research. In each, the
combination of antimicrobial action, immune modula-
tion, and mucociliary enhancement offers a mechanistic
rationale worthy of investigation (Table 6).

The field now stands at a pivotal juncture. With early-
phase safety established and delivery systems improv-
ing, the next step is the execution of well-designed,
adequately powered phase III trials, alongside a coordi-
nated research agenda that includes mechanistic science,
microbiology, and device innovation. If pursued with sci-
entific rigor, high-dose iNO might have the potential to
become a transformative therapy in respiratory medicine,
addressing not just oxygenation, but infection, inflamma-
tion, and recovery.
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