Chapter 25

Surfactant metabolism: factors affecting lipid uptake in
vivo and in vitro

D.L.H. POELM4, ].F. VAN IWAARDEN, B. LACHMANN

Kurt von Neergaard [1] was the first to draw attention to the role of surface tension
within the lung. In 1929, he demonstrated that the pressure needed to inflate a
fluid-filled lung with fluid was less than approximately one third to one quarter of
the pressure necessary to inflate an air-filled lung with the same volume of air (Fig.
1[1]). From these experiments he concluded that about two thirds of the retractive
forces were due to surface tension phenomena acting at the air-liquid interface
within the lung; this implies that this surface tension at the alveolar level is reduced
by the presence of a surface-active agent with a low surface tension to allow normal
breathing.

Unfortunately, these findings were published only in German, and for appro-
ximately 25 years they remained practically unnoticed by other scientists in the
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Fig. 1. Pressure volume diagram of a healthy air-filled lung and a lung affected by ARDS. In
ARDS higher pressures are required to expand the lung than when the lung is healthy,
because of the high surface tension at the air-liquid interface in the alveoli, which is caused
by surfactant inactivity. (Adapted from [1])
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field. The next description of the presence of a surface active agent within the lung
was in 1954 by Macklin, who described a thin aqueous mucoid film that was formed
by granular pneumocytes on the alveolar wall and which moved constantly towards
bronchioles and phagocytic pneumocytes [2]. The following year, it was noted by
Pattle et al. that the foam and bubbles from lung oedema and healthy lung cuts had
aremarkable stability; they concluded that these bubbles consisted of a surface-ac-
tive agent that was able to lower surface tension towards zero [3].

In 1957, Clements used the Wilhelmy balance to demonstrate that the surface
tension derived from the alveolar lining fluid of the lung was not a constant value;
with a large surface the surface tension was high, but when the surface area was
decreased surface tension fell to values near zero [4].

Avery and Mead made the first steps towards extensive research on this surfa-
ce-active agent, called pulmonary surfactant, by demonstrating higher surface
tension in very small premature infants and infants who died of respiratory failure
due to hyaline membrane disease [5]. Even today, almost half a century later, small
steps are still being made towards better understanding of this surface-active agent.

Pulmonary surfactant

This pulmonary surfactant, lining the alveolar surface, is a complex of lipids and
proteins produced in the alveolar type II cells and secreted into the alveolar space.

Lipids

The lipid composition is generally the same in both compartments [6, 7]. Most of
the lipids are phospholipids (80-90%), and in decreasing order of content are
cholesterol, triacylglycerol and free fatty acids [7] (Fig. 2). Phosphatidylcholine
(PC) compromises most of the phospholidids (70-80%), and approximately 50%
of it is disaturated (DPPC) [6, 8].

This subgroup of PC is an unusual species, with palmatic acid at both the 1- and
the 2-position rather than a saturated fatty acid at the 1-position and an unsaturated
fatty acid at the 2-position of the diacylglycerolphospholipid found in most mam-
malian tissues; although not specific for surfactant (because it is also found in other
tissues) it compromises a very high percentage of the surfactant phospholipids.

Evenin early fetal gestation, about 20% of the total amount of PC retrieved from
thelungis DPPC [9]. This DPPC is the main surface tension-lowering phospholipid
in the lung. Although only a small fraction of the extracellular DPPC is necessary
to cover the alveolar wall throughout the lung with a monolayer (as calculated by
Wright and Clements [10]), its pool size is tightly regulated. For example, short-
term decreases in the amount of DPPC due to an abnormal nutritional state, such
as fasting [11], fatty acid deficiency [12] or choline deficiency [13], are replenished
rapidly by adaptation mechanisms [14].

