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tension forces within the lungs and preventing alveolar 
collapse at the end of expiration. Primary insufficiency of 
the immature lungs of preterm infants is the principal 
cause of neonatal respiratory distress syndrome (1). Sec-
ondary surfactant dysfunction also contributes to the se-
vere lung pathology of adult patients ventilated for acute 
respiratory distress syndrome due to a combination of in-
creased concentrations of inhibitory edema proteins (2–4), 
phospholipase-mediated hydrolysis of surfactant phospho-
lipids (5), oxidant and antioxidant imbalance (6), and 
damage to the alveolar type II (ATII) epithelial cell respon-
sible for surfactant synthesis and secretion (7).

Phospholipids represent the major surface-active com-
ponents of surfactant, with cholesterol and surfactant 
proteins B and C regulating their fluidity (8) and rapid 
adsorption to the alveolar air-liquid interface (9, 10). Phos-
pholipid composition is dominated by phosphatidylcho-
line (PC), with a high content of the disaturated species 
dipalmitoylphosphatidylcholine (DPPC) compared with 
typical mammalian cell membranes (11). This elevated 
DPPC, the major surface-active agent, is maintained by a 
complex intra-alveolar metabolism. PC is synthesized on 
the endoplasmic reticulum of the ATII cell with a lower 
content of DPPC (12, 13) and is then subjected to selective 
ABCA3-mediated transport into anhydrous lamellar stor-
age organelles (14, 15) combined with a process of acyl 
remodeling catalyzed by sequential phospholipase A2 and 
lysophosphatidylcholine (lysoPC) acyltransferase activities 
(13, 16). Surfactant enriched in DPPC is then secreted 
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The maintenance of optimal pulmonary surfactant func-
tion and metabolism is critical in minimizing surface 
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into the alveolar lining fluid by exocytosis of lamellar 
bodies, followed by rapid adsorption to the air-liquid inter-
face. Surfactant is subsequently catabolized by ATII cell 
endocytosis (17), metabolism by alveolar macrophages 
(18), and loss up the bronchial tree (19). A proportion of 
the surfactants taken up by ATII cells is subsequently recycled 
into lamellar bodies for resecretion into the alveolus (20, 21). 
Studies in rabbits indicate that surfactant recycling is more 
active in neonatal compared with adult animals (22), leading 
to slower apparent alveolar turnover and increased half-life.

While these metabolic pathways have been well-defined 
by elegant studies that monitored the incorporation into 
PC of substrates labeled with radioactive isotopes (12, 13), 
there is a paucity of information available regarding their 
regulation in molecular terms, which are the biologically 
relevant molecules defined by their combination of esteri-
fied fatty acids. Many studies have relied on the quantifica-
tion of total disaturated PC species after OsO4 oxidation of 
unsaturated species (23), but this analytical approach pro-
vides minimal information at the level of individual PC mo-
lecular species. Second, analyzing radioactive-labeled PC 
species is laborious and time-consuming (13), and the use 
of radioactivity is precluded in clinical studies.

Our group has developed methodologies to probe the 
metabolism of surfactant molecular species in greater de-
tail (24, 25). These protocols monitor the incorporation of 
stable isotope-labeled substrates into PC molecular species, 
which are then resolved by electrospray ionization MS/MS. 
The incorporation of deuterated methyl-D9-choline is com-
mon to the de novo synthesis of all PC molecular species by 
the CDP-choline pathway, and we have established mecha-
nisms of acyl remodeling of surfactant PC synthesis by ani-
mal models (25) and adult volunteers and acute respiratory 
distress syndrome patients (26, 27).

In this study, we aimed to explore the differences be-
tween the catabolism, turnover, and metabolism of two ex-
ogenous pulmonary surfactants: CHF5633, which is a new 
synthetic surfactant produced by Chiesi Farmaceutici 
(Parma, Italy) currently under phase-II clinical investiga-
tions for neonatal respiratory distress syndrome treatment 
(28), and poractant alfa (Curosurf; Chiesi Farmaceutici), 
an animal-derived surfactant preparation commonly used 
in clinical practice (29). CHF5633 contains DPPC and 
1-palmitoyl-2-oleoylglycero-3-phospho-1-glycerol (1:1) and 
incorporates analogs of both surfactant proteins B and C. 
This synthetic preparation has already been subjected to 
several translational in vivo acute studies that showed an 
efficacy profile similar to poractant alfa (30, 31). Neverthe-
less, while poractant alfa metabolism has been investigated 
in animal studies (32), CHF5633 metabolism needs to be 
explored in order to evaluate whether its synthetic origin 
and molecular composition differentiate its long-term fate 
following administration compared with animal-derived 
surfactants. Indeed, CHF5633 does not contain any poly-
unsaturated phospholipids, and its surfactant protein B 
and C analogs do not contain any amino acids (such as 
methionine, which is on the contrary present in the natural 
surfactant proteins) that is sensitive to oxidation (30). In 
this study, we investigated the catabolism and metabolism 

of poractant alfa and CHF5633 containing as a tracer 
DPPC, where all 40 carbon atoms were replaced by the 
stable carbon-13 isotope [U13C]DPPC. The use of [U13C]
DPPC has several significant advantages compared with 
partially labeled DPPC. First, it is very unlikely that hydroly-
sis products will be recycled back into fully labeled DPPC, 
and consequently the loss of [U13C]DPPC will represent 
catabolism in the absence of recycling. Second, as all hy-
drolysis products will also be fully 13C-labeled, the fate of 
their incorporation into all potential metabolic products 
can be readily assessed. The study was undertaken by ad-
ministering [U13C]DPPC-labeled surfactants to adult mice. 
We also studied endogenous surfactant production and 
turnover in adult mice by giving them methyl-D9-choline as 
a precursor for the synthesis of lung PC to establish any 
potential for the inhibition of endogenous PC synthesis by 
exogenous surfactants.

MATERIAL AND METHODS

Preparation of labeled surfactants
Poractant alfa.  [U13C]DPPC (48.4 mg) was dissolved in 4 ml 

dichloromethane and transferred to a 500 ml round-bottom 
Quickfit flask to which total lipid extracts of four vials of poractant 
alfa (960 mg total weight), prepared using dichloromethane and 
methanol, were added. The organic solvent was removed by ro-
tary evaporation under vacuum for 30 min at 40°C to provide a 
thin film of dried lipid, followed by purging with nitrogen gas to 
remove any residual solvent. PBS (10 ml) was then added to the 
flask, and the dried lipid extract was solvated by rotary evapora-
tion without a vacuum for 30 min at 40°C. The resultant labeled 
surfactant emulsion was then stored in 1 ml aliquots at 4°C at a 
final DPPC concentration of 34 mg/ml.

CHF5633.  [U13C]DPPC was formulated into the fully syn-
thetic surfactant during the production phase, replacing an equiv-
alent amount of unlabeled DPPC (Chiesi Farmaceutici). The 
functional performance of both U13C-labeled surfactant prepara-
tions was judged to be fully comparable to their corresponding 
nonlabeled counterparts as assayed in the captive bubble surfac-
tometer (31, 33) (see supplemental Fig. S1). Labeled and unla-
beled preparations had comparable ability to adsorb rapidly into 
the air-water interface to form films capable of reproducibly 
reaching surface tensions <5 mN/m upon repetitive compression-
expansion cycling. Dynamic compression-expansion isotherms of 
poractant alfa and CHF5633 had distinctive features that were 
fully mirrored by each corresponding labeled preparation.

