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ABSTRACT 
 
The knowledge about surfactant biology is now deeper and recent research has allowed to 

clarify its role in several human lung disorders. The balance between surfactant production 

and consumption is better known and the same applies to their regulatory mechanisms. 

This has allowed to hypothesize and investigate several new and original strategies to 

protect surfactant and enhance its activity. These interventions are potentially useful for 

several disorders and particularly for acute respiratory distress syndrome. We here 

highlight the mechanisms regulating surfactant consumption, encompassing surfactant 

catabolism but also surfactant injury due to other mechanisms, in a physiopathology-driven 

fashion. We then analyze each corresponding strategy to protect surfactant and enhance 

its activity. Some of these strategies are more advanced in terms of research & 

development pathway, some others are still investigational, but all are promising and 

deserve a joint effort from clinical-academic researchers and the industry. 
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1. BACKGROUND 
 
After 50 years from the first studies on surfactant replacement in preterm neonates,[1] 

surfactant biology has eventually seen relevant advancements. There is a newly growing 

interest for the development of new approaches optimizing surfactant therapy for the 

treatment of respiratory distress syndrome (RDS) due to primary surfactant deficiency of 

preterm babies. [2] Moreover, there are promising data regarding the possibility to expand 

surfactant use beyond RDS and treat other critical respiratory conditions.[3]   

 

In fact, surfactant system can be affected by various types of disorders (Fig.1) 

characterized by imbalance between surfactant production and consumption. Surfactant 

production has been well characterized and its mechanisms are quite well known.[4] 

Surfactant consumption refers to a more general process encompassing various 

mechanisms, from the surfactant recycling, which may be increased and lead to surfactant 

catabolism, to molecular injuries caused by mechanisms different from the 

recycling/catabolism. All these can cause quantitative and qualitative surfactant 

dysfunction. In normal conditions, surfactant production and consumption are well 

balanced and ensure a low alveolar surface tension (< 5 mN/m) and the absence of 

relevant lung tissue inflammation. RDS and pulmonary alveolar proteinosis (PAP) are 

characterized by decreased production and consumption, respectively.[2,5] Thus, In RDS 

decreased production leads to low surfactant levels, whereas in PAP decreased 

consumption leads to high surfactant levels. Acute respiratory distress syndrome in adult 

(ARDS),[6] pediatric (PARDS) [7] and neonatal (NARDS) [8] patients are more complex 

disorders where surfactant is variously damaged by an increased catabolism and/or 

various molecular injuries and this can also be associated with a relatively insufficient 

production in preterm neonates.[3,9] The biological and biochemical agents responsible 

for surfactant catabolism and molecular injury are numerous and can interact between 
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them. We are now aware of these mechanisms and there are promising molecules and 

techniques holding potential to protect surfactant and preserve its functions during 

increased catabolism or in presence of surfactant-injuring agents. However, it is crucial to 

increase our knowledge about the interplay between surfactant catabolism and surfactant-

injuring agents to provide more efficient surfactant protection strategies. 

 

2. SURFACTANT RECYCLYING AND CATABOLISM 

Here we intend to briefly summarize surfactant recycling and catabolism. The former is the 

physiological mechanism of re-uptake and substitution of surfactant phospholipids and 

proteins when needed,[10] while the latter may result in a pathological process when 

increased surfactant phospholipid or protein destruction in absence of physiological needs 

occur and it is elicited by some pathological triggers. Type-II pneumocytes (i.e.: the same 

cells responsible for surfactant production) perform both surfactant recycling and 

catabolism and they are responsible for most of the recycling.[10] Conversely, alveolar 

macrophages (the cell type involved in the inflammatory cascade) are involved in 

surfactant catabolism and particularly they have a predominant role during pathological 

situations characterized by high lung tissue inflammation.[10]  

 

Catabolism is up-regulated when increasing doses of exogenous surfactant are 

administered in animal models,[11] whereas it is insufficient in PAP which is caused by 

autoimmune or hereditary disfunction in GM-CSF signaling, leading to fewer and less 

active alveolar macrophages.[5] This leads to the abnormal accumulation of less functional 

and oxidized surfactant components in the alveolar space with a reduction in the 

pulmonary diffusion capacity.[12]  
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Alveolar macrophages are the main cells producing the isotype-IIA of secretory 

phospholipase A2 (sPLA2-IIA).[13] The activity of this enzyme is increased by GM-CSF 

treatment [14] and there is a significant correlation between GM-CSF and sPLA2-IIA 

expression and activity.[15]  

