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Glucocorticoid induction of pulmonary surfactant involves a 
mesenchyme-derived protein first characterized in 1978 by 
Smith and termed fibroblast-pneumocyte factor (FPF). Despite 
a number of agents having been postulated as being FPF, 
its identity has remained obscure. In the past decade, three 
strong candidates for FPF have arisen. This review examines 
the evidence that keratinocyte growth factor (KGF), leptin or 
neuregulin-1β (NRG-1β) act as FPF or components of it. As 
with FPF production, glucocorticoids enhance the concentra-
tion of each of these agents in fibroblast-conditioned media. 
Moreover, each stimulates the synthesis of surfactant-asso-
ciated phospholipids and proteins in type II pneumocytes. 
Further, some have unique activities, for example, KGF also 
minimizes lung injury through enhanced epithelial cell prolif-
eration and NRG-1β enhances surfactant phospholipid secre-
tion and β-adrenergic receptor activity in type II cells. However, 
even though these agents have attributes in common with 
FPF, it is inappropriate to specify any one of these agents as 
FPF. Rather, it appears that each contributes to separate mes-
enchymal-epithelial signaling mechanisms involved in differ-
ent aspects of lung development. Given that the production 
of pulmonary surfactant is essential for postnatal survival, it is 
reasonable to suggest that several mechanisms independently 
regulate surfactant synthesis.

The internal surfaces of lung alveoli are lined with a mono-
layer of pulmonary surfactant, which reduces the surface 

tension at the air:liquid interface. This prevents alveolar col-
lapse at low distending pressure, sustaining alveolar volume 
even after expiration. Surfactant’s functional properties are 
specified by its phospholipid and protein components. Since 
the lungs are not involved in gas exchange until after birth, it is 
not surprising that surfactant is only formed in large amounts 
in the later stages of gestation. Premature birth is often accom-
panied by lung immaturity, including surfactant deficiency 
that frequently leads to neonatal respiratory distress syndrome 
(1,2).

Since the pioneering work of Liggins in sheep (3), it has been 
established that, late in gestation of a variety of species, exog-
enous glucocorticoid hormones dramatically stimulate fetal 
lung maturation (4–10), including an accelerated appearance 

of type II pneumocytes and pulmonary surfactant. This 
stimulatory effect is indirect. Glucocorticoids stimulate lung 
fibroblasts to induce the production and release of a peptide 
factor(s) termed fibroblast-pneumocyte factor (FPF). FPF 
stimulates type II cells to mature and begin augmented synthe-
sis of surfactant phospholipids and proteins (11,12). Smith and 
Fletcher (13) observed that pulmonary surfactant synthesis in 
fetal lung depends upon paracrine interaction between mes-
enchymal cells (fibroblasts) and the neighbouring type II epi-
thelial cells. The paracrine factor was found to be a heat stable, 
dialyzable polypeptide with an apparent molecular weight of 
5–15 kDa that stimulated type II pneumocytes to synthesize 
and secrete surfactant (14). Since the original description of 
FPF there have been numerous attempts to define its identity. 
Although several factors may facilitate mesenchyme-epithelial 
cell interactions (15–20), currently there are only three pri-
mary candidates for FPF, namely keratinocyte growth factor 
(KGF), leptin, and neuregulin-1β (NRG-1β).

KGF
Stimulation of Type II Cell Proliferation
KGF, a heparin-binding protein otherwise known as fibroblast 
growth factor 7 (FGF-7), is a product of lung fibroblasts and 
vascular smooth muscle cells (21). It interacts with its receptor 
KGF-R (FGFR2 IIIb), which is present on lung epithelial cells, 
and enhances their proliferation (22–25). Intratracheal and 
intravenous KGF each induced proliferation of lung cuboidal 
cells containing lamellar bodies, which are characteristic of 
type II pneumocytes (22). KGF also promoted lung morpho-
logical and physiological maturation (17).

