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Abstract
Pulmonary surfactant is essential for life and is comprised of a complex lipoprotein-like mixture
that lines the inner surface of the lung to prevent alveolar collapse at the end of expiration. The
molecular composition of surfactant depends on highly integrated and regulated processes
involving its biosynthesis, remodeling, degradation, and intracellular trafficking. Despite its
multicomponent composition, the study of surfactant phospholipid metabolism has focused on two
predominant components, disaturated phosphatidylcholine that confers surface-tension lowering
activities, and phosphatidylglycerol, recently implicated in innate immune defense. Future studies
providing a better understanding of the molecular control and physiological relevance of minor
surfactant lipid components are needed.
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1. SURFACTANT FUNCTION
Alveoli represent the basic units for gas exchange and both the number and size of alveoli
expand during early extrauterine life. The enormous surface-area imposed by alveolar
structures is intrinsically linked to very high surface tension at the air-water interface that
opposes lung inflation. These surface forces are opposed by pulmonary surfactant that
reduces surface tension. Left unopposed, high surface tension leads to pulmonary edema,
where intra-alveolar fluid accumulates leading to marked impairment of gas exchange and
lung mechanical disturbances. Surfactant deficiency is the primary cause of the neonatal
respiratory distress syndrome (RDS), but reduced levels of this material also partake in the
pathobiology of adult lung disease. Surfactant supplementation in premature infants with
RDS leads to a significant reduction in mortality associated with this syndrome, although
beneficial effects of exogenous surfactant therapy on survival in adult lung disorders such as
acute lung injury have not yet been demonstrated [1–4].
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Lung surfactant is synthesized in the endoplasmic reticulum (ER) of the alveolar type II
epithelial cell before it is transported and stored in lamellar bodies (LB), an intracellular
storage form. Lung surfactant is secreted via exocytosis from type II cells involving fusion
of LB with the plasma membrane in response to extracellular signals. Surfactant secretion
can occur via constitutive and regulated pathways [5]. Once secreted from type II cells, the
extracellular pool of phospholipid within LB transforms into a surfactant film that lines the
alveolar surface [6]. Moreover, the phospholipid fraction obtained from bronchoalveolar
lavage contains a number of different morphological and biochemical forms of surfactant
including densely-packed multilamellar structures, lattice-like structures called tubular
myelin, multilamellar and unilamellar vesicles [5]. Secreted extracellular surfactant acts as a
vehicle in the removal of foreign material and sloughed cells from the distal lung.
Importantly, extracellular (alveolar) surfactant is well recognized to play a key role in innate
immune defense.

2. SURFACTANT COMPOSITION
Pulmonary surfactant contains several classes of lipids, including phospholipids,
triglycerides, cholesterol, and fatty acids. Surfactant also contains the key surfactant proteins
A, B, C, and D (SP-A, SP-B, SP-C, and SP-D) (Fig 1). The phospholipid composition of
surfactant is highly conserved among mammals [7, 8]. Phosphatidylcholine (PC) is the
major phospholipid comprising 80% of surfactant lipids. Phospholipid analysis using
different techniques has confirmed that surfactant PC generally contains a disaturated PC
(DSPC) species, 16:0/16:0-PC. Approximately 60% of surfactant PC is present in this
disaturated form, as dipalmitoylphosphatidylcholine (DPPC), representing the major
surface-active component [9, 10]. Besides 16:0/16:0-PC, mammalian surfactant contains
about 10% of 16:0/14:0-PC, 16:0/16:1-PC (30%), and 16:0/18:1-PC and 16:0/18:2-PC
species at lower concentrations. The second most abundant phospholipid in surfactant is
phosphatidylglycerol (PG) that is present at 7–15% of the total phospholipid with each of
remaining phospholipids generally accounting for less than 5% of the total. The precise
biological role of PG is unknown but it may play a role in alveolar stability and recent
studies suggest that it regulates the innate immune response [11, 12]. The other minor
phospholipids such as phosphatidylethanolamine (PE), sphingomyelin (SM),
phosphatidylinositol (PI), and phosphatidylserine (PS) comprise the remainder of the
phospholipid pool. Aside from phospholipids, surfactant contains 5–10% surfactant-
associated proteins that interact extensively with phospholipids. These interactions regulate
structure and properties of the lipid film [13]. Of the four surfactant proteins, SP-B and SP-C
are hydrophobic and SP-A and SP-D are hydrophilic. SP-B and SP-C are critical for
regulation of surfactant film formation and stability [14], while SP-A and SP-D are critically
involved in innate immunity and the inflammatory response [15]. SP-D may also be
involved in maintenance of surfactant metabolism and pulmonary homeostasis [16].

3. SYNTHESIS AND REGULATION OF SURFACTANT PHOSPHOLIPIDS
3.1 Synthesis and regulation of surfactant phospholipid precursors

3.1.1 Fatty acid synthesis and regulation—Surfactant phospholipids produced by the
de novo pathway are highly dependent on the availability of fatty acids (FA) in type II cells
[17]. The FA in these cells is supplied by the circulation in the form of free FA or
triacylglycerols within lipoproteins. FA uptake from the circulation is mediated by
membrane FA binding protein [9, 18] or internalized from alveoli after phospholipid
hydrolysis. Alternatively, de novo synthesized FA are able to use lactate as a precursor.
Lactate is the preferential carbon source for FA de novo synthesis in mature type II cells
while glycogen is an important precursor in the late fetal period. As endogenously
synthesized FA are an important substrate for surfactant phospholipid production, it is not
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surprising that the activities and mRNA levels of the key enzymes of FA synthesis such as
acetyl CoA carboxylase, fatty acid synthase (FAS), and citrate lyase are upregulated during
surfactant lipogenesis in the lung. These enzymes are stimulated by keratinocyte growth
factor (KGF) that regulates the type II cell phenotype. Thus, the differentiation of cells
affects FA biosynthesis required for surfactant production in the lung [19]. Hormonal or
physiologic factors can also stimulate de novo FA synthesis by increasing immunoreactive
levels of FAS [20–23]. FAS is activated by glucocorticoids in fetal lung while thyroid
hormone and transforming growth factor β1 (TGF-β1) antagonize this effect [24, 25].
Hormonal regulation of FAS in human fetal lung was detected selectively in type II alveolar
epithelial cells [26]. The contribution of plasma free FA and de novo synthesized FA to lung
surfactant is age dependent [27]. De novo synthesis of FA is sufficient to produce DPPC in
the fetal lung when FA availability is limiting, but not in adult type II cells [28], and is
characterized by gene activation of key biosynthetic enzymes [19]. The transcription of
these enzymes is regulated by sterol-response element-binding proteins and CCAAT/
enhancer-binding protein transcription factors [29]. Data regarding regulatory control of FA
synthesis in the fetal and adult type II cells is still fragmented and the mechanisms require
further study.

