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Abstract

Acute respiratory distress syndrome (ARDS) is characterized by acute inflammation with the
disruption of the respiratory epithelial barrier representing a major emergency in patients
requesting acute therapeutic intervention. Here we asked whether nitric oxide (NO) gas may
attenuate ARDS. Using a portable NO generator we report that NO inhalation attenuated
endotoxin (LPS) induced ARDS in mice. We find that inhalation of NO reduced pro-
inflammatory cytokines such as IL-1b, IL-6, as well as myeloperoxidase levels and neutrophil
recruitment in the airways. Consequently, respiratory barrier injury was attenuated with
diminished protein leak and morphological changes in the lung. Therefore, the data suggest
that early inhalation of NO may be an interesting therapeutic approach to be considered in
patients with ARDS.
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Introduction

Acute respiratory distress syndrome (ARDS) is a severe respiratory failure with epithelial
injury and pneumonia which can be caused by many pathogens such as bacteria and virus
including the severe acute respiratory corona virus (SARS-CoV) *. A common feature in
ARDS patients is lung hyper-inflammation with an excessive release of inflammatory
mediators including cytokines which play an important role in the evolution of the disease.
The optimal management of ARDS patients is complex and experts evaluate frequently
efficacy and safety of therapeutic strategies 2.

The lung administration of endotoxins from Gram-negative bacteria induces an acute
respiratory distress syndrome with disruption of the epithelial barrier, neutrophil infiltration
and accumulation of inflammatory enriched-mediators®. The LPS lung instillation model can
be used as a model system for the analysis of the physiopathology of ARDS as well as its
mitigation.

Nitric oxide (NO) is known to be an anti-inflammatory molecule with many other functions
such as anti-microbial and regulation of the pulmonary vascular function *®. In order to test if
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NO plays a role in experimental ARDS, we have treated mice with inhaled NO gas from a

portable generator and observed that at early time after instillation of LPS, NO attenuates

LPS induced ARDS.

Methods

Mice

C57BL/6 wild-type mice from pathogen-free animal facility at the Centre National de la
Recherche Scientifique were used. For experiments, adult 8-10 weeks old mice were kept in
isolated ventilated cages. All animal experimental protocols complied with French ethical and
animal experiments regulations (see Charte Nationale, Code Rural R 214-122, 214-124 and
European Union Directive 86/609/EEC) and were approved by the “Ethics Committee for
Animal Experimentation of CNRS Campus Orleans” (CCO), registered (N°3) by the French
National Committee of Ethical Reflexion for Animal Experimentation (CLE CCO
2013-1006).

Model of ARDS and NO from TAS Plus exposure

Endotoxin/LPS (Escherichia coli, serotype O111:B4, Sigma-Aldrich) was administered
intranasally at a dose of 1pg per mouse in 40ul under light isoflurane anesthesia to groups of
5 mice, and the study was done twice. Mice were analyzed at 6h. Broncho-alveolar lavage
(BAL) with total and differential cell counts, protein, cytokine and histology was performed
on the lung. Saline was administered intranasally to control groups and analyzed 6h after.

NO was generated by the INJECT+MATIC TAS Plus generator (www.injectmatic.com)
already reported " 8. Within the 10 minutes after LPS or saline administration, mice were
placed in a transparent plastic chamber or left in the ambient air. In the following 5 minutes,
the air inside the plastic chamber contained 20 ppm of NO as monitored by
chemiluminescence using an Eco Physics CLD 700 AL analyzer. NO, was always below 0.3
ppm. Animals were exposed during 6 h and then sacrificed for analysis.

Quantification of protein, Evans Blue (EB) and cellular infiltration in BAL

BAL was performed by four lavages of lung with 500 pL of saline solution via a cannula
introduced into mice trachea. BAL fluids were centrifuged at 400x g for 10min at 4°C, the
supernatants were stored at —20°C for analysis, and pellets were recovered to prepare
cytospin (Thermo Scientific, Waltham, MA, USA) on glass slides followed by a Diff-Quik
(Merz& Dade A.G., Dudingen, Switzerland) staining. Differential cell counts were performed
with at least 300 cells.