KGF Induces Production of Surfactant Components
KGF induces surfactant production both in vitro and in vivo 
(17,26,27). Incorporation of [3H]-choline into disaturated 
surfactant phospholipids in fetal alveolar type II cells is sig-
nificantly enhanced by KGF. This effect is time-dependent, 
requiring 48 h exposure for a maximal response, and also 
concentration-dependent (Figure 1) (17). Stimulation is asso-
ciated with increased activities of choline phosphate cytidylyl-
transferase and fatty acid synthase and elevated expression of 
their corresponding genes. In addition to stimulating disatu-
rated phosphatidylcholine (DSPC) synthesis, KGF enhances 
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both the expression (17,26–28) and stability (17) of SP-A, 
SP-B, SP-C, and SP–D mRNA. Thus, KGF elevates the produc-
tion of all of the major components of surfactant. Its stimula-
tory effect on the expression of the four surfactant-associated 
proteins, especially SP-A and SP-D, may contribute to its abil-
ity to attenuate pulmonary infection (29).

KGF Receptors (FGFR2 IIIb) in the Lung
In mammals, fibroblast growth factors bind to alternatively 
spliced forms of four tyrosine kinase FGF receptors (FGFR1-4), 
each of which contain an intracellular ligand binding domain, 
a transmembrane domain and an intracellular tyrosine kinase 
(30,31). The Fgfr2 gene is alternatively spliced to encode two 
receptor proteins that have different ligand-binding specifici-
ties and tissue distributions. One of these, FGFR2 IIIb, is found 
mainly in epithelial cells and is activated by FGF-1, FGF-3, 
FGF-7 (KGF), and FGF-10, which are mainly synthesized in 
the mesenchyme (30,32). Thus, whereas KGF is expressed in 
mesenchymal cells, its receptor (KGF-R otherwise known as 
FGFR2 IIIb) is found predominantly in epithelia, including 
alveolar type II pneumocytes (17,33). KGF and its receptor are 
involved in both early lung branching morphogenesis and late 
gestation promotion of surfactant production.

The above observations indicate that mesenchymal-epithe-
lial interactions generate KGF production by fibroblasts to 
regulate type II cell differentiation (34). KGF appears to be 
involved in the induction of surfactant synthesis by gluco-
corticoids (discussed below) and it has been suggested that 
KGF has many of the properties of FPF. However, it is larger 
(28 kDa) (21) than the 5–15 kDa ascribed to FPF by Smith and 
Post (14).

LEPTIN
Leptin is a 167-amino acid protein secreted by adipocytes 
and is essential in the regulation of energy balance within 

organisms (35). Leptin participates in metabolic regulation 
(36); it also functions in inflammatory and immune responses 
(37). For example, leptin expression is decreased in the bron-
chial epithelium of untreated asthmatics (37). Hoggard et al. 
(35) found high levels of leptin and its receptor in the fetal lung 
of mice at 14.5 d gestation suggesting that leptin acts in lung 
growth and development.

Leptin induces an increase in fetal lung weight relative to 
body weight, possibly through an increase in the number of 
type II pneumocytes (38). It has been reasoned that placental 
leptin has important functions in fetal and neonatal growth, 
and prevents depressed respiration in leptin-deficient mice 
(39,40). A 48 h antenatal exposure to leptin significantly 
enhanced the relative alveolar surface area and improved 
the lung maturity of fetal rats. Others have shown that ob/ob 
mice, which are leptin deficient, have reduced lung volume, 
diminished alveolar surface area and exhibit alveolar hyper-
ventilation and chronic hypercapnia (40,41). Daily leptin 
administration overcomes these respiratory complications, 
indicating that leptin acts as both a growth factor in the lung 
and as a neurohumoral modulator of the central respiratory 
control mechanisms (40,42,43). These observations support 
the concept that leptin has a significant role in promoting nor-
mal lung maturation.

