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Abstract 

Acute lung injury (ALI), acute respiratory distress syndrome (ARDS), ventilator-

induced lung injury (VILI), pulmonary ischemia-reperfusion (I/R) injury, and 

inflammatory lung diseases remain major causes of morbidity and mortality in 

critically ill patients worldwide. Despite significant advances in respiratory 

support, lung injury continues to represent a major therapeutic challenge due to 

the complex interaction between inflammatory, oxidative, mechanical, and 

cellular pathways. The concept of pneumoprotection encompasses endogenous 

and exogenous mechanisms capable of attenuating pulmonary damage and 

preserving alveolar-capillary integrity. These protective responses may be 

stimulated by pharmacological interventions, including antioxidants, nitric oxide 

modulators, corticosteroids, mesenchymal stem cell-derived therapies, and 

mitochondrial-targeted agents, as well as non-pharmacological approaches such 

as lung-protective ventilation, prone positioning, ischemic conditioning, and 

physical rehabilitation strategies. Recent advances in molecular biology have 

revealed critical signaling pathways involved in pneumoprotection, including 

PI3K/Akt, Nrf2/HO-1, NF-κB, HIF-1α, mitochondrial permeability transition pore 

regulation, and inflammatory cytokine modulation. This narrative review 

summarizes current evidence regarding pharmacological and non-

pharmacological strategies for pneumoprotection and discusses future 

perspectives for translational and clinical research. 

Keywords: pharmacology; acute lung injury; acute respiratory distress syndrome; 

mechanical ventilation; oxidative stress; pneumoprotection. 
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1. Introduction 

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) 

remain major causes of morbidity and mortality worldwide, frequently associated 

with sepsis, pneumonia, trauma, aspiration, ischemia-reperfusion injury, and 

mechanical ventilation, with mortality rates that may exceed 40% in severe cases 
1,2,3. ARDS is characterized by diffuse alveolar damage, disruption of the alveolar-

capillary barrier, and severe impairment of gas exchange; the Berlin Definition 

has long been the standard framework for diagnosis and severity classification4, 

and was recently expanded by a new global definition that incorporates patients 
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receiving high-flow nasal oxygen, the SpO₂ /FiO₂  ratio, and lung ultrasound5; 

current ESICM guidelines summarize the evidence on definition, phenotyping, 

and respiratory support strategies6. Its pathophysiology is multifactorial, involving 

inflammatory mediators, oxidative stress, endothelial and epithelial injury, 

coagulation abnormalities, mitochondrial dysfunction, and dysregulated immune 

responses 2,3. 

Mechanical ventilation, although indispensable in respiratory failure, may 

itself aggravate pulmonary damage through ventilator-induced lung injury (VILI) 

when inappropriate settings are used 7. Recognition that pulmonary tissue 

possesses endogenous mechanisms capable of limiting injury has led to the 

concept of pneumoprotection, which, analogous to cardioprotection and 

neuroprotection, encompasses physiological and pharmacological interventions 

that preserve pulmonary structure and function by attenuating inflammation, 

oxidative stress, mitochondrial dysfunction, and cell death 2,7. 

This narrative review provides a critical and integrative synthesis of 

pharmacological and non-pharmacological strategies for pneumoprotection, 

emphasizing biological mechanisms of pulmonary injury and protection. Rather 

than following a systematic methodology, it aims to highlight established 

concepts, emerging therapeutic approaches, and current research trends, 

integrating evidence from experimental, translational, and clinical studies 

addressing inflammatory signaling, oxidative stress, mitochondrial dysfunction, 

immune regulation, and endogenous adaptive responses, to support future 

mechanistic, translational, and clinical investigation in pulmonary protection. 

2. Cellular and Molecular Mechanisms Involved in Pulmonary Injury 

Acute pulmonary injury results from coordinated activation of innate 

immunity, inflammatory signaling, oxidative stress, mitochondrial dysfunction, 

metabolic impairment, and programmed cell death, converging to disrupt 

alveolar-capillary barrier integrity regardless of the initiating insult—sepsis, 

pneumonia, trauma, ischemia-reperfusion injury, or mechanical ventilation 2,8. 

Among the earliest events is activation of pattern-recognition receptors by 

pathogen- and damage-associated molecular patterns (PAMPs/DAMPs); Toll-

like receptor 4 (TLR4), which recognizes lipopolysaccharide and endogenous 

danger signals, triggers MyD88- and TRIF-dependent signaling and 

transcriptional activation of inflammatory genes 9,10. A central downstream event 

is stimulation of nuclear factor-kappa B (NF-κB), a principal transcriptional 

regulator of inflammation whose persistent activation is consistently associated 

with worse outcomes in experimental and clinical ARDS 10. 

 

NF-κB activation drives transcription of tumor necrosis factor-alpha (TNF-α), 

produced primarily by activated macrophages and neutrophils and correlated with 

edema severity and impaired gas exchange, interleukin-1 beta (IL-1β, generated 

via NLRP3 inflammasome/caspase-1 activation), and interleukin-6 (IL-6), whose 

elevated plasma and bronchoalveolar concentrations are associated with disease 

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.18686



severity, ventilation duration, and mortality through the IL-6/JAK/STAT3 axis 
11,12,13. High-mobility group box-1 protein (HMGB1), released from necrotic or 

activated cells, interacts with TLR4 and RAGE receptors to further amplify NF-

κB- and MAPK-mediated responses, while chemokines such as CXCL10 sustain 

recruitment of activated lymphocytes, monocytes, and natural killer cells, 

particularly in viral and sepsis-associated lung injury 8,14. The mitogen-activated 

protein kinase (MAPK) family (ERK, JNK, p38) regulates inflammatory gene 

expression, cytokine production, and apoptosis in parallel; experimental MAPK 

inhibition attenuates pulmonary inflammation and edema 15. 

Oxidative stress, driven by activated inflammatory cells and dysfunctional 

mitochondria, generates excessive reactive oxygen species (ROS) that cause 

lipid peroxidation, protein oxidation, endothelial dysfunction, and DNA damage, 

further amplifying inflammatory signaling 16,17. Mitochondrial dysfunction has 

emerged as a central mechanism linking inflammation to cellular injury: impaired 

oxidative phosphorylation progressively depletes intracellular ATP, 

compromising ion transport, membrane integrity, and alveolar fluid clearance, 

and disrupting ATP-dependent calcium transport 18,19. Consequent cytosolic and 

mitochondrial calcium overload favors mitochondrial permeability transition pore 

(mPTP) opening, dissipation of the mitochondrial membrane potential, 

cytochrome c release, and apoptotic activation, directly driving epithelial and 

endothelial cell death and increasing alveolar–capillary permeability20,21. 

