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1. Abstract

Acute respiratory distress syndrome (ARDS) is a major cause of respiratory failure

with a high mortality rate.It is characterized by diffuse alveolar damage, alveolar edema, and

hypoxemic respiratory loss which cause heavy healthcare costs. Currently available

treatments for ARDS remain primarily supportive, and no pharmacological approach is

successfully translated into clinical application. There are two major processes during the

physiopathological development of ARDS which lead to the formation of lung edema:

alveolar barrier dysfunction and the impairment of alveolar fluid clearance following alveolar

epithelial injury and inflammation. The receptor for advanced glycation end products

(RAGE) was indicated to be involved during those processes, with the high potential of its

soluble as a biomarker for ARDS diagnostic and prognostic. Volatile halogenated agents,

such as sevoflurane or isoflurane, are increasingly used in intensive care units as sedative

agents with their ideal intrinsic characteristics as a sedative. Furthermore, numerous

pre-clinical and clinical studies indicate its lung protective effects for ARDS patients.

However, its mechanisms of such beneficial effects remain to be clarified.

The main objectives of this thesis work are multiple, through experimental and

translational in vivo and in vitro models of ARDS, to 1) Asses the beneficial lung protective

effects of sevoflurane in ARDS, including its effects on ARDS physiological features, lung

fluid clearance, and alveolar permeability. 2) Investigate the precise mechanism of observed

effects of sevoflurane, including mechanistic studies and involved proteins' function and

expression. 3) Explore the role of RAGE in lung epithelial injury and repair and its eventual

mediation role of the beneficial effects of sevoflurane.

During this thesis work, we advanced from many angles: First, our work found in our

A549 cells wound healing model, the important role of RAGE in the lung injury repair
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process, as its ligand, HMGB1, and AGEs promoted RAGE-dependent wound healing of

lung alveolar epithelial cells, which is possible through enhanced cell migration and

proliferation. Secondly, our work in murine in vitro and in vivo ARDS models, an

improvement of experimental features, with decreased indices of permeability and preserved

epithelial structures in cells and mice, by at least in a part, increasing expression of ZO-1 and

the inhibition of RhoA activity and pMLC as well as actin cytoskeleton rearrangement

following lung epithelial injury. Additionally, RAGE may play a mediating role in the effects

of sevoflurane on acute lung injury. Furthermore, our work in porcine in vivo ARDS models

confirmed the lung protective effects of sevoflurane on ARDS features, with improved

oxygenation, restored alveolar permeability, and improved AFC. Our study suggests the

protective effect of sevoflurane on AFC may be explained by the restoration of impaired lung

expression of epithelial channels AQP-5, Na, K, ATPase, and ENaC during ARDS.

Taken together, this thesis work explained more precisely the protective effects of

halogenated agents and the new revelation of its potential mechanism, and hence supports the

high interest in the use of inhaled sedation in intensive care for ARDS patients. This work

may give some new insights for research on the effects of sevoflurane on ARDS and its

resolution.

Keywords: Acute respiratory distress syndrome; Sevoflurane; Lung epithelial barrier

function; Lung wound repair; Alveolar fluid clearance; Epithelial channels: Junction proteins;

Intracellular pathways; Receptor for advanced glycation end-products.
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2. Introduction

2.1 Acute Respiratory Distress Syndrome

2.1.1 Definition and epidemiology

The specific diagnostic criteria for Acute Respiratory Distress Syndrome (ARDS)

have evolved since its discovery. In 1967, the first case report on ARDS described an acute

onset of tachypnœa, hypoxæmia, loss of compliance, and diffuse alveolar infiltration seen on

chest radiographs1. And in 1988, Murray and al. established the first ARDS 4-point scoring

system with a quantitative assessment based on the degree of hypoxemia, the level of Positive

end-expiratory pressure (PEEP), static respiratory compliance, and the extent of radiographic

infiltrations2. Those first diagnostic criteria were then updated in 1994 by the

American-European Consensus Conference (AECC Definition): arterial hypoxemia with

Partial Pressure of Oxygen (PaO2)/The fraction of inspired oxygen (FiO2)ratio <300 mmHg

and PaO2/FiO2 ratio < 200 mmHg to define Acute Lung Injury (ALI) and ARDS, with

bilateral radiographic opacities without evidence of left atrial hypertension. These criteria

were once more updated in 2012 by The Berlin Definition with better feasibility, reliability,

and validity. This new definition is composed of 4 principal elements (Table 1): timing

frame, chest imaging, the origin of edema, and oxygenation evaluation.
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Table 1. The limitations of AECC definition and the Berlin Definition

Resource: ARDS Definition Task Force, Ranieri, V. M., Rubenfeld, G. D., Thompson, B. T., Ferguson, N. D.,

Caldwell, E., Fan, E., Camporota, L., & Slutsky, A. S. (2012). Acute respiratory distress syndrome: the Berlin

Definition. JAMA: The Journal of the American Medical Association, 307(23), 2526–2533.
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For advancing under the background where limited information exists about the

epidemiology, recognition, management, and outcomes of patients with acute respiratory

distress syndrome (ARDS), an international, multicenter, prospective cohort study called

LUNG SAFE was established in 50 countries in 2014. In this very large observational study,

researchers have concluded a 10.4% prevalence among all 29144 intensive care units (ICUs)

admissions with precisely 30.0% for mild ARDS (95% Confidence interval (CI),

28.2%-31.9%); 46.6% for moderate ARDS, 46.6% (95% CI, 44.5%-48.6%); and 23.4% for

severe ARDS (95% CI, 21.7%-25.2%). This high prevalence was associated with a high

hospital mortality rate, 34.9% (95% CI, 31.4%-38.5%) for those with mild, 40.3% (95% CI,

37.4%-43.3%) for those with moderate, and 46.1% (95% CI, 41.9%-50.4%) for those with

severe ARDS. Nonetheless, in this study, ARDS was underdiagnosed and undertreated. Only

60.2% of all patients with ARDS were clinician-recognized and 34.0% of patients got the

recognition of ARDS at the time of fulfilling ARDS criteria (95% CI, 32.0-36.0). Only fewer

than two-thirds of patients with ARDS were treated with an optimal tidal volume3.

ARDS could be triggered in different clinical situations, including pneumonia by

bacterial, and viral causes which are the most common cause of ARDS, extrapulmonary

sepsis, gastric fluid aspiration, transfusions, severe trauma, injurious mechanical ventilation,

and/or reperfusion of ischemic tissues, among other causes4 (Figure 1). Additionally, several

risk factors have been associated with ARDS, including alcohol abuse, tobacco, air pollution,

and hypoalbuminemia, studies have proved chronic alcohol abuse increases the risk of ARDS

and multiple organ failure in septic shock, and cigarette smoke exposure has been proven

associated independently with the risk of ARDS.
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Figure 1. Causes of acute respiratory distress syndrome

A schematic summary of indirect and direct causes of ARDS

Resource: Bos, L. D. J., & Ware, L. B. (2022). Acute respiratory distress syndrome: causes, pathophysiology,
and phenotypes. The Lancet, 400(10358), 1145–1156.
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In blunt and penetrating injury cases, the severity and duration of trauma, chest injury,

the number of blood transfusions, the presence of traumatic brain injury, and the quantity of

crystalloid fluids can each be a risk factor for developing ARDS5.

2.1.2 Physiopathology of ARDS

In ARDS, an injury response is referred to as the exudative phase of ARDS within 24

hours of the inciting direct or indirect insult of the patient. This exudative phase is

characterized by innate immune cell-mediated damage of the alveolar endothelial and

epithelial barriers and the accumulation of protein-rich edema fluid within the interstitium

and alveoli4: The presence of Damage-associated molecular pattern, e.g., High mobility group

box 1 protein (HMGB1), or Pathogen Associated Molecular Pattern, e.g., lipopolysaccharide

(LPS) in alveolus activates resident macrophages into highly inflammatory M1 macrophages,

via the pattern recognition receptors, e.g., the receptor for advanced glycation end products

(RAGE) or toll-like receptors (TLR). This activation leads to the release of potent

proinflammatory mediators (e.g., interleukin (IL) -6, IL-17, Tumor necrosis factor (TNF) )

and chemokines (e.g., IL-8, chemokine ligand (CCL)-2) which amplifies the inflammatory

responses with neutrophil accumulation. This neutrophilic inflammation contributes then to

acute lung injury in ARDS, leading to 1) impaired barrier function notably the tight junction

and adherens junctions injury with increased epithelial permeability6 and 2) Alveolar type II

and type I pneumocyte aggressions with impaired surfactant secretion and also impaired

alveolar clearance7,8. And at final a formation of protein-rich edema hence respiratory failure

(Figure 2).
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Figure 2. The Healthy Lung and the Exudative Phase of ARDS.

Left: the healthy alveolus. Right: the alveolus in the exudative phase during ARDS.

Following the aggression, macrophages are activated by secreting pro-inflammatory
cytokines, causing epithelial damage. These lesions lead to the loss of the barrier function of
the alveolar epithelium, to the formation of alveolar edema, to the alteration of alveolar fluid
clearance, and therefore to impaired gas exchange.

Resource: Thompson, B. T., Chambers, R. C., & Liu, K. D. (2017). Acute Respiratory Distress Syndrome. The
New England Journal of Medicine, 377(19), 1904–1905.
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Figure 3. The Proliferative and Fibrotic Phases of ARDS.

Left: the alveolus in the proliferative phase during ARDS. Right:  the alveolus in the fibrotic
phase during ARDS.

Resource: Thompson, B. T., Chambers, R. C., & Liu, K. D. (2017). Acute Respiratory Distress Syndrome. The
New England Journal of Medicine, 377(19), 1904–1905.
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This early phase of inflammation is followed by the proliferative phase (Figure 3),

which is principally characterized by the proliferation of type 2 pneumocytes and its

transdifferentiation to type 1 pneumocytes9,10, re-establishment of tight junctions and

adherens junctions in both epithelial and endothelial cells leading to restoration of epithelial

and endothelial integrity, re-expression of epithelial ion channels and Aquaporin(AQP)-5

leading to the reabsorption of alveolar edema. This phase of restoration of alveolar structure

and function could be followed by, in some instances, a fibrotic phase with persistent

interalveolar coagulation, unsolved edema, and interstitial and interalveolar fibrosis, which is

associated with increased mortality and prolonged mechanical ventilation days4.

2.1.3 Current therapeutic strategy of ARDS

Before the beginning of this section, it is essential to point out that, to date, there are

still no specific drugs or therapies which are capable of treating or directly preventing

ARDS/ALI11. However, numerous supportive strategies allow for maintaining optimal

management for patients including such as lower tidal volume ventilation, positive

end-expiratory pressure (PEEP), and fluid management for ARDS12,13, along with current

discoveries on neuromuscular blockade 14 and prone positioning15.

Most clinicians use invasive mechanical ventilation for patients with ARDS,

particularly those with moderate or severe ARDS. Noninvasive ventilation (NIV) may reduce

the work of breathing and increase the pulmonary shunt, thereby improving gas exchange

while avoiding the need for deep sedation and reducing the risk of nosocomial pneumonia.

Recently, a meta-analysis of 13 studies, including 540 patients with ARDS treated with NIV,

showed an intubation rate varying between 30% and 86% and a mortality rate ranging from

15% to 71%16. However, its use remains controversial due to the high risk of failure and the

possible risk of delaying tracheal intubation and invasive ventilation. The use of high PEEP
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allows the reopening of non-ventilated alveoli and decreases the intrapulmonary shunt, which

could make it possible to reduce the repetitive opening and closing of the alveoli with each

respiratory cycle, the use of adjustment of optimal PEEP is also one important strategy to

improve oxygenation12,17. The optimization of driving pressure is proven to be strongly

associated with increased survival which may be involved in most cases of the mentioned

respiratory intervention strategy18. However, the possible alveolar derecruitment, cyclic

opening and closing of atelectatic alveoli, and distal small airways leading to

ventilator-induced lung injury (VILI) if inadequate low positive end-expiratory pressure

(PEEP) is applied. On the other hand, high PEEP levels may be associated with excessive

lung parenchyma stress and strain and negative hemodynamic effects, resulting in systemic

organ injury.

The purpose of mechanical ventilation is to guarantee sufficient gas exchange,

allowing both an increase in arterial oxygenation (PaO2) and the elimination of CO2, while

reducing the activity of the respiratory muscles19. The effect of mechanical ventilation on

oxygenation is bidirectional: it titrates the inspired fraction of oxygen (FiO2); then, it makes it

possible to provide, during the inspiratory phase, a positive pressure sufficient to ensure the

opening of non- or poorly ventilated pulmonary units. However, these same lung units can

collapse again without the application of a sufficient level of PEEP during the expiratory

phase20. And unfortunately, a ventilatory strategy completely devoid of adverse effects does

not exist, this strategy must be adapted to each patient based on hemodynamic status, gas

exchange, alveolar recruit ability, and respiratory mechanics. The last years of literature have

made it possible to better understand how the use of high tidal volumes and high levels of

pressure can damage the lung21,22: ventilatory strategies based on the use of a high tidal

volume can cause both developments of pulmonary edema in people without ARDS23,24 and

worsening of existing disease25,26. These effects are mainly attributable to alveolar
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overdistension, which causes endothelial and epithelial damage, and then the activation of a

pro-inflammatory cascade. This same pro-inflammatory cascade can also be promoted by

lesions linked to the cyclic opening and reopening of the alveoli, called atelectotrauma27,28.

The application of high levels of PEEP, allowing the reopening of unventilated alveoli and

decreasing the intrapulmonary shunt, could decrease the repetitive opening and closing of the

alveoli with each respiratory cycle17. Two large randomized controlled studies compared high

levels of PEEP with lower levels29,30, no advantage of one strategy over the other was found.

could be highlighted in terms of becoming patients. This seemingly contradictory finding can

be interpreted by considering the concept of lung recruitment, defined as the extent of

collapsed lung regions to which aeration can be restored with increasing air pressure.

ARDS is a frequently involved syndrome in critical care, its management is also

suitable for The ABCDEF bundle which includes: A as Assess, Prevent, and Manage Pain, B

as Both Spontaneous Awakening Trials (SAT) and Spontaneous Breathing Trials (SBT), C as

the Choice of analgesia and sedation, D as Delirium: Assess, Prevent, and Manage, E as

Early mobility and Exercise, and F as Family engagement and empowerment31. Moreover, a

current review indicates, the adaptation of this bundle in patients with ARDS should be

adapted with an additional option “R” (R = Respiratory-drive-control). This additional option

is suggested to be considered to take priority in the management of mechanical-ventilator and

respiratory-drive related parameters, with the caution of avoiding the unnecessary use of

medications (particularly opioids, sedatives, and neuromuscular blocking agents) which can

delay ventilator liberation and worsen other patient’s outcomes32. This evidence-based

strategy bundle should also be helpful for optimizing ARDS patients’ recovery and

outcomes.
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2.1.4 Phenotypes of ARDS: opportunity and challenges

The heterogeneity of ARDS is associated with distinct clinical, and biological

differences, distinct outcomes which may explain the difficulty of recognition33, and distinct

responses of patients to therapy34,35. Additionally, in the current definition of ARDS, there is

until today no specific etiological, physio-pathological, or biological criteria resulting in a

clear understanding of the heterogeneity of patients. This heterogeneity also leads to

inappropriate subsets identification of patients, which may at least partially explain a

considerable number of negative trials on pharmacological agents, including β-agonists,

corticosteroids, anticoagulants, statins, and surfactant treatment. Additionally, numeral

benefit effects proven in preclinical studies were poorly translated from to clinical trials due

to the limitations of those models associated with the heterogeneity of ARDS. Increasing

literature indicates the identification of subphenotypes of ARDS, with prognostic and

predictive enrichment, and is one approach to resolve the clinical and biological complexity

that may be a key for further treatment studies.

Although the “subtypes” of ARDS have long been recognized by practitioners, the

concept of phenotype or endotype has emerged much more recently36. The largest challenge

in phenotyping ARDS is the lack of a simple diagnostic test, resulting in the reliance on a

consensus definition developed by experts. The discovery, or rather the recognition of these

ARDS subtypes makes it possible to consider the evaluation of targeted therapies according

to the pathophysiological mechanisms involved in a given patient, which would represent a

major advance for the application of future personalized medicine37.

Recent reviews suggested that the heterogeneity of ARDS may be based on 3 main

categories of information: the etiology of ARDS, the physio-pathological mechanistic, and

the biology (Figure 4) which will make it possible to propose different phenotypes of ARDS.
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An example of an ARDS phenotype is the hypo- or hyper-inflammatory profile of patients

with the syndrome34. These profile differences could be retrospectively highlighted for the

first time in a series of studies by applying the principle of latent class analysis which consists

of combining different biological and clinical parameters to identify subgroups (or

phenotypes) of patients38–40. Analyzing about forty parameters, it was possible to highlight a

hyper-inflammatory profile characterized by exaggerated inflammation with high plasma

concentrations of sTFNR, Il-6 or 8, RAGE, protein C, and bicarbonate. The

hyper-inflammatory profile was associated with increased mortality compared to the

hypo-inflammatory profile38,39. It is interesting to note that these profiles seem stable over

time and are also suitably generalizable to observational studies41–43. And when these profiles

are retrospectively applied to large cohorts of randomized controlled trials, different effects of

the treatment studied appear between the hyper- and hypo-inflammatory profiles while the

result was considered negative38,39,44–46.
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Figure 4. Principal domains of information for ARDS phenotypes

ARDS patients profile can be phenotyped in three domains: Etiology profile, Physiology

profile and Biology profile.

Resource: Thompson, B. T., Chambers, R. C., & Liu, K. D. (2017). Acute Respiratory Distress Syndrome. The

New England Journal of Medicine, 377(19), 1904–1905.
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Faced with the challenging situation under numerous negative results of the latest

clinical trials and thanks to this notion of ARDS phenotype, it seems the personalized

medicine strategy, with the adapted therapeutic approach based on the data of a given group

of patients having the same phenotype, has been more than more considered. The application

of this principle in recent years in the field of hematology or in respiratory pathologies other

than ARDS such as asthma or Chronic Obstructive Pulmonary Disease (COPD) has made it

possible to improve the understanding of the physio-pathological mechanisms involved and

to improve and offer patients specific therapeutic care47. These promising data can be applied

to ARDS in order to offer personalized medicine. Nevertheless, certain specificities must be

taken into account due to the complexity of the mechanisms involved during ARDS due to

the rapid evolution of ARDS which requires practitioners to adapt their treatment, sometimes

very early. It is therefore essential to define, among patients with ARDS, clinical and

biological criteria (with the help of biomarkers) to distinguish between the existing different

ARDS phenotypes47.

The identification of phenotypes or endotypes of patients necessitates the use of

specific biomarkers. Determining how biomarker-derived approaches should be integrated to

guide future ARDS research remains a major challenge, and it is suggested that 48 :

● Biological tests could be useful to identify patients with any of the following

predominant biological patterns of lung injury and repair in ARDS: epithelial injury,

endothelial dysfunction, and systemic inflammatory response.

● Inclusive and collaborative biobanks of samples typically require hundreds of samples

to allow the identification of phenotypes and should reflect the diversity within

patients with ARDS.
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● Longitudinal sampling could provide additional insights into biological dynamics and

treatment responses over time.

Future clinical trials should be taking into consideration all those phenotypes and

heterogeneities, in the hope to find an effective therapeutic strategy and to offer patients

individualized medicine49–51.
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2.2  Halogenated agents in ARDS

2.2.1 Sedative agents in intensive care

Sedation is used in intensive care to improve comfort and tolerance, such as during

mechanical ventilation, invasive interventions, and/or nursing care52. Current sedation

practices in intensive care still make strong use of benzodiazepines as well as propofol and/or

ketamine, these molecules being most often associated with opioids to have a synergistic

action.

Benzodiazepines are a class of drugs well-known for intensive care. However, in

recent years, numerous data underline the harmful consequences of prolonged and high-dose

use of benzodiazepines53, which would be linked to delayed awakening related to the long

hepatic metabolism cycle. These excesses of sedation are associated in the short term with an

increase in tolerance to hypnotics, the incidence of withdrawal syndromes, and also delirium.

And by long term with the appearance of cognitive disorders such as depression, anxiety, or

even post-traumatic stress. Propofol, another widely used anesthetic agent, also induces

certain adverse effects impacting the outcome of patients. In addition to a higher cost

compared to benzodiazepines, propofol induces significant hemodynamic variations, an

increase in plasma triglyceride concentrations, or even the appearance of a propofol infusion

syndrome54.

With the widespread use of benzodiazepines and propofol, their respective effects are

now better described and better known than before, prompting practitioners to develop

alternative sedation strategies. In addition, the recent pandemic linked to the SARS-COV-2

virus has highlighted the possibility of a shortage in the supply of drugs conventionally used

to sedate patients in intensive care, leading to a new complexity in the management of

intravenous sedation55. Apart from certain specific situations, it is now accepted that patients
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should no longer have so-called “deep” sedation in favor of so-called “light” sedation,

leaving the patient the possibility of interacting with the environment and with caregivers.

Besides the choice of the applied molecule, the prognosis of patients is impacted by a global

sedation strategy, starting with the systematic questioning of its indication by clinicians.

2.2.2 Halogenated agents and inhaled sedation in intensive care

Halogenated agents are molecules with a carbon skeleton and several halogen atoms

(chlorine, fluorine, or bromine), the most used halogenated agents clinically in France are

sevoflurane, isoflurane and desflurane (Figure 5). The physical characteristics of halogenated

agents have major implications for their use in clinical practice and the solubility of gases in

plasma is inversely correlated to their rapid onset and offset of action. Thus, an anesthetic gas

with low solubility in plasma will allow rapid induction of narcosis and be rapidly eliminated

after interruption of its administration, leading to rapid awakening. The gas/blood partition

coefficient is, therefore, the most decisive criterion for the rapidity of the action of the gas

and patient awakening. These characteristics, which are suitable for the use of halogenated

agents in the operating room, remain suitable as well in the ICU setting. Halogenated agents

are liquid at room pressure and temperature (except desflurane), and must, therefore, be

transformed into breathable vapor by vaporizers dedicated to each gas, depending on their

boiling temperatures.
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Figure 5. Principal halogenated agents and an anesthetic parameter comparison
between Isoflurane/Sevoflurane/Desflurane

Resource: Gupta, A., Stierer, T., Zuckerman, R., Sakima, N., Parker, S. D., & Fleisher, L. A. (2004).
Comparison of recovery profile after ambulatory anesthesia with propofol, isoflurane, sevoflurane and
desflurane: a systematic review. Anesthesia and Analgesia, 98(3), 632–641, table of contents.

Figure 6. The modern theory of volatile anesthetic activity involves complex interaction
with multiple proteins on the pre- and postsynaptic nerve membrane as well as
nonneural tissue.

Resource: Jerath, A., Parotto, M., Wasowicz, M., & Ferguson, N. D. (2016). Volatile Anesthetics. Is a New
Player Emerging in Critical Care Sedation? American Journal of Respiratory and Critical Care Medicine,
193(11), 1202–1212
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In general, the action of halogenated agents involves complex mechanisms via

interactions with membrane proteins at the pre-and post-synaptic levels, both in nervous

tissues and other types of tissue. Overall, volatile halogenated agents reduce presynaptic

excitation and neurotransmitter release through the inhibition of sodium and calcium

voltage-gated channels (VGCs) and induce depolarization through the activation of potassium

channels. Volatile anesthetics reduce neurotransmitter activity in the postsynaptic membrane

by enhancing inhibitory ion channel activity mediated by γ-aminobutyric acid (GABAa) and

glycine receptors as well as inhibiting excitatory ion channels mediated by nicotinic

acetylcholine (nAch), serotonin type 3 (5HT3), glutamate (glut), N-methyl-d-aspartate, and

α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors. Volatile anesthetics are

also likely to possess widespread effects on G-protein–coupled receptors and intracellular

signaling pathways on the nerve and other cell types56,57 (Figure 6). Of note, halogenated

agents have a bronchodilator effect through direct action on the bronchial smooth muscle and

inhibition of the transmission of the vagal impulse at the level of the postganglionic fiber.

They also inhibit the hypoxic pulmonary vasoconstriction response in a dose-related manner.

One of the typical characteristics of halogenated agents is their rapid reaction on

patients: fast-onset (1–2 min) and fast-offset (4–7 min) drugs with moderate analgesic effects

that induce a dose-dependent reduction in respiratory drive and allow light-to-deep sedation

targets. Thus, their use for inhaled sedation can fit into an analgesia-first strategy for

minimizing sedation within the “ABCDEF” bundle in ARDS management. End-tidal gas

fractions are good surrogates of cerebral concentrations of the drugs and, although sedation

should first be adapted using validated clinical scores58, monitoring such end-tidal gas

fractions could represent an efficient way of titrating sedation to a patient’s needs (usual

range of 0.2–1.4%)59,60. Importantly, halogenated agents undergo pulmonary elimination and
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have a low level of hepatic metabolism (metabolism rate of 2–5% for sevoflurane, 0.2% for

isoflurane, and 0.02% for desflurane), without the production of active metabolites (fluorine

ions) or alteration in hepatic/renal lab tests in patients57.

Thanks to the improvement of devices for delivering halogenated agents in intensive

care, inhaled sedation has been more widely used, in particular by overcoming several

technical constraints; more than 230 million patients undergoing major surgery each year

require general anesthesia and mechanical ventilation61. The miniaturization of halogen

administration devices such as the Sedaconda-ACD (Sedana Medical, Uppsala, Sweden), or

the MIRUS system (Carelide, Mouvaux, France) have notably become compatible with

resuscitation ventilators57. Nevertheless, the use of inhaled sedation remains dependent on the

availability of these materials within the units.

2.2.3. Halogenated agents: benefits and limitations in intensive care

Specific prospective data regarding the use of inhaled sedation in the intensive care

unit (ICU) to prevent or treat lung injury is lacking57,62. However, a retrospective analysis of

patients receiving inhaled sedation suggests an association between its use and reductions in

1-year and in-hospital mortality, perhaps related to a significant increase in ventilator-free

days compared to intravenous sedation63. Numerous trials now support the efficacy and safety

of inhaled sevoflurane for the sedation of ICU patients64–66, and sevoflurane is associated with

shorter wake-up and extubation times67. As the use of volatile agents gains popularity in the

ICU setting, evidence suggesting that sevoflurane may also protect against inflammatory lung

injury may provide insight into the potential additional benefit these agents can offer for the

lung-injured patient. Preclinical studies have shown that inhaled sevoflurane improves gas

exchange68–70, reduces alveolar edema70, and attenuates pulmonary and systemic
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inflammation71–73 in experimental models of ARDS. Isoflurane also showed lung protective

effects after injury by maintaining the integrity of the alveolar–capillary barrier, possibly by

modulating the expression of a key tight junction protein74–76. However, further studies are

needed to verify to what extent the experimental evidence of organ protection from inhaled

sevoflurane could be translated to humans. Of note, a pilot single-center randomized

controlled trial (RCT) from our group found that early use of inhaled sevoflurane in patients

with ARDS was associated with improved oxygenation, reduced levels of some

pro-inflammatory markers and reduced lung epithelial injury, as assessed by plasma and

alveolar sRAGE, the soluble receptor for advanced glycation end-products77.
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2.3 Receptor for advanced glycation end products (RAGE)

2.3.1 RAGE and RAGE ligands

The receptor for advanced glycation end-products (RAGE) is a transmembrane

receptor belonging to the immunoglobulin superfamily. It has been described as a receptor

recognizing pro-inflammatory molecular patterns and thus belongs to the group of

pattern-recognition receptors (PRRs). This protein, of approximately 46 kDa, comprises 3

major domains: an extracellular domain (itself subdivided into domains V, C1, C2) allowing

the attachment of various ligands, a transmembrane domain and a cytoplasmic part essential

for signal transduction. The N-terminal domain has a signal peptide at its end and is

morphologically comparable to the variable domains of the Ig. The V-C1 duo forms an

interdependent functional unit characterized by the presence of many positive electrical

charges, while the C2 domain, autonomous and attached to V-C1 via a flexible 5 aa link, is

electrically negatively charged78(Figure 7). Associated with the transmembrane part, the

intracellular domain is an essential part of the signaling pathways involving the RAGE

pathway79. In addition to the full-length, transmembrane form of RAGE, there are also

truncated variants of the membrane receptor and several soluble isoforms, generally grouped

together in the literature as soluble RAGE (sRAGE) and which can be produced by

proteolytic cleavage of the part extra-cellular form by proteases from the matrix

metalloproteinases (MMPs) family80,81 or by alternative splicing (esRAGE, for endogenous

secretory RAGE)82.
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Figure 7. Structral organization of RAGE

Resource: Yue, Q.; Song, Y.; Liu, Z.; Zhang, L.; Yang, L.; Li, J. Receptor for Advanced Glycation End Products
(RAGE): A Pivotal Hub in Immune Diseases. Molecules 2022, 27, 4922.
https://doi.org/10.3390/molecules27154922

In parallel with the complete form of RAGE, the RAGE protein is subject to

alternative splicing phenomena resulting in the production of numerous transcript variants

with distinct functionalities such as antagonistic soluble forms or variants with altered

extracellular domains. In descending order the main isoforms of RAGE are: the complete

form of RAGE (mRAGE), a secreted form of RAGE v1 (esRAGE) and an N-terminal

truncated form (Nt-RAGE). However, other isoforms of RAGE exist and come from

mechanisms other than alternative splicings, such as mechanisms involving metalloprotease

10 (ADAM-10) or extracellular matrix metalloprotease type 9 (MMP-9)83–85. The soluble

form of RAGE can act as a decoy, diverting RAGE ligands thus preventing them from

binding to a functional form of RAGE. The precise role of the soluble form of RAGE has yet
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to be clearly elucidated to date. Concentrations of the soluble form of RAGE are inversely

correlated with RAGE activity, but the precise mechanisms of regulation remain unknown.

Some hypotheses tend to believe that the production of soluble forms of RAGE could be

regulated by a negative feedback loop triggered by the activation of RAGE itself to avoid

self-activation during pathological situations producing ligands of rage. These soluble forms

of RAGE are also found both in plasma and in other fluids such as the alveolar fluid of

patients with lung damage. However, the mechanisms allowing the passage of soluble forms

of RAGE from the lungs into the bloodstream remains to this day completely unknown.

As described in its name, RAGE was first identified as an advanced glycation

end-products (AGEs) receptor. AGEs are compounds resulting from the Maillard reaction, a

non-enzymatic glyco-oxidative reaction86. However, several other molecules belonging to the

category of DAMPs (also called alarmins or endogenous danger signals) can bind to RAGE,

such as amphoteric (HMGB1, for high–mobility group box 1 protein), S100 proteins,

β-amyloid fibrils87–89). In addition to advanced glycation end-products (AGEs), many

additional ligands have been described90–103. Among many other ligands, RAGE interacts with

𝛽-amyloid proteins92,93 and amyloid protein A94. RAGE can also bind proteins of the

S100/calgranulin family, a family of proteins that accumulate extracellularly during chronic

inflammation phenomena95,96. Another pro-inflammatory RAGE ligand described is the

HMGB1 protein (amphoterin) which is released by necrotizing cells97–100. In parallel with

these ligands involved in the phenomena of chronic inflammation, degenerative pathologies

and immune response100, RAGE can also interact directly with the surface proteins of

bacteria101, prions102 or leukocytes103. RAGE can be defined as a pattern-recognition receptor

(PRR)91,103–105 and shares similarities with toll-like receptors (TLR)106. It has to be mentioned

that there are receptors other than RAGE capable of binding AGEs, such as macrophage

scavenger receptor (SR), oligosaccharyltransferase-48（OST-48）, 80 K-H phosphoprotein
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(80 K-H), galectin-3, lectine-like oxidized low density lipoprotein, fasciclin EGF-like

receptors, laminin-type EGF-like receptors, or domain -containing scavenger 1/2107 and

CD36108. Faced with these diversities of receptors and ligands, the mechanisms that can

explain why and how a ligand will bind to a specific type of receptor and/or in a specific

tissue of the body remain little studied til today. However, it is recognized that the association

between AGEs and its receptors is involved in the mechanisms of endocytosis and

degradation of AGEs in parallel with the signal transduction activity of the RAGE receptor

itself.