Next, all mammalian pulmonary surfactants have been shown to contain signi-
ficant amounts of phosphatidylglycerol (PG) (7-18%) and phosphatidylinositol
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Fig. 2. Schematic overview of surfactant composition. PC phosphatidylcholine, DPPC dipal-
mitoylphosphatidylcholine, PI phosphatidylinositol, PG phosphatidylglycerol, PE phospha-
tidylethanolamine, Chol cholesterol

(PI) (2-4%) [15], suggesting a specific role of these acidic phospholipids. In adult
mammalians, PG is the second major lipid component after PC, comprising appro-
ximately 5-10% of total surfactant phospholipids in humans [7, 16-18] and rats [6,
19]. However, in preterm fetal lungs the PG component of surfactant is extremely
small, although its relative absence is compensated by an increased amount of PI
in the surfactant compartments [8, 20-22].

When DPPC is mixed with PG or PI, adsorption of the lipids in the monolayer
is enhanced, indicating that these negatively charged lipids may play an important
role in the surface tension-lowering activity of surfactant. For PG, this enhanced
adsorption may be caused by a specific interaction between PG and SP-B [23, 24].

Finally, the remaining phospholipids consist mainly of phosphatidyl-ethano-
lamine (PE) (2-3%) and some other minor phospholipids, whereas the total sur-
factant is completed by cholesterol [15].

Proteins

Pulmonary surfactant contains at least four surfactant proteins (SP), SP-A, SP-B,
SP-Cand SP-D. Of these proteins, SP-A and SP-D are hydrophilic proteins and SP-B
and SP-C are hydrophobic.

SP-A has been studied extensively, and although its role is not yet completely
clear it is suggested that it has an important role in regulating surfactant function
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via binding to phospholipids [25, 26], modifying phospholipid structure to tubular
myelin [27, 28], maintaining the surface properties of surfactant [29], regulating
secretion and clearance of surfactant [30-37] and regulating alveolar macrophage
function [38], as well having a possible role in the immunological properties of
surfactant [38, 39].

SP-B and SP-C are two hydrophobic proteins that are known to play an impor-
tant part in the formation of a stable lipid monolayer. Especially SP-B has been
shown to be essential for normal surfactant function, lowering surface tension [40,
41]; absence of SP-B at birth leads to death caused by respiratory insufficiency [42,
43], and conditional knockout of SP-B in adult animals leads to respiratory failure
[44]. In addition, it has been suggested that SP-B has a role in protection of the
surfactant system against endotoxin-induced lung inflammation by enhancing
surfactant function, resulting in reduced lung injury, decreased influx of inflam-
matory cells and lower cytokine levels [45].

SP-C also enhances the surface-active properties of surfactant [40, 41, 46-48].
Although (unlike SP-B) its absence at birth is not lethal, it does result in decreased
stability of surfactant at low volumes even though surfactant pool sizes and lung
morphology are similar in wild-type and SP-C knockout mice [49]. Another func-
tion of SP-Cis to increase the resistance of surfactant against inactivation by plasma
proteins [50]. On the other hand, elevated expression of SP-C is thought to be
related to cytotoxicity and, ultimately, altered lung development [51]. Though it is
thought that SP-D might be the fourth surfactant protein, it is not found only within
the lung but also in other organ systems, and its specific contribution with regard
to surfactant is not completely clear; however, several studies have suggested that,
together with SP-A, it has an immunomodulatory role in the lung [39, 52-55].

Metabolism

The presence of surfactant within the alveolus is the result of a complex system of
production, secretion, insertion into the lipid monolayer and turnover, uptake and
recycling (Fig. 3).