3.1.2. Phosphatidic acid synthesis and regulation—Phosphatidic acid (PA) is a key
intermediate in phospholipid biosynthesis and an integral precursor for surfactant synthesis.
PA de novo biosynthesis utilizes dihydroxyacetone phosphate (DHAP) derived from glucose
or glycogen that is then processed into PA by two different pathways both of which are
active in the lung [30, 31]. It was shown that fetal type II cell precursors accumulate
significant amounts of glycogen that are used as a carbon source, providing chemical energy
and serving as an important precursor for PA and surfactant synthesis [32]. Glucose and
glycogen are metabolized via the glycolytic pathway to DHAP or acetate and hence to FA.
The two de novo pathways for PA synthesis include the glycerol-3 phosphate (G3P)
pathway and the dihydroacetone phosphate (DHAP) pathway that occur in the mitochondria
and ER or the ER and the peroxisomes, respectively. The initial step in the G3P pathway
involves generation of G3P by glycerol-3 phosphate dehydrogenase from DHAP in a
reaction that requires NADH, or conversion of glycerol directly to G3P. Glycerol converted
to G3P by glycerol kinase is present in the lung [33]. The first acylation step in this pathway
is catalyzed by G3P acyltransferase that leads to formation of monoacylglycerol phosphate
or lysophosphatidic acid (lyso-PA). The second pathway for PA synthesis utilizes the
peroxisomal enzyme, DHAP acyltransferase, that generates acyl-DHAP from DHAP. This
intermediate is then converted to lyso-PA in a NADPH-dependent reaction catalyzed by
acyl-DHAP reductase. It was demonstrated that 60% of PA may be synthesized via this
pathway [34]. Finally, lyso-PA synthesized via G3P or DHAP pathways is then acylated to
PA in a reaction catalyzed by 1-acylglycerol-3-phosphate acyltransferase that is
predominantly localized in the ER of adult type II cells. Two human isoforms of 1-
acylglycerol-3-phosphate acyltransferase have been cloned [35]. The FA required for this
acylation step are first converted to acyl-CoAs by acyl-CoA synthase. Several different
forms of acyl-CoA synthetases are also identified in lung ER or mitochondria-associated
membranes and cytosol [36]. The multiple sites of PA biosynthesis could be related to
access to specific substrates, linked to eventual destiny of newly synthesized phospholipids,
or based on the needs of the cell. It is suggested that membrane phospholipids are
synthesized in the ER, while secreted lipids are originally synthesized within mitochondria
or peroxisomes [37]. Further, acylating activities presented in mitochondria, peroxisomes or
lipid particles provide a rapid and efficient mechanism for generation of PA. PA and lyso-
PA are synthesized on the outer surface of the mitochondrial outer membrane and a pool of
PA transmigrates to the inner membrane apparently for cardiolipin formation [38].
Mitochondrial 1-acylglycerol-3-phosphate acyltransferase and peroxisomal DHAP
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acyltransferase have a preference for saturated acyl-CoAs in contrast to 1-acylglycerol-3-
phosphate acyltransferase in the ER that utilizes saturated, monounsaturated, and
polyunsaturated acyl-CoAs. Aside from de novo synthesis, PA can be generated by
additional mechanisms: 1) by the phosphorylation of diacylglycerol (DAG) by DAG kinase
(DAGK), 2) by actions of phospholipase D (PLD), via the hydrolysis of PC yielding PA and
choline, and 3) by acylation of lysoPA by lysoPA-acyltransferase [37, 39]. PA phosphatase
(PAP) is also a key enzyme in the regulation of lung phospholipid synthesis. This enzyme
catalyzes magnesium+-dependent dephosphorylation of PA, yielding DAG that is a substrate
for de novo PC synthesis [40].

3.2 SYNTHESIS OF MAJOR SURFACTANT PHOSPHOLIPIDS
3.2.1. Phosphatidylcholine (PC) de novo synthesis and regulation—The de-novo
biosynthesis of surfactant PC, the most abundant and functionally important phospholipid
component of surfactant, occurs by the cytidine diphosphocholine (CDP-choline) or
Kennedy pathway that is predominate in most tissues (Fig 2A). In this pathway, FA that are
synthesized de novo by the lung are incorporated into newly synthesized PC [41]. Choline
that is not generated by animal cells is obtained primarily from the diet or from
phospholipase D-driven hydrolysis of PC [42, 43]. Cellular uptake of dietary choline is
mediated by choline transporters [44, 45]. Upon entry into cells, choline is phosphorylated
to cholinephosphate which represents the first committed step catalyzed by choline kinase
(CK) [46] (Fig. 2A). In mammals, the choline kinase family consists of CKα and CKβ that
are encoded by two separate genes [47]. These two isoforms of CK demonstrate different
enzymatic and physiologic behavior in phospholipid metabolism [43]. Genetic deletion of
murine CKα is embryonic lethal, whereas disruption of murine CKβ results in forelimb
bone deformities and muscular dystrophy [48]. Choline uptake and CKα levels and
activities are increased in tumor-derived cell lines and correlate with worse outcomes in
lung, breast, and bladder tumors [49]. Further, phosphocholine produced by CKα may serve
as an essential metabolic signal for the amplification of pro-survival pathways that impact
tumor growth [50]. By contrast, CKβ may not directly influence tumor growth [43].
Nonetheless, much of the molecular and physiologic understanding of choline kinases as
they relate to surfactant metabolism remains limited.

The second reaction in the Kennedy pathway is the conversion of choline phosphate to
CDP-choline utilizing CTP [51] (Fig. 2A). This reaction is catalyzed by CTP:
phosphocholine cytidylyltransferase (CCT), an enzyme derived from two different genes
encoding the CCTα isoform [52–54] and CCTβ isoform [55, 56] located on distinct
chromosomes in humans [52]. There has been intense interest in the enzymatic and
physiological behavior of CCTα because of its rate-limiting and rate-regulatory role in
mammalian cells [57]. CCTα, the predominant species in lung epithelia, is essential for
proliferation and survival [58, 59] and is comprised of four functional domains, including an
NH2-terminal domain with a nuclear localization signal (NLS), a catalytic core, an α-helical
membrane-binding domain, and C-terminal phosphorylation domain (Fig. 2B)[51]. CCTα is
mostly cytoplasmic and largely associated with the ER in alveolar epithelia whereas in
several other cell types it is nuclear [60]. Nevertheless, it was recently shown that CCTα is
escorted by 14-3-3ζ, a scaffolding protein, to the nucleus to preserve PC homeostasis during
calcium-induced stress [61]. This cytoplasmic/nuclear shuttling is regulated by calmodulin
kinase I and exportin 1 via binding to a nuclear export signal within the CCTα membrane
binding domain (Fig. 2B)[62]. Further, CCTα is sensitive to proteolysis as it is
monoubiquitinated at a molecular site juxtaposed near its NLS [63]. This is a post-
translational mechanism of significance as this limits the enzyme’s interaction with
importin-α thereby targeting CCTα for lysosomal disposal [63]. In essence this mode of
control appears to regulate CCTα concentrations in the nucleus (Fig. 2B)[63]. The calcium
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sensor, calmodulin also serves as a stabilizing ligand for CCTα that antagonizes the actions
of ubiquitin E3 ligases and the proteinase, calpain [63, 64]. CCTα is also a phosphoenzyme
and its phosphorylation antagonizes membrane binding [65, 66]. CCTα phosphorylation is
restricted to 16 serines within the C-terminal domain of the enzyme and this has an
important inhibitory effect on enzymatic activity [67, 68]. CCTα is a target for extracellular-
signal-regulated kinases, resulting in inhibition of PC synthesis in lung epithelia [65](Fig.
2B). In addition to control at the post-translational level, CCTα activity is extensively
regulated by both activating and inhibitory lipids [65, 69]. Other work has shown CCTα
transcriptional regulation governed by Sp1, Sp3, Rb, TEF4, Ets-1 and E2F [70–72] and
CCTα mRNA synthesis is developmentally regulated in the lung [73]. These transcription
factors may also link CCTα to the cell cycle, cell growth, and differentiation in lung
epithelia. Physiologically, CCTα activity increases in response to hormones with pulmonary
maturation, resulting in increased PC synthesis for pulmonary surfactant [74–76]. For
example, glucocorticoids increase synthesis of lipid-cofactors [77] and can regulate CCTα
activity at the level of mRNA stability or transcriptional level in the lung [78, 79]. CCTα is
also critical for proper LB formation and surfactant protein homeostasis in lung epithelia
[80].