2.3.2 RAGE principal signaling pathway

The great diversity of the repertoire of potential ligands explains, at least in part, the

ability of RAGE to activate numerous signaling pathways that regulate a number of

physiological and pathological processes such as proliferation, apoptosis, autophagy and cell

inflammation109 (Figure 8). Indeed, and schematically, the activation of RAGE by its ligands

induces the pro-inflammatory signaling pathways NF-κB, MAP kinase and PI3 Kinase,

resulting in the secretion of pro-inflammatory cytokines. Moreover, the activation of NF-κB

by the RAGE pathway results in positive feedback that increases the expression of RAGE

itself, and results in an intense and sustained inflammatory signal, bring into play an

intracellular signaling cascade which is a first line of cellular defense of organism89,110.

Secondary to the activation of RAGE, IκBα is rapidly degraded after having been

phosphorylated, and this removal of inhibition allows the translocation of NF-κB into the

nucleus. NF-κB then binds to specific DNA sequences activating the transcription of many

NF-κB-dependent genes such as genes coding for cytokines, adhesion molecules,

prothrombotic and vasoconstrictive proteins, but also RAGE itself. same. A large number of

genes coding for anti-apoptotic factors such as B-cell lymphoma (Bcl)-XL, Bcl-2, and the
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Bcl-2 homolog A1 are dependent on NF-κB111–113. NF-κB is also involved in cell survival

maintenance mechanisms. The long-term maintenance of the long-lasting endogenous

negative feedback loop appears to be specific to the activation of the RAGE-NF-κB axis.

RAGE activates NF-κB by degrading IκBα to IκBβ, which will allow the synthesis of

NF-κBp65 with IκBβ110. De novo transcription of p65 mRNAs leads to excess production of

the NF-κBp65 complex, greater than the formation of IκBβ necessary to maintain the

NF-κBp65 complex in the cytoplasm. In addition, a mechanism of hyperphosphorylation of

IκBβ has been shown in parallel, sequestering at the nuclear level the NF-κB which has just

been synthesized114,115. The synthesis itself of IκBβ has a role in promoting the activation of

NF-κB via the RAGE-NF-κB axis110. The expression of RAGE is induced by NF-κB112, and

therefore the prolonged activation of NF-κB induces the production of the RAGE receptor, a

cycle that allowing the maintenance and amplification of the RAGE-NF-κB axis signal.

Figure 8. Visual summary of RAGE-Dependent signaling pathways

Resource: Xie, J., Méndez, J. D., Méndez-Valenzuela, V., & Aguilar-Hernández, M. M. (2013). Cellular
signaling of the receptor for advanced glycation end products (RAGE). Cellular Signaling, 25(11), 2185–2197.
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The role of RAGE in cell migration has been described in various cell types (immune

cells, astrocytes, vascular smooth muscle cells, endothelial cells, chondrocytes, mesangial

cells, microglia), for example, Manfredi et al. demonstrated that the expression of RAGE was

essential for the migration of dendritic cells to the lymph nodes116. Some experimental data

have shown, for example, that the interaction of RAGE with HMGB1 leads to the activation

of Rac1/Cdc42, MAPK, PI3K/Akt pathways, leading to migratory processes and even tumor

growth and metastasis under pathological conditions117–120. The binding of AGEs at RAGE

stimulates, among other things, migration phenomena involved in carcinogenesis through the

ERK1/2 pathway, or in the healing process of keratocytes through the NFκB pathway, as does

the S100A4/RAGE/ERK axis, which is involved in colorectal cancer. described121–123).

However, the reverse effect of RAGE has been also observed in myoblasts, where

inactivation of RAGE increases proliferation and promotes tumor formation in vivo, while

expression of RAGE reduces migration during rhabdomyosarcoma, a malignant muscle

tumor124,125.

On cell survival, interestingly, RAGE exhibits dichotomous effects between apoptosis

and survival depending on various parameters. It has been shown that doses of the order of

nM of S100β stimulate the expression of the anti-apoptotic protein Bcl-2 and therefore the

cell survival of neuroblastomas and gliomas but conversely, higher doses of S100β (µM)

induce apoptosis126,127. Furthermore, totally reduced form of HMGB1 induces the survival

and proliferation of cancer cells by inducing the Beclin-1 protein, while the oxidized form is

responsible for apoptosis (via the activation of caspases 3 and 9) and necrosis.128,129. As for

AGEs, studies have demonstrated their proapoptotic effect through the stimulation of TGFβ

within osteocytes130.
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The activation of RAGE can induce the generation of reactive oxygen species (ROS)

via in particular the enzymatic complex NADPH131,132.

As we can conclude in what we have discussed just in the above paragraphs, most

RAGE ligands are involved in inflammation and cell migration, and proliferation

mechanisms. In fact, the basal expression of RAGE, which is low under physiological

conditions, will be strongly increased in response to an inflammatory process133. Most RAGE

ligands are secreted by immune cells such as monocytes, macrophages, neutrophils or

leukocytes133. Surprisingly, while many receptors self-regulate negatively with increasing

concentration of their respective ligands, activating RAGE by its ligands increases the

expression of the receptor itself112,134. Upon activation of the RAGE receptor, the transcription

factor NF-κB is translocated at the nuclear level and binds at the level to the promoter of the

RAGE gene which induces the transcription of the messenger RNA of RAGE112. In parallel,

NF-κB also binds to the glyoxalase I(Glo1) promoter region, which will inhibit its

transcription. The Glo1 protein is involved in the inactivation of AGE precursors by

catalyzing the transformation of lactate and therefore decreasing the production of AGEs.

Thus, the activation of RAGE itself increases the formation of AGEs by suppressing Glo1

expression134. An abnormally high expression and activation of RAGE, and therefore an

exaggerated immune and inflammatory response, are implicated in the development of

numerous human pathologies such as diabetes, cardiovascular pathologies, tumor

pathologies, or Alzheimer's disease134.
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2.3.3 RAGE and ARDS

In a pathological situation, the lung is directly exposed to many external pathogens,

external antigens, and danger signals or also called alarmins. The mechanisms of innate

immunity involve a large number of PRRs such as RAGE or TLR receptors in order to

recognize danger signals such as molecular patterns associated with pathogens or

damage-associated molecular patterns135. It is also important to point out, at the beginning of

this section, that both transmembrane full-length and soluble form of RAGE is abundantly

expressed in the lung tissue81,136–140. In the early 2000s, Schmidt et al. built the first theory

about a “two-hit” mechanism in the inflammatory cascade and RAGE may be importantly

involved in this process91,141. In this theory, the first hit would be the activation of RAGE by

its ligands and the second hit of this cellular disruption would reflect the excess accumulation

of pathogenic bacteria, pro-inflammatory stimuli, modified molecules, ischemic damage, and

other factors as well. During infection, innate immunity is activated by PAMPs expressed

within the infecting microorganisms. This results in the expression of pro-inflammatory

cytokines and chemokines ultimately leading to inflammatory processes and tissue damage.

These mechanisms are generally encountered during pathologies such as diabetes,

neurodegenerative diseases, arteriosclerosis, or even autoimmune diseases91,142,143. During

ARDS, the immune system will be activated by PAMPs from external pathogens and by

DAMPs linked to cell death or from the activation of immune cells and the degradation of the

cell matrix144,145.

It should also be noted that soluble forms of RAGE can act as a “decoy” by binding to

ligands and preventing the interaction of these ligands with the transmembrane form of

RAGE. In this context, the RAGE pathway seems to be under the control of complex
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regulatory pathways, and these effects are most likely dependent on a balance, or an

imbalance, between the accumulation of RAGE ligands, the expression of its form complete

membrane and its soluble forms146,147. This soluble form of RAGE was first proven as a

marker of epithelial damage specific to type 1 pneumocyte and also a mediator of

inflammation in 2004 by Shirasawa et al.148. Later in the decade, the first studies to determine

the role of RAGE in lung injury were conducted in 2006 by Uchida et al.149 in which a rapid

rise in serum and bronchoalveolar lavage fluid(BALF) concentrations was found after

pulmonary insult by hydrochloric acid in a mouse model. Intratracheal administration of

lipopolysaccharide(LPS) in mice is also associated with an elevation of sRAGE in BALF150.

Su et al. proved in different factor-triggered ARDS experimental models the role of RAGE as

a direct indicator of lung injury the elevation of excess lung water and pulmonary vascular

permeability index were shown to be associated with the elevation of sRAGE concentrations

in BALF151. Recently, two studies of our research team proved, in a mouse model of direct

epithelial injury by lung instillation of hydrochloric acid, RAGE inhibition was associated

with improved alveolar fluid clearance function and restoration of expression of the epithelial

channel Aquaporin-5152, and in a piglet model where comparable data in terms of

improvement in pulmonary function were found as the administration of a RAGE inhibitor

was associated with an improvement in oxygenation and a reduction in the level of

pulmonary lesions153. These experimental data highlighted the prominent role of sRAGE as a

marker of type 1 pneumocyte injury and that sRAGE is correlated with the severity of ARDS.

In a clinical vision, the biggest value digging recently on sRAGE must be the

application of sRAGE as a biomarker in order to help in diagnostic approaches, risk

stratification and identification of potential therapeutic targets, in particular by providing

valuable assistance for the characterization of the physio-pathological mechanisms involved

in ARDS, due to its special characteristic in the term of lack of recognition and heterogeneity.
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The recent use of biomarkers has made it possible to identify different ARDS phenotypes

with distinct characteristics with their own prognosis and responses to therapies 154. In a first

clinical study, Jabaudon et al. found sRAGE concentrations are higher in ARDS patients

during sepsis155. Later, in the same clinical team, more proofs of sRAGE is revealed, as serum

and lung concentrations are correlated and an increase in sRAGE and a decrease in esRAGE

and AGEs have been observed in ARDS156. In this study, RAGE isoforms exhibited high

alveolar-plasma concentration ratios, strongly suggesting an alveolar origin. sRAGE is also

associated with the morphology of lung involvement in ARDS. sRAGE is also associated

with the non-focal morphology of lung involvement in ARDS156,157. The RAGE receptor may

also have prognostic value in patients with ARDS variations as sRAGE concentration is

associated with patient mortality158. In ARDS patients, the application of an alveolar

recruitment maneuver is associated with a transient decrease in sRAGE, itself associated with

an increase in oxygenation159. During the operative period, variations in sRAGE

concentration are associated with the occurrence of postoperative ARDS in patients at risk of

operative complications operated for major abdominal surgery160. Later, first randomized trial

in our team proved, the use of inhaled sedation with sevoflurane is associated with improved

oxygenation and a probable decrease in epithelial lesions as evidenced by a plasmatic and

alveolar decrease in sRAGE77.

However, the modulation of RAGE and the RAGE role in the pathogenesis ARDS

need still to be clarified. Until today, no study exists in humans showing a potential interest in

the modulation of RAGE during ARDS. In other pathologies such as Alzheimer's disease, the

use of a protein inhibitor of RAGE(azeliragon (TTP448), vTv Terapeutics, High Point, NC,

USA) was tested in 399 patients but did not show a real benefit on the pathology.

Nevertheless, the use of this low-dose RAGE inhibitor appeared to have a safe use profile in

the study patients. On the other hand, there are preclinical data suggesting a potential interest
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in modulating the RAGE pathway during lung injury. The use of a protein inhibitor of

RAGE, RAGE Antagonist Peptide(RAP) in in vitro and in vivo models of lung injury was

associated with a decrease in pro-inflammatory cytokines such as Il-6 and the transcription

factor NF -KB161.

2.4. Alveolar epithelial barrier function in ARDS: Important factors and

signaling pathway

2.4.1 Alveolar epithelium

A human lung, in good terms of health, plays the most crucial role in every term of a

life: respiration. And more precisely, with thousands of human alveolar structures facilitate

the carbon dioxide and oxygen exchange across the distal alveolar-capillary unit. The

alveolar epithelium was composed only of two types of cells: Type I and Type II

pneumocytes. Pneumocytes type I(ATI) covered more than 90% of the surface of epithelium

with a thick and flat morphology, connected tightly with endothelial cells of alveolar

capillaries, and pneumocyte type II(ATII) have a distinct morphology with characteristic

lamellar bodies and distinct apical microvilli162. The major role of ATI cells, as they occur

almost the total epithelial surface, is to compose a thin barrier that allows the efficient gas

exchange. The role of ATII cells was for long time considered as a secretory cell of

surfactant, since the blood–air interface on the epithelium side produces a collapsing tension,

which is lowered by the pulmonary surfactant lining the alveolar surface, assuring alveolar

stability during breathing163 (Figure 9). The surfactant, also called surfactant-associated

protein(SP), is a family of phospholipid-protein complexes with 90% of lipid and 10% of

protein. There are five of them, from SP-A to SP-D164, and one recently discovered surfactant

called SP-G also called SFTA2165.
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Figure 9. Alveolar-capillary structure with ATI and ATII cells

Resource: Nova Z, Skovierova H, Calkovska A. Alveolar-Capillary Membrane-Related Pulmonary Cells as a
Target in Endotoxin-Induced Acute Lung Injury. International Journal of Molecular Sciences. 2019; 20(4):831.
https://doi.org/10.3390/ijms20040831

In cases of lung insults, ATI cells showed high mortality166. The process of repair of

the disrupted surface and the renewal of ATI cells is called re-epithelization and has been

clarified in experimental models of lung insults in recent years, ATII cells were proven to be

able to enter a self-renewal cycle and act as progenitors of new ATI through a

transdifferentiation process, controlled by TGF-β and BMP signaling10,167–170. After the ATI

cell loss, the survived ATII cells orchestrate the re-epithelization, with proliferation and then
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transdifferentiation from ATII with massive covers over the alveolar surface area, and a

morphological change from cuboidal form to thin squamous form10, this process is

characterized by a change of ATII biomarkers to ATI biomarkers expression in ATII cells.

2.4.2 Alveolar barrier function: the role of junction proteins and epithelial

permeability

As mentioned above, one of the major roles of the lung epithelium is the physical

barrier between the lumen and the underlying submucosa, which limits the pathogen entry

and ensures a balanced fluid transport. One of the critical components of this epithelial

barrier is the junction proteins: Tight junction proteins (TJs), represented by claudins, zona

occludins (ZO), and junctional adhesion molecules (JAM). The lateral structure of adjacent

alveolar epithelial cells is sealed by TJ complexes, in ATI-ATI cases, the sealed band is

narrow, and in ATII-ATII cases, the sealed band is much broader166. (Figure 10) Among

different TJ families, the claudin family is a family of transmembrane proteins, claudins

expressed abundantly at alveolar epithelium levels were claudin-3, 4, and 18171. Jin et al.

found that claudin-3 is predominantly expressed in ATII cells and is involved more in

ATI-ATII junctions level than in ATI-ATI levels172, and claudin-3 alterations were found

associated with increased permeability and decreased alveolar barrier function in 2011 which

is opposing to the previous conclusion found in 2003173,174. Opposite to claudin-3, claudin-4

was proven in numerous studies to have a sealing role that decreases paracellular

permeability175–177. Another indispensable tight junction protein family is the zona occludens

family(ZO-1, ZO-2, and ZO-3), this family of cytoplasmic, scaffolding protein is localized

at the alveolar epithelial junctional sites, ZO1 proteins play a critical role in assuring the

connection with other TJs because it contains all domains necessary to assure protein binding

to all other major transmembrane barrier proteins: notably ZO-1/Claudins complexe178,179,

45



adherens junction proteins E-cadherin178 and with cytoskeletal proteins f-actins178,180–182. As

mentioned above, Adherens junction protein, particularly E–cadherin in alveoli, is mainly

responsible for maintaining cell-cell adhesion6,183. Those actors in lung homeostasis maintain

the normal epithelial function barrier and regulated permeability.

Figure 10. Alveolar epithelial junctions

Resource: Rezaee, F., & Georas, S. N. (2014). Breaking Barriers. New Insights into Airway Epithelial Barrier
Function in Health and Disease. American Journal of Respiratory Cell and Molecular Biology, 50(5), 857–869.

A significant body of evidence indicates that the development of acute lung injury

leads to the dysfunction of alveolar epithelial junctions and the disassembly of the epithelial

barrier175,178,184–188. There are also a number of cell signaling pathways that are involved in the

disassembly of lung epithelial junctions during acute lung injury, including the PI3K/Akt

pathway189,190 and the Rho/ROCK pathway191–193. Dysregulation of these pathways has been

shown to disrupt epithelial junctions and to contribute to the development and progression of

acute lung injury194–196.
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2.4.3. Alveolar Fluid Clearance

Besides the lung barrier function, another physiological key process in alveolar

homeostasis is the lung fluid balance, this process is essential for the maintenance of a

physiological alveolar fluid volume and electrolyte composition is regulated by active ion

transport mechanisms. In ATI and ATII cells, ion transport proteins play the principal

regulatory role of this alveolar fluid clearance balance, allowing transepithelial sodium

(Na+), chloride (Cl−), and potassium (K+) transports. Three prominent proteins in this

category are sodium channels (ENaC), Na/K-ATPase, and aquaporin (AQP)-5. The epithelial

sodium channel ENaC, composed of 3 subunits (α, β, γ), is located at the level of the apical

membrane of type I and II pneumocytes and participates in the absorption of sodium ions.

The latter, after a passive migration towards the basolateral pole of the pneumocytes, are

expelled thanks to the Na/K-ATPase pump. This transmembrane protein is made up of a

catalytic α subunit (due to ATPase activity) and a regulatory β subunit, which plays a role in

addressing molecules on the surface of the catalytic subunit. By consuming the energy

provided by the degradation of ATP, it exchanges three sodium ions for two potassium ions, a

process which will lead to a change in osmolarity and the expulsion of liquid into the

pulmonary capillary circulation. Sodium channels located at the apical surface (amiloride

sensitive ENaCs and amiloride insensitive channels). The aquaporin family, which are small

transmembrane proteins of about 28 kDa, has 10 members in mammals. Three aquaporins are

expressed at the pulmonary level: AQP-1 (at the level of the microvascular endothelium),

AQP-4 (on the basolateral membrane of pneumocytes), and AQP-5 (on the apical membrane

of type I pneumocytes). These proteins, which form pores in the cell membrane, provide

significant and specific permeability of water molecules, and play an important role in

alveolar fluid clearance (Figure 11).
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Figure 11. Alveolar fluid Clearance Pathways

Resource: Huppert, L. A., & Matthay, M. A. (2017). Alveolar Fluid Clearance in Pathologically Relevant
Conditions: In Vitro and In Vivo Models of Acute Respiratory Distress Syndrome. Frontiers in Immunology, 8,
371.

During acute lung injury, alveolar fluid clearance can be impaired, leading to the

accumulation of excess fluid in the alveoli and the development of alveolar edema and

directly associated with increased mortality197,198.
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2.4.4 RAGE/Rho/Rock/MLC/F-actin pathway and alveolar homeostasis

One of the important downstream signaling pathways following the activation of

RAGE is the Rho/ROCK pathway199. (Figure 12) The small GTPase, RhoA, which belongs to

the Rho subfamily, controls cell adhesion and its motility via actin-cytoskeleton

reorganization and actin-myosin filament bundles regulation. ROCK (Rho-associated

coiled-coil-forming protein kinase) is a downstream target protein of Rho. ROCK is divided

into two isoforms, ROCKI and ROCKII. Functional differences between ROCK-I and

ROCKII remain unknown, there are multiple downstream signals that ROCK activation

participate, notably in cell-cell adhesion regulation including cytoskeleton rearrangement,

cell contraction, and stress fiber assembly, but also involved in apoptosis, cell proliferation,

and migration200–205.Particularly, main involved processes of Rho/ROCK pathway are on

cytoskeleton rearrangement, cell contraction, and stress fiber assembly was after the active

form of RhoA binds to ROCK, ROCK phosphorylates myosin phosphatase, resulting in an

increase in myosin light chain (MLC) phosphorylation, which triggered the polymerization of

G-actin to F-actin and induces cytoskeletal changes.

Numerous studies revealed the strong association and pivotal role of Rho/ROCK

pathway in the disruption of epithelial barrier junctions and increased permeability206, which

in ARDS context, favorise the formation of edema and impaired alveolar fluid clearance195,207.

There have been several studies that have investigated the relationship between F-actin and

alveolar injury, and have shown that F-actin may play a role in the development and

progression of alveolar injury. The increased formation of F-actin may contribute to the

increased permeability of the alveoli and the accumulation of fluid in the alveoli in patients

with ARDS. The study found that the increased formation of F-actin was associated with an
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increase in the permeability of the alveoli and the accumulation of fluid in the alveoli in the

mice with lung injury208,209.

Figure 12. RAGE/RHO/ROCK pathway

Resource: Personal artwork following literature
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3. Research objectives

Our research objectives were multiple with different hypothesizes to test surrounding

sevoflurane's high potential protective effects in the ARDS context and its precise

mechanism, in both in vivo and in vitro models of ARDS:

First of all, we hypothesized that in sterile inflammation-induced acute lung injury,

the exposure to sevoflurane may have beneficial effects on

● Lung alveolar epithelial injury and ARDS physiological features (PaO2/FiO2)

● Lung epithelial barrier function protection and repair

● Alveolar Fluid Clearance improvement

The mechanistic regulation of those eventual protective effects should also be

discussed, following encouraging existed evidence:

● Sevoflurane could decrease lung alveolar epithelial permeability through the

Rho/pMLC/F-actin regulation

● Sevoflurane protective effects on alveolar fluid clearance is, at least partly,

through the protection of epithelial of ion and water transport

And finally, with all the high potential that RAGE showed in other studies, it is

indispensable to discuss the possible role of RAGE in lung epithelial repair in our research :

● RAGE has an important role in the process of alveolar re-epithelization, the test

of this hypothesis will establish a solid ground to discuss for the next hypothesis.

● Effects of sevoflurane on lung epithelial permeability could be, at least partially,

mediated by RAGE.
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4. Results

4.1 Inhaled anesthesics for sedation of intensive care patients

4.1.1 Review of the literature on inhaled ICU sedation

Inhaled sedation in the intensive care unit. Anaesth Crit Care Pain Med. 2022 Jul

27;41(5):101133. (Study N°1)

Matthieu Jabaudon, Ruoyang Zhai, Raiko Blondonnet, Woodys Lenga Ma Bonda

4.2 Use of preclinical models of ARDS for mechanistic investigations of lung

alveolar injury and repair

4.2.1 Review of the literature on preclinical and clinical models of ARDS

From preclinical to clinical models of acute respiratory distress syndrome. Signa Vitae 2022.

Vol.18, Issue 1, January 2022 pp.3-14. doi: 10.22514/sv.2021.228 (Study N°2)

Ruoyang Zhai, Woodys Lenga Ma Bonda, Gustavo Matute-Bello, Matthieu Jabaudon

4.2.2 Explore roles of the RAGE pathway in alveolar epithelial wound

healing

The receptor for advanced glycation end-products enhances lung epithelial wound repair: An

in vitro study. Exp. Cell Res. 391, 112030 (2020)(Study N°3)

Ruoyang Zhai, Raiko Blondonnet, Ebrahim Ebrahimi, Corinne Belville, Jules Audard,

Christelle Gross, Helena Choltus, Fanny Henrioux, Jean-Michel Constantin, Bruno Pereira,

Loic Blanchon, Vincent Sapin, Matthieu Jabaudon
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4.3 Mechanistic approaches to the effects of sevoflurane on lung epithelial injury

and function

4.3.1 Effects of sevoflurane on RAGE mediated-lung epithelial barrier

function

Effects of sevoflurane on lung epithelial permeability in experimental models of acute

respiratory distress syndrome (Study N°4)

Ruoyang Zhai, Woodys Lenga Ma Bonda, Charlotte Leclaire, Cécile Saint-Béat, Camille

Theilliere, Corinne Belville, Randy Coupet, Raiko Blondonnet, Damien Bouvier, Loic

Blanchon, Vincent Sapin, Matthieu Jabaudon (Submitted for Publication)

4.3.2 Effects of volatile anesthetics sevoflurane and isoflurane on lung

alveolar epithelial injury and function: a randomized laboratory trial in piglets

Effects of volatile anesthetics sevoflurane and isoflurane on lung alveolar epithelial injury

and function: a randomized laboratory trial in piglets (Study N°5)

Ruoyang Zhai, Raiko Blondonnet, Bertille Paquette, Corinne Belville, Bruno Pereira,

Woodys Lenga Ma Bonda, Damon-Soubeyran Christelle, Loic Blanchon, Vincent Sapin,

Matthieu Jabaudon (In Preparation）
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STUDY N°1

Inhaled sedation in the intensive care unit

Jabaudon M, Zhai R, Blondonnet R, Bonda WLM. Anaesth Crit Care Pain Med. 2022 Jul

27;41(5):101133.
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Scientific Knowledge of the Subject

Sedation is used to improve comfort and tolerance in the Intensive Care Unit (ICU),

such as during mechanical ventilation, invasive interventions, and/or nursing care52. However,

sedation should not be considered as a goal and should always be integrated in an “ABCDEF”

bundle for ICU liberation210,211. Such a bundle should always give priority to the adaptation of

ventilator settings for patient-ventilator asynchrony prevention or treatment over the

unnecessary administration of medications, such as sedatives, opioids, and neuromuscular

blocking agents, which can delay liberation from mechanical ventilation and the ICU, thus

worsening patient outcomes32,212.

Current sedation practice largely relies on intravenous agents, such as propofol and

dexmedetomidine, or midazolam, however, both of them has its limites32,210,212–214. During

past years, the use of halogenated agents, such as sevoflurane and isoflurane, in the sedation

of patients in the Intensive Care Unit (ICU), is now feasible through dedicated vaporizers and

scavenging systems57,215–217. In addition to their function as sedative agents, these molecules

have many intrinsic characteristics with potential therapeutic benefits that could be especially

relevant to ICU patients for example in COVID-19 cases55,218.

Contributions of this study to the field

In this review, we summarized the pharmacological basis and practical aspects of the

use of volatile anesthetics for ICU sedation, and reviewed and discussed available evidence

supporting inhaled sedation as a viable alternative to intravenous sedation.

We also pointed out the availability of halogenated agents and devices allowing their

use in intensive care depends on countries, which should be taken into consideration.
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However, encouragingly, inhaled sedation is being increasingly accepted as an alternative to

intravenous sedation, particularly for desired short-term sedation in intensive care.
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Introduction

In the intensive care unit (ICU), sedation is used to improve
comfort and tolerance, such as during mechanical ventilation,
invasive interventions, and/or nursing care [1]. However, sedation
itself should not be considered as a goal and priority should always
be given to analgesia and the adaptation of ventilator settings for
patient-ventilator asynchrony prevention or treatment over the

unnecessary administration of medications, such as sedatives,
opioids, and neuromuscular blocking agents, which can delay
liberation from mechanical ventilation and the ICU, thus worsen-
ing patient outcomes [2–4]. Current sedation practise largely relies
on intravenous agents, such as propofol and dexmedetomidine.
Recent surveys of sedation practices have also found that
midazolam and propofol continue to be widely used for ICU
sedation [5]. However, non-benzodiazepine strategies should be
preferred for ICU sedation, as the use of benzodiazepines is
associated with decreased ventilator-free days, increased risk of
delirium, and worse long-term outcomes overall [3,4]. Propofol use
is not directly associated with prolonged sedation and/or delirium,
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and propofol is more titratable than midazolam; however, it may
cause hypertriglyceridaemia and propofol-related infusion syn-
drome, typically at higher doses. Dexmedetomidine is an alpha-2
agonist that does not reduce respiratory drive, has co-analgesic
properties, and may have cardiac toxicity in some patients at
higher doses. A deep level of sedation is not possible with
dexmedetomidine alone, and using multiple agents may be
considered in some situations [3,4,6].

Although volatile anaesthetics such as isoflurane or sevoflurane
have long been used to provide general anaesthesia in the
operating theatre, inhaled ICU sedation is now an available option
to provide ICU sedation, at least in those countries where specific
devices have been developed and approved for use with modern
halogenated agents such as isoflurane, sevoflurane or desflurane
[7–10]. In addition to their function as sedative agents, these
molecules have many intrinsic characteristics with potential
therapeutic benefits that could be especially relevant to ICU
patients. The use of volatile anaesthetics for ICU sedation has
increased in some regions during the recent coronavirus disease
2019 (COVID-19) pandemic, given intravenous drug shortages and
the need to expand ICU bed capacity [11,12]. In this article, our goal
was to summarise the pharmacological basis and practical aspects
of the use of volatile anaesthetics for ICU sedation, to review the
available evidence supporting inhaled sedation as a viable
alternative to intravenous sedation, and to discuss areas of
uncertainty and future perspectives of the field.

History and Pharmacological Basis

In the early nineteenth century, nitrous oxide (N2O) and ether
were the first volatile anaesthetics to be used for medical purposes.
Halogenated agents have been used in humans for almost 150 years
to induce general anaesthesia; halothane was the first fluorocar-
bon molecule synthesised in 1951, but it was soon abandoned due
to concerns about liver toxicity. More modern molecules such as
isoflurane, sevoflurane, and desflurane emerged in 1972, 1990, and
1992, respectively [13]. Halogenated agents take their name from
the presence of atoms from the halogen group in their molecular
structure. Note that methoxyflurane, which is also a halogenated

agent, was initially abandoned in the 1970s because of renal
toxicity, but is currently being used again through self-adminis-
tered inhalation for rapid pain relief in the prehospital setting.

Halogenated agents are molecules with a carbon skeleton and
several halogen atoms (chlorine, fluorine or bromine). The
chemical structures of the main halogenated agents in use today
are presented in Fig. 1. The physical characteristics of halogenated
agents—those related to solubility in the blood or organs in
particular—have major implications for their use in clinical
practice; indeed, the solubility of gases in plasma is inversely
correlated to their rapid onset and offset of action. Thus, an
anaesthetic gas that is not very soluble in plasma will allow rapid
induction of narcosis and be rapidly eliminated after interruption
of its administration, leading to rapid awakening. The gas/blood
partition coefficient is, therefore, the most decisive parameter for
the rapidity of action of the gas and patient awakening. These
characteristics, which are true for the use of halogenated agents in
the operating theatre, remain true in the ICU setting. Halogenated
agents are liquid at room pressure and temperature (except
desflurane), and must, therefore, be transformed into breathable
vapour by vaporisers dedicated to each gas, depending on their
boiling temperatures.

The action of halogenated agents involves complex mecha-
nisms via interactions with membrane proteins at the pre- and
post-synaptic levels, both in nervous tissues and other types of
tissue. Overall, they reduce presynaptic excitation and neurotrans-
mitter release, reduce neurotransmitter activity in the postsynap-
tic membrane, exert anti-N-methyl-D-aspartate effects [9], have
anticonvulsant effects, and can cause isoelectric electroencepha-
logram with burst suppression at high doses. Of note, halogenated
agents have a bronchodilator effect through direct action on the
bronchial smooth muscle and inhibition of the transmission of the
vagal impulse at the level of the postganglionic fibre. They also
inhibit the hypoxic pulmonary vasoconstriction response in a
dose-related manner.

Halogenated agents are fast-onset (1–2 min) and fast-offset (4–
7 min) drugs that induce a dose-dependent reduction in respira-
tory drive and allow light-to-deep sedation targets. Although
isoflurane or sevoflurane use has been associated with a decrease

Fig. 1. Schematic view of the bedside equipment setup for delivering inhaled sedation in the intensive care unit. A Sedaconda-ACD (equipment setup in green) or Mirus

(equipment setup in blue) device is placed between the Y-piece of the ventilator breathing circuit and the endotracheal tube. Use of these devices does not require additional

antimicrobial filtration or humidification. Expired volatile anaesthetic agent is scavenged at the ventilator expiratory port.