Influence of Leptin on the Production of Surfactant Components
Torday et al. (18) and Kirwin et al. (38) independently showed 
that during rat lung development leptin expression by fetal 
lung fibroblasts begins on embryonic day 17 and increases 
7–10-fold by day 20. Its corresponding receptor is expressed 
in type II cells (44) indicative of a paracrine signaling loop in 
which leptin stimulates the synthesis of DSPC in the type II 
cells. This has been demonstrated in fetal rats (18) and rabbits 
(44) and, to a lesser extent, in adult human airway epithelial 
cells (18). Leptin stimulation of fetal type II cell DSPC is evi-
dent after 24 h exposure and appears to plateau at concentra-
tions above 3.1 nmol/l (50 ng/ml), at which concentration it 
produces a 3.3-fold increase in DSPC synthesis (Figure 1). 
Thus, it maximally stimulates surfactant phospholipid synthe-
sis to the same extent as KGF and at a similar concentration. 
Although leptin stimulates DSPC synthesis, it has no stimula-
tory effect on surfactant phospholipid secretion from type II 
cells (45).

Subjecting cocultured lung fibroblasts and type II cells to 
stretch increases surfactant phospholipid synthesis threefold 
(46). This effect of stretch on alveolar fibroblast and type II cell 
differentiation is coordinated by parathyroid hormone-related 
protein (PTHrP), leptin, and their receptors (46). It involves 
a paracrine feedback loop in which the stretched type II cells 
release PTHrP, which increases fibroblast leptin release, trig-
gering enhanced surfactant DSPC in type II cells.

PTHrP and PTH/PTHrP receptor expression is develop-
mentally regulated in lung epithelial and mesenchymal cells, 
respectively. Removal of the PTHrP gene by homologous 
recombination produced fetal and newborn mice with delayed 
type II cell differentiation, reduced lamellar body formation 

Figure 1. Effect of keratinocyte growth factor (KGF), leptin, and NRG-1β 
on surfactant phospholipid synthesis. Cultured fetal rat type II cells were 
incubated with the indicated concentrations of KGF (filled circle; Chelly et 
al. (17)), leptin (filled square; Torday et al. (18)) or NRG-1β (filled triangle; 
King et al. (69)) for 24–48 h prior to measuring the extent of incorpora-
tion of [3H]-choline into surfactant phospholipids relative to that which 
occurred in control cultures.
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and diminished pulmonary surfactant production (47). 
PTHrP enhances leptin production by fetal rat lung fibroblasts 
(48), leading to stimulation of de novo synthesis of DSPC in 
type II cells (18).

The formation and stability of surfactant is highly dependent 
on SP-B and SP-C (49), while SP-A and SP-D are important 
components of the innate immune response to microbial chal-
lenge and of additional aspects of pulmonary immune and 
inflammatory regulation (50). Exposure to leptin stimulates 
the expression of SP-A (38,39) and SP-B (18,38) in either fetal 
rat lung explants (18,38) or fetal growth-restricted rats (39). 
Leptin also enhances SP-C gene expression (38).

Leptin Receptors in the Lung
The leptin receptor is a member of the cytokine receptor super-
family (51), having at least five splice variants (Ob-R(a-e)), all 
derived from a single gene (52). These variants differ in the 
length of the intracellular domain with the Ob-Rb isoform 
having the longest cytoplasmic domain. Ob-Rb is considered 
to be the only form of the receptor that interacts with Jak2 
tyrosine kinase and signals leptin’s physiological actions (53).

Ob-Rb is highly expressed in both adult mouse (35) and 
human (54) lung tissue, as well as in fetal lung tissue of mice 
(35), rats (18) and rabbits (44). Although leptin receptors are 
not present in fetal rat lung fibroblasts they are present in fetal 
rat type II cells at gestational day 18 and progressively increase 
until day 21 (18).