The terminal step of the Kennedy pathway involves the formation of PC from DAG
synthesized from its precursor, PA, that reacts with CDP-choline (Fig. 2A). The conversion
of PA into essential DAG intermediates is catalyzed by PAP (or phosphatidate
phosphohydrolase, or phosphatidate phosphatase). The existence of two different isoforms
of PAP, PAP-1 and PAP-2 was detected in the lung [81]. These enzymes, localize in
mitochondria and microsomes in type II cells, are Mg2+-dependent and heat labile, and may
play a role in signal transduction and surfactant synthesis [40, 82]. It was recently shown
that phosphorylation of recombinant PAP1 regulates its activity, localization and function
[83]. Both PAP isoforms are also developmentally and postnatally regulated [84, 85] and
linked to increased PC synthesis and release of lung surfactant [81]. Thus, stimulation of
surfactant biosynthesis requires an adequate supply of PA-derived DAG for increased PC
synthesis. This final step of the de-novo synthesis pathway for PC is catalyzed by choline
phosphotransferase (CPT), the membrane-bound enzyme localized primarily in the ER (Fig.
2A). Two CPT cDNAs have been identified in humans [70, 86]. CPT plays an important
role in regulating the acyl group composition of PC in the lung and other mammalian tissues
[87]. This enzyme is able to utilize both endogenous and exogenous DAGs for PC synthesis
in the lung and its activity is also dependent on CDP-choline availability [88]. The two
forms of CPT are localized in ER/microsomes and mitochondria in the fetal lung and type II
epithelial cells that differ by their substrate specificity based on preference for unsaturated or
saturated DAGs, Km values, and sensitivity to inhibitors [89, 90]. CPT levels appear also to
be regulated at the level of protein stability [91] and by inhibitory lipids such as ceramides
[90, 92]. CPT activity is upregulated just prior to birth, decreasing in the adult lung [93].
Conversely, mitochondrial CPT activity is high and increases with age [94]. Thyroid
hormone upregulates lung mitochondrial and microsomal CPT activity [95].

3.2.2. Disaturated phosphatidylcholine and phosphatidylcholine remodeling—
The PC in lung contains a large proportion of disaturated molecular species where DPPC,
the main surface-active component, is primarily responsible for the ability of pulmonary
surfactant to decrease lung surface tension to very low levels. Although the CDP-choline (de
novo) pathway is clearly important for PC biosynthesis, prior data suggest that the DPPC
synthesized via this pathway is not predominant [96–98]. Direct utilization of disaturated
DAG [96] by CPT will generate DPPC. However, if newly generated PC is contains
unsaturated fatty acyl species, the molecule undergoes remodeling. It is estimated that ~45%
of surfactant DPPC is formed via de novo synthesis, while the other 55%–75% is generated
by remodeling [9, 99, 100]. This remodeling pathway is catalyzed by a series of enzymatic
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reactions involving phospholipase A2 (PLA2) mediated hydrolysis of unsaturated fatty acids
at the sn-2-position of PC generating lyso-PC followed by re-acylation with saturated (16:0)
species yielding DPPC [7, 101, 102] (Fig. 2C). The PLA2 mediated hydrolysis appears to be
catalyzed by a lysosomal-type enzyme that is expressed at high levels in the lung to regulate
surfactant composition [103]. The reacylation of resultant 1-palmitoyl-lyso-PC is catalyzed
by acyl CoA:lysophosphatidylcholine acyltransferase (LPCAT1) [104, 105]. Type II
alveolar epithelial cells are enriched with this key enzyme that exhibits calcium-independent
activity and demonstrates a preference for saturated fatty acyl-CoAs as an acyl donor, and 1-
myristoyl- or 1-palmitoyl-LPC as an acceptor [101, 104, 106, 107]. LPCAT1 has three
putative transmembrane domains and a conserved cysteine (Cys211) that plays a crucial role
in its activity [101]. LPCAT1 expression is upregulated during differentiation of type II cells
[107, 108] and newborn mice bearing a hypomorphic allele of LPCAT1 exhibit varying
degrees of prenatal mortality from respiratory failure from reduced saturated PC content
[109]. LPCAT1 in lung epithelia is targeted for polyubiquitination and proteasomal
degradation [110]. Interestingly, LPCAT1 also catalyzes O-palmitoylation of histones to
regulate pro-inflammatory gene expression [111]. Thus, LPCAT1 appears critical for
surfactant DPPC generation but also appears to display unique enzymatic behavior within
epigenetic programs.

3.2.3 Phosphatidylglycerol synthesis and regulation—Phosphatidylglycerol (PG)
is the second most abundant surfactant phospholipid with palmitoyl-oleoyl
phosphatidylglycerol (POPG) as the dominant molecular species [112, 113] that comprises
approximately ~10 mole % of phospholipids. This concentration of PG in the lung is
unusually high in comparison with the other mammalian tissues. PG is involved in the
adsorption and spreading of surfactant over the epithelial surface. Surfactant deficiency in
premature infants is associated with a lack of PG [114–116]. The microsomes and
mitochondria both serve as sites for de novo PG formation destined for incorporation into
surfactant [115]. PG is synthesized from CDP-diacylglycerol produced from PA and then
converted by glycerophosphate phosphatidyltransferase to phosphatidylglycerolphosphate
followed by its dephosphorylation to PG catalyzed by phosphatidylglycerophosphatase (Fig
2A). Like DPPC, deacylation/reacylation also serves as a remodeling mechanism involved
in formation of surfactant dipalmitoyl-PG. The dipalmitoyl species in surfactant PG ranges
from 17% to 38% [1, 117]. Recent studies demonstrate that PG plays an important role in
regulating innate immunity and viral infection [12, 112, 118, 119]. For example, POPG acts
as a strong antiviral biomolecule against Influenza A virus via attenuation of interleukin-8
production and POPG strongly suppresses the development of inflammatory cell infiltrates
[118]. PG also suppresses pathogen-induced eicosanoid production in human and mouse
macrophages after Mycoplasma pneumoniae infection [112] and this phospholipid
attenuates respiratory syncytial virus -induced inflammation [12]. High concentrations of PG
reduce numbers of alveolar macrophages in the alveolar space impacting lung function
[120]. Additional work is needed to ascertain the in vivo biologic and translational
significance of PG to humans.