M. Jabaudon, R. Zhai, R. Blondonnet et al. Anaesth Crit Care Pain Med 41 (2022) 101133
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in opioid requirements in some studies [14,15], whether these
agents have specific analgesic effects and which mechanisms may
explain such effects remains unknown. End-tidal gas fractions are
good surrogates of cerebral concentrations of the drugs and,
although sedation should first be adapted using validated clinical
scores [16], monitoring such end-tidal gas fractions could
represent an efficient way of titrating sedation to a patient’s
needs (usual range of 0.2–1.4%) [17,18]. Importantly, halogenated
agents undergo pulmonary elimination and have a low level of
hepatic metabolism (metabolism rate of 2–5% for sevoflurane, 0.2%
for isoflurane, and 0.02% for desflurane), without the production of
active metabolites (fluorine ions) or alteration in hepatic/renal lab
tests in patients [9].

Practical Aspects

Devices and general set-up

Volatiles were first vaporised to ICU patients through anaes-
thesia machines to manage severe medical conditions, such as
refractory asthma, bronchospasm and status epilepticus, or to
achieve sedation in patients with high requirements, such as those
with a history of drug abuse [7,19–23].

Nowadays, the anaesthetics machine has been repurposed to
meet ICU demand in the current pandemic [24,25]. Anaesthetic
machine reflectors have been specifically developed to ventilate
critically ill patients. Two major systems have been used: the
Anaesthetic Conserving Device (Sedaconda-ACD, Sedana Medical,
Danderyd, Sweden) and the Mirus system (Mirus, TIM GmbH,
Koblenz, Germany). These devices are inline miniature vaporisers
with humidification and antiviral filter properties. It connects
between the endotracheal tube and Y-piece of the respiratory
circuit attached to a gas monitoring module (allowing continuous
surveillance of end-tidal gas concentrations and carbon dioxide)
and a gas-scavenging device (either active or passive). They are
compatible with most modern ventilators, but heated humidifiers
should not be used with them as these devices already have good
heat and moisture exchanger properties.

The Sedaconda-ACD device contains no electrical components
and is compatible with magnetic resonance imaging and computed
tomography scanners; the latest Sedaconda-ACD-S version has a
smaller dead space of 50 mL and can, therefore, allow tidal
volumes as low as 200 mL. The Sedaconda-ACD allows for the
passive vaporisation of sevoflurane and isoflurane, delivered
continuously to the device in a liquid form via an electric syringe
pump. After priming the agent line with 1.5 mL of the agent,
indicative pump rates for isoflurane and sevoflurane are 2–7 mL/h
and 4–10 mL/h, respectively, to obtain end-tidal fractions of 0.2–
0.7% and 0.5–1.4%, respectively [18]. The Sedaconda-ACD also
contains a layer of activated charcoal that captures > 80% of the
exhaled agent, which can be redelivered during the next
inspiration. The Mirus system can be used to deliver isoflurane,
sevoflurane or desflurane while adjusting infusion rates through
the automatic control of anaesthetic concentration targets [26]. In
patients with high volume secretions, both devices may need more
frequent replacement (< 24 h for the Sedaconda-ACD; < 7 days for
the Mirus system), and mini vaporisers should be removed from
the circuit when inhaled sedation is stopped, in order to minimise
the work of breathing [27].

Both medical and paramedical teams should be familiar with
these technical concerns before using inhaled sedation in practice
[9,11], and adequate training on technology and drug features
should be considered before using these systems. This may be
simpler in European ICUs, where anaesthesiology-trained intensi-
vists are predominant, compared to some other regions; imple-

mentation of inhaled ICU sedation should always involve cross-
disciplinary collaboration between anaesthesiologists, intensi-
vists, nurses, and respiratory therapists.

Potential adverse events and current limitations

The prolonged use of inhaled sedation (e.g., for > 48 h) has
shown good safety with equivalent effects on haemodynamic
stability, no hepatorenal toxicity, and possibly less agitation
compared to intravenous agents [28–31].

The risk of malignant hyperthermia triggered by halogenated
agents is very rare but should be rapidly identified, as it requires
urgent treatment. Malignant hyperthermia occurs within geneti-
cally susceptible patients and combines hyperthermia, hyper-
carbia and haemodynamic instability. The triggering drug (and
device in the case of halogenated agents) should be immediately
removed and specific treatment relies on intravenous dantrolene
sodium. Such symptoms should ideally be separated from more
common ICU events such as new sepsis and deteriorating lung
function.

Among others, non-specific adverse events include decreased
cardiac output and arterial pressure (dose-dependent), as well as
respiratory depression (dose-dependent). Halogenated agents
have equivocal effects on cerebral blood flow, with increased
intracranial pressure and cerebral vasodilation, but decreased
cerebral oxygen consumption and improved regional blood flow.
However, they should be avoided when there is a risk of increased
intracranial pressure. During pregnancy or in patients and
healthcare professionals at risk of pregnancy, the use of
sevoflurane seems safe, but the ‘‘precautionary principle’’ should
be applied to limit exposure as much as possible, although
exposure levels of healthcare workers seem very low [32]. There is
little evidence to suggest that low dose isoflurane exposure has any
clinically significant teratogenic effects, though isoflurane in
combination with N2O can be teratogenic in rats [33,34]. The
exposure of pregnant mice to isoflurane for 4 h caused reduced
foetal weight and congenital malformations at doses above
6000 ppm. If a patient or a healthcare worker is pregnant or
probably pregnant, a precautionary use should be applied to limit
exposure as much as possible. However, inhaled anaesthetics
deemed to be safe and the level of exposure to healthcare workers
seem very low [33,35]. Unfortunately, there are no clinical data
available during pregnancy. More recently, a few cases of diabetes
insipidus have been reported after the prolonged use of high-dose
sevoflurane, but the causality remains under debate [36–38].

Available Evidence

Published clinical trials of adult patients who underwent
sedation with volatile anaesthetics in the intensive care unit are
listed in Table 1.

Potential Benefits of inhaled ICU sedation

Halogenated agents are short-acting drugs, which are easy to
titrate to the targeted level from light-to-deep sedation. In a small
randomised controlled trial, assigning ICU patients expected to
require sedation for more than 24 h to sevoflurane (n = 19),
propofol (n = 14) or midazolam (n = 14), sevoflurane was associat-
ed with significantly shorter wake-up and extubation times,
decreased use of opioids, and less vasopressor requirement
compared to both midazolam and propofol [14]. A first systematic
review and meta-analysis of eight trials (523 patients) published
before 2015 confirmed a reduction in extubation times (defined as
the time between discontinuing sedation and tracheal extubation)
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when using inhaled sedation with desflurane, sevoflurane or
isoflurane, compared to intravenous midazolam or propofol
(difference in means, �53 minutes; 95% confidence interval [CI],
�75 to �30; P < 10-5). Differences were greater when comparing
inhaled sedation with midazolam (�292 minutes; 95% CI, �384 to
�200; P < 10-5) than with propofol (�29 minutes; 95% CI, �47 to
�11; P = 10-3), and there was no significant difference in the
incidence of adverse events (such as nausea and vomiting or
changes in serum creatinine) related to the proportion of time spent
in target sedation, length of stay, or death between inhaled and
intravenous sedation strategies [29,39–41]. In another meta-

analysis of 13 randomised and quasi-randomised controlled trials
(1,027 patients) published before 2017, awakening and extubation
times were shorter with inhaled sedation than with intravenous
sedation (midazolam or propofol), although there were no
differences in the lengths of ICU and hospital stays [30]. These
findings contrast with those from a retrospective study in surgical
ICU ventilated patients receiving prolonged sedation (> 96 h), in
which patients receiving inhaled isoflurane (n = 72) had more
ventilator-free days at day 60, more hospital-free days at 6 months,
and decreased mortality, compared to patients receiving midazo-
lam or propofol (n = 128) [42]. However, in-hospital and one-year

Table 1
Published randomised controlled trials and quasi-randomised controlled trials of adult patients who underwent sedation with volatile anaesthetics (sevoflurane, isoflurane,

or desflurane) in the intensive care unit.

Study Subjects Inhaled sedation
group (drug, n)

Intravenous sedation
group (drug, n)

Mean sedation
duration

Target sedation
level

Included outcomes

Sackey et al. [39] Medical patients expected

to need > 12 h sedation

Isoflurane (n = 20) Midazolam (n = 20) Maximum: 96 h

Inhaled: 52 h

IV: 32 h

BBSS -1 to +1 Awakening time,

extubation time

Sackey et al. [40] Medical patients expected

to need > 12 h sedation

Isoflurane (n = 10) Midazolam (n = 7) Maximum: 96 h

Inhaled: 44.2 h

IV: 61.3 h

BBSS -1 to +1 ICU LOS, delirium

Mesnil et al. [14] Medical patients expected

to need

� 24 h sedation

Sevoflurane

(n = 19)

Propofol (n = 14)

Midazolam (n = 14)

Inhaled: 50 h

Propofol: 57 h

Midazolam: 50 h

RSS 3-4 Awakening time,

extubation time, ICU LOS,

delirium, serum creatinine

Georgevici et al. [16] Surgical patients

requiring postoperative

invasive MV after major

abdominal, vascular, or

orthopaedic interventions

Isoflurane (n = 10)

Sevoflurane (n = 10)

Desflurane (n = 10)

None Isoflurane: 18 h

Sevoflurane: 17 h

Desflurane: 18 h

Age-adjusted

MAC 0.55

RASS, BPS, EEG monitoring

(Narcotrend index)

Jerath et al. [47] Patients with normal or

mildly reduced left

ventricular systolic

function and receiving

postoperative sedation

after coronary

artery bypass graft surgery

Isoflurane or

Sevoflurane (n = 67)

Propofol (n = 74) Not reported RASS -1 to +1 Serum troponin, extubation

times, sedation and pain

scores, analgesia

requirement, shivering,

postoperative nausea and

vomiting, and ICU and

hospital LOS

Jabaudon et al. [28] Patients within 24 h of

moderate or severe ARDS

(Berlin criteria)

Sevoflurane (n = 25) Midazolam (n = 25) Sevoflurane: 48 h

IV: 48 h

BIS 40–50 Arterial oxygenation,

alveolar and plasma levels

of cytokines and soluble

form of the receptor for

advanced glycation end-

products, physiologic

variables, compliance of the

respiratory system, airway

resistance, vasopressor

requirement, duration of

mechanical ventilation, ICU

LOS, 30-day mortality

Hellström et al. [48] Surgical patients after

coronary artery bypass

surgery with

cardiopulmonary bypass

Sevoflurane (n = 49) Propofol (n = 50) Sevoflurane: 2.8 h

IV: 3.1 h

MAAS 2-3 for a

minimum of 2 h

Duration of sedation, wake-

up times, minor adverse

events, ICU/hospital LOS

and ICU memory tool

Hellström et al. [49] Surgical patients after

coronary artery bypass

grafting with

cardiopulmonary bypass

Sevoflurane (n = 50) Propofol (n = 50) Sevoflurane: 2.9 h

IV: 3.7 h

MAAS 2-3 for a

minimum of 2 h

Serum troponin, adverse

cardiac events, need for

haemodynamic support

Meiser et al. [41] Surgical patients after

major surgery

Desflurane (n = 28) Propofol (n = 28) Desflurane: 11.5 h

IV: 9.7 h

BIS 60 Emergence time, time to

first response, time to eyes

open, time to squeeze hand,

time to extubation, time to

saying birth date and to

recall words memorised

preoperatively

Meiser et al. [15] Patients under MV Isoflurane (n = 150) Propofol

(n = 151)

Isoflurane: 11.5 h

IV: 9.7 h

RASS -4 to -1 Percentage of time in

sedation range, opioid

requirements, spontaneous

breathing, time to

wake-up and extubation,

and adverse events

MV: mechanical ventilation; IV: intravenous; BBSS: Bloomsbury sedation scale; LOS: length of stay; RASS: Richmond agitation sedation scale; RSS: Ramsay sedation scale;

MAC: end-expiratory minimal alveolar concentration; BPS: behavioural pain scale; EEG: electroencephalography; BIS: bispectral index; ARDS: acute respiratory distress

syndrome; MAAS: motor activity assessment scale.
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mortality rates were high in patients from the control group (63%
and 70%, respectively) in this study, which had inherent limitations
due to a small sample size and a retrospective, single-centre design.

There is now important literature to support the overall safety
of administering inhaled sedation to ICU patients through specific
devices, without the risk of tolerance or withdrawal and with no
major adverse effects, such as effects on respiratory mechanics or
renal or liver function [14,27,29–31,43–45]. In addition, inhaled
sedation consistently decreased the need for opioid analgesics and
other sedatives across multiple studies, including in patients with
COVID-19 [12,31,46]. In the meta-analysis by Kim et al., inhaled
sedation was also associated with lower serum troponin levels 6 h
after ICU admission, compared to intravenous sedation [30,47–
49]. This potential benefit of myocardial protection converges with
previous results from another meta-analysis of 68 studies in
patients undergoing cardiac surgery, in which the use of
halogenated agents (sevoflurane, isoflurane or desflurane), com-
pared to total intravenous anaesthesia, was associated with fewer
postoperative pulmonary complications and decreased mortality
(odds ratio for overall mortality, 95% CI, 0.35 to 0.85) [50]. The
Mortality in Cardiac Surgery Randomized Controlled Trial of
Volatile Anesthetics (MYRIAD trial) was a pragmatic, multicentre,
single blind trial of halogenated agents vs. total intravenous
anaesthesia in patients undergoing elective coronary artery bypass
grafting. More than 5,000 patients were enrolled in this large trial
that did not find any benefit of volatile anaesthetics in decreasing
the primary outcome of mortality at one year, which was low in
this trial (2.8% in the volatile anaesthetics group vs. 3.0% in the total
intravenous anaesthesia group).

Recent research also suggests that inhaled sedation could be
associated with some kidney-protective effects through attenuat-
ed renal tubular necrosis and decreased effects of pro-inflamma-
tory cytokines [51–53]. Because animal and human studies
support the protective effects of pre-treatment with halogenated
agents before prolonged liver [54], brain [55] or heart [56]
ischaemia, the hypothesis of end-organ protective properties of
inhaled sedation has gained growing interest [9]. In the following
section, we will focus on the effects of inhaled sedation on the
lungs of patients with, or at risk of ARDS.

End-organ Protection? The case of the lungs

Multiple preclinical investigations suggest that isoflurane and
sevoflurane may possess important lung-protective effects medi-
ated via mechanisms that could be very relevant to the
pathogenesis and resolution of ARDS [57].

In vitro, sevoflurane reduced the secretion of inflammatory
mediators and the chemotactic activity and adherence of
neutrophils in cultured alveolar epithelial cells after lipopolysac-
charide (LPS) challenge [58,59], and alveolar macrophages treated
with sevoflurane after LPS had increased phosphorylation of the
extracellular-regulated kinase, an anti-inflammatory and anti-
apoptotic kinase [60,61]. In vivo, studies in various mouse, rat and
pig models of ARDS found that isoflurane and sevoflurane reduced
alveolar and systemic levels of pro-inflammatory cytokines [62–
66]. Inhaled sedation was also associated with improved arterial
oxygenation and decreased lung alveolar oedema in experimental
ARDS [66,67]. In particular, isoflurane was able to restore epithelial
tight junction integrity in a double-hit mouse model of nebulised
LPS plus ventilator-induced lung injury [68], and sevoflurane may
have protective effects on some mechanisms of transepithelial
fluid transport in vitro and in vivo [63,69].

A single-centre, randomised, controlled clinical pilot trial of
inhaled sevoflurane vs. intravenous midazolam enrolled 50 patients
within 24 h of moderate-severe ARDS onset, as defined by the Berlin
criteria, across three French ICUs [28]. In this trial, the duration of the

intervention was 48 h under neuromuscular blockade with cisa-
tracurium and conditions of deep sedation (as assessed by a
bispectral index value of 40-50) and lung-protective ventilation
(tidal volume of 6 � 8 mL/kg predicted body weight, positive end-
expiratory pressure of � 5 cmH2O, inspiratory plateau pressure of <

30 cmH2O). The use of the larger Sedaconda-ACD device (instrumen-
tal dead space volume of 100 mL) was not associated with increased
airway resistance or arterial carbon dioxide. The primary endpoint of
arterial oxygenation was better over time (5 days) in patients
receiving sevoflurane, an effect most pronounced on day 2 and day
3 after randomisation. The levels of pro-inflammatory cytokines and
of soluble receptor for advanced glycation end products, a marker of
lung epithelial injury, were decreased in both the plasma and the
bronchoalveolar lavage fluid with sevoflurane, compared to intrave-
nous midazolam. Although this pilot trial was not adequately
powered to assess major clinical outcomes (30-day mortality of 36%
with sevoflurane versus 40% with midazolam, P = 0.9), there was a
non-significant increase in the number of ventilator-free days at day
30 in patients treated with sevoflurane, compared to those treated
with midazolam (median, interquartile, 13.0 [1.0 � 20.0] versus

5.5 [0.0 � 28.0], respectively, P = 0.4).
In patients with COVID-19-related ARDS, inhaled isoflurane

was associated with improved arterial oxygenation and lung
function, as well as decreased opioid and sedative consumptions
[12,46,70]. The feasibility of inhaled sedation with isoflurane
under extracorporeal membrane oxygenation [71], of co-adminis-
tration of sevoflurane and inhaled nitric oxide [72], and of a
strategy of light sedation with sevoflurane and spontaneous
breathing during prone positioning [73], has also been reported in
patients with ARDS.

Currently, at least two large trials are enrolling patients with
ARDS to assess the effects of inhaled sedation on major clinical
outcomes. The Canadian Sedating with Volatile Anesthetics
Critically Ill COVID-19 Patients in ICU: Effects On Ventilatory
Parameters And Survival (SAVE-ICU) trial is a multicentre, open-
label, pragmatic, randomised controlled trial that aims at
randomising 752 mechanically ventilated patients with hypo-
xaemic acute respiratory failure and proven or suspected COVID-
19 to either intravenous sedation (with any sedation supplied by
the participating hospital) or inhaled sedation with isoflurane or
sevoflurane, depending on the availability of both drugs (Clinical-
Trials.gov: NCT04415060). Primary outcome measures will be
hospital mortality, ventilator-free and ICU-free days at day 30, and
quality of life at 3 and 12 months after discharge. In parallel, the
French Sevoflurane for Sedation in ARDS (SESAR) trial aims at
recruiting a total of 700 patients within 24 h of moderate-severe
ARDS onset (PaO2/FiO2 < 150 mmHg under a positive end-
expiratory pressure of at least 8 cmH2O) to evaluate whether
sedation with inhaled sevoflurane (administered through the
Sedaconda-ACD-S) will increase the number of ventilator-free days
through day 28, as defined as the number of days alive and off the
ventilator at 28 days (thereby considering death as a competing
event) (primary outcome) and decrease all-cause 90-day mortality
(key secondary outcome), compared to a sedation strategy of
intravenous propofol (ClinicalTrials.gov: NCT04235608). Findings
from the SAVE-ICU and SESAR trials will also be invaluable to
inform the impact of inhaled sedation on neurocognitive function
and long-term outcomes, in addition to contributing to better
understanding of the potential clinical benefits of halogenated
agents for ICU sedation. Meanwhile, although this sedation
strategy is already being applied routinely in some centres, a
recent panel of experts suggested that inhaled sedation with
isoflurane or sevoflurane could be considered as a second or third-
line strategy (propofol being the first line) within an ‘‘ABCDEF-R’’
bundle (R for Respiratory-drive-control) for patients with ARDS
[4].
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Table 2
Current ongoing prospective clinical studies of inhaled isoflurane, sevoflurane or desflurane in adult ICU patients, as registered on ClinicalTrials.gov.

Study ClinicalTrials.gov

Identifier

Study population Number to recruit Intervention: volatile

anaesthetics (with

device when available)

Comparator Primary outcome(s) Secondary outcomes

Comparison of an

Inhaled Sedation

Strategy to an

Intravenous Sedation

Strategy in Intensive

Care Unit Patients

Treated With

Invasive Mechanical

Ventilation (INASED)

NCT04341350 Adult patients

requiring mechanical

ventilation for at least

24 and sedation

250 (multicentre) Isoflurane (Sedaconda

ACD-S, Sedana Medical)

Propofol Occurrence of a

delirium in intensive

care [Time Frame:

28 days]

Mortality in intensive care [Time Frame: Through exit from the

intensive care unit]

Mortality at day 28 [Time Frame: 28 days]

Hospital cost per patient [Time Frame: Through study completion, an

average of 1 year]

Number of days with vasopressors or inotropic agents [Time Frame:

Through exit from the intensive care unit]

Number of days with sedation [Time Frame: Through exit from the

intensive care unit]

Cumulative dose anaesthetics drugs [Time Frame: Through exit from

the intensive care unit]

Duration of anaesthetics drugs [Time Frame: Through exit from the

intensive care unit]

Maximum dose of vasopressors or inotropic agents [Time Frame:

Through exit from the intensive care unit]

Ventilation free days at 28 days following randomisation [Time Frame:

28 days]

Incidence and duration of delirium [Time Frame: 28 days]

Length of ICU stay [Time Frame: Through exit from the intensive care

unit, an average of 28 days]

Requirement of patients physical restraints [Time Frame: Through exit

from the intensive care unit]

Self-aggressive act [Time Frame: Through exit from the intensive care

unit]

Hetero-aggressive act [Time Frame: Through exit from the intensive

care unit]

Evaluation of cognitive functions [Time Frame: at ICU discharge and

3 and 12 months after ICU discharge]

Comparison of

Extubation Delay

After Prolonged

Sedation (ISOREA)

NCT04710914 Adult patients

admitted to the

intensive care unit for

septic shock and

requiring sedation for

more than 3 days

59 (single-center) Isoflurane

(Mirus, TIM GmbH)

Midazolam The delay between the

first sedation stop and

extubation [Time

Frame: 10 days]

Wake-up time [Time Frame: 10 days]

Total duration of sedation and mechanical ventilation [Time Frame:

90 days]

Total duration of intensive care and hospital stay [Time Frame: 90 days]

A measure of overall survival at 90 days defined by the duration

between the inclusion date and the date of death [Time Frame: 90 days]

Measurement of wake-up time defined by the duration between the

day of the first sedation stop and a RASS score of 0 [Time Frame:

10 days]

Incidence of intercurrent events [Time Frame: 90 days]

Doses of vasopressor, hypnotic and opioid drugs administered [Time

Frame: 3 days]

Number of days without mechanical ventilation [Time Frame: 90 days]

Measurement of midazolam and two active metabolites, 1-OHM and 1-

OHMG [Time Frame: 24, 48 and 96 hours]

Costs of sedative treatments (midazolam and isoflurane) and the

devices needed to administer them (syringes and tubing for midazolam,

reflector and filter exchanger for isoflurane) [Time Frame: 90 days]
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Table 2 (Continued )

Study ClinicalTrials.gov

Identifier

Study population Number to recruit Intervention: volatile

anaesthetics (with

device when available)

Comparator Primary outcome(s) Secondary outcomes

Sedating With Volatile

Anaesthetics

Critically Ill COVID-

19 Patients in ICU:

Effects On

Ventilatory

Parameters And

Survival (SAVE-ICU)

NCT04415060 Adult patients under

mechanical ventilation

and expected to remain

mechanically

ventilated at the end of

the next day; Receiving

IV sedation by infusion

or bolus for � 72 hours

to facilitate mechanical

ventilation; Proven or

suspected COVID-19, or

COVID-19 negative

patients with PaO2/FiO2

� 300 mmHg during

the 12 h prior to

enrolment

752 (Multicentre) Isoflurane or

Sevoflurane

IV sedation

(any drugs)

Hospital Mortality

[Time Frame: 2 years]

Ventilator-Free Days

[Time Frame: 30 days]

ICU-Free Days [Time

Frame: 30 days]

Participant Quality of

Life at 3 and 12 months

after discharge [Time

Frame: 365 days]

Median Daily Oxygenation [Time Frame: 3 days]

Delirium and Coma Free Days [Time Frame: 14 days]

Adjunctive ARDS therapies [Time Frame: 30 days]

Hospital-Free Days [Time Frame: 60 days]

Disability [Time Frame: 365 days]

Cost Utility Analysis [Time Frame: 365 days]

SEvoflurane for

Sedation in ARds

(SESAR)

NCT04235608 Adult patients within

24 h of ARDS (Berlin

criteria) with PaO2/FiO2

< 150 mmHg under

positive end-expiratory

pressure �8 cmH2O

700 (Multicentre) Sevoflurane

(Sedaconda ACD-S,

Sedana Medical)

Propofol Number of days alive

and off the ventilator

[Time Frame: 28 days]

Key secondary endpoint: survival [Time Frame: 90 days]

Secondary endpoints: mortality [Time Frames: 7, 14, and 28 days]

Exploratory outcomes:

Ventilator-free days through day 7 and day 14

Organ failure-free days through day 7

ICU-free and hospital-free days through day 28

Measures of respiratory function through day 7

Use of rescue procedures for refractory hypoxaemia through day 28

ICU-acquired delirium through day 28

Long-term outcome assessments at 3 and 12 months

Healthcare-related costs during ICU and hospital stay

Exploratory biologic outcomes (mechanistic studies)

Safety outcomes: changes in haemodynamic measures and in KDIGO

criteria for acute kidney injury; supraventricular tachycardia or new

onset atrial fibrillation; severe hypercapnic acidosis with pH < 7.15;

development of malignant hyperthermia, of propofol-related infusion

syndrome, and of pneumothorax or bronchopleural fistula persistent

despite drainage

ICU: intensive care unit; COVID-19: Coronavirus disease 2019; PaO2: partial pressure of oxygen in arterial blood; FiO2: fraction of inspired oxygen; ARDS: acute respiratory distress syndrome; KDIGO: kidney disease improving

global outcomes.
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Challenges and Perspectives

Large-scale studies are urgently awaited to further confirm the
efficacy and safety of inhaled ICU sedation. The main current
ongoing prospective clinical studies of inhaled isoflurane, sevo-
flurane or desflurane in adult ICU patients are summarised in Table
2. The phase III multicentre randomised controlled SEDACONDA
trial found that isoflurane is efficacious as a sole sedative and non-
inferior to propofol in maintaining targeted sedation levels
[15]. This trial is the largest trial of inhaled sedation that has
been completed to date, with 301 adult patients under mechanical
ventilation enrolled across 21 centres in Germany and three
centres in Slovenia. It will also allow pre-planned analyses in
patients with acute respiratory failure/ARDS and evaluation of
long-term neuropsychological effects (up to one year after
randomisation).

Indeed, multiple areas of uncertainty persist. For example,
whether inhaled sedation with halogenated agents could decrease
the risk of delirium and/or post-intensive care syndrome,
compared to the current practice of intravenous sedation, deserves
further investigation. Unfortunately, available meta-analyses were
unable to address the impact of inhaled sedation on ICU-related
delirium. Data from a pilot follow-up study on short-term recovery
from and longer-term evaluations of memory, quality of life, and
symptoms of anxiety or post-traumatic stress suggest that inhaled
sedation might be associated with less cognitive consequences,
compared to midazolam [40]. The Inhaled Sedation in ICU
(INASED) investigators are currently enrolling patients (a total
expected sample size of 250 patients) in a French multicentre,
randomised, controlled, open-label trial of isoflurane vs. propofol
that was designed to assess the effect of the two sedation strategies
on the occurrence of delirium (primary outcome, as assessed twice
a day by the confusion assessment method for the ICU) as well as
cognitive and functional outcomes at 3 and 12 months (secondary
outcomes) [74].

Healthcare-related cost analyses of inhaled vs. intravenous
sedation should also be the focus of future research. As a matter of
fact, there is no available cost-effectiveness study that considers
direct and indirect costs in relation to any beneficial clinical
outcomes of inhaled sedation, such as faster awakening and
extubation times, and decreased lengths of ICU and hospital stay.
In European centres, the Sedaconda-ACD is commonly used and
costs approximately 70 � 80s. In a series of 15 patients under
sedation with isoflurane for an average of 4 days, the cost of
midazolam/sufentanil sedation was similar to that of isoflurane/
sufentanil sedation, even when including the drug, device, and
scavenging costs [75]. A short-term postoperative sedation
randomised controlled trial comparing desflurane to propofol
sedation showed the overall drug costs for volatiles were lower
(95s desflurane vs. 171s propofol) and cost neutral with the
addition of the Sedaconda-ACD device [41], while another study of
sevoflurane for short-term sedation found that inhaled sedation is
more expensive than intravenous propofol sedation [76]. The cost-
effectiveness of isoflurane vs. sevoflurane for inhaled sedation also
warrants further investigation, as sevoflurane is usually more
expensive than isoflurane in most countries.

The risk of room and environmental pollution is also a major
question when performing inhaled sedation in the ICU. Based on
currently available data, there is no significant pollution when the
anaesthetic reflectors are correctly set up and used in accordance
with recommendations from their manufacturers. Clinical teams
should monitor and prevent potential leaks to the respiratory
circuit and replace vaporisers (every 24 h for the Sedaconda-ACD
and Sedaconda-ACD-S, and every seven days for the Mirus) and gas
scavenging filters regularly. Using a closed suction system can be

helpful for patients with important secretions requiring frequent
tracheal suctioning. Devices and empty syringes should be
disposed according to local protocols, and it is recommended that
syringes with larger amounts of residual halogenated agents (>
20 mL) should be disposed of with the special hospital waste. The
use of air conditioning and gas scavenging systems is recommen-
ded. Because desflurane’s carbon dioxide equivalent is 50 times
higher than that of sevoflurane and 23 times higher than that of
isoflurane, inhaled desflurane may not represent a viable option for
ICU sedation. Peak concentrations of waste halogenated agents
have been shown during the handling of the system, especially
during the preparation of syringes and device replacement.
However, multiple studies reported room pollution below
1.5 ppm for the Sedaconda-ACD with scavenging, which is far
below the recommended exposure limits, with scavenging, even in
countries with lowest recommendations (ranging from 2 to
50 ppm) [32,35,77]. To minimise room pollution, the Swedish
and American authorities recommend that ICU rooms are
equipped with air conditioning that has at least 6 air changes
per hour; however, although one study found that effective air
conditioning was one of the main reasons for low values of waste
halogenated agent [32], low values of waste gas could be
maintained with air conditioning below the recommendations
(4 air changes per hour) in another study [77].

Using halogenated agents for ICU sedation is gaining popularity,
and a 2019 survey of French ICUs highlighted that 80% of
respondents were ‘‘satisfied or very satisfied’’ with the technique
[10]. In this declarative survey, the main indications of inhaled
sedation were severe asthma or bronchospasm, ARDS, and failure
of intravenous sedation. However, most of them had only used
inhaled sedation for < 5 years and in < 20 patients per year, and the
main reasons for not using inhaled sedation included the
unavailability of the device (40% of responses) and lack of
familiarity with the technique (35% of responses). Overall, almost
75% of respondents answered that inhaled sedation was probably a
seducing and viable alternative to intravenous sedation, thus
prompting further diffusion and evaluation of this strategy, the
pursuit of continuous efforts to specifically train ICU staff in charge
of sedation, and efforts to further simplify the set-up and use of
systems dedicated to inhaled sedation, such as the Sedaconda-ACD
and the Mirus.

Conclusion

Taken together, the evidence available to date supports the
potential clinical benefits of using halogenated agents for ICU
sedation, although further research is needed to confirm its
efficacy and safety in large populations of critically ill patients, and
its specific effects on important outcomes, such as lung and
neurocognitive functions, among others. The availability and
practices of inhaled ICU sedation largely vary across countries,
and both the drugs (isoflurane, sevoflurane) and the devices
(Sedaconda-ACD, Mirus) are not yet labelled worldwide for ICU
sedation. However, the use of inhaled sedation may represent
more than an alternative to intravenous sedation, and some
national guidelines, such as in Germany, already suggest that
inhaled sedation should be considered as a first-line strategy for
mechanically ventilated patients for whom short wake-up times
are targeted [8].
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Scientific Knowledge of the Subject

Specific pharmacological therapy is still lacking for acute respiratory distress

syndrome (ARDS). This situation may be partly explained by the poor clinical translation of

promising therapies from preclinical models, which can be attributable to the intrinsic

limitations of the models219,220.