Vascular leakage was quantified by protein and Evans Blue concentration in the BAL fluid.
EB in BAL was measured 45 min after intravenous injection of 0.3% of EB, by absorbance at
460 nm as described °. Extravasation is expressed as micrograms of EB per millilitre volume
of BAL supernatant.

Microscopy

The left lobe of lung was fixed in 4% buffered formaldehyde and paraffin embedded under
standard conditions. Tissue sections (3 pum) were stained with standard H&E and PAS.
Histological score of pathology was determined by a semi-quantitative assessment from 0 to
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5 for cell infiltration (with increasing extent). The slides were blindly examined by two
investigators with a Leica microscope (Leica, Germany).

Enzyme-linked ImmunoSorbant Assay (ELISA)

BAL and homogenized lungs were tested for IL-1b, IL-6, TNF and CXCL1 using
commercial ELISA Kits (eBiosciences, San Diego, CA, USA) according to the manufacturer's
instructions.

Statistical Analysis

Data were analysed using Prism version 5 or 6 (Graphpad Software, San Diego, CA, USA).
Either Mann-Whitney t tests or the parametric one-way ANOVA test with Bonferroni's
multiple-comparison was used to assess significance. Values are expressed as mean + SD.

Results
Exposure to NO generated by TAS Plus

A NO generator “INJECT+MATIC TAS Plus” has been recently described to be used for the
treatment of neonatal hypertension” ®. This NO generator is an electro-pneumatic device
enriching atmospheric air in air containing NO without limitation of gas production. Pre-
clinical studies carried on three different piglet models of hypertension have demonstrated its
safety and therapeutic efficacy. Clinical trials have shown that NO at 20 ppm can be used to
treat neonatal hypertension. The amount of NO delivered by the TAS Plus device can be
easily regulated and monitored as previously described’. Considering the broad range of
activities of NO, we asked if inhaled NO can attenuate ARDS in mice. Here, we exposed
mice to NO at concentration of 20 ppm in a Plexiglas chamber during 6 h and compared to
those maintained in the air ambient following LPS or saline administration.

Endotoxin induced ARDS

LPS at 1 pg by intranasal route induces acute inflammation with increased neutrophils in
BALF at 6h, with a slight increase of lymphocytes, while macrophages and total cells are not
different to saline control (Figure 1A).

Figure 1 LPS induced inflammatory cell recruitment and affected the and integrity of
respiratory barrier.

A. Neutrophils, macrophages and lymphocytes were counted in BALF
B. MPO, protein and Evans blue were evaluated in BALF

Groups of 5 female mice were intranasally administered LPS (1ug/ml) and immediately
exposed to NO at 20ppm and BALF cells and fluid were analyzed at 6h. Data are
representative of two independent experiments and expressed as individual spots and SD
+/1SD.*p<0.05

The neutrophilic inflammation is confirmed by increased myeloperoxidase levels.
Furthermore, increased protein levels and Evans blue leak in BALF after intravenous
injection demonstrate disruption of the airway epithelium (Figure 1B).

Having established the early injury of the lung with respiratory barrier damage and
inflammation we tested the potential effect of NO gas exposure by the INJECT+MATIC TAS
Plus portable device.
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NO inhalation attenuates endotoxin induced ARDS

After the LPS challenge, mice were exposed immediately to continuous NO at 20ppm in a
chamber during 6h. We find reduced recruitment of neutrophils and lymphocytes, while
macrophages are not different to saline control (Figure 1A). Furthermore, reduced MPO,
protein levels and EB in BALF demonstrate a significant protection from airway epithelium
damage (Figure 1B). Inflammatory mediators such IL-1b, IL-6 and TNF, which are increased
upon LPS are significantly reduced upon NO exposure (Figure 2A).

Microscopic investigations reveal that epithelial damage and neutrophilic inflammation are
drastically attenuated by NO exposure (Figure 2B).

Therefore, NO has a protective effect on acute LPS induced lung injury and inflammation.