3.3. Minor phospholipids in surfactant
Phosphatidylethanolamine (PE), the third most abundant phospholipid in pulmonary
surfactant, is formed via a separate, distinct branch of the Kennedy pathway (Fig 2A). The
first step of this pathway, the conversion of ethanolamine to phosphoethanolamine is not
rate-limiting and catalyzed by ethanolamine kinase (EK) that exists in two forms, EK1 and
EK2 encoded by the Etnk1 and Etnk2 mammalian genes [121, 122]. The second enzyme in
PE synthesis is CTP:phosphoethanolamine cytidylyltransferase (ECT) encoded by a single
gene (Pcyt2) in mammalian tissues. ECT catalyzes the conversion of phosphoethanolamine
to cytidine-diphosphoethanolamine utilizing CTP [123, 124] and this enzyme is rate-limiting
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and transcriptionally regulated by the early growth response protein 1 [125]. The final step
of PE formation is catalyzed by ethanolaminephosphotransferase (EPT). Two enzymes with
EPT activity have been identified in mammals, CEPT that utilizes both CDP-ethanolamine
and CDP-choline as substrates, and EPT, which is selective for CDP-ethanolamine [126,
127]. CEPT was found in ER and nuclear membranes, but little is known of EPT [128].
Surfactant PE, in contrast to surfactant PC, contains very little disaturated species [9]. The
alveolar type II cells presumably produce a separate pool of DAG containing very little
dipalmitoyl species for PE formation. The remodeling pathway for the formation of
dipalmitoylphosphatidylethanolamine by acylation of 1-palmitoyl-
lysophosphatidylethanolamine with palmitoyl-CoA has very low activity in type II cells [9].
The synthesis of PE predominantly localizes on the inner membrane of mitochondria.
Defects in mitochondrial PE production are responsible for mitochondrial abnormalities that
cause embryonic lethality in mice [129, 130]. PE is also required for optimal activity in the
respiratory complexes and proper ubiquinone function [130, 131].

Another minor surfactant lipid, phosphatidylinositol (PI) is synthesized initially via the
formation of CDP-diacylglycerol (CDP-DAG) from PA and CTP catalyzed by ER
membrane-associated CDP-diacylglycerol synthase (CDS) (Fig 2A). This enzyme exists as
two forms, CDS1 and CDS2, in mammals and is highly expressed in lung, brain and kidney
[126, 132]. The second step of PI synthesis utilizes myo-inositol and CDP-DAG in a
reaction catalyzed by CDP-diacylglycerol:inositol-3-phosphatidyltransferase or PI synthase
that is also localized in the ER of type II cells [126, 133]. A remodeling mechanism is also
involved in surfactant PI formation [9]. Information regarding the regulation of PI synthesis
in mammalian tissue is limited and controversial. It was shown that phosphoinositide-
specific phospholipase C (PI-PLC) can regulate PI levels in lung surfactant [134]. Six
isoforms of PI-PLC were identified in lung tissue with one species, PLCβ3, highly
expressed in adult rat type II cells [135, 136]. PI-PLC activated by ligand-stimulation of cell
surface receptors hydrolyzes phosphatidylinositol 4,5-bisphosphate generating inositol
1,4,5-triphosphate and 1,2-DAG, two secondary messengers that regulate cellular
differentiation, proliferation, and immune responses [134, 137]. A phosphatidylinositol
transfer protein is also involved in phosphatidylinositide metabolism and might mediate
exocytosis in lung cells [138]. PI may be involved in the stabilization of the surfactant
monolayer and its levels are altered during acute lung injury [134, 139–141].

Phosphatidylserine (PS) first identified in rat lung is synthesized by base-exchange from PC
or PE via PS synthase (PSS1 and PSS2) localized in ER and/or mitochondrial membranes in
lung type II cells [126, 142] (Fig 2A). PSS1 replaces the head group of PC with L-serine
while PSS2 replaces the head group of PE with L-serine in a calcium dependent reaction
[126, 143, 144]. PSS1 and PSS2 also catalyze the reverse reaction where the serine group is
exchanged to PC or PE. The mechanisms regulating PS synthesis and degradation are
largely unknown [126, 145]. Studies using PSS1- and PSS2-deficient mice have
demonstrated that normal activity of PSS1 might compensate for the lack of PSS2 and vice
versa [126, 146]. PS also regulates the activities of nitric oxide synthase [147], diglyceride
kinase [148] and c-Raf-1 protein kinase [149] involved in cell signaling. It was shown that
PS can modulate ligand:receptor interactions [150, 151]. Phagocytes lacking the
phosphatidylserine receptor (PSR) are defective in removing apoptotic cells [152]. This
receptor may also be involved in respiratory distress [152] and has an essential function in
terminal differentiation of the lung and other vital organs [153]. PS can also be involved in
late apoptosis via binding to human SP-A [154]. A specific PS-dependent phospholipase A1
is highly expressed in the lung and is able to hydrolyze PS and 2-lysoPS and the products of
this hydrolysis participate in cell signaling [155, 156]. It was also demonstrated that a
calcium PS-dependent protein kinase C is involved in surfactant synthesis and secretion in
fetal, neonatal, and adult rabbit lung and isolated LB [157]. In aggregate, the precise

Agassandian and Mallampalli Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



physiological role of PS in lung function and surfactant metabolism requires additional
investigation.

Cardiolipin (CL) is a very minor component of surfactant but it may have important roles in
lung homeostasis. CL is formed via condensation of PG and CDP-DAG in a reaction
catalyzed by cardiolipin synthase [126, 158, 159] localized exclusively in the inner
mitochondrial membranes [126, 160–162] (Fig 2A). Mammalian CL contains 18:2 acyl
chains obtained from PC and/or PE donors in a transacylation or remodeling reaction
mediated by tafazzin protein [158]. Abnormalities of CL remodeling process can
compromise the normal function of mitochondria as observed in Barth syndrome where
defects of tafazzin exist [126, 163]. Pulmonary lavage fluid normally contains only minor
amounts of CL and CL comprises only 1–2% of alveolar surfactant [164]. However, high
amounts of CL are detected in alveolar fluid in humans with pneumonia where CL acts as a
extracellular damage signal released from dying host cells, profoundly antagonizing
surfactant activity [165]. ATP8b1, a P-type ATPase protein is highly expressed in the apical
lung epithelial membranes that translocates CL from the outer to the inner membranes in
lung cells thereby regulating the abundance of CL in the lung fluid [165]. These results
suggest that studies understanding the molecular regulation of CL metabolism may be
important to surfactant metabolism and lung inflammation [165].