The foregoing studies showed that leptin has many of the 
characteristics described for FPF, including the following: the 
molecular weight of leptin (16 kDa) is close to the range previ-
ously reported for FPF (14); it is expressed by lung fibroblasts 
during fetal development; and its expression is stimulated 
by glucocorticoids, as discussed below (18). However, there 
is some controversy over the role of leptin in lung develop-
ment. For example, other investigators have failed to identify 
an effect of leptin on fetal mouse or fetal sheep lung  surfactant 
development, and found normal surfactant levels in ob/ob 
neonatal mice at all ages (55). Further, the proposed model 
of leptin regulating fetal lung maturation is closely tied to 
the function of pulmonary lipofibroblasts; while this cell type 
exists in rodent lungs there remains controversy regarding the 
existence of these cells in human lungs (56–58), adding uncer-
tainty regarding the importance of leptin for development of 
surfactant synthesis in the human lung.

NEUREGULIN-1β
Neuregulin-1β (NRG-1β) is a member of a family of EGF-
like growth factors expressed in multiple tissues (59–61). In 
normal human development the pulmonary concentration of 
NRG-1β is unchanged until 22 wk of gestation, at which time 
it increases sharply, reaching a sevenfold higher concentra-
tion in the lung by 33–35 wk of gestation (62). In human fetal 
lung explants, NRG-1β enhances both epithelial cell volume 
density and epithelial cell proliferation by approximately two-
fold (63) and induces branching morphogenesis through a 
PI3K signal pathway (64). The transcriptional product of the 

neuregulin-1 gene is subject to alternative splicing reactions 
leading to more than 15 distinct neuregulin-1 isoforms, some 
of which are membrane-bound and others released as soluble 
factors into the bloodstream (59,65). NRG-1β was originally 
described as a 44 kDa glycoprotein (66,67), however, it was 
subsequently shown that this soluble product is derived from 
a larger, membrane-bound form of the protein (68). In recent 
publications, a commercially available form of recombinant 
human neuregulin-1β, a 7.5 kDa polypeptide consisting of the 
EGF-domain of human NRG-1β, is sufficient to promote sur-
factant phospholipid synthesis (69) and secretion (45).

Expression of NRG-1β Receptors During Lung Maturation
The only receptors for NRG-1β are the transmembrane recep-
tor tyrosine kinases ErbB3 and ErbB4, two members of the 
epidermal growth factor receptor family that consists of 
four receptors: EGF-R (epidermal growth factor receptor, or 
ErbB1), ErbB2, ErbB3, and ErbB4 (70,71). ErbB receptors, 
generally located on the basolateral membrane of type II cells 
(72,73), are important regulators of cell proliferation and dif-
ferentiation during development of fetal organs, including the 
fetal lung (74,75). They exhibit diversity in signaling poten-
tial and cause different biological responses through both 
homo- and hetero-dimerization (73,76,77). In rat and mouse 
fetal lung type II cells the dimerization patterns are receptor- 
specific, with dimers containing ErbB4 most prominent 
(73,77). The ligand specificity of the ErbB receptors determines 
which receptor is activated. Thus, this review of NRG-1β need 
only consider ErbB3 and ErbB4 signaling mechanisms (19,78).

Influence of Neuregulin-1β on the Production of Surfactant 
Components
The stimulation of surfactant synthesis in type II cells by fibro-
blast-conditioned media (FCM) is mimicked in fetal mice and 
rats by NRG-1β (19,69) and inhibited by antibodies raised 
against NRG-1β (19) (see Figure 2). Marked stimulation by 
NRG-1β of DSPC synthesis in type II cells is evident after 24 h 
exposure and appears to plateau at concentrations above 2.7 
nmol/l (20 ng/ml), producing a 3.5-fold increase in DSPC syn-
thesis (Figure 1). Thus, at a similar concentration, NRG-1β 
maximally stimulates surfactant phospholipid synthesis to the 
same extent as KGF and leptin. The response to NRG-1β was 
reduced at higher concentrations of the ligand (69), suggesting 
that the ErbB receptors to which NRG-1β binds are downregu-
lated at these higher concentrations, possibly through receptor 
ubiquitination and degradation (79). NRG-1β dose–response 
curves have been reported in several cell types (79–81).