 

From a molecular point of view, surfactant lipid recycling and catabolism are due to several 

distinct mechanisms that may involve various surfactant components and may differentially 

be involved in either recycling or catabolism. For instance, by promoting membrane 

fragmentation,[12] surfactant protein-D and -C (SP-D and SP-C), may affect the structure 

and conversion of surfactant large aggregates - surface-active large aggregates of heavy 

density - into small aggregates. The latter are small vesicles with light density and low 

interfacial activity that probably may also result from breathing mechanics. Interestingly, 

Surfactant Protein A (SP-A) may interact with these small aggregates, favoring their 

uptake by type-II pneumocytes.[12] It has been suggested that SP-D and SP-C may also 

play a role in macrophages clearance of surfactant phospholipid and cholesterol, under 

both physiological conditions and aging.[12] A further mechanism that also regulates both 

surfactant phospholipid recycling and catabolism involves sPLA2 enzymes, which 

hydrolyze phospholipid by detaching a free fatty acid from their sn-2 position. This 

hydrolysis has several consequences on the biophysical and biological function of 

surfactant. In fact, sPLA2 hydrolysis is directly proportional to the alveolar surface tension 

[16] and, as consequence, inversely proportional to lung compliance and gas exchange 

function.[17,18]  

 

sPLA2 hydrolysis is a complex process as various enzyme subtypes are expressed in 

human lung tissue and they have different phospholipid substrate specificity although they 

can all variously contribute to the impairment of surfactant biophysical activity.[19,20] 
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Beyond these biophysical consequences, sPLA2 hydrolysis also leads to the production of 

free fatty acids, especially arachidonic acid (C20H32O2, 20:4), making it available for the 

further steps of the inflammatory cascade.[8] Therefore, sPLA2 enzymes represent a 

crucial dual target since, from one side, they can impair surfactant function, and, from the 

other side, they may increase lung tissue inflammation which, in its turn, injures surfactant. 

This represents the so-called “ARDS vicious cycle” where surfactant catabolism and 

inflammation perpetuate each other, since pro-inflammatory cytokines (notably tumor 

necrosis factor-α and GM-CSF [21,22]) increase the production of sPLA2-IIA which again 

catabolizes surfactant phospholipids.[13] As a consequence, sPLA2 activity in broncho-

alveolar lavage samples from ARDS patients also shows correlation with relevant clinical 

outcomes.[18,23–25] 

  

The role of sPLA2 enzymes is not only crucial in surfactant recycling and catabolism but 

there are also important interplays with several proteins. These include the sPLA2 receptor 

which would allow several effects independent from hydrolysis,[26]  and other enzymes 

such as cytosolic phospholipases [27] depicting a complex interactome, whose description 

is out of our scopes. We will however detail the main mechanisms modulating sPLA2 

actions as these are the basis for possible surfactant protection strategies.  

 

Surfactant protein-A (SP-A) is a hydrophilic surfactant protein with important anti-infectious 

and anti-inflammatory properties. In details, the SP-A2 isoform is involved in anti-

inflammatory and immunomodulatory properties, whereas SP-A1 contributes more to lipid 

aggregation and helps in both adsorption and spreading of massive amounts of surfactant 

material at the air-liquid interface.[12] Notably, SP-A is able to decrease sPLA2-IIA 

expression but also to inhibit its activity by a protein-to-protein calcium dependent 

interaction.[21,28] SP-A represents the most potent agent to this end, but it is not the only 
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one, since a negatively charged phospholipid, the dioleoylphosphatidylglycerol (DOPG; 

C42H79O10P, PG 36:2) is also able to downregulate sPLA2-IIA expression.[21,22] 

Compared to SP-A, that also plays an effect on surfactant biophysical function (by 

facilitating surfactant adsorption and spreading), DOPG is a minor surfactant constituent 

with no effect on surface tension. However both these molecules are important as negative 

feedback agents modulating the role of sPLA2.[13] Other sPLA2-modulating agents are 

surfactant protein-B (SP-B) which seems to reduce surfactant hydrolysis caused by both 

sPLA2 subtype-IB and -IIA: this seems to be related to a lower availability of lipid substrate 

for the catalytic site of sPLA2 enzymes, due to SP-B creating packed phospholipid 

layers.[29] Interestingly, SP-B seems also to be increased as acute-phase protein during 

pulmonary infections,[30] thus its anti-sPLA2 effect may have a protective role when the 

inflammation is too much extended. Club cell secretory protein (CCSP) is produced in the 

airway epithelium and has multiform potent anti-inflammatory properties.[31] Particularly, 