Sphingomyelin (SM) is another minor phospholipid surfactant component but some of its
hydrolysis products and precursors have potentially important biological roles in lung
structure and function. The first step of de novo SM synthesis is a condensation reaction
utilizing L-serine and palmitoyl-CoA generating 3-ketosphinganine that is catalyzed by
serine palmytoyltransferase [166, 167] localized in microsomes (Fig 3). Serine
palmitoyltransferases are highly expressed in the lung relative to other tissues [168]. The 3-
ketosphinganine product can be reduced to sphinganine that becomes amide-linked
generating ceramide or undergoes oxidation to sphingosine, or long-chain bases [166, 167].
The final step of this pathway, the transfer of a phosphocholine headgroup from PC to
ceramide yielding SM, is catalyzed by sphingomyelin synthase (SMS)(phosphatidylcholine:
ceramide cholinephosphotransferase). Two species of SMS have been identified in humans,
SMS1 localized in trans-Golgi, and SMS2 predominantly associated with plasma
membranes. SM is developmentally regulated in the rat lung through activation of SMS
[167]. SMS activity correlates with the severity of lung injury through mitogen-activated
protein kinases [169]. SM levels associated with surfactant in alveolar lavage are typically
low but increase in acute or chronic lung injury [170–172]. Total surface-active
phospholipid/sphingomyelin ratio is used as an index of fetal lung maturity. SM also
undergoes hydrolysis by sphingomyelinases in response to external stimuli, generating the
biologically-active breakdown products, ceramide and sphingosine [167, 173]. Ceramide
can be deacylated to sphingosine by ceramidase, or phosphorylated to ceramide 1-phosphate
by ceramide kinase [167]. These products of SM degradation are involved as secondary
messengers in a variety of important cellular processes and have a special relevance to lung
pathophysiology as a potential mediators of pulmonary edema and acute lung injury [167,
174–176]. Ceramides are also implicated in playing a role in the pathogenesis of
emphysema [177].

4. SURFACTANT PROTEINS
Pulmonary surfactant contains four major proteins that elicit critical functions (Fig. 1). SP-A
is a highly conserved and most abundant surfactant-associated protein synthesized in
alveolar type II epithelial cells. The protein monomer has a molecular mass of ~28–36 kDa,
while in lung lavage this protein exists as a 650 kDa oligomeric glycoprotein [178, 179]. SP-
A belongs to the collectin family and is a multifunctional protein. SP-A interacts strongly

Agassandian and Mallampalli Page 8

Biochim Biophys Acta. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with surfactant phospholipids and promotes the conversion of LB into tubular myelin in the
presence of calcium providing rapid formation of the surface film [164]. SP-A also mediates
recycling of secreted surfactant components via a high affinity receptor on the type II cell
membrane [164, 180]. SP-A also acts in a negative feedback manner by inhibiting surfactant
phospholipid secretion [181]. SP-A critically interacts with diverse pathogens and immune
effector cells facilitating their clearance and providing host defense [182]. SP-A also inhibits
secreted PLA2 activity, thereby potentially playing a protective role to maintain surfactant
integrity during lung injury [183]. SP-B and SP-C, in contrast to SP-A, are extremely
hydrophobic polypeptides associated with surfactant phospholipids. SP-B exists as an 18kDa
homodimer and is expressed in type II cells. This protein associates with phospholipids to
decrease surface tension by facilitating rapid lipid insertion into the air-liquid monolayer
[184]. SP-B is also involved in surfactant secretion and tubular myelin formation [185, 186].
Congenital deficiency of SP-B gene is lethal in humans and results in disruption of normal
processing of surfactant components and LB. The absence of SP-B also blocks processing of
SP-C, reduces surfactant function, and alters PG degradation [187]. SP-C is a 4.2 kDa non-
polar α-helical protein exclusively expressed in lung type II alveolar cells. SP-C is secreted
with surfactant phospholipids into the alveolar space and like SP-B is critically involved in
the formation and maintenance of the surfactant film. SP-D is a 43kDa glycoprotein
consisting of four homotrimeric units produced and secreted by type II cells. SP-D regulates
surfactant metabolism in type II cells and may have affinity to PI [188, 189]. SP-D like SP-
A, is an innate immune defense protein. SP-D promotes uptake of pathogenic bacteria by
epithelial cells [190]. SP-D stimulates phagocytosis, chemotaxis, regulates cytokine and free
radical production by multiple immune cells [182]. Similar to SP-A, SP-D also possesses
antimicrobial activities and can elicit anti-inflammatory effects. Targeted disruption of the
SP-D gene induces emphysema in mice [191]. As a whole, surfactant associated proteins are
intimately associated with surfactant phospholipids to modulate surface activity but also
play key roles in regulating inflammation, innate immune defense, and microbial
pathogenesis.

5. LAMELLAR BODY FORMATION
Pulmonary surfactant is synthesized, packaged, and stored in alveolar type II epithelial cells
as LB which are 1.0–2.0 μM lysosome-related organelles secreted into the alveolar space
via exocytosis that transform into the surfactant film [192]. The glycogen stores of fetal type
II cells are a site for surfactant PC synthesis and LB formation [193]. Secreted surfactant is
internalized by type II cells that can be incorporated back to LB for recycling or degradation
by alveolar macrophages [194]. As a lysosome-related organelle, LB is characterized by an
acidic interior that contains lysosomal enzymes (acid phosphatase and cathepsins C and H)
and proteins (CD63/LAMP3, LAMP1)[195, 196]. These organelles contain concentric and
tightly packed lamellae comprised of DPPC. SP-B plays a central role in packaging of
surfactant phospholipids into LB since in SP-B null mice LB are disorganized and lack
ability to form a surfactant film [197, 198]. Both SP-B and SP-C processed in the Golgi are
transported to LB through multivesicular bodies via proteolytic processing. In contrast,
phospholipids such as PC, DPPC, and PG newly synthesized in the ER are transported
directly to LB [1]. These surfactant-associated phospholipids are transported from the ER to
LB via phospholipid transfer proteins and then transverse the LB membrane [32]. This
process can be facilitated by ATP-binding cassette (ABC) transporters such as ATP-binding
cassette A3 (ABCA3) [199]. ABCA3 is a lipid transport protein that is required for normal
synthesis and storage of pulmonary surfactant in alveolar type II cells. An alternative
mechanism for surfactant PL incorporation into LB might be via autophagy, a pathway by
which cells incorporate organelles or part of the cytoplasm into the lysosome for degradation
during nutrient deprivation [192]. However, there is no direct evidence for the involvement
of this pathway in surfactant PL transport in alveolar epithelium. In total over 500 proteins
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were recently detected in rat lung LB that might help to identify novel molecular pathways
involved in surfactant homeostasis and pathogenesis [194].