Research efforts have been held back in part by the difficulty of modeling human

ARDS in animals, mainly due its heterogeneity, with many clinical or biological/functional

variations among patients, in addition to its distinct causative factors, such as pulmonary or

extrapulmonary sepsis, gastric fluid aspiration, transfusions, severe trauma, injurious

mechanical ventilation, and/or reperfusion of ischemic tissues, among other causes221–225. In

this perspective, various preclinical models of “acute lung injury” that mimic the causes of

clinical “ARDS” have been used to better understand the mechanisms of injury and its repair,

and to develop novel therapies targeting these mechanism226.

Although most preclinical studies on ARDS have been performed using animal

models, other preclinical in vitro models are available and, more recently, the use of clinical

models of ARDS has also broadened our ability to decipher injury or repair mechanisms and

to identify novel targets for therapy development.

Contributions of this study to the field

In this review, we summarized multiple in vitro, ex vivo, and in vivo experimental

models of ARDS which have been developed in recent years, and their strengths and

limitations. However, no single model can truly reproduce the complexity and heterogeneity

of clinical ARDS. Combining multiple preclinical approaches with in vivo and clinical
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investigations is probably the most promising strategy for future mechanistic and therapeutic

research

Despite some failed experiments, some studies succeeded in advancing our

knowledge of the complex mechanisms of ARDS pathophysiology and the clinical translation

of a few therapeutic interventions, such as lung-protective mechanical ventilation,

neuromuscular blockade, and corticoid therapy12,14,227. Therefore, the judicious and

imaginative use of a broad range of experimental and analytical approaches is of paramount

importance in developing translational discovery research, with the goal of developing

prediction medicine strategies to ultimately improve patient outcomes.
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Abstract
Various preclinical models that mimic the clinical causes of acute respiratory distress
syndrome (ARDS) have been used to better understand the mechanisms of acute lung
injury and its repair and to investigate novel therapies targeting such mechanisms.
Despite important preclinical and clinical research efforts in recent decades, few
candidate therapies with promising preclinical effects have been successfully translated
into the clinical scenario, which could be attributable to the intrinsic limitations of
the models as well as to the incorrect identification of appropriate phenotypes of
patients to target with novel therapies that have proven beneficial in select preclinical
models. However, current translational research strategies based on the use of multiple
complementary preclinical and clinical models hold the promise of revolutionizing
intensive care by using granular knowledge that should allow for a better diagnosis,
greater predictability of the disease course, and the development of targeted therapies
while ensuring patient safety through reduced adverse effects. Our goal was to
summarize the strengths and limitations of the available models of ARDS, including
animal, in vitro, and clinical models, and to discuss the current challenges and
perspectives for research.

Keywords
Acute respiratory distress syndrome; Acute lung injury; Preclinical models; Transla-
tional research

1. Introduction

The acute respiratory distress syndrome (ARDS) is a severe
form of acute lung injury characterized by the onset of hy-
poxemic respiratory failure associated with noncardiogenic
pulmonary edema and dysregulated inflammatory responses
[1–3]. The incidence of the syndrome is high, represent-
ing approximately 10% of patients admitted to the intensive
care unit (ICU) and, despite important preclinical and clinical
research efforts since its first description in 1967 [4], the
syndrome is still associated with high mortality rates and
long-term impacts on survivors [5]. Substantial progress has
been made in improving supportive intensive care, such as
the application of lung-protective mechanical ventilation, but
specific pharmacological therapy is still lacking. Although this
may be due to the incorrect identification of appropriate subsets
of patients to target with novel therapies that have proven
beneficial in select preclinical models, it may also be explained
by the poor clinical translation of promising therapies from
preclinical models, which can be attributable to the intrinsic
limitations of the models [6, 7].
Research efforts have been held back in part by the difficulty

of modeling human ARDS in animals, mainly due its hetero-
geneity, with many clinical or biological/functional variations
among patients, in addition to its distinct causative factors,

such as pulmonary or extrapulmonary sepsis, gastric fluid
aspiration, transfusions, severe trauma, injurious mechanical
ventilation, and/or reperfusion of ischemic tissues, among
other causes [3, 8–11]. In this perspective, various preclinical
models of “acute lung injury” that mimic the causes of clinical
“ARDS” have been used to better understand the mechanisms
of injury and its repair, and to develop novel therapies targeting
these mechanisms [12].

Ideally, a comprehensive model of acute lung injury should
be able to reproduce all the relevant features of ARDS patho-
physiology, including all the physiological, functional, bio-
logical, and pathological symptoms related to injury and their
consequences. However, such an ideal model mimicking the
clinical scenario does not exist, and all the preclinical models
have intrinsic limitations and strengths [13, 14]. Importantly,
the “ideal” model may not always be the one that best repro-
duces human ARDS, but the one that is best suited to answer
a specific scientific question. For example, despite all their
limitations, mouse models remain key for mechanistic studies
because of the ease of genetic manipulations, the ability to
generate a large cohort in a short time, etc. Large animal
models have more translational value but are less well suited
to mechanistic studies. This leads to a proposed stepwise
approach for animal studies, with reductionistic, targeted ro-
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dent models as an initial step to identify potential mechanisms
or therapeutic targets, and increasingly translational models
(e.g., large animals) as recommended pre-clinical steps as
the research gets closer to the bedside (e.g., testing of novel
therapeutics). Although most preclinical studies on ARDS
have been performed using animal models, other preclinical
in vitro models are available and, more recently, the use of
clinical models of ARDS has also broadened our ability to
decipher injury or repair mechanisms and to identify novel
targets for therapy development.
In this narrative review, our goal was to summarize the

strengths and limitations of the available models of acute lung
injury, including animal, in vitro, and clinical models, and to
discuss the current challenges and prospects for research.

2. In vivomodels of ARDS

Live animalmodels of ARDS play an important role as a bridge
between clinical and laboratory studies in research translation.
The consensus criteria of an in vivo model include acute onset
of injury, altered alveolar-capillary membrane, alveolar in-
flammation, and lung histopathological changes that, together,
lead to physiological impairment, such as arterial hypoxemia
or impaired alveolar fluid clearance (Table 1, Ref. [14])
[14, 15]. Despite the many anatomical and physiological dif-
ferences between animals and humans influencing the response
of the lung to an acute injurious stimulus and affecting the
evaluation of lung injury, in vivo models are frequently used
as a reliable tool to test hypotheses with variably controlled
parameters [14]. The latest updates on what constitutes an
animal model of ARDS have focused on the clinical presenta-
tion, highlighted the importance of some degree of pre-existing
lung injury, suggested the use of mechanical ventilation (to
better coincide with the most frequent clinical scenario), and
recommended the assessment of physiological outcomes to
test potential therapeutic candidates [13, 14, 16]. Since no
single animal model can fully replicate all the pathophysio-
logical features of ARDS, multiple animal models have been
developed, with the goal of replicating, sometimes in a very
caricatural way, the clinical risk factors for ARDS, such as
aspiration, pulmonary/extra-pulmonary infections, and me-
chanical ventilation-induced lung injury, among others [2, 3].
Schematically, preclinical ARDS can be caused in vivo through
direct lung injury (such as after pneumonia or acid installation)
or indirect lung injury (such as after peritonitis). “Double-
hit” models have also been developed, which are intended to
mimic clinical scenarios combining a specific risk factor (such
as pneumonia) and a superimposed injury (such as hyperoxia
or injurious ventilation) [17].
Different animal species have been used in the models, from

large animals, such as non-human primates, pigs, dogs, cattle,
sheep, and rabbits, to smaller animals, such as rats and mice.
Larger animals are believed to better replicate human condi-
tions, but these models are expensive and require specialized
animal facilities. Models using smaller animals, such as mice,
are more widely accessible and are a very powerful research
tool, as the animals can be genetically modified in multiple
ways to facilitate the detailed mechanistic study of complex
pathways [13, 18–20].

2.1 Lipopolysaccharide-induced sepsis
models
Lipopolysaccharide (LPS), often named endotoxin, is
composed of a polar lipid head group (lipid A) and a
chain of repeating disaccharides. It is present on the outer
membrane of Gram-negative bacteria such as escherichia
coli and haemophilus influenzae. The host response to LPS
plays an important role as a mediator of bacterial sepsis
via its binding with toll-like receptor 4 and the subsequent
secretion of inflammatory mediators [21, 22]. LPS-induced
lung injury caused by pulmonary or extra-pulmonary sepsis
is one of the most commonly used ARDS models [13].
LPS can be administered into the lungs by intratracheal
instillation or inhalation to produce direct lung injury in
which the alveolar epithelium is the primary structure that
is damaged. LPS can also be administered intraperitoneally
or intravenously to reproduce peritonitis or blood infection,
respectively, with marked systemic inflammatory response.
Interestingly, repeated or continuous LPS exposure has been
shown to exacerbate lung injury in models of extrapulmonary
ARDS [23]. The LPS model ideally mimics a neutrophilic
inflammatory response with increases in intrapulmonary
cytokines and is, therefore, typically suitable for studies of
inflammatory processes [13, 18]. However, it has significant
disadvantages. First, the responses to LPS are highly variable
among animal species, depending on the presence or absence
of specific lung intravenous macrophages; for example,
rodents are more tolerant to endotoxin exposure than pigs
or sheep. Rodent models have been widely used to study
LPS-induced lung injury due to their availability, easy
accommodation, and relatively low cost. However, rodents
are small animals with limited blood volume available for
serial sampling [13, 24]. The endotoxin preparations used
in animal studies may also vary in serotype and purity and
can be contaminated with bacterial lipoproteins and other
bacterial materials [25]. The duration of LPS exposure may
also introduce some variability in the published results. In
addition, the LPS model is often associated with mild changes
in alveolar-capillary permeability and degrees of endothelial
and epithelial injury, thus limiting clinical translation.

2.2 Live bacteria-induced sepsis models
Intrapulmonary or intravenous administration of live bacteria
is another option to induce sepsis in animal models. In-
tratracheal instillation or inhalation of live bacteria, such as
streptococcus pneumoniae or pseudomonas aeruginosa, can
cause ARDS and, depending on the importance of the bacterial
inoculum, systemic manifestations of sepsis [26–28]. The in-
travenous administration of live bacteria is followed within an
hour by an initial phase of hypotension and leukopenia, which
can progress to septic shock, intravascular coagulation, and
death [13, 14]. Typically, live bacteria-induced sepsis models
induce increased permeability, interstitial edema, and neu-
trophilic alveolitis. They are often used for studies of bacterial
sepsis-induced lung injury. The intratracheal administration
of live bacteria often results in localized pneumonia (rather
than ARDS) in histological studies; however, the unilateral
administration of bacteria can result in lung injury in the
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TABLE 1. Features of experimental acute respiratory distress syndrome in animals and their main relevant measures in animals, as proposed by the official American
Thoracic Society workshop report published in 2011 [14].

Features of experimental ARDS Very relevant measures

Histological evidence of tissue injury • Accumulation of neutrophils in the alveolus or the interstitium

• Presence of hyaline membranes

• Presence of proteinaceous debris in the alveolus

• Thickening of the alveolar wall

• Enhanced injury as measured by a standardized histology score

Alteration of the alveolar-capillary barrier • Increase in extravascular lung water content

• Accumulation of an exogenous tracer in the alveolar spaces or the extravascular compartment

• Increase in total bronchoalveolar protein concentration

• Increase in concentration of high molecular weight proteins in bronchoalveolar fluid (such as albumin, immunoglobulin M (IgM))

• Increase in the microvascular filtration coefficient

Inflammatory response • Increase in the absolute number of neutrophils in bronchoalveolar fluid

• Increase in lung myeloperoxidase activity or protein concentration

• Increase in the concentrations of proinflammatory cytokines in lung tissue or bronchoalveolar fluid

Physiological dysfunction • Hypoxemia

• Increased alveolar–arterial oxygen difference

It is recommended that at least three of the four “main” features are present in animal models of acute respiratory distress syndrome, and that at least one of the “very relevant”
measures is performed for each feature of interest. This list of measures is indicative and may not be exhaustive, meaning that other measures may be relevant.
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contralateral lung, depending on the bacterial dose. Therefore,
the main technical issue with this model resides in the potential
variability in the doses of live bacteria being administered.
Although viral infections are less frequent clinical causes

of ARDS than bacterial infections outside of some specific
pandemics (e.g., the coronavirus disease 2019 pandemic) [3,
5], animal models of viral pneumonia-induced lung injury are
also being used to study the specific responses to or test the
potential therapies for pathogens, such as influenza viruses or
coronaviruses [29, 30].

2.3 Acid aspiration model
Gastric aspiration is one of the common causes leading to the
development of ARDS in patients [31, 32]. This neutrophil-
dependent form of lung injury is characterized by damage
to the alveolar epithelium, alveolar hemorrhage, and intra-
alveolar and interstitial edema. One of the most important
features of this toxic process is the low pH of the gastric
content, and hydrochloric acid (HCl) intratracheal instillation
is the most used method to mimic gastric aspiration in animals,
in particular in mice or larger animals such as pigs. This
model induces the pathophysiological hallmarks of ARDS,
with neutrophil recruitment and moderate effects on mortality
[13]. The acid aspiration model is particularly useful for study-
ing mechanisms of disruption of the alveolar-capillary barrier
and of neutrophil recruitment. In addition, this reproducible
model can be used to study the resolution phase of ARDS
over multiple days after injury [33–35]. However, the narrow
margin between injurious and noninjurious acid concentrations
remains a limitation.

2.4 Abdominal sepsis models
Multiple models of peritonitis-induced lung injury have been
described. In the cecal ligation and puncture (CLP) model, the
cecum is ligated and punctured with a needle. The severity
of the injury depends on the number of holes in the cecum
and the size of the needle. In contrast to models using LPS
and live bacteria, in which the effects are almost immediate,
the effects of CLP develop over days, and the onset is less
abrupt and consistent [13]. The main features of CLP-induced
lung injury are mild hypoxemia, neutrophilic inflammation,
and interstitial and alveolar edema, thus providing a com-
plex representation of clinical extra-pulmonary sepsis [13].
Abdominal sepsis models can, therefore, be useful to study
mechanisms of indirect lung injury due to sepsis. However,
mortality is high, ranging from 25% at 18 h to 70–90% at
30 h, and it requires invasive surgery, although alternative
surgical methods have been reported, such as colon ascen-
dens stent peritonitis and laparoscopic cecal ligation [36, 37].
Other investigators have used intraperitoneal inoculation of
fibrin clots containing controlled inoculum of bacteria, such as
escherichia coli, to reproduce peritonitis-induced lung injury
in mice and rabbits; in this model, lung injury more likely
occurred at high doses, with overwhelmed host response, while
lower doses only caused mild lung injury, such as in CLP
model [38]. A more reliable and titratable model of peritonitis
by the intraperitoneal injection of cecal slurry has been recently
used to induce indirect ARDS [39, 40]. This model was

first adapted from a neonatal necrotizing enterocolitis model
[41]. Briefly, cecal contents are collected from euthanized
donor mice, resuspended, and filtered before intraperitoneal
injection.

2.5 Ventilator-induced lung injury
The use of ventilator-induced lung injury models has largely
contributed to our understanding of the clinical benefits of
lung-protective strategies of mechanical ventilation [42, 43].
Ventilationwith high tidal volumes, especially without positive
end-expiratory pressure, is associated with alveolar recruit-
ment of inflammatory cells, changes in water and protein
permeability, and histological injury, and, in general, severe
hypoxemia develops within several hours [13, 14]. Although
increased alveolar cytokine release has been reported in iso-
lated lung preparations from mice and rats, it may not be
present in all species. In addition, these models generally
use very high tidal volumes (20–30 mL/kg body weight),
which are not necessarily very relevant for clinical translation.
However, they are very useful to study mechanical stretch and
the activation of specific intracellular pathways involved in
mechanotransduction. The effects of moderate increases in
tidal volumes or of other changes in ventilator settings are
best investigated in a “double-hit” model, following another
primary insult.

2.6 Hyperoxia model
Prolonged exposure to hyperoxia may cause hyperoxia-
induced lung injury in humans, with alveolar edema and
endothelial and epithelial injury [44]. Animal models of
hyperoxia have been used as direct lung injury models,
sometimes as a secondary hit after peritonitis or LPS [45, 46].
The mechanism of hyperoxia-induced lung injury remains
unclear and may be mediated by reactive oxygen species. The
hyperoxia model provides an excellent model to study lung
repair after lung injury. However, the major limitations are
that this model requires specific equipment and prolonged
exposure (for 72 h in many studies) [13].

2.7 Ischemia/Reperfusion model
Ischemia and reperfusion following lung transplantation or
at other nonpulmonary sites can lead to a wide range of ef-
fects, including lung injury. This injury is associated with
alveolar edema, epithelial and endothelial injury, inflamma-
tory responses, massive production of free reactive oxygen
species, and hypoxemia [13, 47]. Direct lung ischemia is
generally induced by clamping the pulmonary artery, followed
by reperfusion of the pulmonary and bronchial circulations.
This model reproduces the development of acute lung injury
after lung, intestinal or peripheral ischemia and reperfusion in
humans and is probably more clinically relevant to transplan-
tation studies than to ARDS. Of note, innovative approaches
have been developed to allow non-invasive and repetitive in
vivo microscopy of ectopic lung tissue using dorsal skinfold
chambers in transplantation studies [48]. The main limitation
of the ischemia/reperfusion model is that it requires specific
surgical skills and equipment [13, 49, 50].
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2.8 Models of viral infections
Live animal models of acute lung injury can be used to study
the mechanisms of ARDS due to viruses, such as influenza
viruses or, more recently, the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) [51–54]. Results from
these models have emphasized the major role of the inflamma-
tory host immune response to infection as a major contributor
to lung injury. Although most airborne viruses initially affect
the respiratory epithelium, the role of endothelial dysfunction
has not been well established, and pathogen-specific pathways
may contribute to diffuse alveolar damage [55]. Small animal
models are widely used to study viral infections; however,
translation may require genetic modifications (to the animal
and/or the virus) to make the model susceptible, for example
to SARS-CoV-2 [54]. Animal models can be rapidlymobilized
to better understand the mechanisms of emerging viruses,
such as during the recent coronavirus disease 2019 (COVID-
19) pandemic, and to test new diagnostic, preventive, and/or
therapeutic approaches [30].

2.9 Other models
The oleic acid model was first used to mimic clinical ARDS,
although it is primarily based on the induction of fat embolism
[56]. The intravenous administration of oleic acid leads to
direct lung endothelial injury caused by necrosis andmicrovas-
cular thrombosis. This model is rather reproducible, rapidly
reproduces the most basic features of experimental ARDS
in large animal models (pigs/piglets, sheep, dogs) [57–59],
and is particularly useful to study lung mechanics, ventilatory
strategies, and ventilation/perfusion distribution during acute
lung injury. However, it is now seldom performed; its main
limitations include a high mortality rate, a difficult application
in smaller animals, and unclear effects on alveolar inflamma-
tion [13, 60].
Alveolar surfactant proteins regulate surface tension during

breathing, and surfactant deficiency and dysfunction are fre-
quent during ARDS [3], primarily due to decreased secretion
by injured alveolar type II epithelial cells [61]. Surfactant
depletion can bemodeled by repeated saline lavage of the lungs
and this model has good value to study surfactant functions
and to assess the effects of ventilation strategies in animals. It
induces rapid and reproducible, yet transient, hypoxemia and
alveolar recruitment but only modest lung injury per se and
very little neutrophil recruitment [13, 60, 62, 63].
Whether the bleomycin model is a good acute lung injury

model is still discussed by many researchers, as it is one the
few that leads to an acute inflammatory phase followed by a
fibrotic phase that eventually resolves [13, 14].

3. In vitromodels of ARDS

In vitro cell culture models can provide a direct link to lung cell
responses in a simplified way and represent valuable methods
to investigate basic biological and functional mechanisms and
roles for specific cell types, receptors or pathways. They allow
the manipulation of one or multiple variables through rigor-
ously controlled, bias-free experiments to investigate the vari-
ation in quantitative protein markers, physiological functions,

and/or gene expression in response to multiple conditions,
including candidate therapies targeting precise mechanisms of
injury or repair.
Amonoculture of either alveolar epithelial, lung endothelial,

or alveolar macrophages, among other cell types, can be per-
formed to test mechanistic hypotheses or optimize the experi-
mental parameters in subsequent in vivo or clinical research.
In vitro monocultures can also be used to study important
cellular functions, such as wound healing after a scratch assay
[64] or transepithelial fluid transport by alveolar epithelial
cells (often called “alveolar fluid clearance” in vivo), using
transwell experiments [65, 66]. For example, monolayer cul-
tures of commercialized, immortalized or primary isolated
alveolar epithelial type I (AT I) or type II (AT II) cells have
been used to mimic the alveolar epithelium and its barrier
function [67]). Non-sterile inflammation was first studied
in 2D monoculture or classical culture models exposed to
LPS in vitro, mimicking the clinical infection with Gram-
negative bacteria [68–72]. In contrast, the setting of sterile
inflammation can be studied in vitro by exposing cultured
cells to a mixture of cytokines, such as interleukin-1 beta,
tumor necrosis factor alpha, and interferon gamma [65, 73,
74]. In addition, some biological mechanisms of mechanical
ventilation-induced lung injury have been investigated in vitro
through exposure to cyclic mechanical stretch, hypercapnia
or hyperoxia [75–79]. Interestingly, alveolar epithelial cells
or alveolar progenitor cells (such as induced pluripotent stem
cells-derived AT2-like cells) can be differentiated at the air-
liquid interface, inducing cell polarization, epithelial barrier
formation through the establishment of intercellular junctions,
and surfactant production.
However, monocultures are unable to reproduce the com-

plexity of the alveolar-capillary environment, and, for ex-
ample, a traditional submersion culture model does not re-
produce the air-liquid environment of human alveoli. The
main advances have, therefore, come from modeling the hu-
man airway at the air-liquid interface, building co-culture
models (such as of epithelial cells and endothelial cells or
macrophages), and developing 3D-engineered lung cellular
environments. In vitro co-culture or multicellular models
can better reproduce the in vivo environment, compared to
2D monocultures [80]. Unlike 2D cultures, co-culture or
multicellular systems can model complex interactions between
different cell types in a more relevant environment, such as
a model of alveolar-capillary barrier using epithelial and en-
dothelial cells [81, 82]. For example, a 3D multicellular
model composed of an alveolar epithelial cell layer cultured
in interaction with alveolar macrophages on one side and
monocyte-derived dendritic cells on the other has been recently
described [67, 81, 83]. Ex vivo organoid cultures have also
been proposed to better model the multiple features of ARDS.
These are 3D models assembled from cultured human alveolar
stem cells to reproduce all the characteristics of a functional
human alveolus in vitro [84]. These cultures are long-term,
feeder-free, and chemically defined systems that represent
a very powerful model to investigate complex mechanisms,
such as those involved in severe acute respiratory syndrome
coronavirus 2 infection [85–87]. Ultimately, the combination
of microfluidic bioengineering and 3D cell culture has led
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to the development of “lung-on-a-chip” models comprising a
full alveolar-capillary interface that can be exposed to cyclic
ventilation and perfusion [88–90]. This model requires long-
term cultures of human cell lines, and it is only very recently
that the use of primary human alveolar epithelial cells has been
reported [91].

4. Human models of ARDS

4.1 Human in vivo models of ARDS
Because a recognized shortcoming in humanARDS research is
the difficulty in translating the findings from bench to bedside,
novel in vivo models have been successfully developed to in-
vestigate themechanisms of lung injury or therapies for ARDS.
These models are major breakthroughs in translational ARDS
research and have clear advantages in allowing potentially
effective therapies to be readily investigated in vivo in humans
and to inform subsequent clinical trials in patients.
Seminal studies included intravenous administrations of

LPS to human volunteers [92, 93]; however, in some studies,
direct lung instillations of LPS [94] or other agents, such as
leukotriene B4 (produced by human alveolar macrophages,
with potent chemotactic activity for neutrophils) [95], were
performed using bronchoscopy. More recently, the inhalation
of low-dose LPS by healthy humans was successfully
used to replicate alveolar epithelial cell activation, alveolar
inflammation, and systemic inflammatory response without
causing significant adverse effects [96–99]. In this recently
developed human in vivo model, lung injury is only transient,
and inflammation has mainly been investigated within a few
hours after LPS exposure.

4.2 Human ex vivo models of ARDS
An ex vivo human lung preparation has recently been proposed
to better reflect the in vivo settings of experimental ARDS
[100]. In this model, donor human lungs that have been
rejected for transplantation are ventilated and perfused ex vivo
and used to study the mechanisms of lung injury, isolate multi-
ple primary lung cell types, and test potential therapies before
clinical translation into trials. The model allows for analyses
of physiological indices, such as oxygenation and alveolar
fluid clearance, and the sampling of multiple tissues and fluids
up to 6–10 hours in most experiments [101]. Although the
ex vivo human lung preparation is rather convenient, inex-
pensive, and the model closest to clinical conditions, ethical
and practical issues in obtaining human lungs for research
may exist depending on the country. The main limitation of
ex vivo models resides in the heterogeneity in human lungs
due to donor-specific and pre-procurement variables that limit
baseline comparisons of measures among experimental lungs.
Notably, in addition to its use in ARDS research, the ex vivo
human lung preparation is being largely used in conditioning or
therapeutic studies of donor lungs before transplantation [102].

5. Perspectives and challenges

Multiple models of acute lung injury induced by the main
clinical risk factors for ARDS have been developed in vitro

(from monocultures to more complex constructions), in vivo
in animals, ex vivo (using human or animal lung preparations),
and in vivo in human volunteers (Table 2). While no single
model can truly reproduce the complexity and heterogeneity
of clinical ARDS, combining multiple preclinical approaches
with in vivo and clinical investigations is probably the most
promising strategy for future mechanistic and therapeutic re-
search (Fig. 1). Each experimental model has its limita-
tions. For example, despite the recent developments of 3D
cultures and lung organoids, in vitro models may probably
never reproduce the clinical setting, but they are still very
useful to inform mechanistic and drug discovery studies [6].
Recent animal studies are able to better reflect the multiple-hit
hypothesis for ARDS pathogenesis, and they can be used to
investigate the different phases of ARDS, from onset (such as
in the hydrochloric acid and the oleic acid models) to recovery
(such as in the hyperoxia acid and the bleomycin models),
thus allowing studies of preventive ARDS therapies and the
combined effects of pre-existing lung injury and exposure to
high lung stress through mechanical ventilation use in the
intensive care unit [14, 17, 103]. Animal studies typically use
young and healthy animals, and older animals should also be
investigated to better reflect the clinical picture of ARDS as
a disease of aging. In addition, they do not reproduce the
common clinical ARDS settings of patient comorbidities and
multiorgan failure, with a prolonged need for intensive care
over multiple days, if not weeks, and most studies do not
take into consideration the impact of ventilatory settings (e.g.,
the level of positive end-expiratory pressure) on oxygenation.
To distinguish models of acute lung injury from conditions
that reflect more subacute or chronic lung injury, maximal
lung injury should be evident within 24 hours of exposure to
the inciting stimulus [14]. However, although some animal
models allow studies of lung injury over multiple days and
can capture the different phases of ARDS over time [33],
most of them are limited to the first few hours after injury,
thus limiting clinical translation and the ability to explore the
nonlinearity of biological processes. Another limitation that is
particularly relevant in mice is the profound impact of strain
variability in murine models of injury; not only a particular
observation may not be translatable to humans, but it may not
even be translatable to other strains of mice. This highlights
the need to restrict mice to mechanistic questions and use more
translational models for preclinical studies.
Human models, in vivo or ex vivo, represent major progress

toward the clinical translation of basic findings. In addition
to the development of novel preclinical and clinical ARDS
models, such as the lung-on-a-chip in vitro and the ex vivo
human lung preparation, recent evolutions in the field of
translational ARDS research have been made possible by
the refinement of experimental techniques. In particular,
the field of genome editing now offers a broad range of
opportunities to develop investigational or therapeutic
strategies by downregulating or upregulating the expression
of a specific gene in vitro and in vivo, such as with the gene
knockout or knockdown techniques based on ribonucleic
acid interference or the clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein
(Cas) system (capable of site-specific deoxyribonucleic acid
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FIGURE 1. Schematic view of a translational research framework based on multiple experimental preclinical
approaches and clinical studies. RNAi, interference ribonucleic acid; CRISPR, clustered regularly interspaced short palindromic
repeats; CAS9, CRISPR-associated protein 9; LPS, lipopolysaccharide.

cleavage) [89, 104]. Novel methods have also improved
our ability to understand the functional significance of
polymorphisms or genes identified through genome-wide
studies or transcriptomic screens in models and patients, to
investigate the potential pathogenic causality for markers or
mediators and the potential value of targeting treatment in
specific genetic backgrounds. Such innovative approaches
have been successfully deployed in COVID-19 research [30].

These traditional and novel experimental designs are im-
portant pieces, along with the acquisition of granular clinical,
physiological, and biological data (e.g., from bronchoalveolar
fluid and blood samples to study mechanisms of lung and
systemic responses, respectively, to injury) within clinical
studies, in identifying new drug targets, developing targeted
therapies, and ultimately selecting patients most likely to ben-
efit. Such strategies of trial enrichment, in which patients
are selected who are more likely to develop an outcome,
such as mortality (prognostic enrichment), and/or when they
are more likely to respond to a targeted therapy (predictive
enrichment), hold the promise of precision approaches for
ARDS [105–107]. In such a translational framework, pre-
clinical models may reveal that a biological/functional trait or
marker has a causal role in the severity of ARDS and suggest
that measuring this marker could have value for endotype
identification [34, 105, 108, 109]. Ideally, such markers (e.g.,
biological or radiographic indices) could help in selecting
patients to enroll in future precision trials and monitoring their

individual responses to the intervention being tested [103, 110–
112]. This would require markers that are rapidly available
to inform potential trial eligibility. Of note, the first clinical
study evaluating a point-of-care assay to prospectively identify
hyper- and hypo-inflammatory phenotypes in patients with
ARDS and hypoxemic acute respiratory failure is currently en-
rolling patients (ClinicalTrials.gov Identifier: NCT04009330),
and the preliminary results in patients with COVID-19 have
been published [113]. However, it remains uncertain to date
whether available preclinical models may be representative of
known clinical ARDS phenotypes/endotypes ormay be helpful
to identify phenotype-specific therapy responsive traits [114].
The performance of candidate markers over time during the
natural course of ARDS and their kinetics under candidate
therapies should also be rigorously evaluated [10]. In addition,
even when a diagnostic or therapeutic precision approach is
consistently supported by findings across combined preclinical
and clinical ARDS models, it should not be associated with
adverse effects that may preclude its application to improve
patient outcomes.
In conclusion, multiple experimental models have been de-

veloped in the last few decades, with major recent develop-
ments in the fields of in vitro, ex vivo, and in vivo experimental
ARDS. While some of these experiments failed, others suc-
ceeded in advancing our knowledge of the complex mecha-
nisms of ARDS pathophysiology and the clinical translation
of a few therapeutic interventions, such as lung-protective
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TABLE 2. Non-exhaustive list of preclinical and clinical models of acute respiratory distress syndrome.
Setting Model Injury feature Technical notes
Live animal models Lipopolysaccharide-induced

sepsis
Pulmonary or systemic sepsis Variable response to injury across species

Live bacteria-induced sepsis Variability in the doses of live bacteria administered
Acid aspiration Direct lung injury Mimics aspiration of gastric contents

Narrow margin between injury and absence of injury
Abdominal sepsis Peritonitis-induced indirect lung injury Invasive surgery required with high mortality

Intraperitoneal injection of cecal slurry more reliable and
titratable

Ventilator-induced lung injury Direct alveolar injury with severe hypoxemia High tidal volumes not relevant for clinical translation
Hyperoxia Hyperoxia-induced injury Requires prolonged exposure and specific equipment
Ischemia-reperfusion Induced by clamping the pulmonary artery lung or other

nonpulmonary arteries
Requires specific surgical skills and equipment

Viral infection Acute lung injury of viral causes (mostly airborne viruses) Can be rapidly mobilized to better understand the mecha-
nisms of emerging viruses
Translation may require genetic modifications to the animal
and/or the virus

In vitro models Submerged monoculture Cell injury of sterile or non-sterile causes Reproducible for testing and establishing experimental
conditions
Submerged cultures or cultures at the air-liquid interface

Multicellular co-culture Cell injury of sterile or non-sterile causes in a more relevant multi-
cellular environment

Can model complex interactions between different cell types

Organoid culture
Lung-on-a-chip Cell injury of sterile or non-sterile causes in a human lung-like

environment
Allows multicellular co-culture

Reproduces all characteristics of a functional human alveolus
unit

Human in vivo models Lipopolysaccharide-induced
sepsis in human volunteers

Intravenous administration or direct lung instillation of high-dose
lipopolysaccharide

Seminal models

Inhalation of low-dose lipopolysaccharide Transient lung injury and rapid investigation of inflammation
Human ex vivo models Ex vivo human lung preparation Donor human lungs rejected for transplantation are ventilated and

perfused ex vivo before exposure to sterile or non-sterile injuries
Most translatable model, allows for analyses of physiological
indices
Rather convenient and inexpensive but potential ethical and
practical issues
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mechanical ventilation, neuromuscular blockade, and corticoid
therapy [115–117]. Therefore, the judicious and imaginative
use of a broad range of experimental and analytical approaches
is of paramount importance in developing translational discov-
ery research, with the goal of developing prediction medicine
strategies to ultimately improve patient outcomes.
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Scientific Knowledge of the Subject

The alteration of alveolar epithelial barrier integrity with increased epithelial

permeability is critical in the pathophysiology of acute respiratory distress syndrome (ARDS)

163,197,228,229. Current evidence suggests re-epithelization of the alveolar surface as a key

process that is required to restore the integrity and function of the lung alveolar epithelial

barrier224. However, its precise mechanisms remain underinvestigated224,230,231. The receptor

for advanced glycation end-products (RAGE) may play a key role in lung homeostasis81,140, as

prooved in existed evidence in lung repair mechanisms such as peripheral nerve regeneration

through the recruitment of axonal outgrowth pathways232,233 or extracellular matrix synthesis

and wound repair in human bronchial epithelial cells through stimulation by HMGB1234.