Production and secretion

Surfactant phospholipids are produced by alveolar type II cells which comprise
only 15% of the total number of cells in the lung [56-58]. The de novo synthesis of
surfactant is thought to be relatively slow, especially in newborn animals [59, 60]
and also in humans, as demonstrated by Bunt et al. using stable isotopes [61]. Bunt
etal. also demonstrated that the use of prenatal corticosteroids increased surfactant
synthesis in the preterm infant [62] and in very premature baboons [63]. Therefore,
most surface-active surfactant is produced by recycling. Martini et al. have demon-
strated that approximately 50-90% of the PC in surfactant is recycled, depending
on age and species, the contribution of recycling decreasin with increasing age [64].
The surfactantlipids are synthesised in the endoplasmatic reticulum and then stored
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Fig. 3. Diagram showing surfactant metabolism

in lamellar bodies [65, 66]. In these lamellar bodies surfactant-specific proteins A,
B and C are already present [67]; however, the content of SP-A is extremely low
(1%), suggesting that the SP-A present in the alveolar space might be derived from
parts other than lamellar bodies. When the alveolar type II cell is stimulated,
intracellular effectors diffuse and activate the movement of the lamellar bodies to
the apical plasma membrane of the alveolar type II cells and the content of the
lamellar bodies is secreted into the alveolar space by a process of regulated exocytosis
[58, 68, 69]. (For more details on the regulation of secretion see [56, 70, 71].)

After excretion into the alveolar space the lamellar bodies unravel and form
tubular myelin after association with SP-A [28, 72]. Subsequently, the material of
the lamellar bodies is absorbed/inserted into the lipid monolayer. This tubular
myelin is most probably the immediate precursor for lipids inserted into the
monolayer; however, it should be noted that SP-A knockout mice do not produce
normal tubular myelin and the structure and in vitro properties of surfactant have
changed. However, the in vivo function of surfactant in SP-A knockout mice has
not changed, and thus tubular myelin is not essential for normal lung function [74].
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Conversion of surfactant

During respiration the surfactant in the lipid monolayer is converted from large
surface-active aggregates into small inactive surfactant aggregates [74-76]. How-
ever, little is known about the exact mechanism of this conversion. These small
aggregates are not surface active and are removed from the alveolar space to be
reutilised or recycled to ensure the presence of surface active aggregates in the lipid
monolayer.

Uptake/removal of small aggregates

The converted, inactivated surfactant is cleared from the alveolar space mainly by
way of uptake by alveolar type II cells and alveolar macrophages. However, their
relative contribution to the uptake of surfactant lipids remains obscure and is
dependent on several factors. In vitro studies suggest a major role for alveolar
macrophages [77], whereas in vivo experiments suggest an equal contribution or
even a major role for alveolar type II cells in the clearance of surfactant [78-80].

Because of the need for recycling, as suggested previously, re-uptake of surfac-
tant by alveolar type II cells is essential, and this is possibly a crucial factor in the
surfactant metabolism. Unfortunately, little is known about the regulation and
mechanisms of removal of surfactant from the alveolar space by alveolar type II
cells and alveolar macrophages.

This uptake of surfactant lipids is thought to take place (at least in part) via a
coated-pit pathway [81-83]. More recently, it was demonstrated that all surfactant
phospholipids are internalised via the same pathway by alveolar macrophages and
alveolar type II cells, though alveolar cells have a higher affinity for negatively
charged phospholipids [84]. In addition, the surfactant proteins are known to affect
the uptake, especially SP-A [34, 36, 80, 85, 86].

Measuring uptake

Most studies on surfactant metabolism, especially those focused on the uptake of
surfactant lipids by alveolar type II cells and alveolar macrophages, have used
radioactive labeled DPPC to measure the uptake. In addition, most studies have
been performed in an in vitro setting, whereas in vivo studies have focused mainly
on alveolar macrophages. Unfortunately, the use of radioactivity does not discri-
minate between uptake or intracellular presence of the label and association with
the outer cell membrane or adherence. In addition, it is not possible to specify
precisely which cells are involved in the ‘uptake’, as whole-lung tissue is tested for
radioactivity.