Collectively, activation of TLR4, NF-κB, TNF-α, IL-1β, IL-6, HMGB1, CXCL10, 

and MAPK signaling, together with oxidative stress, ATP depletion, calcium 

dysregulation, and mitochondrial permeability transition, forms the molecular 

basis of pulmonary injury and represents the principal target of contemporary 

pneumoprotective therapies 2,19 (Figure 1). 
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Figure 1. Overview of the cellular and molecular mechanisms of acute pulmonary 

injury. Injurious stimuli (sepsis, pneumonia, trauma, aspiration, ischemia–

reperfusion, mechanical ventilation) release pathogen- and damage-associated 

molecular patterns (PAMPs/DAMPs) that activate TLR4/NF-κB and MAPK 

signaling, driving production of TNF-α, IL-1β, IL-6, HMGB1, and CXCL10 

(left/centre pathway). In parallel, reactive oxygen species and mitochondrial 

dysfunction deplete ATP, dysregulate calcium homeostasis, and trigger opening 

of the mitochondrial permeability transition pore (mPTP) (right pathway). Both 

pathways converge on epithelial and endothelial apoptosis, culminating in 

alveolar–capillary barrier disruption and acute lung injury/ARDS. Dashed arrows 

indicate amplifying feedback loops between pathways. Figure generated with an 

artificial intelligence image-generation tool (Claude, Anthropic) and reviewed by 

the authors. 

3. Ventilator-Induced Lung Injury (VILI) 

When inappropriate ventilatory parameters are applied, mechanical 

ventilation may itself induce or aggravate pulmonary damage—a process termed 

ventilator-induced lung injury (VILI)—independent of the underlying disease 7,22. 

Its pathophysiology involves alveolar overdistension (volutrauma), elevated 

airway pressures (barotrauma), repetitive alveolar collapse and reopening 

(atelectrauma), and mechanical stress-induced inflammatory activation 

(biotrauma), together disrupting epithelial and endothelial integrity 7. 

Mechanical stretch activates mechanotransduction pathways that convert 

physical forces into biochemical signals, engaging TLR4, NF-κB, and MAPK 

signaling and increasing production of TNF-α, IL-1β, and IL-6, alongside release 
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of HMGB1 and other DAMPs that sustain a positive feedback loop of 

inflammatory injury 7,23. Excessive mechanical stretch also increases reactive 

oxygen species (ROS) generation and impairs mitochondrial oxidative 

phosphorylation, culminating in epithelial and endothelial apoptosis 17,18. 

The clinical relevance of VILI was definitively demonstrated by the 

landmark ARDS Network trial, which showed that lower tidal volume ventilation 

significantly reduced mortality in ARDS, establishing lung-protective ventilation 

as the cornerstone of modern respiratory support 24. Beyond tidal volume, driving 

pressure and mechanical power have since been proposed as additional 

determinants of ventilator-associated risk, with driving pressure showing the 

strongest association with survival among ventilatory variables in ARDS25,26. 

Understanding VILI as a syndrome of mechanotransduction, inflammation, 

oxidative stress, and mitochondrial dysfunction has been fundamental to the 

development of contemporary pneumoprotective strategies aimed at minimizing 

ventilator-associated pulmonary damage 7. 

4. Pneumoprotection Induced by Ischemic Postconditioning 

Ischemic postconditioning (IPostC) consists of brief, intermittent cycles of 

ischemia and reperfusion applied immediately after a prolonged ischemic insult. 

Originally described in the myocardium, it has since shown protective effects in 

other organs, including the lungs, by attenuating inflammation, oxidative stress, 

endothelial dysfunction, and mitochondrial damage 27,28. The lung is particularly 

susceptible to ischemia-reperfusion (I/R) injury given its extensive vascular 

network; restoration of blood flow, although essential, paradoxically triggers 

inflammatory and oxidative cascades that may exacerbate tissue damage in 

settings such as transplantation, cardiopulmonary bypass, and hemorrhagic 

shock 29. 

Postconditioning attenuates innate immune activation by reducing 

TLR4/NF-κB signaling and downstream production of TNF-α, IL-1β, and IL-6, and 

by limiting HMGB1 release and chemokine-mediated leukocyte recruitment, 

thereby preserving alveolar-capillary barrier integrity 28. It also enhances 

endogenous antioxidant defenses, reducing ROS-mediated lipid peroxidation 

and DNA damage, and shifts MAPK signaling away from pro-apoptotic p38/JNK 

activity toward pro-survival ERK1/2 signaling 15,17. 

Mitochondrial preservation represents one of the most important 

mechanisms of postconditioning-mediated protection: brief I/R cycles inhibit 

mPTP opening during early reperfusion, preserving membrane potential and 

preventing cytochrome c release, while also maintaining ATP-dependent calcium 

transport 20,30. Remote ischemic postconditioning (RIPostC), in which transient 

ischemia is applied to a distant organ or limb, induces systemic protection via 

neural, humoral, and immunological pathways and has attracted considerable 

interest for perioperative and critical care applications given its non-invasive, low-

risk profile 31,32. Although evidence remains largely experimental, ischemic 

postconditioning is among the most promising non-pharmacological 
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pneumoprotective strategies, warranting translational and clinical trials to define 

optimal protocols 31,32. 

 

5. Physiological and Pathological Conditions Potentially Stimulating 

Pneumoprotective Responses 

The lung can activate endogenous adaptive mechanisms—analogous to 

ischemic tolerance in the heart and brain—that increase resistance to 

subsequent injurious stimuli, involving coordinated regulation of inflammatory 

signaling, oxidative stress, mitochondrial function, cellular metabolism, and tissue 

repair 33,34. 

5.1. Hypoxic Adaptation and Permissive Hypercapnia 

Moderate or intermittent hypoxia induces stabilization of hypoxia-inducible 

factors (HIF-1α/HIF-2α), transcription factors regulating angiogenesis, glucose 

metabolism, antioxidant defense, and mitochondrial adaptation; experimental 

activation of HIF signaling attenuates pulmonary inflammation, preserves 

endothelial barrier function, and reduces injury during subsequent inflammatory 

or ischemic insults, in part through reduced ROS generation and more efficient 

oxygen utilization 33,35. Controlled, permissive hypercapnia—common during 

lung-protective ventilation—similarly attenuates NF-κB activation and reduces 

TNF-α, IL-1β, and IL-6 production, and may reduce oxidative stress and preserve 

barrier integrity, although excessive hypercapnia may be detrimental and 

moderate degrees are therefore preferred 36,37. 