Figure 2 NO attenuated inflammatory mediators and lung inflammation

A. IL-1b, IL-6 and TNF were measured in BALF
B. Microscopy of lung and inflammatory score

Groups of 5 female mice were intranasally administered LPS (1pg/ml) and immediately
exposed to NO at 20ppm and BALF cells and fluid were analyzed at 6h. Data are
representative of two independent experiments and expressed as individual spots and SD
+/1SD.*p<0.05, **p<0.01.
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Discussion

NO, acting as a potent selective pulmonary vasodilator, is the gold standard therapy for
pulmonary hypertension improving oxygenation in newborns suffering from hypoxemic
respiratory failure’®. However, the high cost of inhaled NO in gas cylinder and the
complexity of the system for delivering appropriate dosage of NO are important limitations
for applying this therapy in hospital centres of developing countries. In this context, we have
developed a portable system named TAS Plus NO generator that provides a continuous flow
of gas. This is a low cost device that has been tested in a three phases study involving
evaluation of the safety, efficacy and a clinical study in human neonates suffering from
pulmonary hypertension " 8. Three models of pulmonary hypertension in piglets
demonstrated that the new NO generator was efficient in rapidly decreasing pulmonary
hypertension. Newborn babies suffering from primary and secondary pulmonary
hypertension treated with the new device showed an increase in oxygenation saturation and
partial pressure of oxygen. This new NO generator represents a breakthrough NO therapy for
patients that do not have access to this therapy.

ARDS is a severe disease developed by patients suffering from different pathologies
including sepsis and pneumonia **. ARDS patients present respiratory failure associated with
diffuse pulmonary infiltrates and hypoxemia despite oxygen supply. The optimal

management of these patients is difficult and the mortality rate is up to 40-50% 2.

The present study was undertaken to explore whether inhaled nitric oxide (NO) gas attenuates
LPS-induce ARDS characterized by an important recruitment of neutrophils to the lung
affecting the lung function and the release of numerous inflammatory cytokines resulting in
pulmonary inflammation. Our results show that NO inhalation does not affect any cytokine
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expression and cellularity in the BALF of control mice. However, after LPS-induced ARDS
there was a decrease of neutrophils and lymphocytes in the BALF of mice breathing 20 ppm
NO compared to those maintained in the ambient air. Furthermore, MPO, protein content and
vascular leak were attenuated in mice with NO. In addition, IL-1b and IL-6 levels were
reduced in mouse BALF exposed to NO, however TNF just showed a small difference as this
cytokine is rapidly released after LPS and 6 h does not correspond to the higher amounts of
TNF in BALF 3. Consequently, the attenuated response of neutrophils and mediators in the
NO exposed animals reduced inflammatory cell infiltration in the lung.

Although the licensed indication of inhaled NO is pulmonary hypertension in neonates, NO
has been administrated to invasively ventilated patients suffering from ARDS. Several studies
sponsored by NO manufacturers have analyzed NO gas cylinder therapy in ARDS. Inhaled
NO has shown in randomized controlled trials a benefit in short-term therapy but not long-
term effects. Improvement in oxygenation but no mortality benefits was concluded. However,
the complexity of pathologies in children and adults, dosages and co-treatments make
difficult the analysis of these different studies ***°.Variation of the effects of NO treated
patients may be due to differences in pulmonary, underlying co-morbidities and potential co-
treatments *°.

NO is a key regulatory component of many signalling pathways in the body. NO regulates
inflammation, immune responses, cell adhesion, vasodilatation, angiogenesis,
neurotransmission and its dysregulation has been associated with many pathologies including
inflammatory disorders and cancer'’.NO signals by several pathways including S-
Nitrosylation and guanylate cyclase activation and mitogen-activated protein kinase 8. NO
plays a role in host defence mechanisms as deficient NO synthase mice have been shown to
be unable to fight and survive mycobacterial infection and influence cytokine production **.