Recently, we described a method using fluorescence-labeled liposomes to study
the uptake of surfactant-like liposomes both in vivo and in vitro and in both
alveolar type II cells and alveolar macrophages [87]. Our method mimics the small
aggregates of surfactant, as these are the surfactant aggregates generally thought to
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be removed from the alveolar space. In addition, confocal laser microscopy can be
used to demonstrate that the fluorescence-labeled liposomes are indeed intracel-
lularly located rather than adherent to the outer cell membrane.

More interestingly, when our method is used it is not DPPC that is labeled but
PE, a minor component of surfactant, as a part of liposomes consisting of the main
lipid components of surfactant, providing the opportunity to study the role of the
main lipid components in regulation of the uptake of surfactant.

One of the advantages of the use of fluorescence-labeled liposomes is the
possibility of focusing on one particular cell type; with the use of specific fluore-
scence-labeled antibodies it is possible to discriminate between different cell types
and study their relative contributions or roles in the removal of surfactant lipids
and possible mutual regulation of the uptake; even more specifically, it is possible
to determine whether all cells or just a subpopulation of cells are involved in the
uptake. Another important advantage of the method described by our group is that
it allows the measurement of uptake by alveolar type II cells and alveolar macro-
phages both in vivo and in vitro. We believe we were the first to demonstrate that
in vivo a significantly smaller percentage of the alveolar type II cells is involved in
the uptake than in vitro; this indicates the need to study uptake both in vitro and
in vivo (Fig. 4).
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Fig. 4A-D. Differences in uptake in vivo and in vitro. Cell-associated fluorescence as a measure
of the uptake of surfactant-like liposomes was determined for different concentrations of
labeled liposomes both in vitro (A, C) and in vivo (B, D). In addition, the percentage of cells
involved in the uptake was determined. (Data derived from [94]). ATII alveolar type II cells,
AM alveolar macrophages
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Eftect of lipid composition on uptake

The composition of surfactant is largely similar across different species, including
humans [88, 89]; however, small differences in the relative concentrations of the
individual lipids are observed, which are also related to age. For example, fetal or
neonatal surfactant contains a larger percentage of phosphatidylinositol and less
phosphatidylglycerol, whereas adult surfactant contains more phosphatidylglyce-
rol than phosphatidylinositol [15]. In addition, neonates have been shown to rely
more on recycling, and thus uptake, than do adults [59, 64], which suggests a
possible effect/role of the lipid composition on the uptake. Moreover, severe lung
injury (initiated by a wide variety of causes) is known to be related to alterations
in the lipid composition of surfactant [90, 91], which could also contribute to a
decreased surfactant function, implying an effect of the different surfactant lipids
on the uptake. However, it is still not known how these alterations in composition
are related to the disease.

Bates et al. [92] and Chander et al. [93] were the first to report on the influence
of the individual surfactant lipids on uptake, demonstrating that radiolabeled PG
was cleared more rapidly by alveolar type II cells in vitro. This higher uptake of PG
than of DPPC in vitro was also demonstrated for alveolar macrophages [94].

More recently, we have demonstrated a common pathway for the uptake of
surfactant lipids by both cell types in vitro [84]. A significantly lower percentage of
alveolar type Il cells than of alveolar macrophages is involved in the uptake of DPPC
(29% vs 72%, respectively), whereas the number of cells involved in the uptake of
PG is approximately the same. The presence of a possible phospholipid receptor
would simplify the explanation of these results. A different distribution of this
phospholipid receptor to alveolar macrophages and type II cells might be the
reason for the difference in the percentages of these cells involved in the uptake.
The uptake of DPPC requires more receptors than the uptake of, for instance, PG;
or, more generally, more negatively charged than neutrally charged phospholipids
are taken up, and the negatively charged phospholipids are taken up more easily.
A higher receptor density on alveolar macrophages than on alveolar type II cells,
and the presence of several subpopulations of type II cells with different receptor
densities could explain the lower percentage of alveolar type II cells than of alveolar
macrophages.