6. SURFACTANT SECRETION AND REGULATION
The secretory mechanisms of pulmonary surfactant are still not fully characterized. A burst
in secretion of surfactant occurs at birth with the first breath, and then after, the requirement
for synthesis of surfactant becomes lower. Surfactant secretion is a relatively slow and yet
highly regulated process. This process consists of two steps: 1) transport of phospholipids
from the ER to the LB in type II cells, and 2) translocation of phospholipids across the LB
membrane at the type II cell surface (Fig 4). The mechanisms involved in regulation of
pathways implicated in the first step are still not clear. It is suggested that Golgi apparatus
(GA)-dependent and GA-independent pathways could be involved in phospholipid
trafficking to LB [200]. The function of PC transporters and mechanisms responsible for
lipid packaging into LB are not confirmed in vivo [32, 192]. One of the possible
mechanisms for phospholipid delivery to LB is autophagy [201]. The second step of
surfactant secretion occurs through the fusion of the limiting membrane of LB with the
apical plasma membrane, followed by extrusion of the LB contents into the alveolar space.
In the initial step, phospholipid translocation across the membrane is facilitated by ABC
transporters; in particular, ABCA3 was identified in the outer membrane of the LB of type II
cells [32, 202, 203]. Mutations in ABCA3 disrupt surfactant processing that perturbs lung
homeostasis [199]. Two types of ABCA3 mutations have been described, one involving
defects in lipid trafficking to LB, and the other impairs LB function [203]. These ABCA3
gene mutations are characterized by abnormal subcellular localization, glycosylation, ATP
binding and ATP hydrolysis activities resulting in fatal surfactant deficiency in newborns
[204]. Ultrastructural analysis of ABCA3 null mice lung shows an absence of surfactant
from lung lavage and loss of mature LB. ABCA3 null mice have a dramatic reduction in PG
levels, and selective reductions in PC species containing short acyl chains demonstrating a
unique and critical role of ABCA3 in surfactant metabolism [199]. When ABCA3 was
conditionally deleted in type II cells, the mice with this defect died shortly after birth from
surfactant deficiency. Phospholipid content and composition was altered in lung tissue of
these mice and transcription factors regulating the genes of lipid metabolism were markedly
decreased [205]. ABCA3 mutations potentiated by RSV infection induce loss of type II cell
differentiation [203, 206]. Another member of the ABC transporter family, ABCA5, may
play a role in LB biogenesis, whereas ABCA1 can modulate the transport of surfactant
phospholipid from the basolateral membrane of type II cells [32, 207, 208]. The secretion of
surfactant phospholipids can be regulated by physiological and non-physiological agents.
Labor and hyperventilation are important physiologic triggers for surfactant secretion in
vivo [209–211]. A number of surfactant secretagogues including terbutaline, forskolin,
phorbol esters, calcium ionophore, ATP and others initiate various signal transduction
pathways. In response to terbutaline, cAMP increases and activates protein kinase A,
whereas activation of protein kinase C, phosphoinositide-specific phospholipase C (PPI-
PLC) and elevated intracellular calcium trigger surfactant secretion by an ATP mechanism
[164]. ATP also increases inositol triphosphate and DAG production via activation of
purinergic P2Y2 receptors [209, 212]. The purinergic P2X7 receptor localizes in type II lung
epithelial cells to mediate surfactant secretion in response to extracellular ATP released
from type I cells via a paracrine mechanism [209]. Further, stress-induced calcium
oscillation in type I cells induces calcium shuttling to type II cells via gap junctions that also
contributes to surfactant secretion [192, 213]. LB-binding proteins annexin V [214] and
annexin II may be involved in surfactant secretion via reorganization of the cytoskeleton in
type II cells during this process [215]. Annexin VII also plays a role in membrane fusion
during exocytosis in type II cells [216]. Stimulation of surfactant secretion by some agents
increase membrane association of annexin VII and its colocalization with ABCA3 [217].
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Further, the lipid raft marker, flotillin-2, regulates surfactant secretion via cytoskeletal
rearrangement as flotillin-2 depletion in cells blocks the G-protein coupled receptor-
mediated activation of p38 mitogen-activated protein kinases [218]. Besides these
stimulatory factors, surfactant phospholipid secretion can be regulated by inhibitory factors.
Secretagogue-induced surfactant secretion in type II cells is inhibited by SP-A via its
binding to a specific receptor on the surface of type II cells [219]. SP-A regulates surfactant
secretion via pathways involving tyrosine phosphorylation, insulin-receptor substrate-1, and
activation of phosphoinositide 3-kinase [220]. Vacuolar ATPase (V-ATPase) is the enzyme
responsible for pumping H+ into LB and is required for processing of surfactant proteins and
the packaging of surfactant lipids. The association of V-ATPase with type II cell lipid rafts
and LB were revealed by proteomic analysis [221]. Bafilomycine A1, a V-ATPase inhibitor,
induces pulmonary surfactant secretion that is blocked by the intracellular calcium chelator,
BAPTA-AM, and PKC inhibitor, staurosporine, and a calmodulin kinase II inhibitor [221].
Bafilomycine A1 also stimulates calcium release from isolated LB [221]. The disassembly
of the V-ATPase complex by surfactant secretagogues indicates the physiological relevance
of the V-ATPase-mediated surfactant secretion mechanism in type II cells. V-ATPase can
regulate surfactant secretion via calcium mobilization from LB and the ER, and activation of
PKC and calmodulin kinase II [221]. Recently, micro-RNA 375 appears to be involved as a
negative regulator of surfactant secretion [222]. Overexpression of micro-RNA 375 inhibits
lung surfactant secretion without effects on surfactant synthesis or LB formation [222]. In
aggregate, the biochemical and physiologic regulation of surfactant secretion and putative
modulators of this process are diverse and highly relevant as they might be applicable in
future work related to surfactant-deficient lung disorders.

7. REGULATION OF SURFACTANT DEGRADATION AND RECYCLING
Alveolar surfactant is cleared by distinct pathways. First, surfactant components are
reutilized by type II cells that internalize alveolar phospholipids destined for re-
incorporation into LB for secretion [27]. Additionally, intra-alveolar or extracellular
surfactant is degraded [27, 181]. Surfactant recycling occurs by re-internalization of a
substantial portion of surfactant (25%–95%) in type II cells that is promoted by SP-A via
interaction with its high-affinity receptor present on the cell surface [223]. There are several
candidates for the SP-A receptor detected on type II epithelial cells including p63, a
reversibly palmitoylated transmembrane protein, identified initially in the ER and Golgi
apparatus [224]. The receptors for the other surfactant proteins that are also recycled are not
yet identified [16]. Phospholipids and SP-A are initially internalized together and sorted to
early endosomes via clathrin-coated vesicles accompanied by actin polymerization [225,
226]. However, inhibition of clathrin-mediated endocytosis has no effect on ABCA3-
mediated LB marker reuptake, demonstrating that some LB components can be recycled by
clathrin-independent pathways [32, 227]. Transport of internalized phospholipids to the LB
occurs in a calmodulin-dependent manner and is bafilomycine A1-sensitive [226]. A portion
of internalized SP-A is rapidly recycled to the cell surface via a Rab4-associated and
calmodulin-sensitive pathway, while another SP-A fraction is targeted for actin-dependent
degradation [225, 226]. The mechanisms of sorting of phospholipids and SP-A for recycling
or degradation are not yet fully defined [32]. Some studies have demonstrated that alveolar
macrophages, rather than type II cells, are involved in phospholipid degradation [228, 229].
However, using radiolabeled components, it was recently demonstrated that equal amounts
of saturated PC and SP-A were associated with the macrophages and type II cells [230].
Surfactant components taken up by type II cells are recycled or degraded, while surfactant
that is internalized by macrophages is largely degraded. The efficiency of recycling is age
and species dependent [231, 232]. Estimates suggest 90% recycling efficiency in young
pigs, >90% in newborn rabbits, and 50% in adult rabbits [233, 234]. With regard to
mechanisms of recycling, in granulocyte-macrophage colony-stimulating factor (GM-CSF)
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deficient, granulocyte-macrophage common receptor β-chain deficient, and acid
sphingomyelinase deficient mice, the levels of surfactant PC are increased up to eight fold in
the lung, while PC synthetic rates are unaltered [230]. These observations suggest that
increases in surfactant pool size in these mice might occur by a defect in surfactant
catabolism within alveolar macrophages. Recently, it was demonstrated that peroxisome
proliferator-activated receptor γ (PPARγ) promotes surfactant catabolism through
regulation of the ATP-binding cassette lipid transporter, ABCG1 [235, 236]. The lipid
analysis in macrophage-specific PPARγ mice demonstrates significant increases in
phospholipid and cholesterol pools in alveolar macrophages and bronchoalveolar lavage
fluid accompanied by decreased ABCG1 expression. Based on these studies, PPARγ might
regulate surfactant homeostasis via ABCG1 [235, 236]. The role of secretory phospholipases
(e.g. sPLA2) in surfactant degradation and lung inflammation is well known and these
lipases also add another layer of complexity to surfactant balance; secretory lipases also
mediate surfactant dysfunction and augment acute lung injury [237].