However, whether modulation of RAGE pathway might affect lung alveolar epithelial wound

repair remains unknown.

Contributions of this study to the field

In this study, we found both HMGB1 and AGEs promoted RAGE-dependent wound

healing of lung alveolar epithelial cells in our A549 cells wound healing model. In addition,

both RAGE ligands increased cell proliferation in a RAGE-dependent manner. Treatment

with HMGB1 increased cell migration at 12 h only, with no effect of RAP, whereas AGEs

stimulated their migration in a RAGE-dependent manner 48 h after injury.

These results confirmed the important role of RAGE in alveolar epithelial repair, with

its involvement in lung epithelial cell migration and proliferation.
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A B S T R A C T

Re-epithelialization of the alveolar surface is a key process of lung alveolar epithelial barrier repair after acute
lung injury. The receptor for advanced glycation end-products (RAGE) pathway plays key roles in lung home-
ostasis, and its involvement in wound repair has been already reported in human bronchial epithelial cells.
However, its effects on lung alveolar epithelial repair after injury remain unknown. We investigated whether
RAGE stimulation with its ligands high–mobility group box 1 protein (HMGB1) or advanced glycation end-
products (AGEs), alone or associated with RAGE inhibition using RAGE antagonist peptide, affects in vitro
wound healing in human alveolar epithelial A549 cells. We further asked whether these effects could be asso-
ciated with changes in cell proliferation and migration. We found that treatment of A549 cells with HMGB1 or
AGEs promotes RAGE-dependent wound healing after a scratch assay. In addition, both RAGE ligands increased
cell proliferation in a RAGE-dependent manner. Treatment with HMGB1 increased migration of alveolar epi-
thelial cells at 12 h, independently of RAGE, whereas AGEs stimulated migration as measured 48 h after injury in
a RAGE-dependent manner. Taken together, these results suggest that RAGE pathway is involved in lung alveolar
epithelial wound repair, possibly through enhanced cell migration and proliferation.
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1. Introduction

Alteration of alveolar epithelial barrier integrity with increased
epithelial permeability plays a central role in the pathophysiology of
the acute respiratory distress syndrome (ARDS) [1–4], a severe condi-
tion associated with significant morbidity and mortality, long-term
physical or psychological consequences, and high healthcare-associated
costs [5–7]. The lung alveolar epithelial barrier is composed of alveolar
type (AT)-I cells, covering 95% of the alveolar epithelial surface, and of
AT-II cells. Previous research suggests that re-epithelization of the al-
veolar surface is a key process that is required to restore the integrity
and function of the lung alveolar epithelial barrier [8]. Although this
repair process may involve the proliferation and migration of AT-II
cells, its precise mechanisms remain underinvestigated [8–10].
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The receptor for advanced glycation end-products (RAGE) is a
membrane signal transduction receptor that can induce various in-
tracellular pathways by binding to multiple ligands, such as S100
proteins, high–mobility group box 1 protein (HMGB1), and advanced
glycation end-products (AGEs), among others [11–16]. RAGE is abun-
dantly expressed in the lung tissue, both as transmembrane full-length
and soluble forms, and RAGE pathway may play a key role in lung
homeostasis [17,18]. Recent clinical and preclinical research has sug-
gested that soluble RAGE (sRAGE) could be a biomarker of lung epi-
thelial injury associated with severity and outcome in ARDS [19–25].
Moreover, RAGE inhibition or AGER gene deficiency decreased lung
injury in animal models of experimental ARDS from both septic or non-
septic causes [26–29]. Although the RAGE pathway has a major role in
initiating and perpetuating nuclear factor-kappa B (NF-κB)-mediated
inflammation, it also contributes, among many other potential effects
[11], to repair mechanisms such as peripheral nerve regeneration
through the recruitment of axonal outgrowth pathways [14,30] or ex-
tracellular matrix synthesis and wound repair in human bronchial
epithelial cells through stimulation by HMGB1 [31]. However, whether
modulation of RAGE pathway might affect lung alveolar epithelial
wound repair remains unknown.

In this study, we investigated whether treatment with RAGE ago-
nists (HMGB1 and AGEs), alone or combined with a RAGE antagonist,
would affect wound healing of lung alveolar epithelial cells in vitro. We
further hypothesized that modulation of the RAGE pathway might af-
fect some major processes of wound healing in these cells, such as
proliferation or migration.

2. Materials and methods

2.1. Reagents and antibodies

Cell culture Roswell Park Memorial Institute (RPMI 1640) medium
1640, fetal bovine serum (FBS), antibiotics (streptomycin, penicillin,
amphotericin B), and phosphate buffered saline (PBS) were obtained
from Fisher Scientific (Illkirch, France). Human recombinant HMGB1
was obtained from Sigma-Aldrich (Saint Quentin-Fallavier, France).
AGEs (ab51995) was purchased from Abcam (Paris, France). RAGE
antagonist peptide (RAP) was obtained from Calbiochem® Merck
Millipore (Molsheim, France).

2.2. Cell culture

Human adenocarcinoma-derived alveolar AT-II epithelial cells
(A549) were obtained from the American Tissue Culture Collection
(CCL-185, LGC Standard®, Molsheim, France). After thawing, cells were
cultured in a 95% humidified air atmosphere at 37 °C with a CO2

concentration of 5% in a RPMI-1640 culture medium enriched with 5%
FBS and supplemented with 10 mg/mL streptomycin, 10,000 U/mL
penicillin, and 25 μg/mL amphotericin B (Fisher Scientific, France).

2.3. In vitro model of alveolar epithelium wound healing (scratch assay)

Cells (2 × 105 per well) were cultured for 72 h in six 9.5 cm2 well-
plates (Corning, Samois-sur-Seine, France) until 100% confluence was

Fig. 1. Dose-response effect of HMGB1 and AGEs on the wound healing of
A549 cells. A) Wound healing was assessed up to 48 h using a scratch assay of
A549 cells treated with culture medium (Control) or with different concentra-
tions of recombinant HMGB1 (0.1, 0.3, and 0.6 μg/mL). HMGB1 promotes
wound healing, compared to the control condition within concentrations of
0.1–0.6 μg/mL; its effect on wound area was more pronounced with the
minimum effective dose of 0.1 μg/mL, which was therefore used in subsequent
experiments. Values are reported as box plots with median values and inter-
quartile ranges, and upper/lower limits (outliers). Measurements were per-
formed in duplicate in six independent experiments. ****p < 10−4. B)Wound
healing was assessed up to 48 h using a scratch assay of A549 cells treated with
culture medium (Control) or with different concentrations of recombinant AGEs
(10, 30 and 90 μg/mL). AGEs promote wound healing, compared to the control
condition at the concentration of 30 μg/mL; this minimum effective dose was
therefore used in subsequent experiments. Values are reported as box plots with
median values and interquartile ranges, and upper/lower limits (outliers).
Measurements were performed in duplicate in six independent experiments.
****p < 10−4. HMGB1: high-mobility group box 1 protein. AGEs: advanced
glycation end-products.
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obtained. The tip of a 200-μL pipette was applied perpendicular to the
surface of the cell monolayer to create a thin “wound”. After three
washes with PBS (1X), wounded cells were either left untreated (con-
trol) or treated with RAGE agonists alone or combined with RAP
(12.5 μg/mL), before being incubated at 37 °C with 95% humidified air
and 5% CO2. The dose of RAP was chosen based on the findings from
previous studies [29,32–34]. The wound area was observed im-
mediately after the scratch (h0) and 12, 24, and 48 h after treatment

using a Nikon polarized optical microscope with 40x magnification and
a digital camera body. Images were recorded prior to their analysis
using the Fiji image processing software (Wayne Rasband, National
Institute of Mental Health, Bethesda, Maryland, USA) [35]. Measure-
ments of the wounded area were made from edge to edge by manually
delimiting the lesion surface. This experiment was repeated six times
(with each condition performed in duplicate). After testing three con-
centrations of RAGE agonists HMGB1 (0.1, 0.3, and 0.6 μg/mL) and

Table 1
Wound area (in %) of A549 cells treated by different concentrations of HMGB1 and AGEs at different time points after a scratch assay. The wound area is
expressed as the fraction of the initial wound (100% at h0). Data are presented as medians and interquartile ranges [IQR] and were analyzed using random effects
models; when time by group interaction was significant, post-hoc comparisons between groups at each timepoint were performed using the same models. HMGB1:
high-mobility group box 1 protein. AGEs: advanced glycation end-products.

Time post-wounding (h) Experimental conditions p value for time by group interaction p value for post-hoc comparisons

Control (A) HMGB1
0.1 μg/mL (B)

HMGB1
0.3 μg/mL (C)

HMGB1
0.6 μg/mL (D)

12 85.8
[84.7–87.0]

81.9
[81.0–84.5]

83.8
[80.6–86.5]

84.9
[81.9–88.4]

< 10−4 A versus B: > 0.05
A versus C: > 0.05
A versus D: >0.05
B versus C: > 0.05
B versus D: > 0.05
C versus D: > 0.05

24 78.0
[75.7–78.0]

73.9
[70.0–75.0]

77.0
[74.8–79.5]

76.5
[72.3–78.2]

< 10−4 A versus B: > 0.05
A versus C: > 0.05
A versus D: >0.05
B versus C: 0.04
B versus D: > 0.05
C versus D: > 0.05

48 64.5
[62.7–67.0]

51.8
[49.2–54.4]

63.5
[56.9–66.0]

64.9
[61.2–67.3]

< 10−4 A versus B: < 10−4

A versus C: > 0.05
A versus D: >0.05
B versus C: 0.003
B versus D: 0.004
C versus D: > 0.05

Time post-wounding (h) Control (A) AGEs
10 μg/mL (B)

AGEs
30 μg/mL (C)

AGEs
90 μg/mL (D)

p value for time by group interaction p value for post-hoc comparisons

12 84.5
[84.0–87.5]

82.0
[81.0–85.5]

73.0
[70.0–75.2]

81.0
[80.0–82.0]

< 10−4 A versus B: > 0.05
A versus C: < 10−4

A versus D: 0.002
B versus C: < 10−4

B versus D: > 0.05
C versus D: 10−4

24 73.5
[72.0–75.0]

66.5
[65.0–75.0]

57.0
[53.7–60.5]

70.0
[68.8–71.3]

< 10−4 A versus B: > 0.05
A versus C: < 10−4

A versus D: 0.02
B versus C: 0.005
B versus D: > 0.05
C versus D: < 10−4

48 62.0
[60.8–63.0]

59.0
[57.8–60.0]

44.5
[41.7–47.0]

58.0
[56.8–60.0]

< 10−4 A versus B: 0.002
A versus C: < 10−4

A versus D: 0.007
B versus C: < 10−4

B versus D: > 0.05
C versus D: < 10−4
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AGEs (10, 30, and 90 μg/mL) for their effect on wound area, subsequent
experiments were performed using the minimum effective concentra-
tion of each.

2.4. Cell migration assay

Epithelial cell migration was assessed with the CytoSelect™ 96-well
cell migration assay (CBA-106; 8 μm Fluorometric format; Biolabs,

London, United Kingdom). At 12 and 48 h after scratch wounding, cells
were suspended in a serum-free medium and placed in the upper
chamber. Three hundred microliters of chemoattractant media con-
taining 5% FBS was then added to the lower chamber. After a 24 h
incubation, migratory cells that had passed through the polycarbonate
membrane (8 μm pore size) were dislodged from the underside of the
membrane with a detachment solution. The dislodged cells were then
stained with CyQuant® GR Dye (Fisher Scientific, Hampton, USA), di-
luted in a lysis buffer, and quantified by fluorescence measurement at
480 nm/520 nm (Zeiss LSM 800, Carl Zeiss SAS, Marly Le Roi, France).
This experiment, performed in triplicate, was independently repeated
three times.

2.5. Cell proliferation assay

At 12 and 48 h after scratch wounding, A549 cells were stained with
5-Bromo-2′-deoxy-uridine (BrdU) at 10 μM using a BrdU Labeling and
Detection Kit II (11299964001; Roche Diagnostics, Meylan, France).
After 45 min, they were washed three times with PBS, and fixed with an
ethanol fixative solution (50 mM glycine, pH = 2, in 70% ethanol) for
20 min at −20 °C. After three washes in PBS, the cells were incubated
with an anti-BrdU antibody (1/25) for 60 min at 37 °C. The cells were
washed three times with PBS, followed by incubation with an anti-
mouse-Ig-alkaline phosphatase (1:25 dilution) for 60 min at 37 °C. The
color substrate solution was added to the cells after three washes in
PBS, and the bound anti-BrdU antibody was visualized by light micro-
scopy (Zeiss Axio Observer, Carl Zeiss SAS, Marly Le Roi, France).
Proliferation was expressed as the ratio of BrdU-positive cells to the
total number of cells. This experiment, performed in triplicate, was
independently repeated three times.

2.6. Statistical analysis

All analyses were performed using Prism 6 (GraphPad Software, La
Jolla, CA, USA) and Stata version 15 (StataCorp, College Station, TX,
USA). The tests were two-sided, with a type I error set at 5%.
Continuous data were expressed as mean ± standard deviation (SD) or
median [interquartile range] according to statistical distribution (as-
sumption of normality was assessed using the Shapiro-Wilk test).
Continuous parameters were compared between experimental groups
using analysis of variance or the Kruskal-Wallis test when t-test as-
sumptions were not met (normality studied using Shapiro-Wilk and
assumption of homoscedasticity verified by Fisher-Snedecor test).
Random effects models were used to analyze the longitudinal evolution
of variables: (i) considering between- and within-experiment variability
(random subject effects: random intercept and slope) and (ii) evaluating
fixed effects: group, time, and time by group interaction. The residual
normality was checked for all models. Values were log-transformed for
all variables to achieve normality prior to performing random effects
models.

Fig. 2. The effect of RAGE modulation on lung epithelial wound healing in
vitro. Wound healing was assessed in lung epithelial A549 cells treated with A)
HMGB1 (0.1 μg/mL) or B) AGEs (30 μg/mL), alone or combined with RAP
(12.5 μg/mL). The wound area, as measured every 12 h, is expressed as the
fraction of the initial wound (100% at h0). ****p < 10−4. RAGE: receptor for
advanced glycation end-products. HMGB1: high-mobility group box 1 protein. AGEs:
advanced glycation end-products. RAP: RAGE antagonist peptide.
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3. Results

3.1. Both HMGB1 and AGEs promote dose-dependent and RAGE-dependent
wound healing of lung alveolar epithelial cells

We first tested different treatment concentrations of HMGB1 and
AGEs for their effect on wound area after the scratch assay (Fig. 1 and
Table 1). Both RAGE ligands had dose- and time-dependent effects to-
wards better wound healing of epithelial cells. Compared to controls,
cells treated with HMGB1 (0.1 μg/mL) had better wound healing (time
by group interaction, p = 0.008) at 24 h and 48 h after injury (p = 0.04
and p < 10−4, respectively, for post-hoc comparisons). A similar effect
was found after treatment with AGEs (30 μg/mL) (time by group in-
teraction, p < 10−4), compared to untreated cells, at 24 h and 48 h
after injury (p = 0.005 and p = 0.0001, respectively, for post-hoc
comparisons) (p = 10−4). The minimum effective doses of HMGB1
(0.1 μg/mL) and AGEs (30 μg/mL) were used in subsequent experi-
ments.

Co-treatment with RAP (12.5 μg/mL) significantly reduced the ef-
fects of both HMGB1 (time by group interaction, p < 10−4) and AGEs
(time by group interaction, p < 10−4) on wound area, with most

detrimental effects on wound healing observed at 48 h for HMGB1 and
at 12 h for AGEs (Fig. 2 and Table 2).

3.2. HMGB1 and AGEs have distinct effects on the migration of lung
alveolar epithelial cells during wound healing

After injury, cells treated with HMGB1 (0.1 μg/mL) showed higher
migration at 12 h, but not at 48 h, compared to controls (Fig. 3A); RAP
did not influence cell migration after treatment with HMGB1 at both
timepoints (Fig. 3A). Cells treated with AGEs (30 μg/mL) had reduced
migration at 12 h but increased migration at 48 h after injury, com-
pared to controls. Treatment with RAP significantly counteracted these
effects at both timepoints (Fig. 3B and Table 3).

3.3. Both HMGB1 and AGEs increase lung alveolar epithelial cell
proliferation in a RAGE-dependent manner during wound healing

Treatment with HMGB1 (0.1 μg/mL) enhanced cell proliferation at
both 12 h and 48 h after injury. These effects were significantly in-
hibited in presence of RAP at both timepoints (Fig. 4A). Treatment with
AGEs (30 μg/mL) increased cell proliferation at both timepoints after

Table 2
Wound area (in %) of A549 cells treated by different HMGB1 or AGEs, alone or combined with RAP at different time points after a scratch assay. The wound
area is expressed as the fraction of the initial wound (100% at h0). Data are presented as medians and interquartile ranges [IQR] and were analyzed using random
effects models; when time by group interaction was significant, post-hoc comparisons between groups at each timepoint were performed using the same models.
HMGB1: high-mobility group box 1 protein. AGEs: advanced glycation end-products. RAP: RAGE antagonist peptide.

Time post-wounding (h) Experimental conditions p value for time by group interaction p value for post-hoc comparisons

Control (A) HMGB1
0.1 μg/mL (B)

HMGB1
0.1 μg/mL
+ RAP (C)

12 86.9
[84.8–88.7]

85.8
[85.4–87.7]

81.7
[80.6–83.5]

< 10−4 A versus B: > 0.05
A versus C: > 0.05
B versus C: > 0.05

24 76.4
[73.8–78.0]

75.3
[68.3–77.7]

72.5
[71.8–76.2]

< 10−4 A versus B: > 0.05
A versus C: > 0.05
B versus C: > 0.05

48 63.2
[62.0–65.2]

57.7
[49.2–61.5]

59.3
[58.3–63.4]

< 10−4 A versus B: < 10−4 A versus C: > 0.05 B versus C: < 10−4

Time post-wounding (h) Control (A) AGEs
30 μg/mL (B)

AGEs
30 μg/mL
+ RAP (C)

p value for time by group
interaction

p value for post-hoc comparisons

12 83.5
[84.0–87.5]

73.0
[70.0–75.3]

87.3
[86.5–89.5]

< 10−4 A versus B: < 10−4 A versus C: > 0.05 B versus C: < 10−4

24 73.5
[72.0–75.0]

57.0
[53.8–60.5]

79.3
[76.6–82.4]

< 10−4 A versus B: < 10−4 A versus C: > 0.05 B versus C: < 10−4

48 62.0
[60.8–63.0]

44.5
[41.8–47.0]

60.0
[55.9–63.9]

< 10−4 A versus B: < 10−4 A versus C: > 0.05 B versus C: < 10−4
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injury, which was abrogated by RAP treatment at both timepoints
(Fig. 4B and Table 4).

4. Discussion

In this study, HMGB1 and AGEs promoted RAGE-dependent wound
healing of lung alveolar epithelial cells after a scratch assay. In addi-
tion, both RAGE ligands increased cell proliferation in a RAGE-depen-
dent manner. Treatment with HMGB1 increased cell migration at 12 h
only, with no effect of RAP, whereas AGEs stimulated their migration in
a RAGE-dependent manner 48 h after injury.

There is growing evidence supporting the involvement of RAGE
pathway in mechanisms of cell and tissue repair after injury. Indeed,
the AGE/RAGE axis promotes wound healing of human corneal epi-
thelial cells [36] and HMGB1/RAGE axis promotes keratinocyte healing
in vitro [15], with improved healing of diabetic human and mouse skin
[37]. In addition, HMGB1 improves scratch wound healing of human
bronchial epithelial cells via toll-like receptor (TLR)-4 and RAGE-
mediated increase in extracellular matrix synthesis and modulation of
cell-matrix adhesion [31]. However, in our dose-response experiments,
higher doses of HMGB1 (>0.1 μg/mL) and AGEs (> 30 μg/mL) were
associated with no protective effect on wound healing, suggesting a
non-linear dose-response to increasing concentrations of alarmins [38],
such as RAGE ligands, and subsequent effects that can be either phy-
siological or pathological to multiple cellular processes [11,39,40]. In
our study, the activation of RAGE by both HMGB1 (0.1 μg/mL) and
AGEs (30 μg/mL) promoted scratch wound healing whereas the use of a
RAGE competitive antagonist abrogated these effects, thus supporting
for the first time that previous findings of RAGE pathway as a promoter
of wound healing may also hold true in the lung alveolar epithelium.
Such findings should now be further explored in the clinical setting of
ARDS to better understand the complex mechanisms involved in al-
veolar epithelium repair after injury, including the spreading, migra-
tion, and proliferation of alveolar epithelial cells [41].

Here we found that both HMGB1 and AGEs promote A549 cell
migration during wound healing. Lung alveolar epithelial cells treated
with HMGB1 acquired higher migration, compared to controls, at 12 h
but not at 48 h. Although the significance of these discrepant findings
remains uncertain, pro-migratory effects of HMGB1 may decrease with
time, as previously reported by Huang et al. in another study on RAGE
activation by HMGB1 [42]. Concurrent treatment with RAP did not
decrease the pro-migratory effect of HMGB1, suggesting that the acti-
vation of RAGE by HMGB1 may not be involved in epithelial cell mi-
gration during wound healing. Indeed, multiple studies support the
interaction of HMGB1 with TLR-4, rather than with RAGE, as the main
mechanism responsible for smooth muscle cell migration [43] or mo-
tility of human non-small lung cancer cells [44]. In contrast, some
studies suggest an important role of RAGE activation by HMGB1 in cell
migration, such as in mouse endothelial progenitor cells [45], mono-
cytes [46], neural progenitor cells [47] or glial tumor cells [48]. Con-
sistent with this hypothesis that RAGE is implicated in the process of
cell migration; Huttunen et al. could inhibit transendothelial migration

Fig. 3. Effects of treatment with HMGB1 and AGEs, and of RAGE inhibition
by RAP, on the migration of A549 cells during wound healing. The mi-
gration of A549 cells, as expressed as fluorescence intensity (with higher in-
tensity corresponding to higher migration) was assessed at 12 and 48 h after a
scratch assay using the CytoSelect™ 96-well cell migration assay (CBA-106;
8 μm Fluorometric format; Biolabs, London, United Kingdom). *p < 0.05,
***p < 0.001, ****p < 10−4. A) Cells treated with recombinant HMGB1
(0.1 μg/mL) had increased migration, compared to controls, at 12 h but not at
48 h. Treatment with RAP (12.5 μg/mL) did not influence this effect. B) Cells
treated with recombinant AGEs (30 μg/mL) had decreased migration at 12 h,
but increased migration at 48 h, compared to controls. Both effects of AGEs on
migration were significantly counteracted after treatment with RAP (12.5 μg/
mL). RAGE: receptor for advanced glycation end-products. HMGB1: high-mobility
group box 1 protein. AGEs: advanced glycation end-products. RAP: RAGE antagonist
peptide.
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of melanoma cells in vivo and in vitro by blocking the HMGB1-binding
site of RAGE [49], while Yang et al. reported that HMGB1 could induce
migration of human dendritic cells via RAGE pathway [50]. In addition
to the RAGE-dependent beneficial effects of HMGB1 on A549 cell
wound healing, we also found that treatment by AGEs (30 μg/mL) both
decreased cell migration at 12 h and increased migration at 48 h,
compared to controls, and that RAGE inhibition with RAP consistently
counteracted these effects at both timepoints. Although future studies
are needed to understand whether early pro-inflammatory effects of
AGEs might explain, at least in part, decreased migration 12 h after
AGEs treatment, the pro-migratory effect of AGEs at 48 h after lung
alveolar epithelial cell scratch wounding is similar to previous findings
in retinal pericytes [51].

Cell proliferation is also an important contributor to wound healing,
together with migration. Here, treatment with both HMGB1 and AGEs
significantly increased cell proliferation at 12 and 48 h after scratch
wounding, compared to controls, whereas simultaneous treatment with
RAP counteracted these effects at both timepoints. Although this study
is the first to report the importance of RAGE modulation in the pro-
liferation of lung alveolar epithelial cells, these findings are consistent
with previous in vitro studies in keratinocytes and fibroblasts [15].
Similarly, blocking the HMGB1/RAGE axis through treatment with re-
combinant sRAGE, acting as a decoy receptor that prevents interaction
between RAGE and its ligands, or after transfection of a truncated

RAGE, was able to suppress proliferation of glial cells in mice [48]. We
also observed that the anti-proliferative effect of RAP could be less
pronounced at 12 h after treatment with HMGB1 than with AGEs
(Fig. 4). Indeed, a previous study found synergistic effects of RAGE and
TLR activation on human bronchial epithelial wound healing, such that
inhibition of both RAGE and TLR-4 was needed to abrogate the pro-
liferative effects of HMGB1 [31]. Our study is, however, unable to
support that the effects of AGEs on lung alveolar epithelial cell pro-
liferation might be more dependent on RAGE pathway than those of
HMGB1. In particular, whether our use of an S100P-derived competi-
tive antagonist for RAGE (RAP, Calbiochem® Merck Millipore, Mol-
sheim, France) could bring different results than the use of an HMGB1-
derived recombinant RAGE antagonist peptide deserves further in-
vestigation [52].

This study has some limitations. First, we only used adenocarcinoma
AT II-like alveolar epithelial cells as an in vitro cell model of the human
lung alveolar epithelium. More translational studies of primary human
epithelial cell cultures that include proinflammatory conditions and the
integration of a more realistic environment (including, but not limited
to, the presence of an extracellular matrix and of innate immunity cells)
are now needed to further increase our understanding of the roles of
RAGE pathway in mechanisms relevant to lung alveolar epithelial re-
pair after injury, including studies of the potential roles of RAGE in cell
transdifferentiation [53–55]. In the meanwhile, whether such RAGE-

Table 3
Cell migration, as expressed as fluorescence intensity, of lung epithelial A549 cells treated with HMGB1 or AGEs, alone or combined with RAP, at different
time points after a scratch assay. Higher intensity corresponds to higher migration. Data are presented as medians and interquartile ranges [IQR] and were
analyzed using random effects models; when time by group interaction was significant, post-hoc comparisons between groups at each timepoint were performed
using the same models. HMGB1: high-mobility group box 1 protein. AGEs: advanced glycation end-products. RAP: RAGE antagonist peptide.

Time post-wounding (h) Experimental conditions p value for time by group interaction p value for post-hoc comparisons

Control (A) HMGB1
0.1 μg/mL (B)

HMGB1
0.1 μg/mL
+ RAP (C)

12 6.51
[6.33–6.60]

8.40
[7.73–8.70]

8.18
[8.09–8.27]

< 10−4 A versus B: < 10−4

A versus C: < 10−4

B versus C: > 0.05
48 0.75

[0.65–0.84]
0 .66
[0.52–0.91]

0.64
[0.53–0.70]

< 10−4 A versus B: > 0.05
A versus C: > 0.05
B versus C: > 0.05

Time post-wounding (h) Control (A) AGEs
30 μg/mL (B)

AGEs
30 μg/mL
+ RAP (C)

p value for time by group interaction p value for post-hoc comparisons

12 6.51
[6.33–6.60]

5.41
[5.27–5.67]

5.83
[5.60–6.50]

< 10−4 A versus B: < 10−3

A versus C: > 0.05
B versus C: 0.03

48 0.75
[0.65–0.84]

2.31
[2.11–2.65]

0.41
[0.35–0.58]

< 10−4 A versus B: < 10−4

A versus C: > 0.05
B versus C: < 10−4
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dependent mechanisms favoring lung epithelial wound healing could
have clinical relevance in patients with acute lung injury such as ARDS
also deserves further investigation. Second, we used RAP as a compe-
titive RAGE antagonist [32]. However, how other strategies of RAGE
inhibition, such as RAGE knockout animals, treatment with re-
combinant sRAGE, RNA interference or CRISPR-CAS9 methods would
affect lung epithelial cell wound healing remains unknown. Finally, in
this study, we did not investigate intracellular pathways (such as Mi-
togen-activated protein kinase ERK 1/2, JAK/STAT, JNK, Rho GTPase,
PI3K/Akt, and NF-κB) through which RAGE could affect lung epithelial
wound repair, and the mechanisms explaining these effects deserve
further investigation [11].

In conclusion, HMGB1 and AGEs promote in vitro wound healing of
human alveolar epithelial cells in a RAGE-dependent manner. These
effects could be explained, at least in part, by increased cell migration
and proliferation. Future studies are now warranted to better under-
stand the precise signaling pathways through which the RAGE pathway
affects lung epithelial wound repair.
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Fig. 4. Effects of treatment with HMGB1 and AGEs, and of RAGE inhibition
by RAP, on the proliferation capacity of A549 cells during wound healing.
Proliferation capacity of A549 cells was assessed using a BrdU Labeling and
Detection Kit II (11299964001; Roche Diagnostics, Meylan, France). Results are
expressed as the ratio (in %) of proliferating cells to the total number of cells at 12
and 48 h after a scratch assay. A) Cells treated with recombinant HMGB1 (0.1 μg/
mL) had increased proliferation capacity, compared to controls, at 12 and 48 h.
Treatment with RAP (12.5 μg/mL) significantly counteracted this effect at both
timepoints. B) Cells treated with recombinant AGEs (30 μg/mL) had increased
proliferation capacity, compared to controls, at 12 and 48 h. Treatment with
RAP (12.5 μg/mL) significantly counteracted this effect at both timepoints.
*p < 0.05, ***p < 0.001, ****p < 10−4. RAGE: receptor for advanced gly-
cation end-products. HMGB1: high-mobility group box 1 protein. AGEs: advanced
glycation end-products. RAP: RAGE antagonist peptide.
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Scientific Knowledge of the Subject

Acute respiratory distress syndrome (ARDS) is a major cause of respiratory failure

with a high mortality rate (mortality of 30–50%), ARDS is characterized by diffuse alveolar

damage, alveolar edema, and hypoxemic respiratory failure which cause heavy healthcare

cost, and lead to reduced quality of life or long-term physical and cognitive outcomes among

survivors. There is still no pharmacological approach successfully translated into clinical

application, and currently available treatments for ARDS are largely supportive and based on

lung-protective mechanical ventilation and conservative fluid management3,4,35,224.