Inhalation of NO has been used for the treatment of severe acute respiratory syndrome caused
by a rapidly spreading corona virus (SARS-CoV) appeared in China in 2002. Chen et al
showed in one study with a small group of patients improvement of arterial oxoygenation
allowing shortened the length of ventilator support as compared to control patients®®. A direct
effect of NO donors on viral replication was also reported indicating a larger effect of NO %%,

With the recent outbreak of COVID-19, inhaled NO has been proposed as an interventional
rescue therapy??. Clinical studies are going to define the efficacy of inhaled NO in COVID-
19. Two studies with a small group of patients in intensive care units under ventilation did
not showed improvement with short NO treatment (15 to 30 minutes) % ?*. Large studies
should define if NO can be effective as emergency therapy for COVID-19 and better
determine the group of patients that can benefit of this therapy>.

In conclusion, our study shows that a low-cost and portable device generating NO without
limitation that has previously been used in clinical studies to treat neonate pulmonary
hypertension is now tested in LPS-induced ARDS showing an attenuation of pulmonary
inflammation in mice. We hope to extend the benefit of NO to populations that do not have
access to this therapy today.

Conflicts of interest
The authors declare that they have no conflict of interests.

11



American Journal of Medicine and Surgery (AJMS) Volume 6, 2021
Author's contribution

All authors contributed to data collection and analysis and have reviewed and approved the
final manuscript. 1G, LC, IM, PC, and LCG contributed to the design of the project, animal
and clinical studies and analysis of data. IG, LC, IM, PC, LCG and BR contributed to data
generation analysis, and preparation of the final manuscript.

Acknowledgements

To the Swiss National Foundation for Scientific Research Grants 310033-146833 (to 1.G.),
the, Ligue Pulmonaire Genevoise, Centre National de la Recherche Scientifique (the
University of Orleans, the Region Centre Val de Loire (2003-00085470), the Conseil Conseil
Général du Loiret) and the European Regional Development Fund (FEDERN°2016-00110366
and EX005756)).

References

1) Kao KC, Chiu LC, Hung CY, Chang CH, Yang CT, Huang CC, Hu HC: Coinfection
and Mortality in Pneumonia-Related Acute Respiratory Distress Syndrome Patients
with Bronchoalveolar Lavage: A Prospective Observational Study. Shock 2017,
47:615-20.

2) Papazian L, Aubron C, Brochard L, Chiche JD, Combes A, Dreyfuss D, Forel JM,
Guerin C, Jaber S, Mekontso-Dessap A, Mercat A, Richard JC, Roux D, Vieillard-
Baron A, Faure H: Formal guidelines: management of acute respiratory distress
syndrome. Ann Intensive Care 2019, 9:69.

3) Schnyder-Candrian S, Quesniaux VF, Di Padova F, Maillet I, Noulin N, Couillin 1,
Moser R, Erard F, Vargaftig BB, Ryffel B, Schnyder B: Dual effects of p38 MAPK
on TNF-dependent bronchoconstriction and TNF-independent neutrophil recruitment
in lipopolysaccharide-induced acute respiratory distress syndrome. J Immunol 2005,
175:262-9.

4) Ghimire K, Altmann HM, Straub AC, Isenberg JS: Nitric oxide: what's new to NO?
Am J Physiol Cell Physiol 2017, 312:C254-C62.

5) Sokol GM, Konduri GG, Van Meurs KP: Inhaled nitric oxide therapy for pulmonary
disorders of the term and preterm infant. Semin Perinatol 2016, 40:356-69.

6) Akaike T, Maeda H: Nitric oxide and virus infection. Immunology 2000, 101:300-8.

7) Blasina F, Vaamonde L, Silvera F, Solla G, Abin-Carriquiry JA, Gutierrez C,
Beltramo P, Garcia-Gabay I, Martell M: Efficacy and safety of a novel nitric oxide
generator for the treatment of neonatal pulmonary hypertension: Experimental and
clinical studies. Pulm Pharmacol Ther 2019, 54:68-76.

8) Lustemberg A. FB, F. Silvera, L. Vaamonde. : Inhaled nitrix oxide in the treatment
of the early respiratory failure in the late preterm and early term neewborn. Report of
two cases Archivos de Pediatria del Uruguay 2016, 87:351.