Zscheppang et al. (82) used siRNA to downregulate ErbB4 
expression in fetal rat type II cells and studied the response 
to FCM. Downregulation through siRNA treatment reduced 
both the expression and phosphorylation of the ErbB4 recep-
tor, and also decreased DSPC synthesis and cell proliferation. 
They concluded that ErbB4 plays an important role in regulat-
ing fetal lung maturation via mesenchyme–epithelial cell com-
munication. This was confirmed by the observations of Liu 
et al. using a transgenic mouse model of ErbB4 deletion (83). 
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Deletion of ErbB4 or neuregulin results in embryonic death 
due to defects in cardiac development before the onset of fetal 
surfactant synthesis. However, a transgenic ErbB4 deletion res-
cued from the cardiac lethality by directed cardiac expression 
of ErbB4 has been useful for studying the importance of the 
neuregulin-ErbB4 axis for type II cell surfactant production. 
Using that model of ErbB4 deletion with transgenic cardiac 
rescue, Liu et al. reported that although the ErbB4 knockout 
mice with cardiac rescue survive fetal development they suf-
fer from diminished surfactant protein expression and phos-
pholipid synthesis resulting in defective lung development. 
Further, immunoprecipitation and confocal microscopic 
approaches in normal cells showed that ligand activation alters 
both the heterodimerization and cellular localization patterns 
of ErbB4 receptors in fetal lung (73,77). In particular, these 
transmembrane receptors have a higher distribution within 
the nuclei of type II cells (73).

ErbB4 signal transduction is complex. NRG-1β binding to 
the ErbB4 extracellular domain induces the formation of both 
homo- and hetero-dimers with other ErbB receptors, initiat-
ing autophosphorylation within the intracellular domain. This 
phosphorylation activates intracellular signaling pathways 
such as the phosphatidylinositol-3-kinase/Akt pathway to 
ultimately influence gene expression (70,76,84). Alternatively, 
ErbB4 may undergo proteolytic processing involving two 
sequential cleavage processes, first by the transmembrane 

metalloprotease tumor necrosis factor-α converting enzyme 
(TACE); and second by the enzyme γ-secretase, a complex 
of four proteins in which the enzymatic component is either 
presenilin-1 or presenilin-2 (85,86). Presenilins are crucial for 
normal lung development (87). The cleavage of ErbB4 releases 
an 80 kDa fragment (4ICD) into the cytoplasm that translo-
cates to the nuclei of type II cells where it forms complexes 
with transcription factors to induce transcription, enhancing 
SP-B and SP-C gene expression (85,88). The level of thyroid 
transcription factor-1, a transcription factor necessary for SP-B 
and possibly SP-C gene expression, is regulated by ErbB4 (88). 
SP-B is considered the most important surfactant protein in 
facilitating the reduction of surface tension by surfactant phos-
pholipids (89). Estrogen, which upregulates surfactant protein 
synthesis, stimulates ErbB4 binding to the SP-B promoter 
(90). This estrogen effect required an interaction between its 
receptor (ER-β) and ErbB4. Since the authors documented 
that these two receptors coimmunoprecipitate, ER-β may be 
a nuclear chaperone for ErbB4 to enhance nuclear localization 
of ErbB4.

