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Acute respiratory distress syndrome (ARDS) is a major cause of hypoxemic respiratory failure in adults, leading to

the requirement for mechanical ventilation and poorer outcomes. Dysregulated surfactant metabolism and function

are characteristic of ARDS. A combination of alveolar epithelial damage leading to altered surfactant synthesis,

secretion, and breakdown with increased functional inhibition from overt alveolar inflammation contributes to the

clinical features of poor alveolar compliance and alveolar collapse.

ARDS  surfactant  phospholipids

1. Introduction

1.1. Pulmonary Surfactant

Pulmonary surfactant is a complex mixture of phospholipids (80%), proteins (10%) and neutral lipids (10%). It is

synthesized, secreted, and recycled by alveolar type-II epithelial cells (AT-II) with a primary function to reduce

alveolar surface tension at the air–liquid interface, providing mechanical stability for gas exchange . Surfactant

components are also involved in innate immunity and are essential for the host’s defense mechanisms against

infections . The phospholipids account for most of surfactant composition with phosphatidylcholine (PC) and

phosphatidylglycerol (PG) being the most abundant phospholipids. Minor phospholipids, including

phosphatidylinositol (PI), phosphatidylethanolamine (PE), phosphatidylserine (PS), sphingomyelin (SM) and

lysophosphatidylcholine (LPC) make up the rest of the phospholipid distribution . The principal surface-active

molecule is disaturated dipalmitoyl-PC or DPPC (PC16:0/16:0 or PC 32:0), which accounts for approximately 50%

of PC . Low surface tension is essential at the alveolar surface to minimize pressure gradients across the

alveolar lining preventing premature airway collapse. Under dynamic compression, DPPC can reduce surface

tension to near zero values in vitro .

There are four surfactant-based proteins, SP-A, SP-B, SP-C and SP-D. SP-B and SP-C are hydrophobic proteins

involved in the adsorption of surfactant film, whereas SP-A and SP-D are hydrophilic and participate in innate

immunity. Hereditary SP-B deficiency leads to lethal respiratory failure, whereas hereditary SP-C deficiency leads

to acute and chronic lung diseases . Animal models of SP-A deficiency can lead to increased susceptibility to

respiratory tract infections, whereas SP-D knockout mice models demonstrate increased alveolar infiltration of

macrophages, AT-II cell hyperplasia and excess phospholipid production leading to the development of
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emphysema . Primary surfactant deficiency due to lung immaturity is the characteristic feature of neonatal

respiratory distress syndrome (nRDS), where exogenous surfactant replacement is associated with improved

clinical outcomes . Detailed surfactant composition, metabolism and function are evaluated by excellent in-depth

reviews .

1.2. Acute Respiratory Distress Syndrome (ARDS)

ARDS is a heterogenous disease process characterized by pathological changes of diffuse alveolar damage with

alveolar epithelial and endothelial injury, leading to alveolar capillary leak and pulmonary oedema . Clinically,

patients present with poor alveolar compliance, non-hydrostatic pulmonary oedema, and hypoxemic respiratory

failure . It is an under-recognized syndrome even in an intensive care unit setting due to the complexity around

the multi-component nature of its diagnostic definition, which has been evolving over the past 50 years .

According to the current Berlin definition, ARDS is diagnosed when there is an acute onset (<7 days) of symptoms,

the presence of bilateral radiological opacities, varying severity of arterial hypoxemia (PaO /FiO  ratio < 100

mmHg: Severe, PaO /FiO  ratio: 100–200 mmHg as moderate, PaO /FiO : 200–300 mmHg as mild) and the

absence of cardiogenic cause for pulmonary oedema .

The severity of the hypoxemia correlates with adverse outcome, where severe ARDS is associated with 40–50%

mortality and the milder version with <30% mortality . Sepsis from both direct and indirect lung injury is the

primary risk factor for development of ARDS . The mortality outcome is also variable between patients

depending on the cause of ARDS. For instance, direct ARDS from pulmonary etiology associated with sepsis has a

much higher mortality than-non-pulmonary ARDS without sepsis . Moreover, patients with trauma related ARDS

have a better prognosis than ARDS patients associated with cirrhosis or liver failure . Treatment response

is also vastly different between patients depending on their specific risk factors. Despite attempts to harmonize the

ARDS diagnostic criteria to facilitate clinical trials, clinical heterogeneity remains a major issue . Even in ARDS

related to pulmonary etiology, there are variations in clinical outcomes and response from different insults such as

viral infections, bacterial infections and chemical pneumonitis following aspiration of gastric contents. Recently,

post hoc analyses of published ARDS randomized controlled trials suggest the existence of phenotypes according

to the degree of lung and systemic inflammation as hyper-inflammatory and hypo-inflammatory with variations in

responses to treatment .