5.2. Exercise, Hormesis, and Ischemic Conditioning 

Regular physical activity induces systemic adaptive responses that extend 

beyond the cardiovascular system, enhancing endogenous antioxidant defenses 

(superoxide dismutase, catalase, glutathione peroxidase), increasing 

mitochondrial biogenesis, improving endothelial function, and suppressing basal 

NF-κB/MAPK/inflammasome activity, collectively increasing pulmonary resilience 

to inflammatory and oxidative insults 38,39,40. This parallels the concept of 

hormesis, whereby exposure to low-intensity stress—such as mild oxidative 

stress—activates nuclear factor erythroid 2-related factor 2 (Nrf2) signaling, 

upregulating heme oxygenase-1 (HO-1), glutathione synthesis enzymes, and 

other cytoprotective and detoxification systems, attenuating pulmonary 

inflammation, oxidative stress, and mitochondrial dysfunction 41,42. Both ischemic 

preconditioning and postconditioning, as well as remote organ crosstalk, in which 

brief sublethal ischemia in skeletal muscle or intestine activates neural, humoral, 

and immunological pathways, reduce injury in distant organs including the lungs, 

providing rationale for clinically applicable remote conditioning strategies 31,32. 

5.3. Endogenous Resolution of Inflammation and Mitochondrial Adaptive 

Responses 

Beyond mechanisms that limit injury, the lung possesses pathways that 

actively promote resolution of inflammation: specialized pro-resolving mediators 
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(SPMs)—lipoxins, resolvins, protectins, and maresins—regulate termination of 

inflammatory responses, clearance of apoptotic cells, and tissue repair, and their 

failure has been implicated in persistent injury, fibrosis, and prolonged 

dysfunction, while their enhancement is beneficial experimentally 43,44. 

Mitochondria also function as central regulators of cellular adaptation to stress, 

and mild metabolic stress can stimulate mitochondrial biogenesis, mitophagy, 

and cytoprotective signaling that preserve ATP production, maintain calcium 

homeostasis, reduce ROS generation, and prevent mPTP opening; 

enhancement of mitochondrial quality control is increasingly recognized as a 

fundamental component of endogenous pneumoprotection, associated with 

reduced inflammation and improved epithelial barrier function 18,45. Collectively, 

these adaptive stimuli converge on common molecular targets—HIF signaling, 

Nrf2 activation, NF-κB inhibition, and mitochondrial preservation—that may be 

harnessed to develop innovative pneumoprotective strategies 35,41. 

6. Pharmacological Strategies for Pneumoprotection 

Growing mechanistic understanding has stimulated pharmacological 

interventions that directly target the inflammatory, oxidative, and mitochondrial 

processes responsible for pulmonary injury, rather than merely addressing its 

physiological consequences 3. 

6.1. Anti-Inflammatory and Cytokine-Targeted Therapies 

Corticosteroids, the most extensively investigated anti-inflammatory 

agents, suppress NF-κB activation and pro-inflammatory cytokine transcription, 

with recent trials suggesting benefit in selected ARDS populations, particularly 

during early inflammatory phases 46,47. Biological therapies directed against TNF-

α, IL-1β, and IL-6 signaling reduce leukocyte recruitment and barrier disruption 

experimentally, though clinical translation remains limited by disease 

heterogeneity 48,49. 

6.2. Antioxidant and Mitochondria-Targeted Therapies 

N-acetylcysteine (NAC), a glutathione precursor, remains extensively 

studied and reduces pulmonary edema and oxidative injury experimentally 50. 

Melatonin has emerged as a particularly attractive agent owing to combined 

antioxidant, anti-inflammatory, anti-apoptotic, and mitochondrial-protective 

properties 51,52. In a small experimental study using a rat model of intestinal 

ischemia-reperfusion-induced lung injury, both melatonin and NAC attenuated 

pulmonary injury and increased superoxide dismutase activity, with greater 

reductions in TNF-α in the melatonin group 53; as these findings derive from a 

single model, they require independent confirmation. Mitochondria-targeted 

antioxidants (e.g., MitoQ, SS-31) and pharmacological inhibition of mPTP 

opening have also shown experimental benefit in preserving membrane potential 

and preventing apoptotic cascades 30,54. 

6.3. Nitric Oxide, TLR4/NF-κB/MAPK Modulation, and Cell-Based Therapies 
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Nitric oxide (NO) regulates vascular tone, endothelial function, and 

pulmonary perfusion; inhaled NO acts as a selective pulmonary vasodilator that 

improves ventilation-perfusion matching and oxygenation and continues to be 

used as rescue therapy in selected patients with refractory hypoxemia, although 

mortality benefit remains unproven in meta-analyses 55,56. Because TLR4, NF-

κB, and MAPK occupy central positions in the inflammatory cascade, 

experimental inhibition of these pathways attenuates cytokine production (TNF-

α, IL-1β, IL-6, HMGB1), leukocyte recruitment, oxidative stress, and endothelial 

injury, while also preserving mitochondrial function 57,58,59. Mesenchymal stromal 

cells (MSCs) have emerged as one of the most promising translational 

approaches, exerting immunomodulatory and tissue-reparative effects via 

secretion of growth factors, extracellular vesicles, and mitochondrial transfer; 

experimental administration reduces cytokine production, attenuates alveolar-

capillary permeability, and improves alveolar fluid clearance and survival 60,61. 

6.4. Specialized Pro-Resolving Mediators and Emerging Targets 

Unlike conventional anti-inflammatory agents, SPMs actively promote 

resolution of inflammation while preserving host defense, reducing pulmonary 

edema and fibrosis in experimental models 62,63. Additional emerging targets 

under investigation include Nrf2 activation, autophagy modulation, 

inflammasome inhibition, ferroptosis regulation, and enhancement of 

mitochondrial quality control, aiming to restore cellular homeostasis rather than 

merely suppress inflammation 41,64. Collectively, experimental evidence suggests 

that simultaneous modulation of oxidative and inflammatory pathways may be a 

promising strategy for clinical translation 41,52. 

7. Non-Pharmacological Strategies for Pneumoprotection 

Non-pharmacological interventions remain the foundation of contemporary 

pneumoprotection, acting by reducing mechanical stress, optimizing gas 

exchange, and limiting inflammatory activation, with many strategies directly 

influencing the molecular pathways described above 7,65. 

7.1. Lung-Protective Ventilation and PEEP Optimization 

Lung-protective ventilation, established by the landmark ARDS Network 

trial, remains the cornerstone of modern pneumoprotection, minimizing 

volutrauma, barotrauma, atelectrauma, and biotrauma and thereby limiting NF-

κB/MAPK-driven cytokine production 24. Appropriate positive end-expiratory 

pressure (PEEP) prevents repetitive alveolar collapse and reopening, improving 

oxygenation and ventilation-perfusion matching, though excessive PEEP may 

cause overdistension and hemodynamic compromise, underscoring the need for 

individualized titration 65,66. 