The degree of injury to the alveolar epithelium is an important determinant of ARDS

severity in patients224. Epithelial injury includes the dissociation of intercellular junctions

with increased paracellular permeability, a process involving the dysregulation of tight

junction proteins (e.g., zonula occludens (ZO) proteins) or adherens junction proteins (e.g.,

E–cadherin) and actin cytoskeletal rearrangement6,183,224,235.

Sevoflurane is a volatile halogenated anesthetic that is frequently used as a sedative in

intensive care units57,236,237. In preclinical studies of ARDS, Sevoflurane was found to improve

gas exchange, reduce alveolar edema, and attenuate pulmonary and systemic inflammation in

multiple preclinical models of ARDS57,62,73,238–240. one pilot randomized controlled trial in

patients with ARDS found that sevoflurane, compared to intravenous midazolam, improved

arterial oxygenation and decreased alveolar and plasma levels of some inflammatory

cytokines and of soluble receptor for advanced glycation end-products (sRAGE), a marker of

lung epithelial injury77. However, the precise mechanisms accounting for the lung-protective

properties of sevoflurane remain largely unknown.
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Contributions of this study to the field

Our study has shown the exposure to sevoflurane improved features of experimental

ARDS in our mouse model, such as impaired arterial oxygenation, alveolar inflammation,

histological evidence of lung tissue injury, and the extent of lung edema. In addition, focusing

on the the integrity of the epithelial barrier function, our study showed decreased indices of

permeability and preserved epithelial structures in cells and mice exposed to sevoflurane after

injury, with increased the protein expression of ZO-1 but no effect on E-cadherin. Our study

provides novel evidence supporting the molecular mechanisms of the effects of sevoflurane

on lung epithelial barrier function after injury. Notably, sevoflurane was associated with

decreased lung levels of pMLC and decreased actin cytoskeletal rearrangement after injury in

vivo and in vitro. Sevoflurane also decreased cytomix-induced RhoA activity in vitro,

suggesting that sevoflurane could decrease lung epithelial permeability through inhibition of

the RhoA/pMLC/F-actin cytoskeleton pathway, as also suggested by studies on other cell

types.

In addition, we showed that RAGE-/- mice had better oxygenation levels, decreased

lung permeability, and improved inflammatory response compared to littermate wild-type

animals. In vitro, treatment with RAP decreased cytomix-induced RhoA activity in MLE-12

cells, and treatment with RAP alleviated the beneficial effects of sevoflurane on the electrical

resistance of MLE-12 cell monolayers and on actin cytoskeletal rearrangement. In vivo,

RAGE-/- mice received the same benefits from sevoflurane as littermate controls in terms of

indices of lung alveolar-capillary permeability. In contrast to wild-type mice, however, the

RAGE-/- animals did not exhibit the effects of improved arterial oxygenation and decreased

BALF levels of IL-6 and TNF-ɑ observed with sevoflurane, suggesting that RAGE plays a
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mediating role in the effects of sevoflurane on acute lung injury. Further studies are needed to

determine whether the RAGE pathway mediates some of these effects.
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ABSTRACT: Acute respiratory distress syndrome (ARDS) is a major cause of respiratory failure 16 
and death that still lacks specific therapies. Inhaled sevoflurane is an anesthetic agent that can be 17 
used for the sedation of patients with ARDS. In preclinical studies, sevoflurane is associated with 18 
decreased inflammation, improved arterial oxygenation, and attenuated lung edema. However, the 19 
precise mechanisms of such potential lung-protective effects of sevoflurane are still largely un- 20 
known. Here, we used a translational model of acid-induced lung injury in mice and an in vitro 21 
model of sterile injury in mouse lung epithelial cells to investigate whether sevoflurane could de- 22 
crease lung alveolar epithelial permeability through the Ras homolog family member A 23 
(RhoA)/phospho-Myosin Light Chain 2 (Ser19) (pMLC)/filamentous (F)-actin pathway. We further 24 
hypothesized that these effects could be mediated by the receptor for advanced glycation 25 
end-products (RAGE). Lung permeability was assessed by measuring alveolar levels of total pro- 26 
tein, the alveolar-to-plasma ratio in human albumin, and lung extravasation of a fluorescent dye in 27 
C57BL/6JRj mice on the day they received intratracheal hydrochloric acid, alone or followed by 28 
exposure at 1% sevoflurane for 1 hour, and on days 1, 2, and 4 after acid injury. In vitro, the re- 29 
sistance of a monolayer of mouse lung epithelial cells was assessed as a surrogate for permeability 30 
using electric cell-substrate impedance sensing after treatment with cytomix, a mixture of TNFɑ, 31 
IL-1β, and IFN𝛾, alone or followed by exposure at 1% sevoflurane for up to 24 hours. In both 32 
models, junction proteins (ZO-1, E-cadherin) and pMLC were quantified, and F-actin was im- 33 
munostained. RhoA activity was further evaluated in vitro. In vivo and in vitro, exposure to 34 
sevoflurane decreased lung epithelial injury and restored epithelial barrier function after injury, 35 
which was associated with increased expression of ZO-1, decreased levels of pMLC, and decreased 36 
actin cytoskeletal rearrangement. Sevoflurane also decreased cytomix-induced RhoA activity in 37 
vitro. RAGE-/- mice had better oxygenation levels and decreased lung permeability and inflamma- 38 
tory response than littermate wild-type animals. Further, treatment with a RAGE antagonist pep- 39 
tide (RAP) decreased cytomix-induced RhoA activity in vitro. Treatment with RAP alleviated some 40 
beneficial effects of sevoflurane in vitro, such as on the electrical resistance of an MLE-12 cell 41 
monolayer or on actin cytoskeletal rearrangement. In vivo, RAGE deletion did not influence the 42 
beneficial effects of sevoflurane on indices of lung alveolar-capillary permeability seen in wild-type 43 
animals. However, in contrast to wild-type mice, RAGE-/- animals did not show improved arterial 44 
oxygenation or decreased BAL levels of IL-6 and TNF-ɑ with sevoflurane. Taken together, the 45 
current results suggest that sevoflurane could decrease lung epithelial permeability through the 46 
RhoA/pMLC/F-actin pathway. Determining whether the RAGE pathway mediates some of these 47 
effects requires further investigation. 48 
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 51 

INTRODUCTION  52 

Acute respiratory distress syndrome (ARDS) is a clinical syndrome characterized by 53 
diffuse alveolar injury, lung edema, and hypoxemic respiratory failure from septic or 54 
sterile causes, which frequently occurs in critically ill patients and is associated with a 55 
high mortality rate (mortality of 30–50%), greater healthcare utilization, and reduced 56 
quality of life or long-term physical and cognitive outcomes among survivors [1–4]. The 57 
recent COVID-19 pandemic further highlighted the high morbidity and mortality of 58 
ARDS and the high case numbers challenged most healthcare organizations worldwide 59 
[5,6]. Currently, the available treatments for ARDS are largely supportive and based on 60 
lung-protective mechanical ventilation and conservative fluid management. To date, no 61 
pharmacological approach has been successfully translated into clinical practice. Among 62 
other mechanisms leading to the accumulation of protein-rich edema fluid in the alveolar 63 
spaces, such as endothelial barrier disruption, immune cell recruitment or throm- 64 
bo-inflammatory disorders, the degree of injury to the alveolar epithelium is an im- 65 
portant determinant of ARDS severity in patients [3]. Epithelial injury includes the dis- 66 
sociation of intercellular junctions with increased paracellular permeability, a process 67 
involving the dysregulation of tight junction proteins (e.g., zonula occludens (ZO) pro- 68 
teins) or adherens junction proteins (e.g., E–cadherin) and actin cytoskeletal rearrange- 69 
ment [3,7–9]. 70 

Inhaled halogenated anesthetics, such as isoflurane or sevoflurane, are primarily 71 
used for general anesthesia but have gained recent attention for their use in sedation in 72 
the intensive care unit [10–12]. Sevoflurane was found to improve gas exchange, reduce 73 
alveolar edema, and attenuate pulmonary and systemic inflammation in multiple pre- 74 
clinical models of ARDS [10,13–17], and one pilot randomized controlled trial in patients 75 
with ARDS found that sevoflurane, compared to intravenous midazolam, improved ar- 76 
terial oxygenation and decreased alveolar and plasma levels of some inflammatory cy- 77 
tokines and of soluble receptor for advanced glycation end-products (sRAGE), a marker 78 
of lung epithelial injury [18]. However, the precise mechanisms accounting for the 79 
lung-protective properties of sevoflurane remain largely unknown, although, in a “dou- 80 
ble hit” mouse model of nebulized lipopolysaccharide (LPS) and ventilator-induced lung 81 
injury, isoflurane restored epithelial tight junction integrity via increased ZO-1 protein 82 
levels  [19]. 83 

Because sevoflurane prevented LPS-induced barrier dysfunction in lung microvas- 84 
cular endothelial cells [20], we hypothesized that sevoflurane could decrease lung epi- 85 
thelial permeability. Accordingly, we used both an in vivo model of acid-induced lung 86 
injury in mice and an in vitro model of sterile injury in mouse lung epithelial cells to in- 87 
vestigate whether sevoflurane could decrease lung alveolar epithelial permeability 88 
through the Ras homolog family member A (RhoA)/phospho-Myosin Light Chain 2 89 
(Ser19) (pMLC)/filamentous (F)-actin pathway. As preclinical studies also reported var- 90 
ious potential effects of sevoflurane on the RAGE and RhoA/F-actin pathways in cells of 91 
the central nervous system [21,22] and as the RAGE pathway plays a pivotal role in epi- 92 
thelial injury and repair during ARDS [3,23–26], we further hypothesized that the effects 93 
of sevoflurane on lung epithelial permeability could be, at least partially, mediated by 94 
RAGE. 95 

MATERIALS AND METHODS 96 

Mouse model of acid-induced lung injury 97 
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Animals were maintained and all procedures were performed in the animal facility 98 
at University Clermont Auvergne with the approval of the ethics committee of the French 99 
Ministère de l’Education Nationale, de l’Enseignement Supérieur et de la Recherche (approval 100 
number CE 67–12). The experiments were performed in accordance with relevant regu- 101 
lations, the 3R principles (Replacement, Reduction, and Refinement), and the “Animal 102 
Research: Reporting In Vivo Experiments” (ARRIVE) guidelines 2.0 [27]. 103 

C57BL/6JRj littermate control (Janvier Labs, Saint-Berthevin, France) and RAGE-/- 104 
mice (kindly provided by Prof. Ann Marie Schmidt, NYU Langone Health, New York, 105 
USA), aged 10–12 weeks and weighing 25–30 g, were anesthetized via an intraperitoneal 106 
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) and given a subcutaneous 107 
fluid bolus of 10 μL/g 0.9% isotonic saline as preemptive resuscitation. As previously 108 
described [28,29], 75 μL of a 322 mOsm/L solution (iso-osmolar to mouse plasma) of 0.1 109 
M hydrochloric acid (pH 1.0) was instilled to model ARDS in injured mice. For the next 4 110 
h, mice were kept in a  transparent recovery box under humidified supplemental oxy- 111 
gen (inspiratory oxygen fraction (FiO2), reduced gradually from 1.0 to 0.21) and carefully 112 
monitored. Their body temperature was maintained using external heat sources, after 113 
which they were transferred to individually ventilated cages with air and free access to 114 
food and water. 115 

To examine the effects of sevoflurane, lung-injured wild-type and RAGE-/- mice were 116 
divided into a Sham group, an HCl group, and an HCl+Sevo group. In the intervention 117 
groups, sevoflurane 1% was delivered for 1 hour and its ambient concentration was 118 
maintained using a gas monitor (AMG-06, Sedana Medical, Danderyd, Sweden). 119 

Physiological measurements in vivo 120 

The criteria for experimental ARDS were evaluated as recommended by the Amer- 121 
ican Thoracic Society [30], at baseline (day 0) in injured and  sham animals, and at spec- 122 
ified time-points (days  1, 2, and 4) after acid-induced injury [25,29]. Animals were ven- 123 
tilated for 30 min using volume-controlled ventilation with a tidal volume of 6 µL.g-1, a 124 
positive end-expiratory pressure of 6 cmH2O, a respiratory rate of 160 per minute, an 125 
inspiration-to-expiration ratio of 1:2, and an FiO2 of 1.0 (VentElite, Harvard Apparatus, 126 
Cambridge, USA). At the end of ventilation, the mice were sacrificed via anesthetic 127 
overdose with intraperitoneal pentobarbital (150 µg.g-1), and arterial blood was sampled 128 
for blood gas analysis (Epoc® Blood Analysis System, Siemens Healthineers, Erlangen, 129 
Germany), bronchoalveolar lavage (BAL) was performed  with 750 μL of saline, and 130 
lungs were harvested for molecular biology and histology examination. Acid-injured 131 
animals were compared with sham mice, receiving only surgical preparation and 30 min 132 
of ventilation. One hour before sacrifice, 10 µg.g-1 of human serum albumin (HSA) dis- 133 
solved in 100 μL of saline was retro-orbitally injected for the measurement of the lung 134 
permeability index, defined as the ratio of HSA in the BAL fluid to that in the plasma 135 
collected at the end of the experiments (human albumin ELISA Kit, R&D Systems, Min- 136 
neapolis, MN) [29]. In some mice, instead of HSA, a fluorescent tracer IRDye® 800CW 137 
(LI-COR Biosciences, Lincoln, USA) was administered retro-orbitally to visualize and 138 
quantify its accumulation in isolated lung samples and BAL fluid samples (Pearl® Trilogy 139 
Small animal Imaging System, LI-COR Biosciences, Lincoln, USA). 140 

Cell culture 141 

Virus-transformed murine lung epithelial (MLE-12) cells were obtained from the 142 
American Type Culture Collection (CRL-2110™, ATCC, Manassas, USA). The cells were 143 
maintained in Gibco Dulbecco's Modified Eagle Medium/Nutrient Mixture F12 (DMEM 144 
F12, a 1:1 mixture of DMEM and Ham's F-12) (Thermo Fisher Scientific,  Waltham, USA) 145 
supplemented with 2% fetal bovine serum (FBS) (Thermo Fisher Scientific,  Waltham, 146 
USA), 1% penicillin-streptomycin-amphotericin (Eurobio Scientific, Les Ulis, France), 10 147 
nM hydrocortisone and 10 nM β-estradiol (Sigma-Aldrich, St. Louis, USA), and 1X insu- 148 
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lin-transferrin-selenium (Thermo Fisher Scientific, Waltham, USA). The cells were incu- 149 
bated at 37°C in a humidified atmosphere containing 5% CO2. 150 

In vitro treatments 151 

To test the response of MLE-12 cells to an injurious, nonseptic stimulus, the cells 152 
were treated with cytomix, a mix of 10 ng/mL each of tumor necrosis factor (TNF)-ɑ, in- 153 
terleukin (IL)-1β, and interferon (IFN)-𝛾 (R&D Systems, Minneapolis, MN) in serum-free 154 
medium [31]. To test the hypothesis that the RAGE pathway could influence the effects of 155 
sevoflurane, cells were treated with 12.5 µg.mL-1 of a RAGE Antagonist Peptide (RAP) 156 
(Sigma-Aldrich, St. Louis, USA). Treatments were initiated after the cells reached a 157 
monolayer with 100% confluency, usually 48 hours after seeding to allow formation of 158 
intercellular junctions. The cells were exposed to cytomix, administered with medium, 159 
for up to 24 hours in some experiments. RAP was delivered 30 min before treatment with 160 
cytomix. 161 

Exposure to sevoflurane in vitro was delivered through a dedicated vaporizer (Va- 162 
por 2000, Dräger, Lübeck, Germany) in a standard and sealed incubator (Thermo Fisher 163 
Scientific,  Waltham, USA) with specific gas scavenging (Flurabsorb, Sedana-Medical, 164 
Danderyd, Sweden). Concentrations of sevoflurane were continuously monitored and 165 
maintained at 1% inside the incubator (AMG-06, Sedana Medical, Danderyd, Sweden), 166 
for up to 24 hours in some experiments. 167 

Electric cell-substrate impedance sensing 168 

MLE-12 cells were cultured to confluence on collagen-coated (50 µg.mL-1) 96-well 169 
arrays overlying electrodes according to the manufacturer’s protocol (96W10df PET, 170 
Applied Biophysics, Troy, USA). Alternating current applied to each electrode was used 171 
to calculate the resistance of the cell monolayer over 24 hours (ECIS® Z-Theta, Applied 172 
Biophysics, Troy, USA), which reflects barrier integrity as resistance decreases when the 173 
epithelial monolayer is compromised [32]. 174 

RhoA expression and activity measurements in vitro 175 

RhoA activity was determined using a RhoA-specific G-LISA Activation Assay  kit 176 
(BK124, Cytoskeleton, Denver, USA) following the per manufacturer’s protocol. The re- 177 
sults were normalized to the total RhoA level as measured using the Total RhoA ELISA 178 
Biochem Kit (BK150, Cytoskeleton, Denver, USA). Active RhoA was determined in du- 179 
plicate with the same colorimetric RhoA activation assay in all experimental conditions. 180 

Histological examination in vivo and immunofluorescence 181 

Formalin-fixed paraffin embedded tissue sections (10 µm) from mice were rehy- 182 
drated and deparaffinized through a series of xylem ethanol baths. The slices were 183 
stained with hematoxylin and eosin (Sigma-Aldrich, St. Louis, USA). Histological fea- 184 
tures of lung injury were scored by one independent expert, blinded to the treatment 185 
groups, using a standardized score as previously described [29,33]. 186 

For immunofluorescence studies, non-specific binding sites were blocked with 187 
phosphate-buffered saline (PBS)/1% horse serum buffer for 1 hour at room temperature. 188 
Sections were then incubated with primary antibodies overnight at 2–8°C in the incuba- 189 
tion buffer (1% bovine serum albumin (BSA), 1% normal donkey serum, 0.3% Triton 190 
X-100, and 0.01% sodium azide in PBS). Anti-ZO-1 (61-7300, Invitrogen, Waltham, USA) 191 
and anti-E-cadherin (Cell Signaling Technology, Danvers, USA) antibodies were diluted 192 
at 1/25 and 1/200, respectively. Slices were washed three times on a rocking station for 15 193 
min with PBS and further incubated with secondary anti-rabbit IgG coupled with 194 
AlexaFluor® 647 A-21244 (Invitrogen, Waltham, USA) diluted at 1/500 in the incubation 195 
buffer. Control slices without primary antibodies were used as negative controls for 196 
nonspecific binding of secondary antibodies. 197 
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MLE-12 cells were seeded in eight-well chamber slides (Nunc™ Lab-Tek™ II 198 
Chamber Slide™, Thermo Fisher Scientific,  Waltham, USA) at a density of 105 per well 199 
in complete medium for 72 hours at 37°C and 5% CO2. The cells were then exposed to 10 200 
ng/mL cytomix, in the presence or absence of 12.5 µg/mL RAP, in serum-free medium for 201 
6 hours before immunostaining. After treatments, cells were washed with PBS, fixed, and 202 
permeabilized in 3.7% paraformaldehyde/0.2 % Triton X-100 buffer for 10 min at room 203 
temperature. Slides were washed three times in PBS before non-specific sites were 204 
blocked with a PBS/BSA 3% solution for 30 min. Then, an anti- ZO-1 polyclonal antibody 205 
(61-7300, Invitrogen, Waltham, USA) diluted at 1/25 or an anti-E-cadherin rabbit mono- 206 
clonal antibody (24E10, Cell Signaling Technology, Danvers, USA) diluted at 1/200 were 207 
incubated for 1 hour. After three additional washes again, the slides were incubated with 208 
an anti-rabbit IgG labeled with AlexaFluor® 647 (A-21244, Invitrogen, Waltham, USA) 209 
diluted at 1/1,000 for 1 hour.  210 

Finally, the cells and tissue sections were washed three times with PBS before nuclei 211 
staining with 1 µg.mL-1 Hoechst 33258 diluted at 1/10,000 (Sigma-Aldrich, St. Louis, USA) 212 
for 10 min before the slides were washed and covered with an anti-fading mounting 213 
medium (CitiFluor MWL4-88, Electron Microscopy Sciences, Hatfield, USA). Samples 214 
were observed under a fluorescence microscope (Zeiss Axio Imager M2/Colibri7 coupled 215 
Axiocam 506 monochrome camera, power supply 232, and ApoTome.2) at 10X magnifi- 216 
cation and analyzed with ZEN software v2.1 (Zeiss, Oberkochen, Germany). The same 217 
exposure time was chosen to compare fluorescence among all conditions (800 ms for 218 
ZO-1 and E-cadherin at 10 X magnification). 219 

mRNA and protein quantification 220 

mRNA was extracted from cultured cells or lung tissues with the Nucleospin Kit 221 
(Macherey-Nagel), in accordance with the manufacturer’s instructions. Briefly, cells were 222 
scratched and approximately 30 mg of tissues were grinded with 2mL lysis buffer using 223 
the Precellys lysing kit (Bertin Technologies, Montigny-le-Bretonneux, France). For 224 
grinding, the Precellys Evolution device (Bertin Technologies, Montigny-le-Bretonneux, 225 
France) was  used for 1.5 min, with intervals of 15 seconds between each 15 seconds of 226 
burst at 8,500 rpm. After quantification using the DeNovix DS-11 FX spectrophotome- 227 
ter/fluorometer (DeNovix, Wilmington, USA), retro-transcription was done using 1 µg of 228 
mRNA following the high-capacity cDNA reverse transcription kit protocol (Applied 229 
Biosystems, Waltham, USA). Real-time polymerase chain reaction (PCR) was performed 230 
using the SsoAdvanced SyBR Green Supermix kit (Thermo Fisher Scientific,  Waltham, 231 
USA) and LightCycler 480 (Roche, Basel, Switzerland). Primers for ZO-1, E-cadherin, 232 
RAGE and GAPDH were obtained from the PrimePCR SYBR Green Assays systems 233 
(Bio-Rad Laboratories, Hercules, USA). LightCycler 480 was programmed for 40 cycles of 234 
two-step cycling for 30 seconds at 95°C and 30 seconds at 60°C, followed by a melting 235 
curve and cooling step. To monitor any changes in mRNA levels, we used the 2−ΔΔCT 236 
method after normalization with the housekeeper gene GAPDH.  237 

Proteins from treated cells were obtained by scratching cell monolayers with a RIPA 238 
buffer containing a mixture of 1X protease inhibitors, 1 mM sodium orthovanadate 239 
(Sigma-Aldrich, St. Louis, USA), and 1X PhosSTOP (Roche, Basel, Switzerland). Tissues 240 
were grinded in a Precellys lysing kit (Bertin Technologies, Montigny-le-Bretonneux, 241 
France) with 2 mL-tubes containing ceramic beads in RIPA buffer. The tubes were first 242 
centrifuged at 14,000 x g for 10 min to remove cell debris and beads. Then, all the lysates 243 
were then sonicated for 3 min and centrifuged at 14,000 x g at 4°C for 14 min. Supernatant 244 
protein concentrations were measured using the BCA assay (PierceTM BCA protein assay 245 
kit (Thermo Fisher Scientific,  Waltham, USA). Next, 25 µg of total protein in 246 
β-mercapto-ethanol and Laemmli buffer 1X (Bio-Rad Laboratories, Hercules, USA) con- 247 
taining a reducing agent were separated on an SDS-PAGE 4%-15% protein gel 248 
(Mini-PROTEAN TGX Stain-Free gels, Bio-Rad Laboratories, Hercules, USA), before be- 249 
ing transferred to nitrocellulose membranes using the Trans-Blot Turbo Transfer System 250 
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(Bio-Rad Laboratories, Hercules, USA). The membranes were then saturated for 1 hour at 251 
room temperature in the TBST buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, and 0.1% 252 
Tween 20, Abcam, Cambridge, United Kingdom) containing 5% of fat-free milk or BSA. 253 
Membranes were incubated overnight at 4°C with primary antibodies. The ZO-1 poly- 254 
clonal antibody (61-7300, Invitrogen, Waltham, USA) and the anti-E-cadherin rabbit 255 
monoclonal antibody (24E10, Cell Signaling Technology, Danvers, USA) were diluted at 256 
1/25 and 1/200, respectively. Antibodies against MLC and pMLC were obtained from the 257 
Myosin Light Chain 2 Antibody Sampler Kit #9776 (Cell Signaling Technology, Danvers, 258 
USA). After washing with the TBST buffer, the membranes were incubated for 1 hour 259 
with horseradish peroxidase (HRP)-conjugated secondary anti-rabbit IgG (BI 2407, Ab- 260 
liance, Compiègne, France) diluted at 1/2,500–1/5,000. Then, the membranes were pro- 261 
cessed for chemiluminescence detection using Clarity Max ECL Western blotting sub- 262 
strates (Bio-Rad Laboratories, Hercules, USA). Protein detection was performed using a 263 
Bio-Rad Imager, and densitometry analysis of protein bands from the Western blot im- 264 
ages was performed using Bio-Rad imaging software (Bio-Rad Laboratories, Hercules, 265 
USA). The results were normalized to the band intensity in the control condition. 266 

Cytokines (TNF-ɑ, IL-1β, and IL-6) in the BAL fluid from mice or supernatants from 267 
cell cultures were measured using the Ella Automated Immunoassay System (Protein- 268 
Simple, Bio-Techne, Minneapolis, USA) following the manufacturer’s instructions. Rela- 269 
tive fluorescence units were converted to cytokine concentrations using calibration 270 
curves provided by the manufacturer. Final results represent the average of triplicate 271 
measurements for each analyte.  272 

For mouse sRAGE quantification, the Quantikine® ELISA mouse RAGE immuno- 273 
assay (MRG00, R&D Systems, Minneapolis, USA) was used as per the manufacturer’s 274 
instructions. Samples were diluted at 1/10. Measurements of HSA were performed using 275 
ELISA (R&D Systems, Minneapolis, MN).  276 

Statistical analysis 277 

The data analysis was performed using Prism 9 software (GraphPaD software, La 278 
Jolla, USA) and Stata version 17 (StataCorp, College Station, USA). Tests were two-sided, 279 
with a bilateral type I error set at 5%. Continuous data were expressed as mean ± stand- 280 
ard deviation or median with interquartile range depending on their statistical distribu- 281 
tion after evaluating normality using the Shapiro–Wilk test and homoscedasticity using 282 
the Fisher–Snedecor test. Continuous parameters were compared between the experi- 283 
mental groups using an analysis of variance or the Kruskal–Wallis test (when t-test as- 284 
sumptions were not met). Random-effects models were used to analyze the longitudinal 285 
evolution of the variables, (i) by considering the between- and within-experiment varia- 286 
bility (random effects of the subject: intercept and random slope) and (ii) by assessing 287 
fixed effects: group, time, and time–group interaction. The normality of the residuals was 288 
checked for all models. A limited number of animals was used for baseline comparisons 289 
(n = 3-4), and 4–6 animals were used in each group on days 1, 2, and 4 [29,34]. For the cell 290 
experiments, three independent series (n = 3-4 per series) were performed in duplicate. 291 

RESULTS 292 

In vivo effects of sevoflurane on lung injury and alveolar-capillary permeability 293 

Arterial oxygenation impairment, the degree of alveolar inflammation, and histo- 294 
logical evidence of lung tissue injury were higher on days 1–2 after injury in acid-injured 295 
mice, as compared with sham animals. However, these phenomena were not observed in 296 
animals treated with sevoflurane (Figure S1–3, online supplement). 297 

Alveolar-capillary barrier permeability, as assessed by the permeability index and BAL levels of 298 
total proteins, peaked on days 1–2 after injury in acid-injured mice (Figure 1). This was less marked 299 
in animals treated with sevoflurane, although the differences did not reach statistical significance 300 
(Time x Group interaction for the permeability index: p = 0.88, for BAL total proteins: p = 0.95). The 301 
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extent of edema was further determined through imaging of isolated lung samples and BAL fluid, 302 
and fluorescent signals were more intense after acid injury in the control animals than in those 303 
treated with sevoflurane (Figure 1). 304 

 305 

 306 

Figure 1. Measures of alveolar-capillary permeability in mice after acid-induced lung injury. a) 307 
Total protein content (in g.L-1) of the bronchoalveolar lavage (BAL) fluid and b) Permeability index, 308 
as calculated as the BAL fluid-to-plasma ratio of the human serum albumin (HSA) concentration, in 309 
uninjured (Sham), acid-injured (HCl), and acid-injured mice treated with sevoflurane (HCl+Sevo) 310 
from day 0 to day 4 after injury. Values are presented as box and whisker plots with medians and 311 
interquartile ranges. Two-way ANOVA tests were performed, and post-hoc comparisons were 312 
performed if ANOVA results showed significance. c) Representative images of accumulation on 313 
day 2 after injury of an intravenously injected, near-infrared fluorescent dye, as reported as relative 314 
fluorescence units (RFU), in isolated lungs and d) in the BAL fluid of uninjured (Sham), ac- 315 
id-injured (HCl), and acid-injured mice treated with sevoflurane (HCl+Sevo). 316 

In vivo effects of sevoflurane on mechanisms of lung epithelial integrity 317 

Immunostaining studies revealed that ZO-1 and E-cadherin expressions were both 318 
markedly decreased in mouse lungs on day 1 after acid injury; in injured animals treated 319 
with sevoflurane, however, ZO-1 expression was restored (Figure 2). This effect of re- 320 
stored ZO-1 expression with sevoflurane following acid injury was confirmed after 321 
quantification by Western blot, although there were no differences in ZO-1 mRNA ex- 322 
pressions (Figures S4–S5, online supplement). There were no between-group differences 323 
in E-cadherin expressions assessed by Western blot or RT-qPCR. 324 
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Increased pMLC was observed in lungs from mice on day 0 and day 1 after injury, as compared with sham animals. In mice treated 325 
with sevoflurane, such an increase was not seen (Figure 326 

2).  327 

Figure 2. Lung junction proteins zonula occludens (ZO)-1 and E-cadherin and lung myosin light 328 
chain 2 (Ser19) phosphorylation (pMLC) in vivo. Immunostaining of lung a) ZO-1 and b) 329 
E-cadherin in lung tissues from uninjured (Sham), acid-injured (HCl), and acid-injured mice 330 
treated with sevoflurane (HCl+Sevo) on day 1 after injury. Tissues were fixed, permeabilized, and 331 
stained with ZO-1 and E-cadherin antibodies, followed by A488 secondary antibodies and Hoechst 332 
staining. All images were acquired by a fluorescent microscope with a 20x objective. a)  ZO-1 333 
protein is red-stained, and the cell nucleus is blue-stained. b) E-cadherin protein is red-stained, and 334 
the cell nucleus is blue-stained. Scale bar: 50 μm. c) Western blots of total myosin light chain (MLC) 335 
and phosphorylated myosin light chain 2 (Ser19) (pMLC) in lung of uninjured (Sham), acid-injured 336 
(HCl), and acid-injured mice treated with sevoflurane (HCl+Sevo) from day 0 to day 4 after injury. 337 
d) Protein expression levels were quantified and standardized by GAPDH protein level, and pMLC 338 
(Ser 19) levels were additionally standardized by total MLC level, expressed as ratios to those in 339 
Sham animals, and reported as box and whisker plots with medians and interquartile ranges. 340 
Two-way ANOVA test was performed, with post-hoc comparisons if ANOVA results showed sig- 341 
nificance. 342 