In the transgenic mouse with ErbB4 deletion and cardiac 
rescue by directed ErbB4 expression in cardiac cells, lack of 
pulmonary ErbB4 receptors leads to diminished expression of 
both the SP-B (83,85,86) and SP-D (74,83) genes. As described 
above, when NRG-1β binds to ErbB4 it leads to the formation 
of a transcriptional complex that enhances transcription of 

Figure 2. Effect of keratinocyte growth factor (KGF)- and NRG-1β-neutralizing antibodies on disaturated phosphatidylcholine (DSPC) synthesis by type 
II cells after induction by fibroblast-conditioned media (FCM) with and without 100 nmol/l dexamethasone. Cultured type II cells were incubated with 
either FCM or FCM with 100 nmol/l dexamethasone in the presence or absence of (a) KGF-neutralizing antibody or (b) NRG-1β-neutralizing antibody 
for 48 h. The extent of incorporation of [3H]-choline into DSPC in type II cells was determined and compared with that which occurred in control cells. 
Legend to Figure Bars: Open (white) bars: Control (no FCM, dexamethasone or antibody) (panel a and panel b); Gray bars: Addition of FCM alone (panel a 
and panel b); Black bars: Addition of FCM + KGF-neutralizing antibody (panel a) or FCM + NRG-1β-neutralizing antibody (panel b); Vertically-decreasing 
Gradient Bar: Addition of FCM + 100 nmol/l Dexamethasone (panel a); Dark Center Gradient Bar: Addition of FCM + 100 nmol/l Dexamethasone + KGF-
neutralizing antibody (panel a). Data were taken from Chelly et al. (93) and Dammann et al. (19).
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the SP-B gene (85) and possibly that of SP-C highlighting the 
importance of NRG-1β and its receptor (ErbB4) in stimulating 
production of these important surfactant proteins.

Neuregulin-1β Stimulates Baseline and β-Agonist-Induced 
Surfactant Phospholipid Secretion
Short-term, direct exposure of fetal rat type II pneumocytes to 
NRG-1β significantly increased surfactant phospholipid secre-
tion in a time- and concentration-dependent manner (45). The 
maximal stimulatory effect on surfactant phospholipid secre-
tion (2.4-fold) was seen at 6.7 nmol/l (50 ng/ml) (Figure 3). 
In contrast, at similar concentrations, leptin did not stimulate 
surfactant phospholipid secretion. Furthermore, (__)-isopro-
terenol-induced secretion of surfactant phospholipids was 
greater (an additional 2.5-fold) after pre-exposure to NRG-1β, 
even though the NRG-1β was removed prior to treatment with 
the β-agonist (45). This NRG-1β-induced enhanced response 
to (__)-isoproterenol is explained by the observation that NRG-
1β exposure for 24 h markedly increased β-adrenergic receptor 
activity in the type II cells.

The above observations demonstrate that epithelial-mesen-
chymal interactions generate NRG-1β to play an important 
role in lung growth and development (19). NRG-1β induces 
surfactant phospholipid and protein synthesis (19,69), elevates 
the rate of phospholipid secretion and enhances the sensitivity 
of alveolar type II cells to (__)-isoproterenol-induced secretion 
of surfactant (45). The observations that NRG-1β is present 
in FCM (especially when the fibroblasts are exposed to gluco-
corticoids, see below) (19,69) and that the stimulatory effect 
of FCM on surfactant phospholipid synthesis can be blocked 
with NRG-1β antibodies (19) indicate that NRG-1β has many 
of the properties of FPF. Its size (44 kDa) (19) is much larger 
than the 5–15 kDa ascribed to FPF by Smith and Post (14), 
however as many isoforms of NRG-1 have been identified, it is 
possible that a smaller form exists in the lung that would cor-
respond to that molecular size.

GLUCOCORTICOIDS AND FPF CANDIDATES
The ability of glucocorticoids to promote surfactant synthesis 
in tissue culture and in clinical use raised the question of the 
extent to which glucocorticoids and FPF are related. In fact, 
the early observations that glucocorticoids promote surfactant 
synthesis in vitro through fibroblast—type II cell communi-
cation was a stimulus for Smith’s ground breaking discovery 
and definition of FPF (14,91). Numerous experiments show 
that glucocorticoids stimulate FPF production (11–14,92). It 
is therefore important to consider the relationship of gluco-
corticoids with FPF and FPF candidates. Here, we review the 
current state of knowledge regarding glucocorticoid interac-
tions with KGF, leptin, and neuregulin activities promoting 
lung surfactant synthesis.