Animal labeling and sample preparation procedure
All animal procedures were approved internally by the Univer-

sity of Southampton Animal Welfare and Ethical Review Body and 
externally by the Home Office Animals in Science Regulation 
Unit. Male C57BL/6 wild-type mice aged 8–12 weeks were used 
for this study. The mice were bred in-house and kept under a 
normal 12 h dark/light cycle with free access to pelleted food and 
water. All animals in this study received appropriate care accord-
ing to the criteria outlined in Kilkenny et al. (34). Each mouse was 
intranasally instilled with 50 µl (4 mg; equivalent to 200 mg/kg 
body weight) of either poractant alfa or the synthetic surfactant 
CHF5633 containing [U13C]DPPC as described previously and 
successfully found to deliver material to the alveoli of the lung (35). 
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At the same time, each mouse also received a 100 µl intraperito-
neal injection of methyl-D9-choline chloride (10 mg/ml in water). 
After labeling, the mice were euthanized by carbon dioxide as-
phyxia at 0, 1.5, 3, 6, 12, 18, 24, 48, 72, and 96 h (n = 10–21 mice 
per time point/group). Bronchoalveolar lavage was performed in 
situ with 4 × 0.9 ml PBS, and the recovered bronchoalveolar la-
vage fluid (BALF) aliquots were combined. BALF was centrifuged 
at 300 g for 10 min at 4°C to pellet cells, and the supernatants 
were then transferred to new vials and stored at 80°C until ex-
traction. Lung parenchyma was quickly dissected from the main 
bronchi, placed in cryotubes, and snap-frozen in liquid nitrogen. 
Right and left lung lobes were stored separately at 80°C until 
further analysis.

Phospholipid extraction
Lavaged right lung lobes were weighed and homogenized in 

1.6 ml of 0.9% saline using a Heidolph Silent Crusher S. Total 
lipid extraction was performed by the Bligh and Dyer method on 
800 µl aliquots of lung homogenates or BALF supernatants after 
the addition of a dimyristoyl PC (10 nmol) internal standard to 
each sample (36). Dichloromethane (2 ml), methanol (2 ml), 
and water (1 ml) were added to each sample, mixed well to allow 
for the formation of a biphasic mixture, and then centrifuged at 
1,500 g for 10 min at 20°C. The dichloromethane-rich lower phase 
was recovered, dried under a stream of nitrogen gas, and stored at 
20°C until analysis by MS.

MS analysis
MS analysis was performed on a Waters XEVO TQ-MS instru-

ment using electrospray ionization. Dried samples were dissolved 
in a 1 ml mixture of methanol-dichloromethane-concentrated 
ammonium acetate (300 mM) in water (66:30:4 [v/v]). The sam-
ple solution was infused into the instrument without chroma-
tography using the loop injection method. Different diagnostic 
precursor scans were performed to detect the different head 
group species. The use of different MS approaches was success-
fully applied for the characterization of phospholipid classes of 
poractant alfa (37). In this study, the various diagnostic MS/MS 
scans used for characterizing PC metabolism are summarized in 
Table 1. Unlabeled PC and newly synthesized PC labeled with 

[D9]choline were calculated from precursor ion scans of phos-
phorylcholine fragment ions at m/z 184 and m/z 193, respectively. 
Precursor ion scans of m/z 189 detected the PC species containing 
five labeled 13C atoms in their choline head group. The various 
neutral loss scans all detected DPPC species with a variety of la-
beled components. Neutral loss scans of 551 and 586 detected 
unlabeled DPPC and [U13C]DPPC, respectively, while the ions at 
737 and 771 were their respective M+3+ and M-3+ isotopomers. All 
other neutral loss scans detected DPPC species incorporating the 
various 13C-metabolic products of [U13C]DPPC hydrolysis.

Spectra were processed using a visual basic macro program de-
veloped in-house. Initially, MS spectra were smoothed, baseline-
subtracted, and exported to individual Excel files. These files 
were then imported into the macro program and corrected for 
12C- or 13C-isotopic effects. Enrichment values for individual mo-
lecular species were calculated from the percentage ratio of the 
corrected abundances of the stable isotope-labeled isotopomer to 
the sum of all isotopomers. For [U13C]DPPC, as an example, the 
calculation would be as follows:

( )
{ }

{ }

13

13

13

9

U C-DPPC enrichment %

Abundance U C-DPPC 100

Abundance DPPC+U C-DPPC D -DPPC

=

×
+

These calculated enrichment values were then normalized using 
the enrichments of [U13C]DPPC in the labeled CHF5633 and po-
ractant alfa preparations according to the following formula:

( )
normalized data 

measured enrichment of U13C DPPC 100
.

Enrichment of label material given 

=
− ×

Lipid analysis of labeled surfactants
The composition and enrichment of [U13C]DPPC surfactants 

were also determined by electrospray ionization MS using the 
same phospholipid extraction protocol as mentioned above for 
samples. Enrichment values were determined using the same pre-
cursor ions, giving values for two batches of poractant alfa of 
4.54% and 7.55% and one for CHF5633 of 2.87%.

TABLE  1.  Diagnostic MS/MS scans for the analysis of PC metabolism

Diagnostic MS/MS Scans for Choline Head Groups

MS/MS Mode Lipids Range (m/z) Characterization

Precursor m/z 184 PC 400–900 PC species containing phosphorylcholine
Precursor m/z 189 [513C]PC 400–900 PC species containing [513C]choline
Precursor m/z 193 [D9]PC 400–900 PC species containing [D9]choline

Diagnostic MS/MS Scans for DPPC with Different Labeled Diacylglycerol Components

MS/MS Mode Lipids Range (m/z) Ion (m/z) Characterization

Neutral loss 551 DPPC 732–745 734.5 Unlabeled DPPC
Neutral loss 554 [313C]DPPC 735–748 737.5 DPPC—[313C]glycerol or DPPC M+3+

Neutral loss 567 [1613C]DPPC 748–761 750.8 DPPC—one 1613C palmitate
Neutral loss 570 [1913C]DPPC 751–764 753.5 DPPC—one 1613C palmitate + [313C]glycerol

[2413C]DPPC 758.5 DPPC—[2413C]lysoPC16:0 + [1612C]
palmitate

Neutral loss 583 [3213C]DPPC 764–777 766.5 DPPC—two 1613C palmitates
[3713C]DPPC 771.5 [U13C]DPPC M-3+

Neutral loss 586 [U13C]DPPC 767–780 774.5 [U13C]DPPC

Diagnostic MS/MS Precursor Ion Scans in Negative Ionization

MS/MS Mode Lipids Range Characterization

Precursor 255 PC 400–900 PC species containing unlabeled palmitate
Precursor 271 [1613C]PC 400–900 PC species containing [1613C]palmitate
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RESULTS

Diagnostic precursor scans of the phosphocholine ion 
fragment readily distinguished 13C-labeled PC from unla-
beled PC. Precursor ion scans of m/z 184 (P184) detected 
the unlabeled PC composition of the mouse surfactant, po-
ractant alfa, and CHF5633 (Fig. 1A–C). MS/MS fragmenta-
tion of [U13C]DPPC generated an ion product of m/z 189 
that contained five 13C atoms and, consequently, a pre-
cursor ion scan of m/z 189 (P189) detected [U13C]DPPC 

(Fig. 1D). The P189 scan was then used to quantify exoge-
nous surfactant catabolism.