These results relating to the role of individual surfactantlipids indicate that, besides
surfactant proteins, the phospholipid composition of the small aggregates affects the
surfactant metabolism. However, the relevant studies were performed in vitro, whereas
significant differences have been demonstrated in the uptake of surfactant-like liposo-
mes by alveolar cells in in vivo and in vitro experiments, and extrapolation of these
results to the in vivo situation should be done with caution [87].

The effects of lipid composition in vivo was studied by increasing the amount
of PG, the second major phospholipid, present in the small aggregates. The incor-
poration of PG influences the uptake of surfactant-like liposomes by alveolar cells,
though the effects on the two cell types differ. The uptake of surfactant-like
liposomes by alveolar type II cells is hardly affected by different concentrations of
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PG. More interestingly, however, the influence of the intratracheal instillation of
PG-containing liposomes on alveolar macrophages is dramatic; in particular, the
number of alveolar macrophages obtained in the lung lavage is influenced by the
amount of PG. In addition, not only does an increase in the amount of PG reduce
the number of alveolar macrophages, but this decrease in the number of cells is
accompanied by a deterioration in arterial oxygenation. Although PG does not
interfere with the function of endogenous surfactant in vitro, as was tested, its
increase does lead to reduced surface activity in vivo. Moreover, these adverse
affects of PG on endogenous surfactant function can be avoided by adding so-called
co-factors, such as calcium or magnesium.

The ‘fatal’ effect of PG on alveolar macrophages, as suggested by our group, is
absent in vitro, because in that setting the aforementioned co-factors are already
present during incubation. However, the effects of PG on the uptake of surfactant-
like liposomes by alveolar type II cells in vivo are completely different from those
derived from the in vitro experiments, even when co-factors are present. In vitro,
increased concentrations of PG result in an increased uptake of these liposomes by
alveolar type II cells, whereas the uptake of these liposomes by alveolar type II cells
in vivo is hardly affected by the concentration of PG within the liposomes, irrespec-
tive of the presence of the suggested co-factors. These results underline the presen-
ce of ‘environmental’ factors that influence the uptake in vivo and thus emphasise
the need to study the uptake of lipids and/or surfactant by alveolar type II cells and
alveolar macrophages both in vivo and in vitro.

Eftect of surfactant proteins

As previously mentioned, surfactant contains four proteins: SP-A, SP-B, SP-C and
SP-D. The first, SP-A, has been extensively studied and is thought to fulfil several
roles within surfactant homeostasis, especially in regulation of the clearance of
surfactant from the alveolar space [85].

Next, both SP-B and SP-C are known to be important for the surface-active
surfactant monolayer [40-44, 95, 96]. On the other hand, as far as the effects on the
uptake of surfactant by alveolar cells are concerned, SP-B is capable of increasing
the uptake of lipids by alveolar cells [36, 97] (Poelma et al., submitted for publica-
tion); however, high concentrations of SP-B are required to induce this increase,
which raises the question of the physiological contribution of SP-B to regulation of
the uptake of surfactant lipids by alveolar cells. On the other hand, SP-C has a
similar function to SP-B with regard to enhancing surface-active properties of
surfactant [40, 41, 46-48], but it should be noted that SP-C increases the uptake of
surfactant-like liposomes at lower concentrations than SP-B. This effect of SP-C is
concentration dependent, with a maximum at 2% SP-C. In addition, the presence
of co-factors (such as calcium) within the liposomes decreasing the possibility of
dilution of the endogenous pool has been shown to further increase the effect of
SP-C. When 1% SP-C is incorporated the uptake is already increased, but the
maximum increase is at 2% (Poelma et al., submitted for publication). However,
the effects of SP-C on the uptake of surfactant-like liposomes are suggested to be
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suppressed in vivo, since in vitro experiments have shown a much larger effect,
more specifically a nonsaturable effect, on uptake [36, 97]. Furthermore, SP-C is
known to combine very rapidly with lung tissue and alveolar macrophages [98, 99].
This increased association, coming about even more rapidly than an association
with DPPC, might be an explanation for the increased uptake of liposomes contai-
ning SP-C. Nonetheless, other factors, such as the conformational changes obser-
ved in liposomes after the incorporation of SP-C, may also affect the binding and
uptake of these liposomes by alveolar cells, as suggested by Rice et al. [100]. Finally,
the presence of a putative SP-C receptor could also induce increased uptake.
However, because its presence has not yet been demonstrated, further studies are
needed on this point.