In vitro effects of sevoflurane on lung epithelial barrier function 343 
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The electrical resistance of the MLE-12 monolayer, assessed using ECIS, was mark- 344 
edly decreased after treatment with cytomix, which was not found in cells exposed to 345 
sevoflurane (Time x Group interaction: p <10-4) (Figure 3). Post-hoc comparisons revealed 346 
significant differences in resistance at 12 and 24 hours between cytomix-treated cells ex- 347 
posed or not exposed to sevoflurane (Time x Group interaction: p <10-3 and p <10-4, re- 348 
spectively). 349 

Treatment with cytomix was associated with increased cytokine release at 6 hours, but such a release was significantly prevented 350 
by exposure to sevoflurane (Figure 351 

3). . 352 

Figure 3. Effects of sevoflurane on electrical resistance and proinflammatory cytokines levels in 353 
conditioned medium of mouse lung epithelial (MLE-12) cell monolayer. a) Electrical resistance of a 354 
monolayer of MLE-12 cells was measured at a frequency at 4000 Hz by electric cell-substrate im- 355 
pedance sensing (ECIS) in untreated cells (Medium) or in cells treated for 24 hours with cytomix 356 
alone (Cyto), sevoflurane alone (Sevo) or with cytomix and sevoflurane (Cyto+Sevo). Results are 357 
shown as medians with interquartile ranges (n=35-40 per group and per timepoint). b) Medium 358 
levels of Chemokine C-X-C motif ligand-1(CXCL-1), c) Interleukin 6(IL-6) and d) Tumor necrosis 359 
factor-alpha (TNF-α) at 6h in identical conditions. Results are shown as medians with interquartile 360 
ranges. Two-way ANOVA test was performed, with post-hoc comparisons if ANOVA results 361 
showed significance (compared to the Medium group: *, p <0.05; **, p <0.01; ***, p <10-3; ****, p <10-4; 362 
compared to the Cyto group: ##, p <0.01; ###, p <10-3; ####, p <10-4). 363 

 364 

In vitro effects of sevoflurane on mechanisms of lung epithelial integrity 365 
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Protein expressions of ZO-1 and E-cadherin decreased at 6 hours after treatment 366 
with cytomix, but exposure to sevoflurane was associated with a higher expression of 367 
ZO-1 protein (Figure 4 and Figure S6, online supplement). 368 

After 6 hours of exposure, sevoflurane reduced the cytomix-induced increase in 369 
pMLC and actin cytoskeletal rearrangement and contraction, with decreased F-actin 370 
staining intensity, in MLE-12 cells (Figure 4). 371 

After 30 min of treatment, RhoA activity was increased in MLE-12 cells treated with 372 
cytomix, as compared with those treated with medium only. Exposure of cells to 373 
sevoflurane treated with cytomix significantly prevented such an increase (Figure 4). 374 

 375 

 376 

Figure 4. Effects of sevoflurane on junction proteins and RhoA/pMLC/F-actin pathway of mouse 377 
lung epithelial (MLE-12) cells. Western blots of a) ZO-1 and E-cadherin, b) total myosin light chain 378 
(MLC) and phosphorylated myosin light chain 2 (Ser19) (pMLC2) levels at 6h in untreated MLE-12 379 
cells (Medium) and cells exposed to sevoflurane alone (Sevo), cytomix alone (Cyto) or cytomix and 380 
sevoflurane (Cyto+Sevo). c-e) Protein expression levels were quantified and standardized by 381 
GAPDH protein level, and pMLC levels were standardized by total MLC levels, expressed as ratios 382 
to those in the Medium group. f) RhoA activity was standardized by total RhoA protein level at 30 383 
min in identical conditions. All results are reported as medians with interquartile ranges. One-way 384 
ANOVA was performed, with post-hoc comparisons if ANOVA results showed significance 385 
(compared to the Medium group: *, p <0.05; **, p <0.01; compared to the Cyto group: ##, p <0.01).g) 386 
Immunostaining after 6 hours of treatment of pMLC and F-actin was performed in identical con- 387 
ditions. Cells were fixed, permeabilized, and stained with antibodies, followed by A488 secondary 388 
antibodies and Hoechst. All images were acquired by fluorescent microscope with a 40x objective. 389 
Scale bar: 50 μm. 390 

RAGE-dependent effects of sevoflurane on lung epithelial barrier function in vitro 391 

Treatment with RAP of cells exposed to cytomix did not restore the electrical re- 392 
sistance of MLE-12 cell monolayers in ECIS. Further, when the cells were co-treated with 393 
sevoflurane and RAP, the beneficial effect previously found with sevoflurane alone was 394 
no longer observed (Figure 5). Treatment with RAP alone did not significantly alter the 395 
cytomix-induced release of cytokines by MLE-12 cells at 6 hours, and RAP alone did not 396 
influence the effects of sevoflurane on cytomix-induced cytokine release. However, 397 
co-treatment with RAP and sevoflurane was associated with higher medium levels of 398 
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TNF-ɑ after cytomix, as compared with those after treatment with sevoflurane alone 399 
(Figure 5). Although the experiments with RAP showed no between-group differences in 400 
E-cadherin protein levels after 6 hours of treatment, RAP was associated with restored 401 
protein levels of ZO-1 in cells exposed to cytomix, whether or not they were co-exposed 402 
to sevoflurane (Figure 5). 403 

 404 
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Figure 5. Effects of sevoflurane on lung epithelial barrier function of mouse lung epithelial 405 
(MLE-12) cell monolayer, treated or not with RAGE antagonist peptide (RAP). a) Electrical re- 406 
sistance over 24 hours of a monolayer of MLE-12 cells was measured at a frequency at 4000 Hz by 407 
electric cell-substrate impedance sensing (ECIS) in untreated cells (Medium) or in cells treated for 408 
24 hours with cytomix alone (Cyto), sevoflurane alone (Sevo), cytomix and sevoflurane (Cy- 409 
to+Sevo), cytomix and RAP (Cyto+RAP) or with cytomix, RAP, and sevoflurane (Cyto+RAP+Sevo). 410 
Results are shown as medians with interquartile ranges (n=35-40 per group and per timepoint). 411 
Two-way ANOVA test was performed, with post-hoc comparisons if ANOVA results showed sig- 412 
nificance (compared to the Medium group: ****, p < 10-4; compared to the Cyto+Sevo group: ++, p < 413 
0.01). b) Medium level of Chemokine C-X-C motif ligand-1(CXCL-1), c) Interleukin 6(IL-6) and d) 414 
Tumor necrosis factor alpha (TNF-α) at 6h in identical conditions. e) western blots of ZO-1 and 415 
E-cadherin at 6h in identical conditions. f) Protein expression levels were quantified and stand- 416 
ardized by GAPDH protein level and expressed as ratios to those in the Medium group. Results of 417 
b-f are shown as medians with interquartile ranges. One-way ANOVA was performed, with 418 
post-hoc comparisons if ANOVA results showed significance (compared to the Medium group: *, p 419 
< 0.05; ****, p < 10-4; compared to the Cyto group: #, p < 0.05;##, p < 0.01). 420 

The immunostaining signal and protein quantification based on the Western blot of 421 
pMLC were decreased when MLE-12 cells exposed to cytomix were treated with RAP, 422 
compared to those who were not treated with RAP (Figure 6). Although treatment with 423 
RAP did not influence the effects of sevoflurane on pMLC levels after exposure to cyto- 424 
mix, F-actin cytoskeletal rearrangement and contraction were increased by RAP in 425 
MLE-12 cells exposed to cytomix and sevoflurane (Figure 6). Treatment with RAP de- 426 
creased the cytomix-induced increase in the RhoA activity of MLE-12 cells, as assessed at 427 
30 min. However, RAP did not influence the effects of sevoflurane on RhoA activity after 428 
exposure to cytomix (Figure 6). 429 

 430 
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Figure 6. Effects of sevoflurane on RhoA/pMLC/F-actin pathway in mouse lung epithelial 431 
(MLE-12) cells, treated or not with RAGE antagonist peptide (RAP). a) total myosin light chain 432 
(MLC) and phosphorylated myosin light chain 2 (Ser19) (pMLC2) levels at 6h in untreated MLE-12 433 
cells (Medium) and cells exposed to sevoflurane alone (Sevo), cytomix alone (Cyto), cytomix and 434 
sevoflurane (Cyto+Sevo), cytomix and RAP (Cyto+RAP) or with cytomix, RAP, and sevoflurane 435 
(Cyto+RAP+Sevo). b) Protein expression levels were quantified and standardized by GAPDH 436 
protein level, and pMLC levels were standardized by total MLC levels, expressed as ratios to those 437 
in the Medium group, and reported as medians with interquartile ranges. c) Immunostaining after 438 
6 hours of treatment of pMLC and F-actin was performed in identical conditions. Cells were fixed, 439 
permeabilized, and stained with antibodies, followed by A488 secondary antibodies and Hoechst. 440 
All images were acquired by fluorescent microscope with a 40x objective. Scale bar: 50 μm. d) 441 
RhoA activity was standardized by total RhoA protein level at 30 min in identical conditions. All 442 
quantitative results are reported as medians with interquartile ranges. One-way ANOVA was 443 
performed, with post-hoc comparisons if ANOVA results showed significance (compared to the 444 
Medium group: *, p <0.05; **, p <0.01; compared to the Cyto group: #, p <0.05; ##, p <0.01). 445 

RAGE-dependent effects of sevoflurane on lung injury and mechanisms of lung epi- 446 
thelial barrier function in vivo 447 

The permeability index and BAL levels of total proteins were lower from day 0 to 448 
day 2 after acid injury in RAGE-/- mice than in littermate controls. However, RAGE dele- 449 
tion did not influence the effects of sevoflurane related to permeability indices after in- 450 
jury (Figure S7, online supplement). Similarly, lung accumulation of an intravenous flu- 451 
orescent tracer on day 2 after injury was decreased in RAGE-/- mice, compared to litter- 452 
mate controls, without additional influence of RAGE deletion on the effects of sevoflu- 453 
rane (Figure S8, online supplement). There were no obvious differences in lung im- 454 
munostaining of ZO-1 and E-cadherin in RAGE-/- versus wild-type mice on day 1 after 455 
injury (Figure S9, online supplement). In RAGE-/- mice, sevoflurane restored both ZO-1 456 
and E-cadherin fluorescent signals after injury in comparison to injured mice not receiv- 457 
ing sevoflurane. Overall, ZO-1 and E-cadherin protein levels were overall lower in 458 
RAGE-/- animals than in littermate controls (Figure S10, online supplement). In RAGE-/- 459 
mice, sevoflurane was not associated with a significant effect on ZO-1 and E-cadherin 460 
protein expressions in the lungs over the four-day experiment. Lung pMLC levels peaked 461 
on day 1 after acid injury in RAGE-/- mice, a phenomenon abolished by treatment with 462 
sevoflurane (Figure S11, online supplement). 463 

RAGE deletion in treated mice was associated with improvements in physiological, 464 
inflammatory, and histological features of acid-induced lung injury over time, as com- 465 
pared with wild-type controls (Figures S12–14, online Supplement). However, the bene- 466 
ficial effect of sevoflurane previously observed in wild-type mice on day 1 after injury in 467 
terms of higher PaO2/FiO2 and decreased BAL levels of IL-6 and TNF-ɑ was not found in 468 
RAGE-/- mice. 469 

 470 

DISCUSSION 471 

In this study, we used an in vivo model of acid-induced lung injury in mice and an 472 
in vitro model of sterile injury in mouse lung epithelial cells to investigate whether 473 
sevoflurane could decrease lung alveolar epithelial permeability through the 474 
RhoA/pMLC/F-actin pathway. 475 

Exposure to sevoflurane improved features of experimental ARDS in our mouse 476 
model, such as impaired arterial oxygenation, alveolar inflammation, histological evi- 477 
dence of lung tissue injury, and the extent of lung edema, in line with previous reports of 478 
models of lipopolysaccharide-induced lung injury in rats and a pig model of surfactant 479 
saline lavage [13,15,16,35]. Our study focused on the integrity of the epithelial barrier 480 
function, finding decreased indices of permeability and preserved epithelial structures in 481 
cells and mice exposed to sevoflurane after injury. Alterations of inter-epithelial tight and 482 
adherens junction proteins are major contributors to lung epithelial barrier dysfunction 483 
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in ARDS [3,36]. Sevoflurane increased the protein expression of ZO-1 in our in vivo and 484 
in vitro models, further supporting previous findings of alleviated lung permeability due 485 
to the upregulation of occludin and ZO-1 with sevoflurane preconditioning before is- 486 
chemia-reperfusion in rats [37]. In another double-hit mouse model, isoflurane restored 487 
epithelial tight junction integrity and increased ZO-1 levels [19]. However, no effect of 488 
sevoflurane on E-cadherin was observed in our study, contrasting with previous findings 489 
on human lung microvascular endothelial cells injured by LPS and on colon carcinoma 490 
cell lines [38,39]. In particular, our study provides novel evidence supporting the molec- 491 
ular mechanisms of the effects of sevoflurane on lung epithelial barrier function after 492 
injury. Notably, sevoflurane was associated with decreased lung levels of pMLC and 493 
decreased actin cytoskeletal rearrangement after injury in vivo and in vitro. Sevoflurane 494 
also decreased cytomix-induced RhoA activity in vitro, suggesting that sevoflurane could 495 
decrease lung epithelial permeability through inhibition of the RhoA/pMLC/F-actin cy- 496 
toskeleton pathway, as also suggested by studies on other cell types [38,40–44]. 497 

In addition, we showed that RAGE-/- mice had better oxygenation levels, decreased 498 
lung permeability, and improved inflammatory response compared to littermate 499 
wild-type animals, as previously reported for RAGE inhibition strategies using recom- 500 
binant sRAGE as a decoy receptor or an anti-RAGE monoclonal antibody as an antago- 501 
nist [29]. In vitro, treatment with RAP decreased cytomix-induced RhoA activity in 502 
MLE-12 cells, and treatment with RAP alleviated the beneficial effects of sevoflurane on 503 
the electrical resistance of MLE-12 cell monolayers and on actin cytoskeletal rearrange- 504 
ment. In vivo, RAGE-/- mice received the same benefits from sevoflurane as littermate 505 
controls in terms of indices of lung alveolar-capillary permeability. In contrast to 506 
wild-type mice, however, the RAGE-/- animals did not exhibit the effects of improved 507 
arterial oxygenation and decreased BAL levels of IL-6 and TNF-ɑ observed with 508 
sevoflurane, suggesting that RAGE plays a mediating role in the effects of sevoflurane on 509 
acute lung injury. 510 

Our study has limitations. First, we used in vitro and vivo models of injury from 511 
sterile causes, and thus our findings may not be generalizable to other settings. Second, 512 
we used MLE-12 cells (i.e., type-2-like, tumor-derived epithelial cells), and future valida- 513 
tion studies on primary mouse or human alveolar epithelial cells are warranted. Third, 514 
our mechanistic analyses focused on a short time frame since we hypothesized this 515 
would be more relevant for studying the RhoA/pMLC/F-actin signaling pathway, which 516 
was only feasible in vitro. Fourth, although we  517 

investigated lung epithelial permeability using modern and relevant approaches 518 
focusing on the barrier function and intercellular junctions, the extent of lung epithelial 519 
injury also depends on other important mechanisms, such as cell death [39], wound 520 
healing or fluid and ion clearance. Further investigation is needed to determine whether 521 
sevoflurane affects such mechanisms. 522 

Our study also has several strengths. We used a mouse model of direct lung epithe- 523 
lial injury over multiple days [25,28,29] and an in vitro model of alveolar epithelial injury 524 
[31,45], which are validated and have translational value. In addition, the sevoflurane 525 
concentrations used in our study are similar to those used in clinical practice for deep 526 
sedation, which is often required in the early management of clinical ARDS [12,46]. Fur- 527 
ther, a better description of the mechanisms of lung epithelial injury, among other fea- 528 
tures of ARDS pathogeny, is important to identify endotypes within ARDS (i.e., sub- 529 
groups with distinct biological or functional features) and to inform the future develop- 530 
ment of more targeted, endotype-based therapies for ARDS [47–49]. 531 

In conclusion, sevoflurane was shown to have protective effects on lung epithelial 532 
permeability and epithelial junction proteins in experimental models of sterile ARDS. 533 
These protective effects could be explained, at least in part, by the inhibition of increased 534 
RhoA activity and pMLC as well as actin cytoskeleton rearrangement following lung ep- 535 
ithelial injury. Further studies are needed to determine whether the RAGE pathway me- 536 
diates some of these effects. 537 
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Supplementary figure legends 

 

Figure S1. Arterial oxygen tension (PaO2)/inspiratory oxygen fraction (FiO2) in mice after 
acid-induced lung injury. Arterial oxygen tension (PaO2)/inspiratory oxygen fraction (FiO2) 
of uninjured (Sham), acid-injured (HCl), and acid-injured mice treated with sevoflurane 
(HCl+Sevo) from day 0 to day 4 after injury. Values are presented as box and whisker plots 
with medians and interquartile ranges. Two-way ANOVA tests were performed, and post-hoc 
comparisons were performed if ANOVA results showed significance (compared to the Sham 
group: *, p < 0.05; ****, p < 10-4; compared to the HCl group: ###, p < 0.001). 

 

Figure S2. Bronchoalveolar lavage fluid (BALF) proinflammatory cytokines levels in mice 
after acid-induced lung injury. BALF level of a) Chemokine C-X-C motif ligand-1(CXCL-
1), b) Interleukin 6(IL-6) and c) Tumor necrosis factor alpha (TNF-α) of uninjured (Sham), 
acid-injured (HCl), and acid-injured mice treated with sevoflurane (HCl+Sevo) from day 0 to 
day 4 after injury. Values are presented as box and whisker plots with medians and interquartile 
ranges. Two-way ANOVA tests were performed, and post-hoc comparisons were performed if 
ANOVA results showed significance (compared to the WT_Sham group: ****,p < 10-4; 
compared to the WT_HCl group: ##, p < 0.01). 

 

Figure S3. Histological features of lung injury in mice after acid-induced lung injury. a) 
Lung histological stainings and b) Lung injury scores of uninjured (Sham), acid-injured (HCl), 
and acid-injured mice treated with sevoflurane (HCl+Sevo) from day 0 to day 4 after injury. 
Values are presented as box and whisker plots with medians and interquartile ranges. Two-way 
ANOVA tests were performed, and post-hoc comparisons were performed if ANOVA results 
showed significance. Two-way ANOVA tests were performed, and post-hoc comparisons were 
performed if ANOVA results showed significance (compared to the Sham group: ****, p < 10-

4; compared to the HCl group: ###, p < 10-3; ####, p < 10-4). 

 

117



Figure S4. Western blots of lung junction proteins zonula occludens (ZO)-1 and E-
cadherin in vivo. a) Western blots of ZO-1 and E-cadherin in lung tissues from uninjured 
(Sham), acid-injured (HCl), and acid-injured mice treated with sevoflurane (HCl+Sevo) from 
day 0 to day 4 after injury. b) ZO-1 and c) E-cadherin expression levels were quantified and 
standardized by GAPDH protein level, expressed as ratios to those in sham animals, and 
represented as box and whisker plots with medians and interquartile ranges. Two-way ANOVA 
tests were performed, with post-hoc comparisons if ANOVA results showed significance 
(compared to the Sham group: ****, p < 10-4; compared to the HCl group: ###, p < 10-3). 

 

Figure S5. Lung mRNA levels of lung junction protein zonula occludens (ZO)-1 and E-
cadherin in vivo. a) ZO-1 and b) E-cadherin mRNA levels measured by RT-qPCR in lung 
tissues from uninjured (Sham), acid-injured (HCl), and acid-injured mice treated with 
sevoflurane (HCl+Sevo) from day 0 to day 4 after injury. mRNA levels were calculated by the 
delta-delta Ct method standardized with the housekeeping gene GAPDH. mRNA levels are 
expressed as ratios to those in sham animals, represented as box and whisker plots with medians 
and interquartile ranges. Two-way ANOVA test was performed, with post-hoc comparisons if 
ANOVA results showed significance. 
 
 
Figure S6. mRNA levels of lung junction protein zonula occludens (ZO)-1 and E-cadherin 
in mouse lung epithelial (MLE-12) cells. a) ZO-1 and b) E-cadherin mRNA levels measured 
by RT-qPCRin untreated MLE-12 cells (Medium) and cells exposed to sevoflurane alone 
(Sevo), cytomix alone (Cyto) or cytomix and sevoflurane (Cyto+Sevo). mRNA levels were 
calculated by the delta-delta Ct method standardized with the housekeeping gene GAPDH. 
mRNA levels are expressed as ratios to those in the Medium group, represented as medians and 
interquartile ranges. Two-way ANOVA test was performed, with post-hoc comparisons if 
ANOVA results showed significance. 
 
 
Figure S7. Measures of alveolar-capillary permeability in RAGE-/- and littermate wild-
type mice after acid-induced lung injury. a) Total protein content (in g.L-1) of the 
bronchoalveolar lavage (BAL) fluid and b) Permeability index, as calculated as the BAL fluid-
to-plasma ratio of the human serum albumin (HSA) concentration, in wild-type (WT) or RAGE-
/- uninjured (Sham), acid-injured (HCl), and acid-injured mice treated with sevoflurane 
(HCl+Sevo) from day 0 to day 4 after injury. Values are presented as box and whisker plots 
with medians and interquartile ranges. Two-way ANOVA tests were performed, and post-hoc 
comparisons were performed if ANOVA results showed significance. 
 

Figure S8. Effects of sevoflurane on lung accumulation of an intravenous fluorescent 
tracer in RAGE-/- and wild-type mice on day 2 after acid-induced injury. Representative 
images of accumulation on day 2 after injury of an intravenously-injected, near-infrared 
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fluorescent dye, as reported as relative fluorescence units (RFU), a) in isolated lungs and b) in 
the bronchoalveolar lavage fluid from RAGE-/- (KO) and littermate wild-type (WT) mice: 
uninjured (Sham), acid-injured (HCl), and acid-injured treated with sevoflurane (HCl+Sevo).  

 

Figure S9. Immunostaining of lung junction proteins Zonula Occludens (ZO)-1 and E-
cadherin in RAGE-/- and wild-type mice on day 1 after acid-induced injury. 
Immunostaining of lung a) ZO-1 and b) E-cadherin in lung tissues from RAGE-/- (KO) and 
littermate wild-type (WT) mice, either uninjured (Sham), acid-injured (HCl) or acid-injured 
treated with sevoflurane (HCl+Sevo), on day 1 after injury. Tissues were fixed, permeabilized, 
and stained with ZO-1 and E-cadherin antibodies, followed by A488 secondary antibodies and 
Hoechst staining. All images were acquired by a fluorescent microscope with a 20x objective. 
a)  ZO-1 protein is red-stained, and the cell nucleus is blue-stained. b) E-cadherin protein is 
red-stained, and the cell nucleus is blue-stained. Scale bar: 50 μm. 

 

Figure S10. Western blots of lung junction proteins zonula occludens (ZO)-1 and E-
cadherin in lung tissues from RAGE-/- and wild-type mice after acid-induced injury. a) 
Western blots of ZO-1 and E-cadherin in lung tissues from RAGE-/- (KO) and littermate wild-
type (WT) mice, either uninjured (Sham), acid-injured (HCl) or acid-injured treated with 
sevoflurane (HCl+Sevo), from day 0 to day 4 after injury. b) ZO-1 and c) E-cadherin expression 
levels were quantified and standardized by GAPDH protein level, expressed as ratios to those 
in sham WT animals, and represented as box and whisker plots with medians and interquartile 
ranges. Two-way ANOVA tests were performed, with post-hoc comparisons if ANOVA results 
showed significance. 

 

Figure S11. Myosin Light Chain phosphorylation (Ser 19) in lung tissues from RAGE-/- 
and wild-type mice after acid-induced injury. a) Western blots of total myosin light chain 
(MLC) and phosphorylated myosin light chain 2 (Ser19) (pMLC) in lung tissues from RAGE-

/- (KO) and littermate wild-type (WT) mice, either uninjured (Sham), acid-injured (HCl) or acid-
injured treated with sevoflurane (HCl+Sevo), from day 0 to day 4 after injury. b) Protein 
expression levels were quantified and standardized by GAPDH protein level, and pMLC levels 
were standardized by total MLC levels and expressed as ratios to those in the Medium group. 
Two-way ANOVA test was performed, with post-hoc comparisons if ANOVA results showed 
significance. 
 
 
Figure S12. Arterial oxygen tension (PaO2)/inspiratory oxygen fraction (FiO2) in mice 
after acid-induced lung injury. Arterial oxygen tension (PaO2)/inspiratory oxygen fraction 
(FiO2) of littermate control (WT) and RAGE-/- mice, uninjured (Sham), after acid-induced 
injury (HCl) or after acid-induced injury with treatment by sevoflurane (HCl+Sevo) from day 
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0 to day 4 after injury. Values are presented as box and whisker plots with medians and 
interquartile ranges. Two-way ANOVA tests were performed, and post-hoc comparisons were 
performed if ANOVA results showed significance (compared to the WT_Sham group: *, p < 
0.05; ***, p < 0.001; ****, p < 0.0001; compared to the WT_HCl group: ###, p < 0.001; 
compared to the WT_HCl+Sevo group: +, p < 0.05). 

 

Figure S13. Bronchoalveolar lavage fluid (BALF) proinflammatory cytokines levels in 
mice after acid-induced lung injury. BALF level of a) Chemokine C-X-C motif ligand-
1(CXCL-1), b) Interleukin 6(IL-6) and c) Tumor necrosis factor alpha (TNF-α) of littermate 

control (WT) and RAGE-/- mice, uninjured (Sham), after acid-induced injury (HCl) or after 
acid-induced injury with treatment by sevoflurane (HCl+Sevo) from day 0 to day 4 after injury. 
Values are presented as box and whisker plots with medians and interquartile ranges. Two-way 
ANOVA tests were performed, and post-hoc comparisons were performed if ANOVA results 
showed significance (compared to the WT_Sham group: ****, p < 0.0001; compared to the 
WT_HCl group: ##, p < 0.01; compared to the WT_HCl+Sevo group: +, p < 0.05). 

 

Figure S14. Histological features of lung injury in mice after acid-induced lung injury. a) 
Section images and b) Lung injury scores of littermate control (WT) and RAGE-/- mice, 
uninjured (Sham), after acid-induced injury (HCl) or after acid-induced injury with treatment 
by sevoflurane (HCl+Sevo) from day 0 to day 4 after injury. Values are presented as box and 
whisker plots with medians and interquartile ranges. Two-way ANOVA tests were performed, 
and post-hoc comparisons were performed if ANOVA results showed significance (compared 
to the WT_Sham group: *, p < 0.05; ****, p < 0.0001; compared to the WT_HCl group: ###, 
p < 0.001; ####, p < 0.0001; compared to the KO_HCl group: ++++, p < 0.0001). 
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Scientific Knowledge of the Subject

In ARDS, impaired alveolar fluid clearance function (AFC) is a key

pathophysiological process that is partly associated with the impaired epithelial function,

influencing patients’ prognosis197,198,224.

Increasing evidence showed the potential beneficial effects of inhaled sedation

including improved gas exchange, decreased alveolar edema and decreased inflammation in

experimental models of lung injury240–242. Furthermore, sevoflurane appears to specifically

decrease type 2 pneumocyte damage 243 and isoflurane maintains the integrity of the

alveolar-capillary barrier by modulating tight junctions 241.

The objective of this study is to investigate the effects of halogenated agents

(sevoflurane and isoflurane) on pulmonary epithelial function with its potential improvement

in oxygenation and AFC in a piglet ARDS model.

Contributions of this study to the field

Compared to intravenous sedation, the use of inhaled sedation with sevoflurane or

isoflurane in our porcine model of ARDS was shown to be associated with improved

oxygenation, restored alveolar permeability, and improved AFC.

Furthermore, lung expression levels of the three main epithelial channels AQP-5, Na,

K, ATPase and ENaC are impaired during hydrochloric acid-induced lung injury. The use of

inhaled sedation compared to intravenous sedation seems to restore the protein expression of

these channels.
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INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a syndrome of diffuse inflammatory lung

injury with increased pulmonary oedema and the rapid onset of hypoxemic respiratory failure

characterized by both diffuse alveolar epithelial and endothelial lung injuries. ARDS is still

undertreated, with high mortality and currently lacks effective therapies. Impairment of

alveolar fluid clearance (AFC) is a major feature of AFC that is associated with the mortality

[1]. One of the main mechanisms responsible for the resolution of alveolar oedema is ion

transport across the alveolar epithelium, primarily through epithelial sodium (ENaC),

Na,K-ATPase and aquaporin (AQP)-5 channels, thus creating a local osmotic gradient to

reabsorb the water fraction of the edema fluid from the airspaces of the lungs [2–4].

Halogenated anesthetics, such as isoflurane or sevoflurane, have been widely used for general

anesthesia in the operating room. Sevoflurane is associated with decreased inflammation in

the lungs of patients undergoing thoracic surgery and with a decrease in postoperative

pulmonary complications, such as ARDS[5]. Similar results have been found in a

meta-analysis of patients after cardiac surgery[6]. Halogenated volatiles also have a

bronchodilatory effect[7,8] and perhaps some properties that protect several organs, such as

the heart[9,10] and the kidneys[11–13]. Recently, there has been growing interest in the

clinical use of inhaled anesthetics as sedatives in the intensive care unit (ICU). Both animal

and human studies support the protective effects of pretreatment with halogenated agents

before prolonged ischemia of the liver[14], the brain[15], or the heart[9]. Halogenated agents

also have potential pharmacokinetic and pharmacodynamic advantages over other

intravenous agents for the sedation of critically ill patients, including a rapid onset of action

and fast offset due to little accumulation in tissues. Inhaled halogenated agents decrease

intubation times in comparison with intravenous sedation in patients undergoing cardiac

surgery[16]. Several studies support the safety and efficacy of halogenated agents in the

sedation of ICU patients[17–19]. In experimental models of ARDS, inhaled sevoflurane

improves gas exchange[20,21], reduces alveolar edema[20,21], and attenuates both

pulmonary and systemic inflammation[22]. Isoflurane also ameliorates lung repair after

injury by maintaining the integrity of the alveolar–capillary barrier, possibly by modulating

the expression of a key tight junction protein[23–25]. In addition, mouse macrophages that

were cultured and treated with isoflurane had better phagocytic effects on neutrophils than

macrophages that were not treated with isoflurane[26].
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Our objectives were to investigate the in vivo effects of inhaled sevoflurane and isoflurane on

of lung injury and repair (namely lung epithelial injury and alveolar fluid clearance) and to

test the hypothesis that sevoflurane and/or isoflurane may exert beneficial effects on lung

injury, oxygenation and alveolar fluid clearance.

MATERIAL AND METHODS

Animal model. We used the porcine model previously described by our team [27] and

derived from the work from Ambrosio et al [28] Animal experiments were performed in the

Centre International de Chirurgie Endoscopique, Faculté de Médecine, Université

d’Auvergne (Clermont-Ferrand, France), as approved by our national animal ethics

committee (approval number 01505.03).

Landrace white two-year old piglets, weighing 10-15 kg, were used. The animals were

restricted from food overnight but had free access to water. Pigs were premedicated using

intramuscular azaperone (2 mg.kg-1) behind the ear. Anesthesia was induced with intravenous

propofol (3 mg.kg-1) and sufentanil (0.3 µg.kg-1) and animals were intubated orally with a

6-mm internal diameter cuffed endotracheal tube. Central venous access using a surgical

exposure of the right internal jugular vein and the Seldinger method to insert a 3-lumen

catheter (7 French, 16 cm) was inserted. The femoral artery was catheterized to insert both an

arterial line and a thermodilution catheter (3–5 French, 20) allowing blood samples and

continuous hemodynamic monitoring (e.g., cardiac output, extravascular lung water) with

PiCCO+ device (Pulsion SA).