While the mouse surfactant (Fig. 1A) and poractant alfa 
(Fig. 1B) contain similar molecular species of PC, they 
have different compositions, with the mouse surfactant 
containing double the percentage distribution of the 
monounsaturated species PC32:1 (PC16:0/16:1; m/z 732) 
and CHF5633 containing only PC32:0 (PC16:0/16:0; m/z 
734). As shown in supplemental Fig. S2, these differences 
in composition are important for providing an indepen-
dent verification of the turnover of the labeled surfactants. 
As expected from a fully labeled molecule, the isotopomer 
pattern for [U13C]DPPC was M-1, -2, -3 instead of M+1, +2, 
+3, demonstrating isotopomers with one, two, or three 12C 
atoms. An analysis of this isotopomer pattern indicated 
that [U13C]DPPC was isotopically 99% enriched with the 
label (Fig. 2D), but it also contained minor amounts of la-
beled contaminants (e.g., m/z 804). These contaminants, 
however, did not significantly impair the characterization 
of any PC species that contained 13C-labeled moieties de-
rived from the metabolism of [U13C]DPPC (see below). 
Compositions of phosphatidylglycerol (precursor scan m/z 
153) and phosphatidylinositol (precursor scan m/z 241) 
were very similar for the mouse surfactant and poractant 
alfa and, as expected, CHF5633 contained only PG16:0/18:1 
(m/z 747) (results not shown).

Validation of labeled surfactant preparations
We had two potential concerns about the use of this 

heavily labeled DPPC as a tracer of surfactant metabolism. 
First, would the presence of the labeled material signifi-
cantly impair the physical surface tension-reducing proper-
ties of either surfactant and, second, would exogenous 
labeled and unlabeled surfactants be metabolized at equiv-
alent rates? Captive bubble surfactometer analysis (supple-
mental Fig. S1) confirmed that both poractant alfa and 
CHF5633 retained entirely comparable surface properties 
after formulation with their nonlabeled counterparts. Ini-
tial adsorption isotherms are typically different, as exhib-
ited by CHF5633 and poractant alfa, and the ones shown in 
supplemental Fig. S1 are representative of such a differ-
ence. Poractant alfa always adsorbs to the interface very 
rapidly, reaching close to equilibrium surface tensions in a 
few seconds. There are no significant differences as a con-
sequence of the reconstitution of an isotopically labeled 
version of poractant alfa with respect to the original formu-
lation. In contrast, CHF5633 typically exhibits a somewhat 
heterogeneous behavior at initial adsorption, with a sharp 
decay in surface tension to the equilibrium values occur-
ring at variable times (from a few to tens of seconds) after 
injection. This is the reason why initial adsorption iso-
therms of CHF5633 exhibit frequently large standard devi-
ations, as a consequence of averaging isotherms with the 
surface tension decay occurring at different times. Still, the 
behavior in terms of initial adsorption is again not signifi-
cantly different when comparing CHF5633 with its isotopi-
cally labeled version. In the two surfactants, CHF5633 and 
poractant alfa, postexpansion adsorption is always extremely 
efficient, and the behavior of the original and labeled 

Fig.  1.  PC molecular species analysis of the mouse lung and exog-
enous surfactants. Compositions of mouse surfactant (A), poractant 
alfa (B), and CHD5633 (C) detailed by precursor scanning of the 
phosphocholine ion fragment at m/z 184. Precursor scanning of the 
[513C]phosphocholine head group confirmed that [U13C]DPPC 
was >99% isotopically labeled (D).
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versions is fully comparable with respect to its interfacial 
spreading and compression-expansion dynamics.

A variety of MS analysis strongly argues against any selec-
tive metabolism of the labeled DPPC. For this, we first cal-
culated the concentration of exogenous surfactants in 
BALF from all mice at all time points using the [U13C]
DPPC enrichment. These values were then correlated with 
separate estimates of exogenous surfactant concentration 
in BALF based on the PC compositional differences shown 
in Fig. 1 (supplemental Fig. S2). Comparable values for ex-
ogenous surfactant concentration were provided by both 
approaches, demonstrating similar clearance rates of labeled 
and unlabeled components of exogenous surfactants.

Catabolism of [U13C]DPPC surfactants by mouse lungs
Surfactant preparations were delivered to the mouse 

lungs by intranasal administration. While this method 
avoided the need for invasive procedures and ensured ani-
mal survival for the required number of days, it resulted in 
very variable delivery, which was apparent even at the ear-
lier time points. This variation is shown in supplemental 
Fig. S3, which details enrichments of [U13C]DPPC in BALF 
and lung tissue, expressed as a percentage of total DPPC, 
for both poractant alfa and CHF5633. The grouped enrich-
ment results are summarized for BALF (Fig. 2A) and lung 
tissue (Fig. 2B), with between 10 and 21 mice per data 
point to minimize the variation effects. Two major conclu-
sions are evident from these results. First, the catabolism of 
[13C]DPPC was low for the first 24 h for both surfactants 
and, second, virtually no intact [U13C]DPPC remained for 
either surfactant after 72 h in either BALF or lung tissue. 
The results also suggest that CHF5633 was metabolized 
more slowly than poractant alfa between 24 and 72 h; the 
enrichment of exogenous surfactant was statistically signifi-
cantly greater for CHF5633 than poractant alfa at 24, 48, 
72, and 96 h in BALF (Fig. 2A) and at 18, 24, 48, and 72 h 
in lung tissue (Fig. 2B). One consequence of the apparent 
longer retention in lung tissue of CHF5633 compared with 
poractant alfa was a greater extent of metabolism and re-
modeling of the synthetic surfactant (summarized below).

De novo synthesis of endogenous PC by lung tissue
One important question is the extent to which increased 

surfactant concentration in the lungs after exogenous 

administration might affect de novo PC synthesis. The ki-
netics of endogenous PC synthesis in mouse lungs by the 
CDP-choline pathway were determined from the incorpo-
ration of methyl-D9-choline. Results from the CHF5633 
and poractant alfa surfactant-treated mice were generally 
similar in timescales, although enrichment values tended 
to be lower than in the control data from previous studies 
(13). The incorporation of methyl-D9-choline into endog-
enous PC was calculated after correcting for the concen-
tration of exogenous PC, which was determined from the 
[U13]CDPPC enrichment of the sample. The consider-
able variation in the exogenous surfactant concentration 
was then used to divide individual mice at each time point 
into two equal groups based on greater or lesser enrich-
ment of [U13C]DPPC in BALF. The rationale was that  
if exogenous surfactants inhibited endogenous surfac-
tant synthesis, then [D9]choline enrichment into DPPC, 
calculated relative to endogenous DPPC, would be lower 
in the group with higher exogenous surfactant content. 
As is apparent in Fig. 3A and B, there was no such differ-
ence for either CHF5633- or poractant alfa-treated mice, 
indicating negligible inhibition of endogenous surfac-
tant PC synthesis after the administration of exogenous 
surfactants.

A comparison of catabolism results demonstrated that 
exogenous surfactant [U13]DPPC clearance decreased 
significantly more rapidly than endogenously synthesized 
DPPC (Fig. 4). The plots in Fig. 4 are for the enrichment of 
[U13C]DPPC and [D9]choline DPPC for lung tissue (Fig. 
4A, B) and BALF supernatant (Fig. 4C, D) for both CHF5633 
(Fig. 4A, C) and poractant alfa (Fig. 4B, D). While [U13C]
DPPC from both CHF5633 and poractant alfa surfactants 
had essentially disappeared by 72 h, [D9]choline DPPC en-
richments remained high even at 96 h. This result was due 
to the different labeling patterns between the two stable 
isotope-labeled DPPC species. Once [U13C]DPPC is me-
tabolized, it is unlikely for intact uniformly labeled [13C]
DPPC to be resynthesized. By comparison, the enrichment 
of the [D9]choline label also reflects resynthesis and recy-
cling of lung surfactant PC. Consequently, the difference 
between clearances of exogenously and endogenously la-
beled DPPC provides an indication of the extent of surfac-
tant recycling in vivo.