7.2. Prone Positioning, ECMO, and Fluid Management 

Prone positioning redistributes transpulmonary pressures and improves 

oxygenation while reducing regional overdistension; the PROSEVA trial 

demonstrated significant mortality reduction with early, prolonged prone 
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positioning in severe ARDS 67,68. Extracorporeal membrane oxygenation (ECMO) 

permits ultra-protective ventilation in patients with severe, refractory respiratory 

failure, with expanded use in severe ARDS and during recent viral pandemics 
69,70. Conservative fluid management minimizes hydrostatic pulmonary edema 

and has been shown to improve oxygenation and shorten mechanical ventilation 

duration, as demonstrated in the FACTT trial and subsequent studies 71,72. 

7.3. Remote Conditioning, Rehabilitation, Nutrition, and Oxygen Titration 

Remote ischemic conditioning reduces pulmonary inflammation, oxidative 

stress, and mitochondrial injury through neural, humoral, and immunological 

mechanisms, though clinical evidence remains limited 32. Early mobilization and 

rehabilitation counteract immobilization-related respiratory muscle dysfunction 

and systemic inflammation, and may improve recovery of pulmonary 

performance 73; however, the multicenter TEAM trial in 750 ventilated adults 

found that intensified early active mobilization did not increase days alive and out 

of hospital and was associated with more adverse events, so mobilization 

intensity should be individualized74. Adequate nutritional support is 

recommended by international guidelines as a component of comprehensive 

critical care, whereas routine high-dose supplementation with omega-3 fatty 

acids—precursors of SPMs—is not supported by current guidance 75. 

Individualized oxygenation targets that avoid both hypoxemia and hyperoxia limit 

ROS-mediated oxidative damage, as supported by recent trials of conservative 

oxygen therapy 76,77. 

7.4. Integrated Approaches 

Current evidence indicates that no single intervention is sufficient to fully 

prevent pulmonary injury. Optimal pneumoprotection likely requires integration of 

multiple complementary strategies—lung-protective ventilation, individualized 

PEEP, prone positioning, conservative fluid management, early rehabilitation, 

optimized oxygen therapy, and selective extracorporeal support—which 

converge on shared biological pathways of inflammation, oxidative stress, 

mitochondrial dysfunction, and endothelial injury. Future personalized 

approaches combining pharmacological and non-pharmacological interventions 

may further improve outcomes in patients at risk for acute lung injury and ARDS 
7,65. 

8. Emerging Perspectives and Future Directions in Pneumoprotection 

Despite substantial mechanistic and therapeutic advances, ALI and ARDS 

remain associated with major morbidity and mortality, suggesting that future 

pneumoprotective strategies will require personalized, multimodal approaches. 

Precision medicine is among the most promising developments: ARDS is 

increasingly recognized as a biologically heterogeneous syndrome with distinct 

inflammatory and metabolic phenotypes, and advances in genomics, 

transcriptomics, and single-cell sequencing may enable identification of patients 

most likely to benefit from targeted interventions 78,79,80. 
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Volatile anesthetics, particularly isoflurane and sevoflurane, have emerged 

as promising translational pneumoprotective agents beyond their sedative role, 

reducing TNF-α, IL-1β, IL-6, and HMGB1 production, suppressing TLR4/NF-

κB/MAPK signaling, and preserving mitochondrial function via activation of pro-

survival pathways (PI3K/Akt, ERK1/2); a randomized trial in thoracic surgical 

patients demonstrated reduced pulmonary inflammation with sevoflurane81, but a 

subsequent multicenter trial in 460 patients found no difference in major 

postoperative complications between volatile (desflurane) and intravenous 

(propofol) anesthesia, so clinical benefit remains to be demonstrated 82,83,84. 

Artificial intelligence and machine learning are increasingly used to integrate 

clinical, physiological, and molecular data, supporting early diagnosis, predictive 

modeling, and individualized optimization of ventilatory and fluid management 

strategies 85,86. 

Extracellular vesicles and cell-free therapies derived from mesenchymal 

stromal cells offer a promising alternative to whole-cell therapy, attenuating 

inflammation and promoting epithelial and endothelial repair with lower 

immunogenicity 87,88. Mitochondrial medicine—enhancing biogenesis, 

mitophagy, and oxidative phosphorylation while preventing mPTP opening—and 

immunometabolism, which links metabolic reprogramming of immune cells to 

inflammatory and reparative processes, represent further emerging pillars of 

pneumoprotection 19,89. 

The multifactorial nature of pulmonary injury suggests that future success 

will depend on multimodal, combination strategies integrating pharmacological 

and non-pharmacological interventions rather than isolated approaches 3. 

However, translation from laboratory to clinical practice remains challenging, 

reflecting species-specific differences, disease heterogeneity, and variability in 

timing of intervention; future research should prioritize clinically relevant models, 

biomarker-guided stratification, and multicenter translational studies integrating 

precision medicine and systems biology to accelerate development of 

individualized pneumoprotective therapies 90. 

9. Conclusions 

Pulmonary injury remains one of the most important causes of morbidity 

and mortality in critically ill patients, representing a common final pathway of 

sepsis, ischemia-reperfusion syndromes, trauma, major surgery, mechanical 

ventilation, and ARDS. Growing understanding of its cellular and molecular basis 

has expanded pneumoprotection from a predominantly mechanical concept into 

a comprehensive biological strategy targeting inflammation, oxidative stress, 

mitochondrial dysfunction, and endothelial injury simultaneously 2,19. 

This review highlights that endogenous protective mechanisms can be 

activated by diverse stimuli—hypoxia, hypercapnia, exercise, hormetic stress, 

ischemic conditioning, and specialized pro-resolving pathways—converging on 

common mechanisms that enhance cellular resilience and mitochondrial integrity 
35,45. Pharmacological pneumoprotection has evolved substantially through anti-

inflammatory agents, antioxidants, mitochondria-targeted therapies, MSC-
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derived therapies, and specialized pro-resolving mediators, although most of this 

evidence remains experimental and awaits clinical confirmation. 

Equally important, non-pharmacological interventions—lung-protective 

ventilation, individualized PEEP, prone positioning, conservative fluid 

management, extracorporeal support, early mobilization, and careful oxygen 

titration—continue to form the foundation of contemporary pneumoprotection, 

directly influencing the molecular pathways of injury 65,72. Looking forward, 

precision medicine, artificial intelligence, extracellular vesicle biology, 

mitochondrial medicine, and immunometabolism are likely to redefine this field, 

enabling biomarker-guided, personalized therapeutic approaches 19,78. 

In conclusion, pneumoprotection should no longer be viewed solely as a 

ventilatory concept but as an integrated biological and clinical paradigm 

encompassing prevention, attenuation, and resolution of pulmonary injury. 