KGF AND GLUCOCORTICOID-INDUCED SURFACTANT 
SYNTHESIS
The stimulation of DSPC synthesis by FCM is reduced by ~50% 
if the FCM is treated with anti-KGF antibodies (Figure 2) (93). 
The stimulatory effect of FCM is greater when generated in 
the presence of 100 nM dexamethasone. KGF antibodies also 
completely blocked the effect of FCM generated in the pres-
ence of dexamethasone (Figure 2). Dexamethasone enhanced 
KGF mRNA levels by 50% in cultured fetal rat lung fibroblasts, 
suggesting that dexamethasone increases the concentration of 
KGF in FCM. These observations led Chelly et al. (93) to con-
clude that KGF is a major mediator of glucocorticoid stimula-
tion of fetal type II cell surfactant synthesis.

LEPTIN AND GLUCOCORTICOID-INDUCED SURFACTANT 
SYNTHESIS
Leptin gene expression is elevated eightfold in lung fibroblasts 
following exposure to dexamethasone, resulting in a signifi-
cant elevation in leptin protein synthesis and secretion (18). 
This is consistent with Slieker et al. (94), who demonstrated 
that glucocorticoids increased both leptin mRNA and secre-
tion in mouse adipocytes. Furthermore, Ob-Rb localisation 
in fetal ovine lungs, including alveolar type II pneumocytes, 
and an elevation in Ob-Rb mRNA levels in response to gluco-
corticoid treatment suggest a role for glucocorticoid control of 
leptin signaling in prenatal lung maturation (95).

NEUREGULIN-1β AND GLUCOCORTICOID-INDUCED 
SURFACTANT SYNTHESIS
Glucocorticoid treatment of fetal mouse type II cells affects 
ErbB receptor expression. In particular, glucocorticoid treat-
ment of the fetal mouse type II cells increased the amount of 
ErbB4 and the phosphorylation of ErbB4 in response to NRG-
1β stimulation (75).

Glucocorticoid treatment of fetal lung fibroblasts increases 
NRG-1β content in the FCM, however a direct induction of 
NRG-1β synthesis has not been conclusively demonstrated. 
King et al. (69) showed that exposure of lung fibroblasts to 
dexamethasone leads to elevated levels of NRG-1β in the 
FCM. However, qPCR analysis showed that NRG-1β gene 
expression in cultured fetal lung fibroblasts was not affected by 

Figure 3. Effect of leptin and NRG-1β on surfactant phospholipid secre-
tion. Cultured fetal rat type II cells were incubated with the indicated con-
centrations of leptin (filled squares) or NRG-1β (filled triangles) for 3 h prior 
to measuring the extent of secretion of surfactant phospholipids, which 
had been previously labelled with [3H]-choline, and compared to that 
which occurred in control cultures. Data were taken from King et al. (45).
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the presence of dexamethasone. This absence of a significant 
increase in NRG-1β mRNA suggests that the steroid does not 
mediate its effect via an elevated rate of transcription of the 
NRG-1β gene. Given that neuregulins are produced as trans-
membrane precursors that generate diffusible ligands when 
the exodomain is cleaved (68,96), dexamethasone may stimu-
late the rate of cleavage of neuregulin precursors, releasing the 
exodomain as mature neuregulin.

Glucocorticoids and NRG-1β synergistically elevate the 
transcription of the β-AR gene. The β-AR gene contains a glu-
cocorticoid response element (97), and glucocorticoids pro-
mote β-AR gene expression (98–100). King et al. examined the 
effect of NRG-1β alone and in combination with dexametha-
sone on β-AR gene expression using qPCR (45). Although the 
β-AR mRNA was not changed by exposure to NRG-1β alone, 
the combination of NRG-1β with dexamethasone induced a 
greater elevation in β-AR mRNA levels than did dexametha-
sone alone (45).