9) Michaudel C, Mackowiak C, Maillet I, Fauconnier L, Akdis CA, Sokolowska M,
Dreher A, Tan HT, Quesniaux VF, Ryffel B, Togbe D: Ozone exposure induces
respiratory barrier biphasic injury and inflammation controlled by IL-33. J Allergy
Clin Immunol 2018, 142:942-58.

12



I 1,‘1 VR

online

American Journal of Medicine and Surgery (AJMS) Volume 6, 2021

10) Jain A, McNamara PJ: Persistent pulmonary hypertension of the newborn: Advances
in diagnosis and treatment. Semin Fetal Neonatal Med 2015, 20:262-71.

11) Luce JM: Acute lung injury and the acute respiratory distress syndrome. Crit Care
Med 1998, 26:369-76.

12) Zambon M, Vincent JL: Mortality rates for patients with acute lung injury/ARDS
have decreased over time. Chest 2008, 133:1120-7.

13) Adhikari NK, Burns KE, Friedrich JO, Granton JT, Cook DJ, Meade MO: Effect of
nitric oxide on oxygenation and mortality in acute lung injury: systematic review and
meta-analysis. BMJ 2007, 334:779.

14) Creagh-Brown BC, Griffiths MJ, Evans TW: Bench-to-bedside review: Inhaled nitric
oxide therapy in adults. Crit Care 2009, 13:221.

15) Karam O, Gebistorf F, Wetterslev J, Afshari A: The effect of inhaled nitric oxide in
acute respiratory distress syndrome in children and adults: a Cochrane Systematic
Review with trial sequential analysis. Anaesthesia 2017, 72:106-17.

16) Akmal AH, Hasan M: Role of nitric oxide in management of acute respiratory distress
syndrome. Ann Thorac Med 2008, 3:100-3.

17) Levine AB, Punihaole D, Levine TB: Characterization of the role of nitric oxide and
its clinical applications. Cardiology 2012, 122:55-68.

18) Lima B, Forrester MT, Hess DT, Stamler JS: S-nitrosylation in cardiovascular
signaling. Circ Res 2010, 106:633-46.

19) Garcia I, Guler R, Vesin D, Olleros ML, Vassalli P, Chvatchko Y, Jacobs M, Ryffel
B: Lethal Mycobacterium bovis Bacillus Calmette Guerin infection in nitric oxide
synthase 2-deficient mice: cell-mediated immunity requires nitric oxide synthase 2.
Lab Invest 2000, 80:1385-97.

20) Chen L, Liu P, Gao H, Sun B, Chao D, Wang F, Zhu Y, Hedenstierna G, Wang CG:
Inhalation of nitric oxide in the treatment of severe acute respiratory syndrome: a
rescue trial in Beijing. Clin Infect Dis 2004, 39:1531-5.

21) Keyaerts E, Vijgen L, Chen L, Maes P, Hedenstierna G, Van Ranst M: Inhibition of
SARS-coronavirus infection in vitro by S-nitroso-N-acetylpenicillamine, a nitric
oxide donor compound. Int J Infect Dis 2004, 8:223-6.

22) Kobayashi J, Murata I: Nitric oxide inhalation as an interventional rescue therapy for
COVID-19-induced acute respiratory distress syndrome. Annals of Intensive Care
2020, 10:61.

23) Ferrari M, Santini A, Protti A, Andreis DT, lapichino G, Castellani G, Rendiniello V,
Costantini E, Cecconi M: Inhaled nitric oxide in mechanically ventilated patients with
COVID-19. J Crit Care 2020, 60:159-60.

24) Tavazzi G, Marco P, Mongodi S, Dammassa V, Romito G, Mojoli F: Inhaled nitric
oxide in patients admitted to intensive care unit with COVID-19 pneumonia. Crit
Care 2020, 24:508.

25) Fang W, Jiang J, Su |, Shu T, Liu H, Lai S, Ghiladi RA, Wang J: The role of NO in
COVID-19 and potential therapautic strategies. Free Radical Biology and Medicine
2021, 163:153-62

13