2. Surfactant Abnormalities in ARDS

Surfactant compositional and functional abnormalities in ARDS are likely due to several reasons. The

pathophysiological processes leading up to ARDS are complex and involve alveolar epithelial cellular apoptosis

with significant neutrophil-mediated inflammatory infiltration, pulmonary oedema, and invasion of alveolar space by

plasma and inflammatory constituents. Earlier studies on ARDS patients identified impaired surface film

compressibility from lavage fluid from ARDS patients . Although surfactant abnormalities are consistently seen in

ARDS patients, whether they are the primary cause of lung injury, or a consequence of the initial insult is not fully

understood. Several studies have characterized surfactant molecular composition and alterations in ARDS
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patients, which are detailed below. A summary of surfactant alterations and pathophysiological consequences in

ARDS are schematically presented in Figure 1.

Figure 1. Surfactant alterations and the pathophysiological consequences in ARDS.

2.1. Lung Fluid Phospholipid Alterations in ARDS

ARDS patients exhibit qualitative and quantitative changes in the phospholipid composition of lung fluid recovered

by bronchoalveolar lavage or tracheal aspiration. Although the total phospholipid content is variable among studies,

the measurements of absolute phospholipid concentrations are limited by variability in sample recovery and

analytical methods. The most common finding of surfactant alteration is related to the molecular compositional

variations in phospholipid distribution. The first comprehensive surfactant phospholipid analysis in human ARDS,

Hallman et al. in 1982, demonstrated low levels of lecithin (phosphatidylcholine), particularly the disaturated lecithin

(disaturated PC, predominantly DPPC) and PG in lavage fluid from ARDS patients. In comparison, the relative

concentrations of SM, PS, and PI fractions were much higher. Moreover, low levels of lecithin/sphingomyelin ratio

(<2) and PG (<1% of total phospholipids) were consistently associated with respiratory failure .

Following these findings, a study evaluated lavage fluid phospholipid composition in trauma-related ARDS and

classified patients according to the severity of respiratory failure . This study demonstrated a correlation

progressive decrease in PC composition and severity of respiratory failure, suggesting that the lower fractional PC

composition is related to the severity of ARDS . When trauma patients with respiratory failure developed sepsis,

there were significant perturbations in phospholipid distribution in the alveolar fluid, with a substantial increase in

PE combined with lower levels of lavage PC . The surfactant biophysical perturbations of altered surface activity,

low PC and PG with increased PI, SM, PS and PE are also seen in patients at-risk of developing ARDS,

suggesting that early surfactant supplementation may mitigate ARDS progression .

The total lavage phospholipid (PL) content is variable between studies. There are many reasons for this variability,

including various degrees of inflammatory cell membrane infiltration, and variations in the sample recovery and
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analytical methods used . The lavage PL content may also depend on when the phospholipid analysis was

performed during the various stages of ARDS. When ARDS is classified as early (<36 h after clinical features and

diagnosis of ARDS), intermediate (>36 h, <6 days), or late (>6 days), the total PL content is increased in the early

stages, but with a marked reduction in concentrations at the later stages of ARDS . It is important to recognize

that recovered lung fluid from ARDS patients contains membrane material other than lung surfactant,

predominately extracellular vesicles from the increased airway neutrophil concentration. Consequently, the

increased fractional concentrations of SM and PS, characteristic of cell membranes, are most likely derived from

extracellular vesicles rather than from altered surfactant composition.

A more detailed analysis of the fatty acid profile of lavage fluid showed a marked reduction in palmitic acid (16:0)

and saturated fatty acids in patients with ARDS . Consistent with this finding, molecular species analysis of

lavage phospholipid from ARDS patients demonstrated a significant reduction in dipalmitoyl PC and increased

fractional concentrations of unsaturated and polyunsaturated PC species such as PC16:0/18:2, PC16:0/18:1 and

PC16:0/20:4, characteristic of cell membrane material . The degree of oxygenation impairment correlated

with DPPC levels in large aggregate fractions isolated by high-speed centrifugation and more importantly,

continued phospholipid alterations were associated with adverse outcomes . Consistent with this finding Nakos

et al. demonstrated that lack of recovery of lavaged PC during the disease course of ARDS is associated with

increased mortality . This suggests that during surfactant replacement a longer duration of therapy may be

required in some patients with continued surfactant deficiency.

More recently, similar to the findings of the ARDS population, significant alterations in surfactant phospholipid

molecular composition with reduced PC, DPPC and PG levels with reciprocal increments in other phospholipids,

were seen in COVID-19 patients with severe pneumonia and ARDS . In summary, alveolar lavage fluid from

ARDS patients demonstrates significant alterations in the functional ability to maintain surface tension,

phospholipid content, distribution of phospholipid categories, and PC molecular distribution, and continued

surfactant alterations are associated with adverse clinical outcomes.