Fig.  2.  Time dependence of exogenous surfactant 
DPPC enrichment in mouse lung BALF (A) and in the 
lavaged lung (B). Results were calculated by normal-
izing [U13C]DPPC enrichments for the 13C enrich-
ment of DPPC in the administered surfactant. Results 
are presented as means ± SEMs. *P < 0.05, †P < 0.01, 
and ‡P <0.001, unpaired t-test.
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Metabolism of exogenous and endogenous surfactant PC 
molecular species

The precursor ion scan of m/z 193 illustrates the pattern 
of incorporation of methyl-D9-choline into individual mo-
lecular species of BALF PC, in this example from a mouse 
24 h after CHF5633 administration (Fig. 5A). [D9]choline 
PC species are 9 amu greater than corresponding unla-
beled PC species (Fig. 1A). The spectrum in Fig. 5B details 
the corresponding precursor ion scan of m/z 189, which 
displays all PC species that incorporate [513C]choline de-
rived by either phospholipase C or D hydrolysis of [U13C]
DPPC. Consequently, in addition to quantifying [U13C]
DPPC, this P189 scan contains two series of PC metabolic 
products that contained this [513C]choline head group. 

The first series (m/z 711,4, 737.5, 739.5, and 787.7) repre-
sents [513C]choline complexed with endogenous unlabeled 
diacylglycerol species. The second series (m/z 758.4, 806.6, 
and 830.6) represents PC species derived by acyl remodel-
ing of unlabeled acyl CoAs with [2413C]lysoPC16:0. Com-
parison with the upper spectrum (Fig. 5A) indicates that 
[513C]choline and [D9]choline were incorporated into the 
same PC species with comparable abundance distributions 
but displaced by 4 amu. By contrast, the 2413C-labeled PC 
had a very different distribution, with much higher label-
ing of polyunsaturated PC species at m/z 806.6 ([2413C]
PC16:0/20:4) and m/z 830.6 ([2413C]PC16:0/22:6) than 
m/z 758.4 ([2413C]PC16:0/16:0).

Recycling of [513C]choline into lung PC molecular species 
by the CDP-choline pathway

The incorporation of the [513C]choline group into 
[513C]PC by the CDP-choline pathway is detailed in Fig. 6. 
The incorporation into total lung PC was more prolonged 
for CHF5633-treated mice compared with poractant alfa-
treated mice (Fig. 6A), a result that is consistent with the 
greater residence time of intact [U13C]DPPC in these mice 
(Fig. 2). We interpret this finding to a slower generation of 
hydrolysis products in the CHF5633 group, giving more 
time for their recycling into PC species. The incorporation 
of [513C]choline into selected individual molecular species 
of PC is shown for lung tissue (Fig. 6B, C) and BALF (Fig. 
6D, E). Results are clearer for CHF5633, but similar trends 
were apparent for both surfactant treatments. There was 
no preferential incorporation of labeling into DPPC, with 
maximal enrichments for polyunsaturated (PC36:4) and 
monounsaturated (PC34:1) species. The lower enrichment 
of [513C]DPPC compared with the other PC species for 
CHF5633-treated mice was due to the increased fractional 
concentration of unlabeled DPPC in these mice. These re-
sults show clearly that while there is remodeling of the 
head group of the surfactant PC, this is not specific for the 
resynthesis of DPPC. It is important to note that the incor-
poration of labeling into DPPC is greatest in absolute terms 
due to the higher concentration of DPPC in the lungs, but 
the enrichment results clearly show this is not preferentially 
enhanced compared with the other PC species. It is inter-
esting to note that the timescale of these incorporations 
was considerably delayed compared with that of methyl-D9-
choline (Fig. 3), presumably reflecting a relatively slow re-
lease of [13C]choline by the hydrolysis of [U13C]DPPC.

For comparison, the pattern of incorporation of methyl- 
D9-choline into the same molecular species of lung tissue 
(Fig. 6F) and BALF (Fig. 6G) is shown for CHF5633-treated 
mice. Similar results were obtained for poractant alfa-
treated mice (results not shown). The similarity of their 
incorporation patterns strongly supports the conclusion 
that [513C]choline enters the substrate pool for the de novo 
synthesis of PC by the CDP-choline pathway rather than 
being incorporated by head group exchange.

Acyl remodeling of lung PC
PC molecules containing 2413C atoms are generated when 

one labeled palmitate is removed from [U13C]DPPC by 

Fig.  3.  Effect of exogenous surfactant on the synthesis of endog-
enous DPPC by the lungs of mice administered CHF5633 (A) or 
poractant alfa (B). The enrichment of [D9]choline in endogenous 
DPPC was determined after correcting for the concentration of ex-
ogenous DPPC. Mice were divided at each time point into two equal 
groups based on the variation of exogenous surfactant enrichment 
in BALF. Any inhibition of PC synthesis by exogenous surfactant 
would have been seen by lower [D9]choline DPPC enrichment in 
the group of mice that received a higher dose of surfactant.
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action of a phospholipase A and replaced by an unlabeled 
fatty acid. Results for the 2413C enrichment of selected PC 
species in the lung show clearly that there was no preferen-
tial resynthesis of DPPC from [2413C]lysoPC16:0 for either 
CHF5633 (Fig. 7A) or poractant alfa (Fig. 7B). Instead, 
there was a consistent and progressive incorporation of la-
beling into two polyunsaturated PC species: PC16:0/20:4 
(m/z 806) and PC16:0/22:6 (m/z 830). Similar enrich-
ment patterns were apparent for the same analysis in BALF 
supernatants (results not shown). Given the retention of 
[13C]palmitoyl on the [2413C]lysoPC16:0 intermediate, we 
can be confident in the assignments of these incorporated 
polyunsaturated fatty acids. Further analysis indicated there 
was no accumulation of [2413C]lysoPC16:0 in lung tissue, 
as the enrichment of [2413C]lysoPC16:0 was lower than 
that of either [2413C]PC16:0/20:4 or [2413C]PC16:0/22:6 
(results not shown). This suggests a close integration of the 
processes of PC hydrolysis and acyl remodeling. The low 
enrichment of [2413C]PC16:0/16:0 (m/z 758) was unex-
pected because acyl remodeling of newly synthesized un-
saturated PC species to DPPC is critical for the synthesis 
and packaging of surfactants. This discrepancy suggests that 
lysoPC derived from the hydrolysis of exogenous surfactant 

was not in equilibrium in the intact lungs with the pool of 
lysoPC used for the synthesis of endogenous surfactant 
DPPC. However, the site for the reacylation of [2413C]ly-
soPC16:0 was not clear and may well have occurred in cells 
other than ATII epithelial cells, such as bronchial epithe-
lial cells or alveolar macrophages, both of which are rela-
tively enriched in arachidonoyl PC species compared with 
the lung parenchyma (38).

Recycling of surfactant [U13C]DPPC
The potential routes for recycling of the stable isotope 

label from [U13C]DPPC back into DPPC were explored by 
a series of scans of the diacyl neutral loss fragments (Fig. 8). 
For instance, NL551 showed unlabeled DPPC (Fig. 8A), 
while NL586 showed [U13C]DPPC (Fig. 8F). The low incor-
poration of unlabeled palmitate into [2413C]PC16:0/16:0 
(Fig. 7) was apparent for NL570 (Fig. 8D). Less certain as-
signments can be given to the other identified ions (Fig. 
8B, C, E), as similar results could be given by endogenous 
PC species. However, time-dependent analysis (Fig. 9) sug-
gests that incorporated [13C]palmitoyl represents at least a 
component of these neutral loss scans. The higher initial 
signal from the poractant alfa-treated mice was due to 

Fig.  4.  Time dependence of [U13C]DPPC and [D9]
DPPC enrichment in the lungs (A, B) and BALF (C, 
D) for mice administered CHF5633 (A, C) or porac-
tant alfa (B, D). Results for [U13C]DPPC were normal-
ized for stable isotope enrichments of administered 
surfactants to enable a comparison between CHF5633 
and poractant alfa. Results are presented as means ± 
SEMs.