Effect of surfactant therapy

Currently, exogenous surfactant is increasingly used in the clinical setting, mostly
in neonates but its use in adults is now under consideration [101]. However, the
administration of exogenous surfactant is known to influence the endogenous
surfactant. Most studies have focused on the effects of exogenous surfactant on the
production and/or secretion of DPPC, and they have yielded conflicting results [33,
102-105]. In premature infants with respiratory distress syndrome, treatment with
exogenous surfactant stimulates the synthesis of endogenous surfactant [106].
Little is known about the clearance or uptake of surfactant. Exogenous surfactant
is taken up by alveolar type II cells and alveolar macrophages [107-10]; however,
the specific effects of exogenous surfactant, i.e. surface-active surfactant, on the
clearance of non-surface-active surfactant, whether endogenous or exogenous, is
unknown. Our group has demonstrated significant effects of exogenous surfactant
on the clearance of surfactant-like liposomes (unpublished data). Nevertheless, the
effect of exogenous surfactant on uptake differs significantly between in vivo and
in vitro conditions.

Effect of surfactant protein analogues

As previously mentioned, SP-B is essential for the biophysical properties of pul-
monary surfactant, and its presence is thus the most highly appreciated in exoge-
nous surfactant.

The high cost of naturally derived exogenous surfactant increases the demand
for a synthetically produced surfactant. Therefore, synthetic analogues of SP-B based
on the known human amino-acid sequence have been tested and closely mimic the
function of natural surfactant proteins [111]. In addition, these SP-B analogues might
be optimised: only essential parts of SP-B are reproduced and further developed, to
increase the efficiency of SP-B within the exogenous surfactant preparation. SP-B
analogues are based on the 1-25 sequence of the N-terminal site of human SP-B with
a modification at position 11: cysteine is replaced by alanine (Cys-11>Ala-11) [112,
113]. A mutant SP-B (serine SP-B-1-25) was synthesised with site-specific substitu-
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tion of serine for arginine in positions 12 and 17 and for lysine in positions 16 and
24 of the N-terminal (Fig. 5). A disulfide-linked homodimer of these SP-B analogues
was formed by oxidising the monomeric SP-1-25 peptide [112, 113].

The serine-SP-B-1-25 analogues have been shown to be less surface active than
the SP-B-1-25 variants. We have shown that the less surface-active SP-B analogues,
the SP-B serine variations, reduce the uptake of surfactant-like liposomes by
alveolar type II cells when incorporated into the liposomes; on the other hand, the
SP-B-1-25 analogues mimic the effect of native SP-B and do not induce any changes
in the uptake of liposomes by alveolar type II cells (unpublished data). With regard
to the uptake of these liposomes with SP-B analogues incorporated by alveolar
macrophages, our group has demonstrated that the surface-active SP-B analogues
influence the uptake by alveolar macrophages (unpublished data).