Continued integration of experimental, translational, and clinical research will be 

essential for developing strategies capable of preserving pulmonary structure and 

function and reducing the global burden of acute lung injury and ARDS 7,90. 

 

Conflicts of Interest 

None 

Funding 

This research did not receive any specific grant from funding agencies in the 

public, commercial, or not-for-profit sectors. 

Use of Artificial Intelligence in the Writing Process 

An AI tool (Claude, Anthropic) was used to generate Figure 1 and to assist in 

checking and updating the reference list and in language editing. All content, 

interpretations, and references were reviewed and verified by the authors, who 

take full responsibility for the manuscript. 

References 

1. Meyer NJ, Gattinoni L, Calfee CS. Acute respiratory distress syndrome. 

Lancet. 2021;398(10300):622–637. doi:10.1016/S0140-6736(21)00439-6. 

2. Matthay MA, Arabi YM, Siegel ER, et al. Phenotypes and personalized 

medicine in the acute respiratory distress syndrome. Intensive Care Med. 

2020;46(12):2136-2152. doi:10.1007/s00134-020-06296-9. 

3. Matthay MA, Zemans RL, Zimmerman GA, Arabi YM, Beitler JR, Mercat A, 

Herridge M, Randolph AG, Calfee CS. Acute respiratory distress syndrome. Nat 

Rev Dis Primers. 2019;5(1):18. doi:10.1038/s41572-019-0069-0. 

4. ARDS Definition Task Force; Ranieri VM, Rubenfeld GD, Thompson BT, 

Ferguson ND, Caldwell E, Fan E, Camporota L, Slutsky AS. Acute Respiratory 

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.18686



Distress Syndrome: The Berlin Definition. JAMA. 2012;307(23):2526–2533. 

doi:10.1001/jama.2012.5669. 

5. Matthay MA, Arabi Y, Arroliga AC, Bernard G, Bersten AD, Brochard LJ, et al. 

A new global definition of acute respiratory distress syndrome. Am J Respir Crit 

Care Med. 2024;209(1):37–47. doi:10.1164/rccm.202303-0558WS. 

6. Grasselli G, Calfee CS, Camporota L, Poole D, Amato MBP, Antonelli M, et al. 

ESICM guidelines on acute respiratory distress syndrome: definition, 

phenotyping and respiratory support strategies. Intensive Care Med. 

2023;49(7):727–759. doi:10.1007/s00134-023-07050-7. 

7. Gattinoni L, Tonetti T, Quintel M. Regional physiology of ARDS. Crit Care. 

2017;21(Suppl 3):312. doi:10.1186/s13054-017-1905-9. 

8. Huang W, Tang Y, Li L. HMGB1, a potent proinflammatory cytokine in sepsis. 

Cytokine. 2010;51(2):119–126. doi:10.1016/j.cyto.2010.02.021. 

9. Lu YC, Yeh WC, Ohashi PS. LPS/TLR4 signal transduction pathway. Cytokine. 

2008;42(2):145–151. doi:10.1016/j.cyto.2008.01.006. 

10. Liu T, Zhang L, Joo D, Sun SC. NF-κB signaling in inflammation. Signal 

Transduct Target Ther. 2017;2:17023. doi:10.1038/sigtrans.2017.23. 

11. Parsons PE, Eisner MD, Thompson BT, Matthay MA, Ancukiewicz M, Bernard 

GR, Wheeler AP. Lower tidal volume ventilation and plasma cytokine markers of 

inflammation in patients with acute lung injury. Crit Care Med. 2005;33(1):1–6. 

doi:10.1097/01.CCM.0000149854.61192.DC. 

12. Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 inflammasome: an overview 

of mechanisms of activation and regulation. Int J Mol Sci. 2019;20(13):3328. 

doi:10.3390/ijms20133328. 

13. Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation, immunity, and 

disease. Cold Spring Harb Perspect Biol. 2014;6(10):a016295. 

doi:10.1101/cshperspect.a016295. 

14. Blot M, Jacquier M, Aho Glele LS, Beltramo G, Nguyen M, Bonniaud P, Prin 

S. CXCL10 could drive longer duration of mechanical ventilation during COVID-

19 ARDS. Crit Care. 2020;24(1):632. doi:10.1186/s13054-020-03347-0. 

15. Kyriakis JM, Avruch J. Mammalian MAPK signal transduction pathways 

activated by stress and inflammation. Physiol Rev. 2012;92(2):689–737. 

doi:10.1152/physrev.00028.2011. 

16. Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen species 

in inflammation and tissue injury. Antioxid Redox Signal. 2014;20(7):1126–1167. 

doi:10.1089/ars.2012.5149. 

17. Schieber M, Chandel NS. ROS function in redox signaling and oxidative 

stress. Curr Biol. 2014;24(10):R453–R462. doi:10.1016/j.cub.2014.03.034. 

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.18686



18. Grazioli S, Pugin J. Mitochondrial damage-associated molecular patterns: 

from inflammatory signaling to human diseases. Front Immunol. 2018;9:832. 

doi:10.3389/fimmu.2018.00832. 

19. Supinski GS, Schroder EA, Callahan LA. Mitochondria and critical illness. 

Chest. 2020;157(2):310–322. doi:10.1016/j.chest.2019.08.2182. 

20. Giorgi C, Marchi S, Pinton P. The machineries, regulation and cellular 

functions of mitochondrial calcium. Nat Rev Mol Cell Biol. 2018;19(11):713–730. 

doi:10.1038/s41580-018-0052-8. 

21. Clapham DE. Calcium signaling. Cell. 2007;131(6):1047–1058. 

doi:10.1016/j.cell.2007.11.028. 

22. Beitler JR, Malhotra A, Thompson BT. Ventilator-induced lung injury. Clin 

Chest Med. 2016;37(4):633–646. doi:10.1016/j.ccm.2016.07.004. 

23. Slutsky AS, Ranieri VM. Ventilator-induced lung injury. N Engl J Med. 

2013;369(22):2126–2136. doi:10.1056/NEJMra1208707. 

24. Acute Respiratory Distress Syndrome Network. Ventilation with lower tidal 

volumes as compared with traditional tidal volumes for acute lung injury and the 

acute respiratory distress syndrome. N Engl J Med. 2000;342(18):1301–1308. 

doi:10.1056/NEJM200005043421801. 

25. Amato MBP, Meade MO, Slutsky AS, Brochard L, Costa ELV, Schoenfeld 

DA, et al. Driving pressure and survival in the acute respiratory distress 

syndrome. N Engl J Med. 2015;372(8):747–755. doi:10.1056/NEJMsa1410639. 