Fig.  5.  Precursor ion scanning of labeled BALF PC. 
A: Precursor scan of m/z 193 detailing the incorpo-
ration of methyl-D9-choline into PC species 9 amu 
greater than unlabeled PC. B: Precursor ion scan of 
m/z 189 showing the incorporation into PC species of 
[513C]choline derived from [U13C]DPPC. The incor-
poration of [513C]choline by the CDP-choline pathway 
is given by odd-numbered species 4 amu lower than in 
A (e.g., m/z 739.5 vs. 743.6). The addition of an unla-
beled acyl chain to [2413C]lysoPC16:0 is indicated by 
even-numbered species (e.g., m/z 806.6 and 830.6). 
These spectra are from a mouse 48 h after being ad-
ministered CHF5633 and methyl-D9-choline.
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Fig.  6.  Incorporation of labeled choline into PC molecular species of the mouse lung (A, B, C, and F) and 
BALF (D, E, and G). Incorporation of [513C]choline derived from the hydrolysis of [U13C]DPPC is shown for 
the enrichments of total [513C]PC species in the lungs (A), individual [513C]PC species in the lungs from 
CHF5633- (B) and poractant alfa-treated mice (C), and individual [513C]PC species in BALF from CHD5633- 
(D) and poractant alfa-treated mice (E). Results were normalized for the enrichment of [U13C]DPPC in ad-
ministered surfactant to enable a direct comparison between CHF5633- and poractant alfa-treated mice. The 
incorporation of methyl-D9-choline is shown in F and G for the lungs and BALF for CHF5633-treated mice. 
Results are presented as means ± SEMs.
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those mice receiving surfactants with a greater label enrich-
ment. The enrichments of m/z 750 (NL567), 753 (NL570), 
and 766 (NL583) increased with time, supporting the con-
clusion that these represented incorporations of [13C]pal-
mitoyl into [13C]palmitoyl-DPPC and di-13C-palmitoyl-DPPC, 
respectively. Independent support for the incorporation of 
[13C]palmitate into PC species was provided by precursor 
ion scans of m/z 255 ([12C]palmitate) and m/z 271 ([13C]
palmitate) in negative ionization, when PC species were de-
tected as M-16 ions (Fig. 9C). Fig. 9C details the incorpora-
tion of ([13C]palmitate) into ([13C]palmitoyl)-PC16:0/14:0, 
([13C]palmitoyl)-PC16:0/16:1, ([13C]palmitoyl)-PC16:0/16:0,  
and (di-13C-palmitoyl)-PC16:0/16:0.

DISCUSSION

The results of this study indicate that the DPPC com-
ponent of the synthetic surfactant CHF5633 was cleared 
from the lungs more slowly than the poractant alfa  

porcine-derived surfactant. This is demonstrated by the 
longer duration of enrichment of [U13C]DPPC from 
CHF5633 both in BALF (Fig. 2A) and postlavage lung tis-
sue (Fig. 2B) and by the more prolonged generation of PC 
species labeled with 13C products of [U13C]DPPC hydroly-
sis (Figs. 6, 7, 9). The duration of recycling into PC of  
the [513C]choline fragment (Fig. 6A, B) and the [2413C]
lysoPC16:0 fragment (Fig. 7A, B) clearly shows that, although 
both surfactants were metabolized by equivalent pathways, 
poractant alfa and its metabolic products were cleared 
more rapidly than CH5633. The reason for this difference 
is not clear but may partially be related to the slightly 
higher loading of lungs with DPPC achieved by CHF5633 
compared with poractant alfa. Whereas both surfactants 
were administered at the same total phospholipid concentra-
tion and dose (200 mg/kg), the delivered dose of DPPC for 
CHF5633 was 2.5 mg per mouse compared with 1.75 mg  
per mouse for poractant alfa, as this preparation con-
tained many other lipid species. Consequently, CHF5633 
delivered a greater amount of DPPC to the lungs than did 
poractant alfa, which may partly explain the higher mean 
enrichment of surfactant DPPC in BALF at the earliest time 
point measured from mice given CHF5633 (82%) com-
pared with poractant alfa (53%) expressed relative to total 
recovered DPPC (endogenous + exogenous). However, these 
doses of exogenous surfactant are lower than the high 
amounts of radiolabeled surfactant that have previously 
been demonstrated to enhance the clearance of exogenous 
surfactant from mouse lungs (39). Of course, further in 
vivo and clinical investigations are required in order to 
draw any conclusions as to whether this prolonged resi-
dence of CHF5633 in mouse lungs has any potential to 
translate into therapeutic benefit for surfactant therapy of 
neonatal respiratory distress syndrome of preterm infants. 
We cannot discount the possibility that the prolonged resi-
dence of CHF5633 may have been in part due to pooling in 
the airways and reaching the gas-exchange regions of the 
lungs more slowly. MS imaging of lavaged lung tissue, how-
ever, demonstrated exclusive parenchymal distribution of 
administered CHF5633 DPPC, with negligible accumula-
tion in the larger airways (results not shown).

This is the first study to combine lipidomic analysis of 
PC molecular species with the use of a fully stable isotope-
labeled DPPC to investigate both the catabolism and subse-
quent metabolism of exogenous surfactant DPPC. Previous 
studies have used surfactant preparations containing DPPC 
labeled with a variety of radioactive and stable isotopes as 
tracers. Labeled groups in DPPC have included [3H]palmi-
toyl (39), [14C]palmitoyl (40), [3H]choline (41, 42), [32P]
phosphate (43), and [1613C]palmitoyl (43–47) and have 
concentrated on the analysis of disaturated PC isolated as 
the residue after osmium tetroxide oxidation. However, 
these studies did not provide evidence for the metabolic 
fate of surfactant PC catabolism. The use of fully labeled 
[U13C]DPPC in this study has several advantages. First, 
the fully labeled DPPC is extremely unlikely to be resyn-
thesized by any metabolic or recycling route due to the 
dilution of labeled hydrolytic products with higher concen-
trations of unlabeled metabolites. Any labeled hydrolytic 

Fig.  7.  Selectivity of acyl remodeling of [2413C]lysoPC16:0 in 
mouse lungs for CHF5633 (A) and poractant alfa (B). [2413C]ly-
soPC16:0 was generated by the action of phospholipase A2 on 
[U13C]DPPC, followed by reacylation with an unlabeled [12C]acyl 
residue. Results are shown for percentage label enrichments as 
means ± SEMs for [2413C]PC16:0/20:4 and [2413C]PC16:0/22:6 
and only as errors for [2413C]PC16:0/16:0 and [2413C]PC16:0/18:1. 
All other PC species were too small to display.
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product that might be recycled into DPPC will generate a 
PC molecule with a lower molecular mass than [U13C]
DPPC, which therefore can provide an absolute measure of 
catabolism of the intact molecule. Second, because all 
products of [U13C]DPPC hydrolysis will also be fully la-
beled, the extent of metabolic fluxes and metabolism can 
be quantified. Third, the simultaneous labeling of de novo 
PC synthesis with methyl-D9-choline permits a direct esti-
mate of any effect of exogenous surfactant on the synthesis 
and turnover of endogenous surfactant PC. The metabo-
lism of [U13C]DPPC products into all PC species, and not 
just DPPC, can be readily determined from the lipidomic 
analysis.