SP-C has also been shown to enhance the surface-tension-lowering properties
of surfactant; therefore, surfactant preparations intended for clinical use will most
probably contain not only SP-B but also SP-C. The use of recombinant SP-C (rSP-C)
in surfactant preparations is under investigation, to establish the efficiency of this
SP-C in enhancing the surface-tension-lowering activities of surfactant [113,
114-116]. In terms of surface-tension-lowering activity, rSP-C surfactant (Altana,
Konstanz, Germany) has similar results to natural surfactant [117, 118]. This rSP-C
surfactant contains an SP-C that is an analogue of human SP-C; it contains pheny-

SP-B1-25 monomer
Phe-Pro-lle-Pro-Leu-Pro-Tyr-Cys-Trp-Leu-Ala-
Arg-Ala-Leu-lle-Lys-Arg-lle-GIn-Ala-Met-lle-Pro-
Lys-Gly

SP-B1-25 serine monomer
Phe-Pro-lle-Pro-Leu-Pro-Tyr-Cys-Trp-Leu-Ala-
Ser-Ala-Leu-lle-Ser-Ser-lle-GIn- Ala-Met-lle-Pro-
Ser-Gly

Fig. 5. Peptide sequences of the SP-B analogues and their serine mutants. The SP-B1i-25
homodimer consists of two SP-B1-25 monomers disulfide-linked at Cys8 (not shown). The
fluorescent label was inserted in all peptides at the N-terminus, shown at the left side of the
sequence
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lalanine instead of two cysteines in positions 4 and 5 of the human SP-C sequence,
and isoleucine instead of methionine in position 32. However, the effects of these
SP-C-analogues on the uptake, or more generally on the metabolism of surfactant,
are not known. Our group has shown that the uptake of surfactantlipids by alveolar
type II cells and alveolar macrophages is regulated by SP-C (Poelma et al., submit-
ted for publication), and the influence of recombinant SP-C on surfactant metabo-
lism therefore needs to be clarified.

Additional factors influencing surfactant uptake

Finally, besides factors related directly to surfactant, our group has shown that
multiple ‘environmental’ factors influence and affect the surfactant metabolism.
Some of these factors have been described previously; for example, calcium has
been shown to influence the metabolism, insofar as its presence PG promotes the
association of SP-A and DPPC [119, 120], and to affect the function of SP-B [29, 121].
The effects or influences of these alveolar factors (e.g. divalent cations, as suggested
by the study of our group with regard to the effects of SP-B and SP-C) are also
underlined by the fact that in vivo and in vitro results differ significantly, even when
the absence or dilution of known co-factors such as calcium are compensated for.
It should be emphasised that in our opinion in vitro experiments are indeed useful,
although caution must be exercised in extrapolation of their results to the in vivo
situation. Use of a similar technique for both in vivo and in vitro studies enables
the researcher to compare the results and might help to clarify the complex
mechanism of the regulation of uptake of surfactant lipids by alveolar cells in vivo.

In addition, although most studies on the uptake of surfactant have focused on
healthy animals, many different diseases can disturb the surfactant system, and the
presence of cytokines and other inflammatory parameters are known to affect the
presence of surface-active surfactant in the lung. For example, tumor necrosis
factor (TNF)-a, interleukin (IL) -1 and interferon (IFN)-y are known to influence
the production of SP-A, SP-B and SP-C, which regulates the uptake of surfactant
by alveolar cells and thus affects the total metabolism [122-126]. In addition,
prenatal steroids have been shown to increase surfactant synthesis [62].

Future studies

Because the uptake of surfactant in healthy adult animals has been clarified to some
extent, future research could focus on the uptake of surfactant-like liposomes, with
different models used for diseased animals. Possible irregularities in uptake and thus
in endogenous surfactant metabolism might be elucidated. The known regulatory
factors, at least those clarified hitherto, will then provide options for restoration of
normal metabolism by influencing the uptake. For example, if uptake of surfactant is
reduced in a certain disease state, it might be beneficial to increase the concentration
of PG within the surfactant preparation used for therapy. In other words, clarifying
regulating factors in the surfactant uptake and uncovering irregularities in the meta-
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bolism, or more specifically in the uptake of surfactant, will allow the development
of an exogenous surfactant preparation that is disease specific, by modifying the
composition depending on the underlying deviation from normal.
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