CCSP interacts with sPLA2 enzymes by blocking neutrophil influx and fibroblast migration 

mediated by sPLA2 [32,33] and seems to be involved in the mitigation of ventilator-

induced lung injury [34,35] and the mechanisms of ARDS in patients of any age.[25,36–

40] As sPLA2 activity is extremely important to guarantee a balance between surfactant 

production and consumption, it is not surprising that several molecules may modulate 

sPLA2 pathway, guaranteeing a certain redundancy.  

 

3. SURFACTANT INJURY MECHANISMS NOT LINKED TO CATABOLISM 

There are several agents able to injure surfactant through molecular mechanisms 

unrelated to surfactant catabolism, but still able to cause relevant quantitative and 

qualitative surfactant dysfunction. Tab.1 lists the main surfactant-injuring agents playing a 

role in human diseases: the biochemical mechanisms of these injuries are 

numerous.[9,46,66-80] Blood proteins may compete with surfactant aggregates, reducing 
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surfactant adsorption (e.g. albumin) or change surfactant fluidity/structure (e.g. C-Reactive 

Protein), significantly impacting on its biophysical function. Moreover, upon pathological 

mechanisms, the presence of proteins which are not normally found in the alveolar space 

may also affect other biological functions by interacting with surfactant-proteins. On top of 

this effect, hemoglobin may contribute to the inflammation processes, causing protein and 

lipid oxidation. The latter is also a transversal mechanism, triggered by the rise in reactive 

species of oxygen that may happen under several circumstances and negatively influence 

surfactant function. Cholesterol is an important surfactant component but, when it is 

increased, it worsen surfactant function, since it is a small amphiphilic molecule and 

makes surfactant complexes more fluid.[12] Bile acids seem to enhance the cholesterol 

distribution in surfactant membranes and act as co-enzyme of sPLA2, facilitating 

surfactant phospholipid hydrolysis and production of inflammatory mediators, including the 

release of free fatty acids, which may in turn change surfactant fluidity and structure. More 

coarse injuring agents, such as smoke, sea water, milk, food, or gastric secretion, may be 

aspirated and create various damages: they can modify surfactant structure or fluidity, 

dilute surfactant and create an osmotic injury. They can also have a direct cytopathic effect 

on the alveolar and airway epithelium and obstruct small airways with debris preventing 

the physiological diffusion of surfactant toward the upper airways via the mucociliary 

movement.[10] This process may contribute to surfactant recycling and help keeping small 

airways open. Moreover, the resulting injury may also facilitate local infections which, in 

turn, may contribute to the epithelium damages and increase local inflammation and 

oxidation, affecting both surfactant structure and activity.  

 

These mechanisms are involved in the pathogenesis of various types of ARDS in patients 

of diverse ages and can also be simultaneously present in each patient. This explains the 

pathobiological complexity of ARDS: this syndrome, although appears with a common 
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clinical trait, may have different underlying mechanisms of injury and the prevalent one 

may vary. Therefore, it is important to recognize different ARDS subtypes according to its 

pathobiology, as this may help to choose one strategy to protect surfactant over the 

others: several promising therapies have failed because they were trialed in mixed and 

inhomogeneous populations of patients who had different physiopathology context.[3] 

Unfortunately, recognizing the physiopathology behind the different subtypes of ARDS is 

not yet totally and easily possible, as these mechanisms of injury can be overlapped and 

they are not always measurable at the bedside. However, some distinctions have been 

recently possible, and, for instance, we know that primary (direct) ARDS has a more 

evident epithelial injury and alveolar inflammation pattern, while the secondary (indirect) 

form of the syndrome is preferentially characterized by endothelial injury and systemic 

inflammation.[41,42]  

 