The analysis of [U13C]DPPC enrichment for both la-
beled poractant alfa and CHF5633, determined by a pre-
cursor scan of the [513C]choline head group at m/z 189 
(P189), showed a high variation of effective surfactant ad-
ministration even at the earliest time points (supplemental 
Fig. S3). This was an artifact of the intranasal route chosen 
for surfactant administration, with the aim of avoiding 
stresses involved in the intubation of mice. This inherent 
variation was the reason for analyzing a large number of 
mice at each time point: to be able to provide a statistical 
comparison between the catabolism of the two surfactant 
preparations. The inspection of either mean or maximal 
values of [U13C]DPPC enrichment (Fig. 2 and supplemental 

Fig. S3) showed a significant initial delay of label decay for 
both surfactant preparations, which was more prolonged 
for CHF5633, followed by a phase of more rapid catabolism 
such that virtually all of the molecules from either surfac-
tant were catabolized by 72 h.

The [U13C]DPPC label was incorporated effectively into 
both surfactant preparations and was metabolized at equi-
librium with unlabeled surfactant PC (supplemental Fig. 
S2). This important conclusion implies that a simple analy-
sis of the fractional concentration of unlabeled DPPC rela-
tive to total PC has potential for use for in clinical studies 
monitoring the clearance of CHF5633, where DPPC is the 
sole PC species, but not of poractant alfa. We previously 
demonstrated the feasibility of this approach by analyzing 
the prolonged duration of excess DPPC in endotracheal 
aspirates from preterm infants administered the synthetic 
surfactant Exosurf (48). This would, of course, be at the 
expense of not obtaining the metabolic analysis provided 
by using the stable isotope label but might be suitable for a 
more routine analysis of surfactant clearance in clinical 
studies.

Previous reports have suggested that exogenous surfac-
tant can enhance the synthesis of endogenous surfactant 
PC but that this effect depended both on the type of surfac-
tant administered (49) and developmental stage (50). By 
contrast, the therapeutic equivalent doses of exogenous 

Fig.  8.  Recycling of [U13C]DPPC. Neutral loss scans 
illustrating the metabolic routes whereby [U13C]DPPC 
is metabolized and labeled fragments are recycled into 
BALF DPPC. The scans were derived from a mouse 
that received [U13C]DPPC-labeled CHF5633 for 24 h. 
A: Unlabeled DPPC. B: M+3 isotopomer of DPPC and 
potentially [13C]glycerol-labeled DPPC. C: Incorpora-
tion of one [13C]palmitoyl group into DPPC. D: Reac-
ylation of [2413C]lysoPC16:0 with an unlabeled [12C]
palmitoyl group. E: Combination of two [13C]palmi-
toyl groups with unlabeled [12C]glycerophosphocho-
line (m/z 766.7) and M-3 isotopomer of [U13C]DPPC 
(m/z 771.8). F: [U13C]DPPC.
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surfactant delivered in this study had no appreciable effect 
on the rate of endogenous PC synthesis by the mouse lung, 
as determined from the incorporation of methyl-D9-cho-
line (Fig. 3) and compared with previous studies of lung 
PC synthesis in mice not dosed with exogenous surfactant 
(13). In the absence of a control group of untreated mice 
in this study, we made use of the high variation of [U13C]
DPPC enrichment in BALF (supplemental Fig. S3) to di-
vide the mice post hoc into two groups with higher and 
lower [U13C]DPPC enrichments. The rationale here was 

that, especially at the earlier time points, this division would 
generate two equally sized groups at each time point, one 
of which would have received a higher and the other a 
lower surfactant dose. Consequently, any effect of increased 
surfactant dose on endogenous lung PC synthesis would 
have been expected to modulate the measured incorpora-
tion of methyl-D9-choline, but no such effect was observed 
(Fig. 3).

The metabolism of [U13C]DPPC from administered sur-
factants in the lungs was slow and prolonged compared 

Fig.  9.  Recycling of [13C]palmitate into BALF DPPC by mouse lungs in vivo. Neutral loss scans of m/z 567 and 583 detected the incorpora-
tion of [13C]palmitate derived from [U13C]DPPC back into, respectively, ([13C]palmitoyl)-DPPC ([1613C]PC16:0/16:0; m/z750) and (di-13C-
palmitoyl)-DPPC ([3213C]PC16:0/16:0; m/z 766) in BALF from mice administered either CHF 5633 (A) or poractant alfa (B). The 
corresponding neutral loss scan of m/z 570 details the acylation of [2413C]lysoPC16:0 with unlabeled palmitate to form ([12C]palmitoyl)-
[2413C]DPPC ([2413C]PC16:0/16:0; m/z 758) and DPPC containing both labeled palmitate and glycerol ([13C]palmitoyl and [13C]glycerol-
DPPC; m/z 753). Results are presented as means ± SEMs. C: Precursor scans of palmitoyl (m/z 255) and [1613C]palmitoyl (m/z 271) into PC 
species in negative ionization. PC species were detected as M-16 ions. This spectrum was at 72 h after surfactant administration, which is why 
no ion peak for [U13C]DPPC-16 was observable at m/z 758.6.
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with endogenous PC synthesis and turnover. For instance, 
the incorporation of methyl-D9-choline into lung PC was 
maximal at the earliest time points (Fig. 4), while that of 
[513C]choline derived from [U13C]DPPC was only maximal 
between 18 and 24 h and, at least for CHF5633, maintained 
until 48 h (Fig. 6). Comparable prolonged timescales were 
evident for the reacylation of [2413C]lysoPC16:0 with poly-
unsaturated fatty acids (Fig. 7) and, especially, for the re-
incorporation of [1613C]palmitate into DPPC (Fig. 9). 
Presumably, these delayed and sustained incorporations 
reflect a relatively slow formation of labeled metabolic 
products destined for reincorporation into lung PC. 
Furthermore, the transient nature of these metabolic 
processes in poractant alfa-treated mice compared with 
CHF5633-treated mice is probably related to the more 
rapid clearance of this surfactant, and thereby not allowing 
time for the metabolic products of [U13C]DPPC to accu-
mulate in the lungs. Our study, however, provides no direct 
evidence for the mechanism underlying this enhanced 
clearance of poractant alfa, but it does indicate that this is 
not associated with the enhanced accumulation of hydroly-
sis products in the lungs. The relatively low enrichment 
values for the recycling of [513C]choline hydrolysis frag-
ments suggests that this is not a major route for exogenous 
surfactant catabolism in adult mice but nevertheless are 
sufficient to show no preferential resynthesis of DPPC.

This is the first study to explore in molecular species the 
various mechanisms and pathways for the recycling of ex-
ogenous surfactant delivered to mouse lungs. The overall 
conclusions are that, while their routes of metabolism are 
similar, CHF5633 was cleared significantly more slowly 
from adult mouse lungs than poractant alfa, the rate of ac-
tive remodeling of DPPC from exogenous surfactant was 
low, and the synthesis of endogenous surfactant PC was not 
significantly impaired after the administration of either 
surfactant. This is consistent with a similar study in rabbits 
(22) that demonstrated, using radioactively labeled sub-
strates, extensive recycling of surfactant PC by neonatal but 
not adult animals. It does not, of course, preclude and can-
not quantify the extent to which intact surfactant PC is 
taken up and resecreted by ATII cells without hydrolysis 
and recycling of its metabolic products, as suggested by 
studies in rabbit lungs (42, 51). The differences between 
catabolism and metabolism of CHF5633 and poractant alfa 
PC are intriguing and may be due to their different phos-
pholipid compositions, but this will require further investi-
gation.

We thank Patrizia Cavalca for manufacturing the CHF5633 
batch with labeled DPPC.

REFERENCES

	 1.	 Avery, M. E., and J. Mead. 1959. Surface properties in relation to 
atelectasis and hyaline membrane disease. AMA J. Dis. Child. 97: 
517–523.

	 2.	 Robertson, B. 1998. Surfactant inactivation and surfactant therapy 
in acute respiratory distress syndrome (ARDS). Monaldi Arch. Chest 
Dis. 53: 64–69.