26. Gattinoni L, Tonetti T, Cressoni M, Cadringher P, Herrmann P, Moerer O, et 

al. Ventilator-related causes of lung injury: the mechanical power. Intensive Care 

Med. 2016;42(10):1567–1575. doi:10.1007/s00134-016-4505-2. 

27. Heusch G. Molecular basis of cardioprotection: signal transduction in 

ischemic pre-, post-, and remote conditioning. Circ Res. 2015 Feb 13;116(4):674-

99. doi: 10.1161/CIRCRESAHA.116.305348. 

28. Cao QF, Qu MJ, Yang WQ, Wang DP, Zhang MH, Di SB. Ischemia 

postconditioning preventing lung ischemia-reperfusion injury. Gene. 

2015;554(1):120–124. doi:10.1016/j.gene.2014.10.009. 

29. Eltzschig HK, Eckle T. Ischemia and reperfusion—from mechanism to 

translation. Nat Med. 2011;17(11):1391–1401. doi:10.1038/nm.2507. 

30. Elrod JW, Molkentin JD. Physiologic functions of cyclophilin D and the 

mitochondrial permeability transition pore. Circ J. 2013;77(5):1111-22. doi: 

10.1253/circj.cj-13-0321. 

31. Liu K-X, Li Y-S, Huang W-Q, et al. Immediate but Not Delayed 

Postconditioning During Reperfusion Attenuates Acute Lung Injury Induced by 

Intestinal Ischemia/Reperfusion in Rats: Comparison with Ischemic 

Preconditioning. Journal of Surgical Research. 2009;157(1):e55–e62. 

doi:10.1016/j.jss.2008.11.843. 

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.18686



32. Heusch G, Bøtker HE, Przyklenk K, Redington A, Yellon D. Remote ischemic 

conditioning. J Am Coll Cardiol. 2015;65(2):177–195. 

doi:10.1016/j.jacc.2014.10.031. 

33. Yuan X, Lee JW, Bowser JL, Neudecker V, Sridhar S, Eltzschig HK. Targeting 

Hypoxia Signaling for Perioperative Organ Injury. Anesth Analg. 

2018;126(1):308–321. doi:10.1213/ANE.0000000000002288. 

34. Eltzschig HK, Carmeliet P. Hypoxia and inflammation. N Engl J Med. 

2011;364:656–665. doi:10.1056/NEJMra0910283. 

35. Scholz CC, Taylor CT. Targeting the HIF pathway in inflammation and 

immunity. Curr Opin Pharmacol. 2013 Aug;13(4):646-53. doi: 

10.1016/j.coph.2013.04.009. 

36. Curley G, Contreras MM, Nichol AD, Higgins BD, Laffey JG. Hypercapnia and 

acidosis in sepsis: a double-edged sword? Anesthesiology. 2010 

Feb;112(2):462-72. doi: 10.1097/ALN.0b013e3181ca361f. 

37. Kregenow DA, Rubenfeld GD, Hudson LD, Swenson ER. Hypercapnic 

acidosis and mortality in acute lung injury. Crit Care Med. 2006 Jan;34(1):1-7. 

doi: 10.1097/01.ccm.0000194533.75481.03. 

38. Powers SK, Jackson MJ. Exercise-induced oxidative stress: cellular 

mechanisms and impact on muscle force production. Physiol Rev. 

2008;88(4):1243–1276. doi:10.1152/physrev.00031.2007. 

39. Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS, Nimmo MA. 

The anti-inflammatory effects of exercise: mechanisms and implications for the 

prevention and treatment of disease. Nat Rev Immunol. 2011;11(9):607-15. doi: 

10.1038/nri3041. 

40. Reis Gonçalves CT, Reis Gonçalves CG, de Almeida FM, Lopes FD, dos 

Santos Durão AC, dos Santos FA, et al. Protective effects of aerobic exercise on 

acute lung injury induced by LPS in mice. Crit Care. 2012;16(5):R199. 

doi:10.1186/cc11807. 

41. Cuadrado A, Rojo AI, Wells G, Hayes JD, Cousin SP, Rumsey WL, Attucks 

OC, Franklin S, Levonen AL, Kensler TW, Dinkova-Kostova AT. Therapeutic 

targeting of the NRF2 and KEAP1 partnership in chronic diseases. Nat Rev Drug 

Discov. 2019;18(4):295-317. doi: 10.1038/s41573-018-0008-x. 

42. Tonelli C, Chio IIC, Tuveson DA. Transcriptional Regulation by Nrf2. Antioxid 

Redox Signal. 2018;29(17):1727-1745. doi: 10.1089/ars.2017.7342. 

43. Dalli J, Serhan CN. Identification and structure elucidation of the pro-resolving 

mediators provides novel leads for resolution pharmacology. Br J Pharmacol. 

2019;176(8):1024-1037. doi: 10.1111/bph.14336. 

44. Serhan CN, Levy BD. Resolvins in inflammation: emergence of the pro-

resolving superfamily of mediators. J Clin Invest. 2018;128(7):2657–2669. 

doi:10.1172/JCI97943. 

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.18686



45. Pickles S, Vigié P, Youle RJ. Mitophagy and Quality Control Mechanisms in 

Mitochondrial Maintenance. Curr Biol. 2018;28(4):R170-R185. doi: 

10.1016/j.cub.2018.01.004. 

46. Villar J, Ferrando C, Martínez D, Ambrós A, Muñoz T, Soler JA, Aguilar G, 

Alba F, González-Higueras E, Conesa LA, Martín-Rodríguez C, Díaz-Domínguez 

FJ, Serna-Grande P, Rivas R, Ferreres J, Belda J, Capilla L, Tallet A, Añón JM, 

Fernández RL, González-Martín JM; dexamethasone in ARDS network. 

Dexamethasone treatment for the acute respiratory distress syndrome: a 

multicentre, randomised controlled trial. Lancet Respir Med. 2020 Mar;8(3):267-

276. doi: 10.1016/S2213-2600(19)30417-5. 

47. Chaudhuri D, Nei AM, Rochwerg B, Balk RA, Asehnoune K, Cadena R, et al. 

2024 focused update: guidelines on use of corticosteroids in sepsis, acute 

respiratory distress syndrome, and community-acquired pneumonia. Crit Care 

Med. 2024;52(5):e219–e233. doi:10.1097/CCM.0000000000006172. 

48. Dinarello CA. Overview of the IL-1 family in innate inflammation and acquired 

immunity. Immunol Rev. 2018;281(1):8-27. doi: 10.1111/imr.12621. 

49. Tanaka T, Narazaki M, Kishimoto T. Interleukin (IL-6) Immunotherapy. Cold 

Spring Harb Perspect Biol. 2018;10(8):a028456. doi: 

10.1101/cshperspect.a028456. 