A particular case is represented by neonatal bile acid pneumonia, typical of neonates born 

to mothers with intrahepatic cholestasis of pregnancy.[43,44] This is relatively rare 

disorder that can appear as mild or severe respiratory failure caused by bile acids reaching 

the lung through the systemic circulation.[45] The physiopathology of bile acid pneumonia 

is complex and represents an example of overlap of surfactant catabolism and other types 

of surfactant injury. In fact, bile acids act as sPLA2 co-enzyme facilitating the enzyme – 

substrate interaction,[46,47] but they can also alter surfactant biophysical properties, 

changing surfactant fluidity directly or act as mediators to mobilize and transfer cholesterol 

into surfactant complexes.[12] Finally, bile acids also increase pro-inflammatory cytokines 

and seem to reduce hydrophilic surfactant protein which have anti-inflammatory and 

immune defense roles.[48,49] The understanding of the pathobiological pattern of 

surfactant injury will be crucial in the future to develop and eventually choose surfactant 

protection strategies.  
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4. POSSIBLE STRATEGIES TO PROTECT SURFACTANT  

There are several possible strategies to protect surfactant and enhance its activity or at 

least preserve it. The various strategies correspond to the different injury mechanisms 

described above and are represented (Tab.2) by several drug candidates but also by 

some techniques, such as whole-body hypothermia, repeated surfactant bolus or lavage 

with diluted surfactant solutions.  

 

These strategies act through the following mechanisms: 

- availability of more surface-active surfactants or catabolism-resistant surfactants 

(for instance, by changing the phospholipid profile or adding hydrophilic proteins to 

surfactant composition or using controlled whole-body hypothermia); 

- surfactant protection using direct sPLA2-inhibitors competing for the phospholipid 

substrate (for instance, indolic inhibitors such as varespladib); 

- reduction of inflammation using steroids, CCSP, hydrophilic surfactant proteins or 

interleukin inhibitors that, in some cases, might also reduce sPLA2 expression 

(some of these agents may be vehicled by surfactant itself and reach the alveoli in 

high concentration). Similar results might be obtained using controlled whole-body 

hypothermia; 

- reduction of oxidation using antioxidant agents (some of these agents may be 

vehicled by surfactant itself and reach the alveoli in high concentration); 

- administration of higher or repeated surfactant doses to overcome the inactivation 

and/or restore a functional phospholipid profile; 

- removal of injuring agents performing lung lavages with diluted surfactant solutions. 

 

These strategies vary in terms of their research and development stage. Some drugs have 

been clinically tested in large populations such as surfactant-vehicled budesonide in 
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preterm neonates with RDS [50] and/or NARDS [51] or systemic steroids in adults with 

ARDS [52] and they only need explanatory clinical investigations to be refined. Other 

drugs have a very promising safety and efficacy profiles but, unfortunately, have not been 

tested yet for a lack of industrial interest, despite the clinical unmet need and their 

potential. For some others, such as surfactant protein-D,[53] the clinical research is 

underway, while, for anti-interleukin agents, their use for ARDS during the pandemics 

might allow to quickly accumulate an unexpected clinical experience.[54]  

 

There are also strategies based on techniques rather than drugs, such as the use of 

whole-body hypothermia, repeated surfactant dose or surfactant lavages. Controlled 

whole-body hypothermia can reduce lung tissue inflammation, sPLA2 expression and 

activity, and improve surfactant function by modifying its composition and structure.[55–59] 

Based on these effects, hypothermia has been anecdotically, but efficaciously, used for 

NARDS due to meconium aspiration [60] or for primary ARDS induced by various 

triggers.[61,62]  

 

It is interesting to note that despite surfactant being used since decades a clear dose-

finding study has not been performed. Clinical and pharmacodynamic data show that 200 

mg/Kg is the dose to be preferred in preterm neonates with RDS [63,63] but not much is 

known about the ideal dose for different types of ARDS in patients of various age. This 

area represents a field to be urgently explored [64] to provide an efficacious treatment for 

human diseases involving surfactant system. Finally, lavage with diluted surfactant has 

been extensively studied in neonates with primary NARDS due to meconium aspiration 

and seems to be efficacious in removing meconial agents able to injure surfactant,[65] but 

many details are still to be clarified, such as the volume, concentration, total dose, 

technique and timing of lavage. The same technique could theoretically be beneficial in 
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other types of primary ARDS, but the experience is more limited. The literature regarding 

each of these strategies is listed in Tab.2 and could be useful to guide future research 

steps of basic and clinical researchers. 
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Figure 1. Physiopathology of surfactant system in various human diseases. In 

normal situations surfactant production and consumption are balanced, and this allows to 

achieve low alveolar surface tension and lack of significant lung tissue inflammation. In 

RDS, which is usually affecting preterm neonates, surfactant production is reduced. In 

patients with PAP, surfactant consumption is relatively reduced compared to its 

production. ARDS in adults, in pediatric (PARDS) or neonatal (NARDS) patients are 

disorders of various severity characterized by increased surfactant catabolism and normal 

primary surfactant production. NARDS may also occur in preterm neonate: in this case a 

relative primary surfactant deficiency can co-exist.  