	 3.	 Lopez-Rodriguez, E., and J. Perez-Gil. 2014. Structure-function re-
lationships in pulmonary surfactant membranes: from biophysics to 
therapy. Biochim. Biophys. Acta. 1838: 1568–1585.

	 4.	 Echaide, M., C. Autilio, R. Arroyo, and J. Perez-Gil. 2017. Restoring 
pulmonary surfactant membranes and films at the respiratory sur-
face. Biochim. Biophys. Acta. 1859: 1725–1739.

	 5.	 Arbibe, L., K. Koumanov, D. Vial, C. Rougeot, G. Faure, N. Havet, 
S. Longacre, B. B. Vargaftig, G. Bereziat, D. R. Voelker, et al. 1998. 
Generation of lyso-phospholipids from surfactant in acute lung in-
jury is mediated by type-II phospholipase A2 and inhibited by a direct 
surfactant protein A-phospholipase A2 protein interaction. J. Clin. 
Invest. 102: 1152–1160.

	 6.	 Lang, J.D., P.J. McArdle, P.J O’Reilly, and S. Matalon. 2002. Oxidant-
antioxidant balance in acute lung injury. Chest. 122: 314S–320S.

	 7.	 Crim, C., and W. J. Longmore. 1995. Sublethal hydrogen peroxide 
inhibits alveolar type II cell surfactant phospholipid biosynthetic en-
zymes. Am. J. Physiol. 268: L129–L135.

	 8.	 Nahak, P., K. Nag, A. Hillier, R. Devraj, D. W. Thompson, K. Manna, 
K. Makino, H. Ohshima, H. Nakahara, O. Shibata, et al. 2014. Effect 
of serum, cholesterol and low density lipoprotein on the functional-
ity and structure of lung surfactant films. J. Oleo Sci. 63: 1333–1349.

	 9.	 Hobi, N., M. Giolai, B. Olmeda, P. Miklavc, E. Felder, P. Walther, P. 
Dietl, M. Frick, J. Perez-Gil, and T. Haller. 2016. A small key unlocks 
a heavy door: the essential function of the small hydrophobic pro-
teins SP-B and SP-C to trigger adsorption of pulmonary surfactant 
lamellar bodies. Biochim. Biophys. Acta. 1863: 2124–2134.

	10.	 Parra, E., and J. Perez-Gil. 2015. Composition, structure and me-
chanical properties define performance of pulmonary surfactant 
membranes and films. Chem. Phys. Lipids. 185: 153–175.

	11.	 Postle, A. D., E. L. Heeley, and D. C. Wilton. 2001. A comparison 
of the molecular species compositions of mammalian lung surfac-
tant phospholipids. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 129: 
65–73.

	12.	 Post, M., E. A. J. M. Schuurmans, J. J. Batenburg, and L. M. G. Van 
Golde. 1983. Mechanisms involved in the synthesis of disaturated 
phosphatidylcholine by alveolar type 2 cells isolated from adult rat 
lung. Biochim. Biophys. Acta. 750: 68–77.

	13.	 Burdge, G. C., F. J. Kelly, and A. D. Postle. 1993. Synthesis of phos-
phatidylcholine in guinea-pig fetal lung involves acyl remodelling 
and differential turnover of individual molecular species. Biochim. 
Biophys. Acta. 1166: 251–257.

	14.	 Matsumura, Y., H. Sakai, M. Sasaki, N. Ban, and N. Inagaki. 2007. 
ABCA3-mediated choline-phospholipids uptake into intracellular 
vesicles in A549 cells. FEBS Lett. 581: 3139–3144.

	15.	 Yamano, G., H. Funahashi, O. Kawanami, L. X. Zhao, N. Ban, Y. 
Uchida, T. Morohoshi, J. Ogawa, S. Shioda, and N. Inagaki. 2001. 
ABCA3 is a lamellar body membrane protein in human lung alveo-
lar type ii cells. FEBS Lett. 508: 221–225.

	16.	 Bridges, J. P., M. Ikegami, L. L. Brilli, X. Chen, R. J. Mason, and J. M. 
Shannon. 2010. LPCAT1 regulates surfactant phospholipid synthe-
sis and is required for transitioning to air breathing in mice. J. Clin. 
Invest. 120: 1736–1748.

	17.	 Jain, D., C. Dodia, A. B. Fisher, and S. R. Bates. 2005. Pathways for 
clearance of surfactant protein A from the lung. Am. J. Physiol. 289: 
L1011–L1018.

	18.	 Gräbner, R., and W. Meerbach. 1991. Phagocytosis of surfactant by 
alveolar macrophages in vitro. Am. J. Physiol. 261: L472–L477.

	19.	 Wright, S. M., P. M. Hockey, G. Enhorning, P. Strong, K. B. Reid, 
S. T. Holgate, R. Djukanovic, and A. D. Postle. 2000. Altered airway 
surfactant phospholipid composition and reduced lung function in 
asthma. J. Appl. Physiol. 89: 1283–1292.

	20.	 Gross, N. J., E. Barnes, and K. R. Narine. 1988. Recycling of surfac-
tant in black and beige mice, pool sizes and kinetics. J. Appl. Physiol. 
64: 2017–2025.

	21.	 Wright, J. R. 1990. Clearance and recycling of pulmonary surfactant. 
Am. J. Physiol. 259: L1–L12.

	22.	 Jacobs, H., A. Jobe, M. Ikegami, and S. Jones. 1982. Surfactant 
phosphatidylcholine source, fluxes and turnover times in 3-day-old, 
10-day-old and adult rabbits. J. Biol. Chem. 257: 1805–1810.

	23.	 Mason, R. J., J. Nellenbogen, and J. A. Clements. 1976. Isolation of 
disaturated phosphatidylcholine with osmium tetroxide. J. Lipid Res. 
17: 281–284.

	24.	 Bernhard, W., C. J. Pynn, A. Jaworski, G. A. Rau, J. M. Hohlfeld, 
J. Freihorst, C. F. Poets, D. Stoll, and A. D. Postle. 2004. Mass 
spectrometric analysis of surfactant metabolism in human volun-
teers using deuteriated choline. Am. J. Respir. Crit. Care Med. 170: 
54–58.

 at U
C

L Library S
ervices, on F

ebruary 14, 2020
w

w
w

.jlr.org
D

ow
nloaded from

 
.html 
http://www.jlr.org/content/suppl/2018/08/14/jlr.M085431.DC1
Supplemental Material can be found at:

http://www.jlr.org/
http://www.jlr.org/content/suppl/2018/08/14/jlr.M085431.DC1.html 
http://www.jlr.org/content/suppl/2018/08/14/jlr.M085431.DC1.html 


1892 Journal of Lipid Research  Volume 59, 2018

	25.	 Postle, A. D., N. G. Henderson, G. Koster, H. W. Clark, and A. N. 
Hunt. 2011. Analysis of lung surfactant phosphatidylcholine me-
tabolism in transgenic mice using stable isotopes. Chem. Phys. Lipids. 
164: 549–555.

	26.	 Dushianthan, A., V. Goss, R. Cusack, M. P. Grocott, and A. D. Postle. 
2014. Phospholipid composition and kinetics in different endo-
bronchial fractions from healthy volunteers. BMC Pulm. Med. 14: 10.

	27.	 Dushianthan, A., V. Goss, R. Cusack, M. P. Grocott, and A. D. Postle. 
2014. Altered molecular specificity of surfactant phosphatidycho-
line synthesis in patients with acute respiratory distress syndrome. 
Respir. Res. 15: 128.

	28.	 Sweet, D. G., M. A. Turner, Z. Stranak, R. Plavka, P. Clarke, B. J. 
Stenson, D. Singer, R. Goelz, L. Fabbri, G. Varoli, et al. 2017. A first-
in-human clinical study of a new SP-B and SP-C enriched synthetic 
surfactant (CHF5633) in preterm babies with respiratory distress 
syndrome. Arch. Dis. Child. Fetal Neonatal Ed. 102: F497–F503.