8. EXTRACELLULAR SURFACTANT PHOSPOLIPID METABOLISM
After secretion from type II cells into the alveolar space, LB undergoes a structural and
metabolic transformation (Fig. 4). In the airspace, secreted LB combines with SP-A and
rapidly transforms into tubular myelin (TM) that at the air-fluid interface rapidly forms the
surface-tension-reducing surface film [238, 239]. TM is a unique lattice-like structure
isolated with the large aggregates (LA). The important components that are required for in
vitro TM structure are SP-B, 16:0/16:0-PC, and PG. The formation and function of this
structure is still not fully understood. Extensive in vitro studies have demonstrated that
isolated LB are transformed into TM-like structures in the presence of exogenous SP-A in a
calcium-dependent manner to provide stability to LA structures [1]. The LA are a mixture of
TM, LB, and multi-LB containing all the surfactant phospholipids and surfactant proteins,
SP-A, SP-B and SP-C. The other structures, detected in alveolar fluid are the small
aggregates (SA) [1]. The SA represent the small unilamellar vesicles containing a small
amount of surfactant proteins and other components similar to LA. However, SA have
limited ability to reduce surface tension [1, 240]. The LA are converted into SA during
surface area cycling with respiration. During an increase in lung surface area, LA adsorb to
the air liquid interface, and during the following decrease in surface area with expiration this
aggregate can be converted to SA. The adsorption rate depends on the concentration of the
components that form a surface film and their diffusion [241]. The conversion of LA to SA
requires SP-A and possibly activity of an enzyme responsible for subtype conversion [1,
242]. LA and the active surfactant film is highly enriched with 16:0/16:0-PC that results
from repeated compression:expansion events with “squeeze-out” of nonsurfactant molecular
species [1, 242]. However, much of the understanding of extracellular surfactant processing
was obtained from in vitro studies, and thus relevance to biological processes in humans is
less clear.

9. MODULATORS OF SURFACTANT PRODUCTION IN LUNG DISEASE
Deficiencies of surfactant phospholipids occur in neonatal RDS but also acute and chronic
adult lung disease [243, 244]. Deficiencies of surfactant production may have a dramatic
effect on lung function leading to respiratory illness, sometimes with fatal consequences.
However, there are multiple regulatory factors that physiologically and non-physiologically
control production of surfactant that can impact lung homeostasis. Lung maturation and
surfactant production is stimulated by glucocorticoids, thyroid hormones, estrogen, and
other growth factors [245, 246]. Endogenous glucocorticoids directly affect fetal lung
maturation via glucocorticoid receptors identified in the type II alveolar cells [8, 247, 248].
Glucocorticoids also exert stimulatory effects on regulatory enzymes (CTP, CPT, PAP,
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glycerophosphate phosphatidyltransferase and phosphatidylglycerophosphatase) involved in
phospholipid biosynthesis [9, 31]. Thyroid hormone also accelerates lung maturation and
increases surfactant PC biosynthesis [8, 31, 249]. Estrogens upregulate maturation of the
fetal lung via increasing CCT activity and lysolecithin acyltransferase activity, and these
hormones impact postnatal lung development and lung cancer progression [31, 250, 251]. In
contrast, androgens and insulin have been implicated as inhibitory signals for surfactant
phospholipid synthesis [9, 31, 252]. A fibroblast-pneumocyte factor stimulates PC, DPPC
and PG synthesis in the fetal type II cells [9]. β-adrenergic agents and cyclic AMP stimulate
surfactant synthesis and surfactant release and the levels of β-receptor expression increase at
the end of gestation to facilitate increased surfactant secretion [31, 253]. Prostaglandins
synthesis increases during gestation and can also regulate surfactant production in neonatal
lung and perhaps in adult lung [254]. In fact, increased surfactant release during birth and
labor appears to be mediated by many of the mediators described above. At the cellular
level, lung fibroblasts secrete substances that induce surfactant synthesis in type II cells via
the growth factor neuregulin -1 [255].

If the proper balance between physiological regulators is disturbed or inhibitory factors
released as occurs during lung inflammation, surfactant deficiency can significantly
contribute to impairment of lung mechanics. During both acute and chronic respiratory
illness, surfactant levels can be reduced. In the prototypical illness, neonatal RDS, there is a
lack of surfactant production and secretion that has led to surfactant replacement therapy
[256]. However, inflammatory illness, such as pneumonia, is also associated with surfactant
dysfunction. In the adult, pneumonia and sepsis are the leading causes of the acute
respiratory distress syndrome (ARDS) or a less severe form, acute lung injury, devastating
disorders also characterized by surfactant deficiency [257]. However, the pathobiology of
this illness is more complex than RDS and surfactant replacement therapy has not been
shown yet to improve mortality in ARDS [258]. Sepsis also produces a decrease in
surfactant PG and PA and increases PS and PI levels and also is associated with alterations
in the FA c[259]omposition of phospholipids [170]. Thyroid hormone may have a
significant effect in the preserving lung function via maintenance of surfactant homeostasis
during sepsis [260]. Glutathione replacement also preserves the functional surfactant
phospholipid pool size and it may lessen the severity of lung injury during sepsis in animal
models [261]. Abnormal surfactant function is also seen with respiratory infections, in cystic
fibrosis, chronic obstructive lung disease, and asthma [259, 262]. In respiratory infections,
altered surfactant composition occurs via surfactant degradation and inhibition of surfactant
biosynthesis or impairment of surfactant secretion [263–267]. For example, P. aeruginosa
impairs surfactant function via degradation of SP-A and SP-D or by inhibiting CCTα gene
transcription [267]. Lipopolysaccharide inhibits phospholipid synthesis and secretion
whereas adenovirus induces alteration in surfactant phospholipid composition [267]. The
adverse effects of microbial pathogens on surfactant production may also be indirect via
release of host cell cytokines. Recent studies have demonstrated that anionic phospholipids
have an important role in alteration of the immune response during viral infection [268].
Aside from pathogens, a variety of other toxic agents can affect surfactant phospholipids.
For example, tobacco smoke contains between 2,000 and 4,000 compounds including
organic and inorganic toxins that may exert toxic effects on the lung by altering surfactant
[186]. The components of smoke alter the surface tension lowering capabilities of
pulmonary surfactant, reduce DPPC, and increase PE and SM levels. Tobacco smoke also
can effect lung development, synthesis and secretion of surfactant [186]. Genetic disorders
can also significantly disrupt normal surfactant metabolism and increase mortality and
morbidity causing acute respiratory distress and failure in full-term neonates, and interstitial
lung disease in older infants, children, and adults [2]. Most of these genetic disorders are
linked to genes encoding SP- B and SP-C and the phospholipid transporter, ABCA3.
Mutations in the SP-B gene are associated with fatal RDS in neonates [269]. SP-C mutations
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are linked to interstitial lung disease [270–272]. Mutations in ABCA3 are associated with
both phenotypes [2, 273]. Thus, the importance of phospholipids to mammalian life is
absolute and abnormalities in surfactant phospholipid metabolism contribute
pathobiologically to a diverse array of respiratory illnesses.