CONCLUSIONS
From this review, it is apparent that several factors have the 
potential to mediate the indirect glucocorticoid induction of 
surfactant synthesis in type II cells, producing the described 
activities of FPF (Figure 4). Of the three factors that have 
been examined in detail in this review, each appears to 
reproduce the properties of FPF but only the 16 kDa peptide 
leptin has the predicted molecular size. However, identify-
ing leptin with FPF is not possible because of unanswered 
concerns. Although leptin upregulates surfactant synthesis 
in rats (18,38), studies in mice and sheep have failed to show 
this effect (55). The source of leptin production is the pul-
monary lipofibroblast, but whether humans have this cell 
type is controversial (56–58).

Moreover, there is abundant evidence that KGF and NRG-1β 
also participate in the signaling that occurs between fetal lung 
fibroblasts and epithelial type II cells promoting enhanced sur-
factant synthesis. KGF, leptin, and NRG-1β each stimulate fetal 
type II cell surfactant production in the absence of added FCM 
known to have FPF activity. At this point, it does not appear 
that these factors are elements of a common pathway. There 
is no published evidence that KGF, leptin, or NRG-1β modi-
fies the activity of each other or their corresponding receptors. 
Knockout mutations for all three of these peptides (40), or of 
factors involved in their action (83), demonstrate that although 
the mutant animals survive, close examinations show impaired 
lung structure, function and/or surfactant metabolism. This 
suggests that normal lung development and maturation is 
dependent upon more than one factor. From an evolution-
ary standpoint, it would be appropriate to have overlapping 
mechanisms involved in the production of a factor such as 
surfactant that is essential for postnatal survival. This would 
ensure lung development sufficient for survival even in the 
event of one of these mechanisms failing. Another possibility 
is that some of these mechanisms of surfactant homeostasis are 
species-specific. In other words, although leptin may well be 
important in stimulating lung maturation in rats, other agents 
(such as NRG-1β) are likely to also be involved and may play 
a more prominent role in other species. To clearly delineate 
the identity of FPF it appears that an optimal strategy to make 
further progress would involve at least three approaches. First 
would be to combine studies using antibodies to separately 
immunoprecipitate each candidate from FCM. Determination 
of levels of the other two factors and of FPF activity in immu-
nodepleted FCM is needed. As the FPF blocking antibody has 
not been available for several years, it would also be necessary 
to raise a new antibody against FPF, perhaps by improving on 

Figure 4. Direct and indirect effects of glucocorticoids on the surfactant phospholipid synthesis in and secretion from type II cells. This schematic dia-
gram illustrates the direct stimulatory effect of glucocorticoids on the β-AR receptor activity of type II cells and their response to β-agonists. The indirect 
effect of the steroid is also shown to involve the production of fibroblast-pneumocyte factor, whose action may be mediated by keratinocyte growth 
factor, leptin or NRG-1β, or a combination of these factors. Each of the responses depicted for these agents has been shown to occur in cultured fetal type 
II pneumocytes.
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Smith’s original strategy (12). Immunodepletion studies using 
antibodies to immunoprecipitate KGF, leptin, or NRG-1β 
from the FCM followed by testing the FCM for FPF activity 
should be done. Second, RNA deep sequencing of fetal lung 
fibroblasts that do not and do make FPF could be used to iden-
tify additional candidates and confirm or disprove the impor-
tance of the candidates reviewed here. Third, CHIP-seq studies 
of transcriptional complexes at the SP-B and SP-C promoter 
regions would further define important protein elements that 
upregulate the expression of these important surfactant pro-
teins. The search for a more complete molecular understand-
ing of the FPF mechanisms continues to be important, as it 
appears likely to lead to more advanced means of promot-
ing lung maturation for preterm infants and possibly protect 
against postnatal lung injury.
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