	29.	 Singh, N., H. L. Halliday, T. P. Stevens, G. Suresh, R. Soll, and M. 
X. Rojas-Reyes. 2015. Comparison of animal-derived surfactants for 
the prevention and treatment of respiratory distress syndrome in 
preterm infants. Cochrane Database Syst. Rev. CD010249.

	30.	 Ricci, F., X. Murgia, R. Razzetti, N. Pelizzi, and F. Salomone. 2017. 
In vitro and in vivo comparison between poractant alfa and the new 
generation synthetic surfactant CHF5633. Pediatr. Res. 81: 369–375.

	31.	 Seehase, M., J. J. Collins, E. Kuypers, R. K. Jellema, D. R. Ophelders, 
O. L. Ospina, J. Perez-Gil, F. Bianco, R. Garzia, R. Razzetti, et al. 
2012. New surfactant with SP-B and C analogs gives survival benefit 
after inactivation in preterm lambs. PLoS One. 7: e47631.

	32.	 Alberti, A., A. Pettenazzo, G. B. Enzi, A. Palamidese, C. Mapp, P. 
Ventura, and A. Baritussio. 1998. Uptake and degradation of curo-
surf after tracheal administration to newborn and adult rabbits. Eur. 
Respir. J. 12: 294–300.

	33.	 Hidalgo, A., F. Salomone, N. Fresno, G. Orellana, A. Cruz, and J. 
Perez-Gil. 2017. Efficient interfacially driven vehiculization of corti-
costeroids by pulmonary surfactant. Langmuir. 33: 7929–7939.

	34.	 Kilkenny, C., W. J. Browne, I. C. Cuthill, M. Emerson, and D. G. 
Altman. 2010. Improving bioscience research reporting: the ARRIVE 
guidelines for reporting animal research. PLoS Biol. 8: e1000412.

	35.	 Knudsen, L., M. Ochs, R. Mackay, P. Townsend, R. Deb, C. Muhlfeld, 
J. Richter, F. Gilbert, S. Hawgood, K. Reid, et al. 2007. Truncated 
recombinant human SP-D attenuates emphysema and type II cell 
changes in SP-D deficient mice. Respir. Res. 8: 70.

	36.	 Bligh, E. G., and W. J. A. Dyer. 1959. A rapid and sensitive method 
of total lipid extraction and purification. Can. J. Biochem. Physiol. 37: 
911–917.

	37.	 Pelizzi, N., S. Catinella, S. Barboso, and M. Zanol. 2002. Different 
electrospray tandem mass spectrometric approaches for rapid char-
acterization of phospholipid classes of curosurf, a natural pulmo-
nary surfactant. Rapid Commun. Mass Spectrom. 16: 2215–2220.

	38.	 Berry, K. A., B. Li, S. D. Reynolds, R. M. Barkley, M. A. Gijon, J. A. 
Hankin, P. M. Henson, and R. C. Murphy. 2011. Imaging of lipid 
species by MALDI mass spectrometry. J. Lipid Res. 52: 1551–1560.

	39.	 Kramer, B. W., M. Ikegami, and A. H. Jobe. 2000. Surfactant phos-
pholipid catabolic rate is pool size dependent in mice. Am. J. Physiol. 
Lung Cell. Mol. Physiol. 279: L842–L848.

	40.	 Segerer, H., W. van Gelder, F. W. Angenent, L. J. van Woerkens, T. 
Curstedt, M. Obladen, and B. Lachmann. 1993. Pulmonary distri-
bution and efficacy of exogenous surfactant in lung-lavaged rab-
bits are influenced by the instillation technique. Pediatr. Res. 34: 
490–494.

	41.	 Jacobs, H., A. Jobe, M. Ikegami, S. Jones, and D. Miller. 1983. Route 
of incorporation of alveolar palmitate and choline into surfactant 
phosphatidylcholine in rabbits. Biochim. Biophys. Acta. 752: 178–181.

	42.	 Jacobs, H., A. Jobe, M. Ikegami, and D. Conaway. 1983. The sig-
nificance of reutilization of surfactant phosphatidylcholine. J. Biol. 
Chem. 258: 4159–4165.

	43.	 Lewis, J., and A. Jobe. 1989. Metabolism of intratracheally admin-
istered unsaturated phosphatidylcholines in adult rabbits. Biochim. 
Biophys. Acta. 1005: 277–281.

	44.	 Cogo P. E., L. J. Zimmermann, R. Pesavento, E. Sacchetto, A. 
Burighel, F. Rosso, T. Badon, G. Verlato, and V. P. Carnielli. 2003. 
Surfactant kinetics in preterm infants on mechanical ventilation 
who did and did not develop bronchopulmonary dysplasia. Crit. 
Care Med. 31: 1532–1538.

	45.	 Cogo, P. E., M. Facco, M. Simonato, G. Verlato, C. Rondina, A. 
Baritussio, G. M. Toffolo, and V. P. Carnielli. 2009. Dosing of por-
cine surfactant: effect on kinetics and gas exchange in respiratory 
distress syndrome. Pediatrics. 124: e950–e957.

	46.	 Cogo, P. E., L. J. Zimmermann, L. Meneghini, N. Mainini, L. 
Bordignon, V. Suma, M. Buffo, and V. P. Carnielli. 2003. Pulmonary 
surfactant disaturated-phosphatidylcholine (DSPC) turnover and 
pool size in newborn infants with congenital diaphragmatic hernia 
(CDH). Pediatr. Res. 54: 653–658.

	47.	 Torresin, M., L. J. Zimmermann, P. E. Cogo, P. Cavicchioli, T. 
Badon, G. Giordano, F. Zacchello, P. J. Sauer, and V. P. Carnielli. 
2000. Exogenous surfactant kinetics in infant respiratory distress 
syndrome: a novel method with stable isotopes. Am. J. Respir. Crit. 
Care Med. 161: 1584–1589.

	48.	 Ashton, M. R., A. D. Postle, M. A. Hall, N. C. Austin, D. E. Smith, and 
I. C. S. Normand. 1992. Turnover of exogenous artificial surfactant. 
Arch. Dis. Child. 67: 383–387.

	49.	 Amato, M., K. Petit, H. H. Fiore, C. A. Doyle, I. D. Frantz III, and 
H. C. Nielsen. 2003. Effect of exogenous surfactant on the develop-
ment of surfactant synthesis in premature rabbit lung. Pediatr. Res. 
53: 671–678.

	50.	 Bunt, J. E., V. P. Carnielli, D. J. Janssen, J. L. Wattimena, W. C. Hop, 
P. J. Sauer, and L. J. Zimmermann. 2000. Treatment with exoge-
nous surfactant stimulates endogenous surfactant synthesis in pre-
mature infants with respiratory distress syndrome. Crit. Care Med. 28: 
3383–3388.

	51.	 Jacobs, H. C., M. Ikegami, A. H. Jobe, D. D. Berry, and S. Jones. 
1985. Reutilization of surfactant phosphatidylcholine in adult rab-
bits. Biochim. Biophys. Acta. 837: 77–84.

 at U
C

L Library S
ervices, on F

ebruary 14, 2020
w

w
w

.jlr.org
D

ow
nloaded from

 
.html 
http://www.jlr.org/content/suppl/2018/08/14/jlr.M085431.DC1
Supplemental Material can be found at:

http://www.jlr.org/
http://www.jlr.org/content/suppl/2018/08/14/jlr.M085431.DC1.html 
http://www.jlr.org/content/suppl/2018/08/14/jlr.M085431.DC1.html 