50. Kolomaznik M, Mikolka P, Hanusrichterova J, Kosutova P, Matasova K Jr, 

Mokra D, et al. N-acetylcysteine in mechanically ventilated rats with 

lipopolysaccharide-induced acute respiratory distress syndrome: the effect of 

intravenous dose on oxidative damage and inflammation. Biomedicines. 

2021;9(12):1885. doi:10.3390/biomedicines9121885. 

51. Peng Y, Xu J, Wei L, Luo M, Chen S, Wei X, Luo S, Su Z, Wang Z. Melatonin 

alleviates sepsis-induced acute lung injury by inhibiting necroptosis via reducing 

circulating mtDNA release. Mol Med. 2025 May 7;31(1):176. doi: 

10.1186/s10020-025-01228-z. 

52. Chitimus DM, Popescu MR, Voiculescu SE, Panaitescu AM, Pavel B, 

Zagrean L, Zagrean AM. Melatonin's Impact on Antioxidative and Anti-

Inflammatory Reprogramming in Homeostasis and Disease. Biomolecules. 

2020;10(9):1211. doi: 10.3390/biom10091211. 

53. Leite AA, Reiter RJ, Brandão JCM, Sakae TM, Marinho M, Camargo CR, 

Oliveira-Junior IS. Melatonin can be, more effective than N-acetylcysteine, 

protecting acute lung injury induced by intestinal ischemia-reperfusion in rat 

model. Clinics (Sao Paulo). 2021;76:e2513. doi:10.6061/clinics/2021/e2513. 

54. Zong Y, Li H, Liao P, Chen L, Pan Y, Zheng Y, Zhang C, Liu D, Zheng M, 

Gao J. Mitochondrial dysfunction: mechanisms and advances in therapy. Signal 

Transduct Target Ther. 2024 May 15;9(1):124. doi: 10.1038/s41392-024-01839-

8. 

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.18686



55. Gebistorf F, Karam O, Wetterslev J, Afshari A. Inhaled nitric oxide for acute 

respiratory distress syndrome (ARDS) in children and adults. Cochrane Database 

Syst Rev. 2016 Jun 27;2016(6):CD002787. doi: 

10.1002/14651858.CD002787.pub3. 

56. Förstermann U, Sessa WC. Nitric oxide synthases: regulation and function. 

Eur Heart J. 2012;33(7):829-37, 837a-837d. doi: 10.1093/eurheartj/ehr304. 

57. Imai Y, Kuba K, Neely GG, Yaghubian-Malhami R, Perkmann T, van Loo G, 

et al. Identification of oxidative stress and Toll-like receptor 4 signaling as a key 

pathway of acute lung injury. Cell. 2008;133(2):235–249. 

doi:10.1016/j.cell.2008.02.043. 

58. Liu SF, Malik AB. NF-kappa B activation as a pathological mechanism of 

septic shock and inflammation. Am J Physiol Lung Cell Mol Physiol. 

2006;290(4):L622-L645. doi: 10.1152/ajplung.00477.2005. 

59. Kumar S, Boehm J, Lee JC. p38 MAP kinases: key signalling molecules as 

therapeutic targets for inflammatory diseases. Nat Rev Drug Discov. 

2003;2(9):717-26. doi: 10.1038/nrd1177. 

60. Gorman EA, O'Kane CM, McAuley DF. Acute respiratory distress syndrome 

in adults: diagnosis, outcomes, long-term sequelae, and management. Lancet. 

2022;400(10358):1157-1170. doi: 10.1016/S0140-6736(22)01439-8. 

61. Wang F, Xie C, Wang X. Mesenchymal stem cell therapies for ARDS: 

translational promise and challenges. Stem Cell Res Ther. 2025 Sep 

26;16(1):504. doi: 10.1186/s13287-025-04614-w. 

62. Basil MC, Levy BD. Specialized pro-resolving mediators: endogenous 

regulators of infection and inflammation. Nat Rev Immunol. 2016;16(1):51–67. 

doi:10.1038/nri.2015.4. 

63. Serhan CN. Pro-resolving lipid mediators are leads for resolution physiology. 

Nature. 2014;510(7503):92-101. doi: 10.1038/nature13479. 

64. Stockwell BR. Ferroptosis turns 10: Emerging mechanisms, physiological 

functions, and therapeutic applications. Cell. 2022 Jul 7;185(14):2401-2421. doi: 

10.1016/j.cell.2022.06.003. 

65. Goligher EC, Kavanagh BP, Rubenfeld GD, et al. Oxygenation response to 

PEEP in ARDS. Am J Respir Crit Care Med. 2014;190:70–76. 

doi:10.1164/rccm.201404-0688OC. 

66. Briel M, Meade M, Mercat A, et al. Higher vs lower PEEP in patients with 

acute lung injury and ARDS: systematic review and meta-analysis. JAMA. 

2010;303:865–873. doi:10.1001/jama.2010.218. 

67. Guérin C, Reignier J, Richard JC, et al. Prone positioning in severe acute 

respiratory distress syndrome (PROSEVA). N Engl J Med. 2013;368:2159–2168. 

doi:10.1056/NEJMoa1214103. 

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.18686



68. Munshi L, Del Sorbo L, Adhikari NKJ, et al. Prone position for ARDS: 

systematic review and meta-analysis. Ann Am Thorac Soc. 2017;14:S280–S288. 

doi:10.1513/AnnalsATS.201704-343OT. 

69. Combes A, Hajage D, Capellier G, et al. Extracorporeal membrane 

oxygenation for severe ARDS (EOLIA). N Engl J Med. 2018;378:1965–1975. 

doi:10.1056/NEJMoa1800385. 

70. Peek GJ, Mugford M, Tiruvoipati R, Wilson A, Allen E, Thalanany MM, Hibbert 

CL, Truesdale A, Clemens F, Cooper N, et al. Efficacy and economic assessment 

of conventional ventilatory support versus extracorporeal membrane oxygenation 

for severe adult respiratory failure (CESAR). Lancet. 2009;374(9698):1351–

1363. doi:10.1016/S0140-6736(09)61069-2. 

71. National Heart, Lung, and Blood Institute ARDS Clinical Trials Network. 

Comparison of two fluid-management strategies in acute lung injury. N Engl J 

Med. 2006;354:2564–2575. doi:10.1056/NEJMoa062200. 

72. Silversides JA, Major E, Ferguson AJ, et al. Conservative fluid management 

or deresuscitation for patients with sepsis or acute respiratory distress syndrome 

following the resuscitation phase of critical illness: a systematic review and meta-

analysis. Intensive Care Med. 2017;43(2):155–170. doi:10.1007/s00134-016-

4573-3. 