A total of 24 piglets were randomly allocated to four groups. The randomization was

performed by means of computer software (Microsoft Office Excel 2003, Microsoft

Corporation). A Sham-IV group (N=6) was made with control animals, without lung injury,

and receiving intravenous sedation with propofol and remifentanil. A HCl-IV group (N=6)

defined animals with acid-induced lung injury and receiving intravenous sedation (N=6). The

HCl-Sevo group (N=6) and HCl-Iso group (N=6) formed groups of animals with
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acid-induced lung injury and receiving an inhaled sedation post-conditioning with either

sevoflurane or isoflurane, respectively.

Mechanical ventilation was delivered using volume-controlled ventilation, tidal volume of

6–8 ml.kg-1, PEEP of 5 cmH2O and oxygen inspired fraction (FiO2) of 40% (Engström, GE

Healthcare). Respiratory rate was adjusted to maintain end-tidal carbon dioxide between 35

and 45 mmHg. The temperature of the pigs was kept at approximately 38°C by using warm

blankets (Medi-therm II, Gaymar Industries). The electrocardiogram and arterial pressure

were monitored continuously (IntelliVue MP40, Phillips and PiCCO, Pulsion SA). Pigs were

placed in the supine position. Continuous anesthesia consisting of intravenous infusion of

propofol (5 mg.kg-1.h-1) and continuous intravenous infusion of remifentanil (10–20

μg.kg−1.h−1=0.15–0.33μg.kg−1.min−1) before acid-induced lung injury was standardized.

Continuous intravenous infusion of cisatracurium (0.2 mg.kg-1.h-1) was used for a

neuromuscular blockade.

Sedation using halogenated anesthetics (sevoflurane or isoflurane) was started once the

acid-induced lung injury was achieved. The intravenous sedation was then interrupted for

both the HCl-sevo and HCl-iso groups. Inhaled sedation was delivered through the anesthetic

conserving device (Cedaconda, Sedana Medical) connected between the Y-piece of the

respiratory circuit and the endotracheal tube. After priming the agent line with a bolus of 1.5

mL of the halogenated anesthetics, the syringe pump rate was adapted to reach a certain

concentration depends on the minute volume and the targeted concentration, with rates of 2–7

mL.h-1 and 4–10 ml.h-1 being, in general, associated with expired fractions of 0.2–0.7% and

0.5–1.4% for isoflurane[29] and sevoflurane[30,31], respectively. For this study, continue

administration of the halogenated anesthetics with FEsevo and FEiso targets were of 0.8–1.1

and 0.5–0.8, respectively.

Acid aspiration–Induced acute lung injury was induced by intratracheal instillation of 100ml

hydrochloric acid 0.05 N, pH 1.4 (4 ml.kg-1 body weight), at the level of the carina over 3

min using a Ch14 suction catheter through the endotracheal tube. Based on previous studies,

lung injury was established when PaO2/FiO2 ratio decreased to 25% from the baseline (blood
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samples collected at 5 cmH2O of PEEP, FiO2 of 40 %), approximately one hour after airway

hydrochloric acid instillation[28,32].

At the end of ventilation, and after lung bronchoalveolar lavage (BAL) and arterial blood

sampling, piglets were sacrificed with intravenous pentobarbital (150 mg.kg-1). Whole lungs

were harvested after sacrifice for histological analysis.

Physiological measurements. Criteria for experimental ARDS were evaluated as

recommended by the American Thoracic Society [33] at baseline in injured and Sham

animals, and after four hours of mechanical ventilation. We evaluated PaO2/FiO2 ratio (also

measured hourly during the experimental procedure), as assessed by arterial blood gases

using a bedside solution (EPOC, Siemens), alveolar-capillary permeability, as assessed by

total protein level in BAL, and by measurements of extravascular lung water (EVLW, as

indexed to body weight [34]) after transpulmonary thermodilution (PiCCO+, Pulsion SA).

Hemodynamic variables, measured at baseline, and every hour until the end of the ventilation

period (four hours): cardiac index, mean arterial pressure and plasma lactate level. Lung

compliance was measured at baseline, and every hour until the end of the ventilation period

(four hours), as a surrogate marker of lung injury severity.

Alveolar fluid clearance. Undiluted pulmonary edema fluid samples were also collected

from animals at baseline and four hours later, as previously described[35,36]. Briefly, a soft

14-Fr-gauge suction catheter (PharmaPlast, Maersk Medical, Denmark) was advanced into a

wedged position in a distal bronchus via an endotracheal tube. Pulmonary edema fluid was

collected in a suction trap by gentle suction. All samples were centrifuged at 3,000 rpm at

4°C for 10 min in a refrigerated centrifuge. Supernatants was collected, and the total protein

concentration in edema fluid was measured by the biuret method[35,36]. On the basis of the

observation that the rate of clearance of edema fluid from the alveolar space is much faster

than the rate of protein removal[37], the net AFC rate was calculated: Percent AFC = 100 x

[1 - (initial edema protein/final edema total protein)]. This method has been validated in prior

clinical and experimental studies [1,36,38–40]. All samples had a coefficient of variation less

than 10%.
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Lung mRNA and protein expression. The animals were sacrificed after the ventilation

period and AFC measurements, and subjected to lung sampling for the assessment of protein

expression levels. A Mem-PER Plus Membrane Protein Extraction Kit (Thermo Scientific,

Weltham, MA) was used to extract membrane proteins of the right lung tissues of pig in each

treatment group, following the manufacturer’s instructions. Briefly, 50 mg left lung tissue

were washed with cell wash solution, cut to pieces and homogenized in permeabilization

buffer to an even suspension. The cells were scraped off, resuspended in Hites medium and

centrifuged at 300 × g for 5 minutes. The cell pellet was washed with 3 mL of cell wash

solution and centrifuged at 300 × g for 5 min. After the complete removal of the supernatant

containing the cytosolic extract, the cells were resuspended in wash solution and centrifuged

at 300 × g for 5 min. Again, the supernatant was discarded and permeabilization buffer was

added to cell pellet. Then the homogeneous tissue and cell suspension in permeabilization

buffer was obtained and incubated at 4°C with mixing for 20 min. Again, the pellet was

centrifuged at 16,000 × g for 15 minutes and the supernatant was discarded. The pellet was

resuspended in solution buffer and incubated at 4°C with mixing for 40 min. The suspension

was centrifuged at 16,000 × g for 15 minutes at 4°C. Finally, the membrane protein contained

in supernatant was obtained and further quantified in duplicate using pig ɑ1-ENaC

(MBS7218398, MyBiosource, San Diego, CA) ɑ1-Na,K-ATPase (MBS9333154,

MyBiosource, San Diego, CA) and AQP-5 (MBS9334691, MyBiosource, San Diego, CA)

ELISA kits.

In parallel, total RNA was isolated from the left lung with an RNA extraction kit (RNeasy®

Mini Kit, Qiagen, Valencia, CA). The gene expression levels of RAGE (mRNA Refseq

NM_007425), ɑ1-ENaC (NM_011324), ɑ1-Na,K-ATPase (NM_144900), and AQP-5

(NM_009701) were assessed using semi-quantitative real-time polymerase chain reaction

(PCR)(RT² Profiler™ PCR Array, Qiagen, Valencia, CA). Threshold levels of mRNA

expression (∆∆Ct) were normalized to housekeeping gene, and the values represent the mean

of triplicate samples ± standard deviation (SD). Data are representative of three independent

observations. Housekeeping gene included the following: glyceraldehyde-3-phosphate

dehydrogenase (GADPH).
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Statistical Analysis. A computer-based randomization was applied to allocate animals to

different study groups, thus minimizing inclusion bias. All measures (e.g. blood gas analyses,

measurements of epithelial channels) were done by investigators blind to randomization

groups, thus limiting analysis bias. Categorical data were expressed as numbers and

percentages, and quantitative data as mean and standard deviation (SD) or median and

interquartile range (IQR) according to statistical distribution. Statistical analyses of

physiological parameters were carried out by two-way repeated measures analyses of

variance (ANOVA) when appropriate. Kruskal-Wallis test with Bonferroni tests were used for

pairwise comparisons. All analyses were performed using Prism 6 (Graphpad Software, La

Jolla, CA). A P <0.05 (two-sided) was considered statistically significant.

According to the principles of the 3Rs (Replacement, Reduction and Refinement), a limited

number of animals was used (six animals under a given ventilator setting in each group)

(Table 2) in order to detect a difference of 1 mg.mL-1 (SD=0.5) in BAL protein concentration

and of 5% per hour (SD=2.5) in net AFC rate 4 hours after mechanical ventilation, when

considering alpha and beta risks of 5% (bilateral) and 10%, respectively. Statistical power of

90% was considered sufficient to allow multiple comparisons between groups.

RESULTS

Measurements of Alveolar Fluid Clearance. A significant between-group diference was

detected in net AFC rates measured afer four hours of mechanical ventilation (P=0.03) (Fig.

1). The net AFC rate was decreased in HCl-injured piglets with intravenous sedation (8.4 ±

9.2 %/h) when compared with Sham animals (26 ± 4.3 %/h). By contrast, inhaled sedation

with sevoflurane (23 ± 9.1 %/h) or isoflurane (19 ± 11 %/h) restored AFC in the HCl-injured

animals.

Measurements of Physiological Dysfunction. In HCl-injured piglet with intravenous

sedation, arterial oxygenation had deteriorated one hour after injury, as compared with sham

animals, with gradual improvement by hour 4 in HCl-injured piglet with inhaled sedation

(Fig. 2). Mean arterial oxygenation (PaO2/FiO2 ratios) therefore met clinical ARDS criteria

on hour 1-2 in injured piglets, but not in injured piglets treated with sevoflurane or isoflurane,

in which PaO2/FiO2 were similar to those seen in sham animals.
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Alteration of the Alveolar Capillary Barrier. Alveolar-capillary barrier permeability, as

assessed by the permeability index, showed a substantial increase in HCl-injured animals

with intravenous sedation, as compared with sham animals. Inhaled sedation with either

sevoflurane or isoflurane was efficient in normalising the permeability index after acid injury

(Fig. 3).

Two-way repeated-measurement ANOVA indicated a group time x group effect (P=0.04)

with an incremental effect of HCl-induced injury on the course of extravascular lung water

(EVLW), when compared with the absence of injury or with the use of inhaled sedation by

sevoflurane or isoflurane (Fig. 4)

Lung expression of alveolar epithelial channels. The protein expression of AQP-5,

Na,K,ATP-ase and ENaC in the lung was decreased in the HCl-injured piglets with

intravenous sedation. In contrast, inhaled sedation by sevoflurane and isoflurane restored the

the lung protein expression of Na,K,ATP-ase and ENaC compared to intravenous sedation

(Fig. 5). No obvious changes were observed in lung AQP-5, Na,K,ATP-ase and ENaC

mRNA levels in HCl-injured piglets with intravenous sedation and with sevoflurane or

isoflurane (Fig. 6)

Effects of halogenated agents on respiratory and hemodynamic variables. The effets of

both sevoflurane and isoflurane on respiratory and hemodynamic variables were summarized

in the supplemental content.

DISCUSSION

This study reports that the use of inhaled sedation with both sevoflurane and isoflurane

compared to intravenous sedation improves arterial oxygenation and alveolar fluid clearance

in an experimental model of alveolar injury. This improvement is associated with a

restoration of protein level of epithelial channels.

Growing preclinical evidence suggests that inhaled sedation by sevoflurane or isoflurane may

possess important lung-protective effects mediated via mechanisms that could be very
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relevant to the pathogenesis and resolution of ARDS, although some uncertainty persists

[41]. In vitro, sevoflurane reduced the secretion of inflammatory mediators and the

chemotactic activity and adherence of neutrophils in cultured alveolar epithelial cells after

lipopolysaccharide (LPS) challenge [42,43], and alveolar macrophages treated with

sevoflurane after LPS had increased phosphorylation of the extracellular-regulated kinase, an

anti-inflammatory and anti-apoptotic kinase [44,45]. In vivo, studies in various mouse, rat and

pig models of ARDS found that isoflurane and sevoflurane reduced alveolar and systemic

levels of proinflammatory cytokines [26,46–49]. Inhaled sedation was also associated with

improved arterial oxygenation and decreased lung alveolar edema in experimental ARDS

[49,50]. In particular, isoflurane was able to restore epithelial tight junction integrity in a

double-hit mouse model of nebulised LPS plus ventilator-induced lung injury [23], and

sevoflurane may have protective effects on some mechanisms of transepithelial fluid transport

in vitro and in vivo [20,46].

Currently, at least two large trials are enrolling patients with ARDS to assess the effects of

inhaled sedation on major clinical outcomes. The Canadian Sedating with Volatile

Anesthetics Critically Ill COVID-19 Patients in ICU: Effects On Ventilatory Parameters And

Survival (SAVE-ICU) trial is a multicentre, open-label, pragmatic, randomised controlled trial

that aims at randomising 752 mechanically ventilated patients with hypoxemic acute

respiratory failure and proven or suspected COVID-19 to either intravenous sedation (with

any sedation supplied by the participating hospital) or inhaled sedation with isoflurane or

sevoflurane, depending on the availability of both drugs (ClinicalTrials.gov: NCT04415060).

Primary outcome measures will be hospital mortality, ventilator-free days and ICU-free days

at day 30, and quality of life at 3 and 12 months after discharge. In parallel, the French

Sevoflurane for Sedation in ARDS (SESAR) trial aims at recruiting a total of 700 patients

within 24 h of moderate-severe ARDS onset (PaO2/FiO2 <150 mmHg under a positive

end-expiratory pressure of at least 8 cmH2O) to evaluate whether sedation with inhaled

sevoflurane (administered through the Sedaconda-ACD-S device) will increase the number of

ventilator-free days through day 28, as defined as the number of days alive and off the

ventilator at 28 days (thereby considering death as a competing event) (primary outcome) and

decrease all-cause 90-day mortality (key secondary outcome), compared to a sedation

strategy of intravenous propofol (ClinicalTrials.gov: NCT04235608). Findings from the
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SAVE-ICU and SESAR trials will also be invaluable to inform the impact of inhaled sedation

on neurocognitive function and long-term outcomes, in addition to contributing to better

understanding of the potential clinical benefits of halogenated agents for ICU sedation.

Meanwhile, although this sedation strategy is already being applied routinely in some centres,

a recent panel of experts suggested that inhaled sedation with isoflurane or sevoflurane could

be considered as a second or third-line strategy (propofol being the first line) within an

“ABCDEF-R” bundle (R for Respiratory-drive-control) for patients with ARDS [51].

Nevertheless, large-scale studies are urgently awaited to further confirm the efficacy and

safety of inhaled ICU sedation. The phase III multicentre randomised controlled

SEDACONDA trial found that isoflurane is efficacious as a sole sedative and non-inferior to

propofol in maintaining targeted sedation levels [15]. This trial is the largest trial of inhaled

sedation that has been completed to date, with 301 adult patients under mechanical

ventilation enrolled across 21 centres in Germany and three centres in Slovenia. It will also

allow pre-planned analyses in patients with acute respiratory failure/ARDS and evaluation of

long-term neuropsychological effects (up to one year after randomisation).

Using halogenated agents for ICU sedation is gaining popularity, and a 2019 survey of French

ICUs highlighted that 80% of respondents were “satisfied or very satisfied” with the

technique [52]. In this declarative survey, the main indications of inhaled sedation were

severe asthma or bronchospasm, ARDS, and failure of intravenous sedation. However, most

of them had only used inhaled sedation for <5 years and in <20 patients per year, and the

main reasons for not using inhaled sedation included the unavailability of the device (40% of

responses) and lack of familiarity with the technique (35% of responses). Overall, almost

75% of respondents answered that inhaled sedation was probably a seducing and viable

alternative to intravenous sedation, thus prompting further diffusion and evaluation of this

strategy, the pursuit of continuous efforts to specifically train ICU staff in charge of sedation,

and efforts to further simplify the set-up and use of systems dedicated to inhaled sedation,

such as the Sedaconda-ACD and the Mirus

Our study has some potential limitations. First, one of the factors limiting the clinical

translation of preclinical findings is the limitations of in vivo disease models, but animal
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experiments remain essential to understanding the fundamental mechanisms underlying the

onset of diseases and to discovering improved methods to preventing, diagnosing and treating

them. Second, we limited our evaluation at hour 4 after injury that only allowed to collect

parameters during the early phase of ARDS and not assess later time-points. Nevertheless our

experimental model of ARDS in piglets has significant advantages compared to existing ones

including a rapid onset (within 1 h in general), good reproducibility and stability over time

and a low mortality rate. Third, we did not set up exactly the same lines on the ventilatory

between the group. Indeed piglets received inhaled sedation had the Sedaconda-ACD

whearas other piglet had an simple HFE filter. This point could change rheological properties

of fluid and impact the findings. Nevertheless same differences on line exist for mecanical

ventilation in ARDS humans.

CONCLUSION

In conclusion, the use of inhaled sedation with both sevoflurane and isoflurane

alleviated lung injury, improved arterial oxygenation, improved AFC, and restored lung

epithelial channels expression in a translational piglet model of ARDS. Our findings should

prompt further mechanistic studies of the pathways from inhaled sedation use to AFC and

regulation of alveolar epithelial channels.
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FIGURES

Figure 1. Inhaled sedation with sevoflurane or isoflurane improves alveolar fluid clearance.

Values are reported as means±standard error of the mean.

Figure 2. Inhaled sedation with sevoflurane or isoflurane improves arterial oxygenation.

Values are reported as means±standard error of the mean.
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Figure 3. Inhaled sedation with sevoflurane or isoflurane decreases both alveolar

permeability. Values are reported as means±standard error of the mean.

Figure 4. Inhaled sedation with sevoflurane or isoflurane decreases extravascular lung water.

Values are reported as means±standard error of the mean.
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Figure 5. Inhaled sedation with sevoflurane or isoflurane restaures protein expression of

epithelial channels AQP-5 (A), Na,K,ATP-ase (B) and ENaC (C). Values are reported as

means±standard error of the mean.

Figure 6. Inhaled sedation with sevoflurane or isoflurane has not effect on mRNA levels of

AQP-5 (A), Na,K,ATP-ase (B) and ENaC (C). Values are reported as means±standard error

of the mean.
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05. Perspectives and conclusion

After years of research and numerous negative trials, there are, to date, only a few

therapies that have shown a reduction in mortality in ARDS patients14,15,244, and new trials

have failed to confirm the interest of some of these therapies245–248. Taken together with all of

the results from the literature already published on the subject, there is an increasing interest

in the use of inhaled sedation in intensive care. Current evidence supports a safe profile for

the use of inhaled sedation in intensive care patients. Nevertheless, the description of the

precise physio-pathological mechanisms that can explain the beneficial effects, require the

pursuit of translational research with the implementation of new clinical studies and

experimental studies with in vivo and in vitro models.

The main objective of this thesis project, as mentioned in its title, is to explore

sevoflurane effects by translational in vivo and in vitro models and its potential mechanistic.

Nevertheless, literature reviews during this thesis project were very meaningful and permitted

the established basis before the beginning of the experimental project. Our review of inhaled

sedation (Study #1) summarized the pharmacological basis and practical aspects of the use of

volatile anesthetics for ICU sedation, and also reviewed and discussed available evidence

which highlighted the huge potential and increasing acceptance in intensive care as sedative

agents. This review has also permitted us to conceptualize experimental projects which

reflect the reality of intensive care settings in a translational research perspective.

Following this first review, our second review on preclinical ARDS models (Study

#2) in which we had the chance to work with the Pr. Matute-Bello (the first author of an

important review highlighted and has given systematic guidelines for experimental animal

models of ARDS249, summarized the strengths and limitations of the available models until

today. This review may help future experimental designers to choose the adequate model for
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their research objective, hopefully along with the acquisition of granular clinical,

physiological, and biological data within clinical studies, lead to perspectives of identifying

new drug targets, developing targeted therapies, or moreover the development of personalized

medicine and predictive medicine strategies which may deeply improve patient outcomes in

ARDS.

Our investigation of alveolar re-epithelization and the RAGE role in the alveolar

epithelial wound repair in A549 cell models (Study #3), this study underlying the activation

of RAGE by HMGB1 and AGEs promote in vitro wound healing of human alveolar epithelial

cells in a RAGE-dependent manner with evidence which supports that this effect was at least

in a part by increased cell migration and proliferation following RAGE activation. Those

discoveries, though need to be precisely investigated via mechanistic investigation, encourage

us to continue to clarify the involvement of RAGE during lung injury, especially on

mechanistic pathways.

As one of the principal studies to achieve the research objectives of this thesis project,

our study on the effects of sevoflurane on lung epithelial permeability in both in vitro and in

vivo mice models (Study #4) has shown, besides numerous results which are in line with

previous results reported in other studies such as impaired arterial oxygenation, alveolar

inflammation, histological evidence of lung tissue injury, and the extent of lung

edema238–240,243, protective effects of sevoflurane on lung epithelial permeability and epithelial

junction proteins in experimental models of sterile ARDS and mechanistically explain this

effects, at least in part by the inhibition of increased RhoA activity and pMLC as well as actin

cytoskeleton rearrangement following lung epithelial injury. Also, in this study, we observed

that RAGE-/- mice had better oxygenation levels, decreased lung permeability, and improved

inflammatory response compared to littermate wild-type animals, this discovery is in line
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with our previous research, in which RAGE inhibition may protect mice from an acute lung

injury152,153. RAGE-/- mice received the same benefits from sevoflurane as littermate wild-type

animals, however, despite RAP treatment in our in vitro cell model showing decreasing

effects on cytomix-induced RhoA activation, the use of RAP alleviated the beneficial effects

of sevoflurane on decreased permeability and cytoskeleton rearrangement.

Finally, our study on the effects of sevoflurane but also isoflurane on alveolar fluid

clearance in an in vivo piglet model of ARDS (Study #5) confirmed the effects of

sevoflurane and isoflurane on improved arterial oxygenation and alveolar-capillary

permeability restoration after acid-induced acute lung injury. This study has also shown both

sevoflurane and isoflurane effects on the improvement of AFC and this improvement was

shown to be associated with restored lung protein levels of Na, K, ATPase, and ENaC. These

discoveries on the improvement of AFC and restored lung epithelial channels take steps of

advancement on the mechanistic research of halogenated agents' protective effects on the

resolution of lung edema during ARDS239–241. Which encourages further research focusing on

the sevoflurane effects on the AFC and the regulation of epithelial channels with a more

precise mechanism.

Taken together of all of our results with the literature already published in this field,

our studies, with results found in both in vitro and two different in vivo models, explain more

precisely the protective effects of halogenated agents and new revelation of its potential

mechanism, and hence support the high interest in the use of inhaled sedation in intensive

care for ARDS patients. However, despite all efforts in our studies to figure out the precise

mechanism of halogenated agents’ protective effects on improved arterial oxygenation,

improved inflammation, alveolar epithelial permeability, epithelial junction, restoration of

AFC, and epithelial channel regulation, However, there is still a strong need in the future to
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clarify more precisely different mechanisms which may be involved in halogenated agents’

beneficial effects.

First of all, despite our advancements in this research project, the mediating role of

RhoA/pMLC pathway in acute lung injury and sevoflurane effects on it, the mechanism is not

wholly understood, in other studies, the upregulation of Rho kinase (ROCKI and ROCKII)

was also reported in acute lung injury194,195 indicates the role and involvement of ROCKI and

ROCKII, and its possible link with sevoflurane need to be better discussed in acute lung

injury. The Rho activation was observed with induced increased endothelial permeability but

also inflammation192,250,251, in addition to its involvement in the ROS formation, suggest the

mechanistic link between the RhoA/ROCK activation and the induction of inflammation

should also be clarified. Furthermore, the mechanistic discussion in this thesis work was

limited to the investigation of Myosin Light Chain Kinase(MLCK) which is straightly

involved in the RhoA/ROCK/pMLC pathway, recent studies reported its involvement in acute

lung injury and the disassembly of epithelial junctions191,192. Moreover, some studies reported,

from a genetic view, its link to the risk of development of ARDS252,253. RhoA/ROCK

pathway was also reported to be involved in the regulation of epithelial channels of water

transport, including its involvement in the downregulation of Na, K-ATPase254,255, and

ENAC256, indicating a possible link between effects of sevoflurane on the restored epithelial

channels and RhoA/ROCK regulation. Taken together, further investigations of RhoA/ROCK

pathways in ARDS along with the encouraging effects observed in our study may have high

potential therapeutic interest207.

Besides sevoflurane effects via the RhoA/pMLC/F-actin pathway that our project

focused on, other possible mechanistic pathways are involved in the mechanism of

halogenated agents. Numerous studies suggest the mediation of halogenated agents’ effects
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by the PI3K/Akt signaling pathway196,257–260. Moreover, recent studies suggest the regulator

role of sevoflurane on autophagy261,262 and apoptosis258,263, two downstream cell signaling

activity of activation of this pathway. other studies suggest also the regulator role of

sevoflurane/isoflurane but on wnt/beta-catenin pathway264,265. However, although these cell

death mechanisms are also described in the altered epithelial barrier function in ARDS, no

studies have investigated the potential effects of sevoflurane on these cell survival and cell

death pathways, such as autophagy and apoptosis, in a suitable model of pulmonary alveolar

epithelial injury. Further studies of halogenated agents' effects may explain whether they

protect alveolar epithelial integrity through improved cell survival from epithelial injury.

Another important mechanistic factor for further studies is RAGE, which is also

directly involved with the Rho pathway266,267, PI3K/Akt pathway268,269. Although the

mediation of sevoflurane protective effects by RAGE was just partially revealed in our in

vitro and in vivo models(Study #4), our study revealed the protective effect on acute lung

injury of RAGE deletion. Associated with our discoveries about RAGE modulation effects on

epithelial wound repair including cell proliferation and migration, our project indicates the

critical role of RAGE on epithelial integrity and its repair. Furthermore, our in vivo RAGE-/-

animal model showed a solid and robust performance of its high translational potential for

further studies which, along with in vitro studies, may better explore this pathway.

Our study(Study #2) discussed different models with their strengths and limits and

pointed out the limits of monolayer cell culture. Additionally, in our studies using A549 cell

lines and MLE-12 cell lines, results remain in a limited reproduction of the alveolar

environment. Furthermore, some results showed on MLE-12 cell lines were not in line with

those obtained in vivo, some studies observed the different effects of sevoflurane on cell
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proliferation270,271, future validation studies on the primary mouse or human alveolar epithelial

cells, or even more like organoids. lung-on-a-chip, ex vivo human lungs are warranted272.

The ultimate objective of all those preclinical translational studies is no doubt to be

able to contribute to clinical advancements from a translational view. In spite of the

abundance of data on the benefits of using inhaled sedation in the operating bloc, there exists

few solid clinical data about the benefit of inhaled sedation in intensive care units with ARDS

patients. Our first pilot study has shown that an inhaled sevoflurane sedation strategy

compared to intravenous sedation in patients with moderate to severe ARDS resulted in

improved oxygenation and decreased plasma and alveolar concentrations of

pro-inflammatory cytokines77. Recently, a large multicenter prospective randomized trial

SESAR (Sevoflurane for Sedation in Acute Respiratory Distress Syndrome,

ClinicalTrials.gov Identifier: NCT04235608) coordinated by our clinic team has been started

in 2019. The principal objective of this trial is to assess the efficacy of sedation with inhaled

sevoflurane in improving a composite outcome of mortality and ventilator-free time at 28

days in 700 patients with moderate-severe ARDS in comparison to a control group receiving

intravenous sedation with propofol. Another multicenter randomized trial SAVE-ICU

(SedAting With Volatile Anesthetics Critically Ill COVID-19 Patients in ICU: Effects On

Ventilatory Parameters And Survival, ClinicalTrials.gov Identifier: NCT04415060), aims to

assess the outcome of hospital mortality and ventilator-free time of patients with COVID-19

disease or suffering from hypoxic lung failure receiving sevoflurane or isoflurane.

The difficulties in finding new therapies are probably partly explained by the

heterogeneity of this syndrome with the existence of distinct clinical and

biological-molecular profiles, and having different responses to different therapies273,274. It is

now recognized that patient response to candidate therapies largely varies because of the
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underlying biology, even in patients with a shared etiology, such as COVID-1945. It may now

be possible to identify ARDS subtypes (or phenotypes) that could confer different responses

to therapy, in addition to identifying patients with distinct prognosis275. However, currently,

no consensus on the most appropriate approach to understanding ARDS heterogeneity exists,

and significant gaps remain to develop more personalized therapeutic approaches for

ARDS276. In order to respond to the need for the identification of ARDS phenotype and

endotype toward personalized medicine strategies. The first clinical study evaluating a

point-of-care assay to prospectively identify hyper- and hypo-inflammatory phenotypes34 in

patients with ARDS and hypoxemic acute respiratory failure is started since 2019

(ClinicalTrials.gov Identifier: NCT04009330), and the preliminary results in patients with

COVID-19 have been published277. Furthermore, In the SESAR trial, to find out if there are

different profiles between patients regarding the response to sevoflurane. The two patient

phenotypes described by Calfee et al.34 will be tested in a SESAR ancillary study to find out

if there are different profiles between patients regarding the response to sevoflurane.

ARDS phenotypes are not necessarily only biological but can also be morphological.

During ARDS, patients have different prognosis and responses to therapies, which depends

on whether the pulmonary involvement is focal or non-focal. Different profiles responding to

mechanical ventilation and to different recruitment maneuvers have already been shown278,

with an impact on the future of patients, depending on the morphology of the lung

involvement during ARDS. In order to better characterize the diffusion of halogenated

agents according to the morphology of the pulmonary involvement, a study of the

pharmacokinetics/pharmacodynamics of sevoflurane according to the morphology of the

pulmonary involvement in patients with ARDS is currently undergoing. The results will

make it possible to better characterize the administration of halogenated agents during

ARDS. Finally, in order to try to describe the sub-phenotypes of ARDS and their potential
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response to halogenated agents in experimental models, a systematic review of the literature

and a meta-analysis of preclinical studies will be carried out.

Furthermore, in order to respond to the necessity of biomarkers development for the

identification of ARDS phenotype and endotype, as suggested by Bos and Ware recently35. In

the SESAR trial, patients' plasma concentrations of sRAGE will be assessed from biological

samples taken from patients in the SESAR study (n=350 per group), at the time of inclusion

(D0) and on D1, D2 , D4, D6 and D14 (or upon leaving intensive care if this occurs before)

for the validation of sRAGE as a biomarker of epithelial injury and ARDS severity.

Furthermore, plasmatic Angiopoietin-2 will be assessed as an endothelial injury biomarker

and, plasmatic interleukin IL-6, IL-8, and tumor necrosis factor-receptor will be assessed as

biomarkers of hyperinflammatory phenotype.

Additionally, measured sRAGE with the patient’s profile will be analyzed by

inferential statistical methods to assess plasma sRAGE as a predictive and prognostic

enrichment method in patients meeting the criteria for ARDS.

Since longitudinal sampling could provide additional insights into biological

dynamics and treatment responses over time, a biological collection of plasma, alveolar, and

urine samples of enrolled patients will be constructed, for future mechanistic and endotyping

studies of the biological effects of sevoflurane. The whole blood will be collected for both

genetic studies (e.g., evaluation of single nucleotide polymorphisms (SNPs), RNA

sequencing (RNA-Seq)) and phenotypic characterization of macrophages using FACS.

All of those actual promising studies and future enviable studies, including preclinical

and clinical studies, should finally make it possible to better understand the effects and

mechanisms of halogenated agents, to better describe their place in therapeutic use, and to

better develop future clinical studies on the effect of halogenated agents during ARDS, and to

163



establish future clinical trial enrichment which will be hopefully beneficial for patients who

suffer from this syndrome.
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