 

 

 

 

 

Normal situation RDS PAP

ARDS/PARDS/NARDS

Severe 
ARDS/PARDS/NARDS

NARDS in preterm
neonates

P CSurfactant production Surfactant consumption
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Table 1. The main agents capable to injure surfactant with mechanisms different 

from direct catabolism and associated human diseases. *Diseases indicated with an 

asterisk can eventually qualify as or evolve in ARDS, if they are enough clinically severe 

and fulfill relevant ARDS definitions. Abbreviations: ARDS: acute respiratory distress 

syndrome; TRALI: transfusion-related acute lung injury. 

Surfactant-injuring agent Mechanisms of action Relevant disorder 

Albumin [9,66] Change surfactant fluidity 
and structure 

Indirect (secondary) ARDS 

Hemoglobin [67] Increased inflammation, 
capillary occlusion, 
protein/lipid oxidation. 

Indirect (secondary) ARDS  
Maternal blood aspiration* 
Pulmonary hemorrhage*   

Other plasma proteins 
[9,66] 

Change surfactant fluidity 
and structure, interaction 
with surfactant proteins 

Indirect (secondary) ARDS 

Cholesterol [68] Change surfactant fluidity Indirect (secondary) ARDS 
Meconium aspiration* 

Bile acids [46] Change surfactant film 
structure and facilitate  
sPLA2-substrate 
interaction, increase 
inflammation 

Neonatal bile acid pneumonia* 
Bile aspiration* 

Milk/Gastric secretions 
[69,70] 

Change surfactant fluidity 
and structure, direct 
cytopathic damage 

Milk/gastric content aspiration* 

Inflammatory cytokines 
[71,72] 

Epithelial injury; change 
surfactant fluidity and 
structure 

Indirect (secondary) or direct 
(primary) ARDS 

Free fatty acids [73] Change surfactant fluidity 
and structure 

Indirect (secondary) ARDS 

Water [74] Osmotic damage 
Dilution of surfactant  

Near drowning* 

Viral infection [75,76] Cytolysis, direct 
cytopathic effect 

Viral pneumonia*  

Oxidative stress [77,78] Protein oxidation Indirect (secondary) or direct 
(primary) ARDS 

Antigen-Antibody response 
[79] 

Cellular injury induced by 
alloantibodies 

TRALI 

Smoke [77,80] Epithelial injury, 
susceptibility to 
infections, change 
surfactant fluidity and 
structure and other afore-
mentioned mechanisms 

Direct (primary) ARDS 
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Table 2. Main strategies to protect surfactant with the aim to enhance its activity or 

at least preserve it. The strategies may be represented by drugs or techniques which are 

at different stages of clinical development, despite having a promising rationale. More 

details are given in the text and examples of relevant references in the field are given for 

each strategy. Abbreviations: CCSP: Club Cell Secretory Protein; DOPG: 

dioleoylphosphatidylglycerol; SP-D: surfactant protein-D; sPLA2: secretory phospholipase 

A2. 

 

Strategy Agent or technique Ref 

Increased surfactant function Surfactants with different profiles (for 

ex.: enhanced with DOPG, SP-D) 

Whole-body hypothermia 

[53,81,82] 

sPLA2 activity inhibition Varespladib and indolic inhibitors 

 

[83–86] 

sPLA2 expression inhibition Budesonide and other steroids 

Whole-body hypothermia 

[87–92] 

Inflammation reduction Steroids, CCSP, SP-D, interleukin 

inhibitors, whole body hypothermia 

[31,54,93–96] 

Increased active surfactant pool Higher or repeated surfactant doses [12,97,98] 

Restored surfactant phospholipid 

profile  

Higher or repeated surfactant doses [12,97,98] 

Oxidative stress reduction Surfactants enhanced with 

antioxidant agents 

[99–103] 

Injuring agent removal Lavage with surfactant solutions [3,65,104,105] 
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