CONCLUDING REMARKS
In spite of significant progress in understanding mechanisms that regulate surfactant
phospholipid homeostasis, newer insight will be gained using more sophisticated approaches
such as deep sequencing of the human genome and lipidomics. The mechanisms of action of
many lipogenic enzymes, their physiological roles, and integrated regulation with various
arms involved in surfactant metabolism are still not fully understood. In particular, the
identification of the proteins involved in surfactant phospholipid trafficking and regulation
of phospholipid biosynthetic enzymes are an essential part of maintenance of surfactant
homeostasis. Additional studies are needed to better understand how the molecular and
biochemical events in these pathways in human lung disease might cause dysfunction of
pulmonary surfactant. By understanding these mechanisms, novel strategies might emerge to
optimize phospholipid balance during respiratory illness.

Acknowledgments
The authors wish to thank Leah Kaercher for editorial assistance with the manuscript and preparation of the
Figures. This material is based upon work supported, in part, by the US Department of Veterans Affairs, Veterans
health Administration, Office of Research and Development, Biomedical Laboratory Research and Development.
This work was supported by a Merit Review Award from the US Department of Veterans Affairs and National
Institutes of Health RO1 grants HL096376, HL097376 and HL098174 (to R.K.M.).

The abbreviations used are

ABC ATP-binding cassette transporter

ARDS acute respiratory distress syndrome

CCT, CTP phosphocholine cytidylyltransferase

CDP-choline cytidine diphosphocholine

CDP-DAG CDP-diacylglycerol

CDS CDP-diacylglycerol synthase

CK choline kinase

CL cardiolipin

CPT choline phosphotransferase

DAG diacylglycerol

DAGK DAG kinase

DHAP dihydroxyacetone phosphate

DSPC disaturated PC

DPPC dipalmitoylphosphatidylcholine

ECT, CTP phosphoethanolamine cytidylyltransferase

EK ethanolamine kinase

EPT ethanolaminephosphotransferase
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ER endoplasmic reticulum

FA fatty acids

FAS fatty acid synthase

GA Golgi apparatus

GM-CSF granulocyte-macrophage colony-stimulating factor

G3P glycerol-3 phosphate

LPCAT1 lysophosphatidylcholine acyltransferase 1

Lyso-PA lysophosphatidic acid

KGF keratinocyte growth factor

LA large aggregates

LB lamellar bodies

NES nuclear export signal

NLS nuclear localization signal

PA phosphatidic acid

PAP PA phosphatase

PC phosphatidylcholine

PE phosphatidylethanolamine

PG phosphatidylglycerol

PI phosphatidylinositol

PI-PLC phosphoinositide-specific phospholipase C

PLA2 phospholipase A2

PLD phospholipase D

PL phospholipids

POPG palmitoyl-oleoyl phosphatidylglycerol

PPARγ peroxisome proliferator-activated receptor γ

PPI-PLC phosphoinositide-specific phospholipase C

PSR phosphatidylserine receptor

PSS PS synthase

SA small aggregates

SMS sphingomyelin synthase

SM sphingomyelin

SP-A surfactant protein A

SP-B surfactant protein B

SP-C surfactant protein C

SP-D surfactant protein D

TGF-β1 transforming growth factor β1
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TM tubular myelin

V-ATPase vacuolar ATPase
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Highlights

• Surfactant is comprised of key phospholipids and proteins.

• Surfactant lipid components control lung stability and immunity.

• Availability of surfactant is reduced in acute and chronic lung disease.

• Studies are needed to understand the molecular regulation of phospholipid
enzymes.
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Fig. 1. Cartoon illustrating the composition of the pulmonary surfactant
The major surface-active phospholipid component is dipalmitoylphosphatidylcholine that
interacts with key surfactant-associated proteins to lower surface tension.
Phosphatidylglycerol is the second most abundant phospholipid that also modulates surface
activity and may regulate innate immunity.
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Fig 2. Cartoon illustrating biosynthetic pathways for pulmonary surfactant
A. Pathways for the major phospholipid components are shown including the de novo
pathway for phosphatidylcholine (PC) synthesis. B. Cartoon illustrating modes of regulation
and functional domains of cholinephosphate cytidylyltransferase α (CCTα), the key enzyme
required for PC synthesis. CCTα is phosphorylated and its activity inhibited by extracellular
signal regulated kinase (ERK1/2). CCTα is also a protein that translocates between the
cytoplasm and nucleus. This cytoplasmic/nuclear shuttling occurs via binding to the
scaffolding protein, 14-3-3ζ. In this scenario, calmodulin kinase I (CaMKI) (red)
phosphorylates CCTα thereby providing a phosphorylation dock site for 14-3-3ζ binding to
the enzyme to facilitate nuclear import. Nuclear CCTα export is controlled by exportin 1
(CRM1) (blue). CCTα is also sensitive to proteolysis as it is monoubiquitinated (Ubi) at a
molecular site juxtaposed near its nuclear localization signal (NLS). This post-translational
mechanism limits the enzyme’s interaction with importin-α (Iα) thereby targeting the
enzyme for degradation. Calpains also target CCTα for degradation, an effect antagonized
by calmodulin (CaM). Many of these intermediate mechanisms are activated in cells by
stimuli (TNFα, oxysterols, exogenous calcium). Last, CCTα regulated by both activating
and inhibitory lipids. C. The remodeling pathway involves phospholipase A2 hydrolysis of
an unsaturated PC yielding lyso-PC. This substrate is then re-acylated by LPCAT1 using
palmitoyl-CoA generating dipalmitoylphosphatidylcholine. Adapted and modified from M.
Hermansson et all/Progress in Lipid Research 50 (2011), 240–257.
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Fig. 3. Cartoon illustrating sphingolipid metabolism
Biosynthesis is shown in red, degradation is shown in blue.
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Fig. 4. Cartoon illustrating surfactant secretion, recycling, and catabolism
Surfactant is synthesized and secreted from distal lung alveolar type II epithelial cells using
cellular substrates or from circulation. The newly synthesized surfactant phospholipids are
packaged into a storage form, termed lamellar bodies. The secreted surface-active lipid
material rapidly transforms into tubular myelin (not shown) that serves as a precursor to the
monolayer film at the air-surface interface. During respiration, small and physiologically
active large aggregates are formed that can be internalized and catabolized by alveolar cells,
including macrophages. A significant portion of surfactant lipid is re-utilized by type II
cells. Adapted and modified from M. Ikegami/Respirology 11 (2006), S24–S27.
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