2.2. Surfactant Protein Alterations in ARDS

Alterations in surfactant composition are not limited to the phospholipid fraction. Although the findings are variable

between studies, in general, there are reductions in concentrations of lavage surfactant proteins SP-A, SP-B and

SP-C with reciprocal increases in plasma SP-A and SP-D levels . While serum SP-A and SP-B levels may

predict the development of ARDS , higher plasma SP-D levels correlate with disease severity and poor

outcomes . These high concentrations in plasma reflect the increased alveolar permeability and the consequent

leakage of SP-D into the systemic circulation.

2.3. Surfactant Extraction and Analytical Methods

Alveolar surfactant isolation, purification and quantification require invasive procedures such as bronchoalveolar

lavage (BAL), which, although a safe procedure, requires medical personnel to perform the procedure. Patients
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often require additional sedation, and in mechanically ventilated patients with hypoxemic respiratory failure

desaturations and change in respiratory mechanics during and after the procedure are common . Moreover,

there are significant variations in quantitative measurements due to variations in sample recovery and will depend

on the total segments lavaged. A theoretical risk of further surfactant depletion and atelectasis following a large

volume lavage also exists. Nevertheless, BAL has been extensively used in ARDS patients to access surfactant

material. Small volume BAL is an alternative to characterize surfactant composition without further compromising

the patient’s clinical condition, but limits the ability to perform quantitative measurements . Similarly, tracheal

aspirates can also minimize procedure-related complications. Studies of healthy humans suggest comparable

phospholipid composition from tracheal aspirates and can be used for surfactant molecular analysis . However,

the limitations include variability in recovery and inability to provide quantitative measures and, in ARDS patients,

the phospholipid composition may be contaminated by inflammatory cell membrane phospholipid constituents .

Recent advances in microparticle extraction from lungs utilizing Particles of Exhaled Air (PExA) is an alternative

and attractive way to extract alveolar surfactant material non-invasively .

Surfactant analysis requires centrifugation to extract the surfactant pellet, followed by lipid extraction and analysis

by various gas–liquid chromatography, high performance liquid chromatography (HPLC) and mass spectrometry

(ESI-MS) techniques to quantify surfactant phospholipids. De novo surfactant synthesis and metabolism in humans

can be characterized by isotope labelling of surfactant phospholipid components. A combination of isotope labelling

with tracer kinetics modelling and mass spectrometry analytical methods is used to measure surfactant synthesis

and metabolism in ARDS patients in vivo . The tracer substances vary between studies, but essentially

include deuterated choline, deuterated water, 13C-glucose, 13C-palmitate, and 13C-acetate, which all incorporate

into surfactant phospholipids enabling assessment of synthesis and metabolism of endogenous surfactant de novo

. Recent advances in spectroscopic techniques can minimize the analytical time required to measure specific

surfactant phospholipid components such as DPPC, bypassing the need for detailed mass spectrometry analytical

steps .

3. Molecular Mechanisms of Surfactant Alterations in ARDS

The molecular mechanisms of surfactant alterations in ARDS are complex. ARDS is characterized by significant

inflammatory cell infiltration and alveolar epithelial and endothelial injury. Lung infection and aspiration of gastric

contents can directly damage AT-II cells and impair surfactant synthesis, secretion, and recycling. Studies of

various animal models of lung injury and AT-II cells suggest variations in surfactant synthesis . The

conflicting results are due to the variability in the lung injury models, the dose and duration of the insult exposure,

and the timing of surfactant measurements taken. Human adult studies of isotope labelling of surfactant precursors

suggest that despite very low surfactant PC, DPPC, or SatPC pool sizes, there may be increased synthesis and

secretion by existing AT-II cells . This implies that surfactant synthesis may be preserved, or even increased

in functional AT-II cells and other factors may contribute to the surfactant alterations seen in ARDS. Both direct and

indirect injuries can increase alveolar and systemic inflammatory response leading to cellular damage. Alveolar

endothelial and epithelial injury can cause an influx of protein-rich pulmonary oedema, containing inflammatory
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exudate, cellular debris, and plasma proteins, which can destabilize surfactant film and directly impair surfactant

activity . Increased oxidative stress from overt inflammation and alveolar hyperoxia from oxygen therapy

can result in the oxidation of surfactant phospholipids and proteins . Moreover, activation of sPLA2-mediated

hydrolysis leads to surfactant phospholipid catabolism and generation of lysophosphatidylcholines, compromising

the surfactant function even further . While all these mechanisms can lead to alterations in surfactant

composition and function, assessing relative contribution is far more complex, particularly in human in vivo clinical

settings.
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