73. Taito S, Shime N, Ota K, Yasuda H. Early mobilization of mechanically 

ventilated patients in the intensive care unit. J Intensive Care. 2016;4:50. 

doi:10.1186/s40560-016-0179-7. 

74. TEAM Study Investigators and the ANZICS Clinical Trials Group; Hodgson 

CL, Bailey M, Bellomo R, Brickell K, Broadley T, Buhr H, et al. Early active 

mobilization during mechanical ventilation in the ICU. N Engl J Med. 

2022;387(19):1747–1758. doi:10.1056/NEJMoa2209083. 

75. Singer P, Blaser AR, Berger MM, Calder PC, Casaer M, Hiesmayr M, et al. 

ESPEN practical and partially revised guideline: clinical nutrition in the intensive 

care unit. Clin Nutr. 2023;42(9):1671–1689. doi:10.1016/j.clnu.2023.07.011. 

76. Chu DK, Kim LHY, Young PJ, Zamiri N, Almenawer SA, Jaeschke R, 

Szczeklik W, Schünemann HJ, Neary JD, Alhazzani W. Mortality and morbidity 

in acutely ill adults treated with liberal versus conservative oxygen therapy. 

Lancet. 2018;391(10131):1693–1705. doi:10.1016/S0140-6736(18)30479-3. 

77. Girardis M, Busani S, Damiani E, Donati A, Rinaldi L, Marudi A, Morelli A, 

Antonelli M, Singer M. Effect of conservative oxygen therapy on mortality among 

critically ill patients. JAMA. 2016;316(15):1583–1589. 

doi:10.1001/jama.2016.11993. 

78. Bos LDJ, Ware LB. Acute respiratory distress syndrome: causes, 

pathophysiology, and phenotypes. Lancet. 2022;400(10358):1145–1156. 

doi:10.1016/S0140-6736(22)01485-4. 

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.18686



79. Reilly JP, Calfee CS, Christie JD. Acute respiratory distress syndrome 

phenotypes. Semin Respir Crit Care Med. 2019;40(1):19–30. doi:10.1055/s-

0039-1684049. 

80. Wauters E, Van Mol P, Garg AD, et al. Discriminating mild from critical 

COVID-19 by innate and adaptive immune single-cell profiling of bronchoalveolar 

lavages. Cell Res. 2021;31(3):272–290. doi:10.1038/s41422-020-00455-9. 

81. De Conno E, Steurer MP, Wittlinger M, Zalunardo MP, Weder W, Schneiter 

D, et al. Anesthetic-induced improvement of the inflammatory response to one-

lung ventilation. Anesthesiology. 2009;110(6):1316–1326. 

doi:10.1097/ALN.0b013e3181a10731. 

82. Beck-Schimmer B, Bonvini JM, Braun J, Seeberger M, Neff TA, Risch TJ, et 

al. Which anesthesia regimen is best to reduce morbidity and mortality in lung 

surgery? A multicenter randomized controlled trial. Anesthesiology. 

2016;125(2):313–321. doi:10.1097/ALN.0000000000001164. 

83. Voigtsberger S, Lachmann RA, Leutert AC, Schläpfer M, Booy C, Reyes L, 

et al. Sevoflurane ameliorates gas exchange and attenuates lung damage in 

experimental lipopolysaccharide-induced lung injury. Anesthesiology. 

2009;111(6):1238–1248. doi:10.1097/ALN.0b013e3181bdf857. 

84. Agarwal B, Stowe DF, Dash RK, Bosnjak ZJ, Camara AKS. Mitochondrial 

targets for volatile anesthetics against cardiac ischemia-reperfusion injury. Front 

Physiol. 2014;5:341. doi:10.3389/fphys.2014.00341. 

85. Yoon JH, Pinsky MR, Clermont G. Artificial intelligence in critical care 

medicine. Crit Care. 2022;26(1):75. doi:10.1186/s13054-022-03915-3. 

86. Fleuren LM, Klausch TLT, Zwager CL, et al. Machine learning for the 

prediction of sepsis: a systematic review and meta-analysis of diagnostic test 

accuracy. Intensive Care Med. 2020;46(3):383–400. doi:10.1007/s00134-019-

05872-y. 

87. Mahida RY, Matsumoto S, Matthay MA. Extracellular vesicles: a new frontier 

for research in acute respiratory distress syndrome. Am J Respir Cell Mol Biol. 

2020;63(1):15–24. doi:10.1165/rcmb.2019-0447TR. 

88. Abraham A, Krasnodembskaya A. Mesenchymal stem cell-derived 

extracellular vesicles for the treatment of acute respiratory distress syndrome. 

Stem Cells Transl Med. 2020;9(1):28–38. doi:10.1002/sctm.19-0205. 

89. O'Neill LAJ, Kishton RJ, Rathmell J. A guide to immunometabolism for 

immunologists. Nat Rev Immunol. 2016;16(9):553–565. doi:10.1038/nri.2016.70. 

90. Yang P, Sjoding MW. Acute respiratory distress syndrome: definition, 

diagnosis, and routine management. Crit Care Clin. 2024;40(2): 309–327. 

doi:10.1016/j.ccc.2023.12.003. 

 

SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.18686



This preprint was submitted under the following conditions: 

The authors declare that the necessary Terms of Free and Informed Consent of participants or patients in
the research were obtained and are described in the manuscript, when applicable.

The authors declare that the preparation of the manuscript followed the ethical norms of scientific
communication.

The authors declare that they are aware that they are solely responsible for the content of the preprint and
that the deposit in SciELO Preprints does not mean any commitment on the part of SciELO, except its
preservation and dissemination.

The authors declare that the data, applications, and other content underlying the manuscript are
referenced.

The deposited manuscript is in PDF format.

The authors declare that the research that originated the manuscript followed good ethical practices and
that the necessary approvals from research ethics committees, when applicable, are described in the
manuscript.

The authors declare that once a manuscript is posted on the SciELO Preprints server, it can only be taken
down on request to the SciELO Preprints server Editorial Secretariat, who will post a retraction notice in its
place.

The authors agree that the approved manuscript will be made available under a Creative Commons CC-BY
license.

The submitting author declares that the contributions of all authors and conflict of interest statement are
included explicitly and in specific sections of the manuscript.

The authors declare that the manuscript was not deposited and/or previously made available on another
preprint server or published by a journal.

If the manuscript is being reviewed or being prepared for publishing but not yet published by a journal, the
authors declare that they have received authorization from the journal to make this deposit.

The submitting author declares that all authors of the manuscript agree with the submission to SciELO
Preprints.

Powered by TCPDF (www.tcpdf.org)

https://creativecommons.org/licenses/by/4.0/
http://www.tcpdf.org

