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Introduction 

The existence of a surface active agent (surfactant) in the lung was first 
postulated by von Neergard in 1929. He himself did not seem to recog
nize the importance of his discovery, and it was up to other investigators 
(Clements and Chambers 1957; Pattie 1955) to supply experimental evi
dence for such a substance, almost 30 years later. Soon afterwards (Avery 
and Mead 1959) the pathophysiological importance of an immature sur
factant system for the respiratory distress syndrome of the newborn (IRDS) 
was described. The therapeutic implication of this was successfully assessed 
by Fujiwara et al. (1980), who demonstrated that endotracheal replacement 
therapy with surfactant reduced the severity and mortality of IRDS. A 
historical review on the advances of surfactant research was published by 
Tierney in 1989. 

In the meantime numerous investigations have confirmed that the 
effects of pulmonary surfactant comprise not only modification of alveolar 
surface tension but also modulation of the alveolar immune response 
(Baugham and Strohofer 1989; Catanzaro et al. 1988), participation in 
alveolar and bronchial clearance mechanisms (Morgenroth 1986), and 
impact on deposition and clearance of inhaled material even in the upper 
airways (Gehr et al. 1990a,b; Schiirch et al. 1990). Furthermore, pulmonary 
surfactant is a characteristic metabolic product of the type II pneumocyte 
and. should yield some information about its morphologic and functional 
integrity. 

Thus the pulmonary surfactant system is of interest in pulmonary 
toxicology because of its effects on respiratory mechanics and nonspecific 
defense mechanisms and because it is closely associated with the type II 
pneumocyte. 
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Composition and Metabolism 

Some important aspects of surfactant biochemistry are mentioned below. 
For more detailed information the reader is referred to the comprehensive 
reviews on the topic by other authors (Harwood 1987; Rooney 1985, 1987; 
Van Golde 1985; Van Golde et al. 1988; J.R. Wright 1990). 

The pulmonary surfactant system is constituted predominantly by 
phospholipids (about 90% ) and glycoproteins, the so-called apopro
teins. Also present are small amounts of cholesterol, neutral lipids, and 
carbohydrates. 

Pulmonary surfactant is synthesized characteristically in the endo
plasmatic reticulum of type II pneumocytes, from where it is transported via 
the Golgi field to the lamellar bodies. The lamellar body secretes its content 
via exocytosis into the alveolar space, where it is reconstructed to the 
surfactant monolayer, passing through an intermediate form called tubular 
myelin. Recently Hills (1990) questioned what he called the "conventional" 
theory regarding the mechanisms of actions of surfactant and suggested a 
different model, featuring a discontinuous alveolar fluid layer with the 
surfactant being absorbed directly to the epithelial surface. 

The phospholipid constituents of surfactant are subdivided into phos
phatidylcholine (PC; 60% - 70%) and phosphatidylglycerol (PG; 7% -10%) 
as well as phosphatidylinositol (PI), phosphatidylserine (PS), phospha
tidylethanolamine (PE), and sphingomyelin (SPH), these amounting each 
to about 3%-5% of surfactant by weight. Phospholipids are suited for 
covering interfaces because of their amphiphilic character. They have 
a polar, hydrophilic head with the phosphatidic aminoacid residue and 
lipophilic fatty acid tails directed toward the alveolar space. Phospholipids 
are part of cell membranes and can also be found in serum. Nevertheless, 
the high percentage of phosphatidylglycerol seems to be specific for sur
factant. PC consists mainly of disaturated dipalmitoylphosphatidylcholine 
(DPPC), which is responsible for lowering surface tension at end-expiration. 
This composition of pulmonary surfactant is not restricted to man but seems 
to be about the same in all adult mammalians investigated up to now 
(Harwood 1987; Harwood et al. 1975). 

Associated with the surfactant phospholipids is a group of glycoproteins 
called SP-A (28-36 kDa, reduced), SP-B (8-9 kDa, reduced), and SP-C 
(4-5kDa, reduced). More recently Persson et al. described a further 
glycoprotein to be synthesized by the type II pneumocyte which they called 
SP-D (43kDa, reduced) (Persson et al. 1989, 1990). In 1991 Singh et al. 
released a report about a hydrophilic, 7.5-kDa surfactant-associated protein, 
indicating that our knowledge concerning the constituents of the pulmonary 
surfactant system is still somewhat incomplete. SP-B and especially SP-C are 
hydrophobic proteins, being isolated in the chloroform phase with the 
phospholipids during lipid extraction. Lately the current understanding 
of surfactant protein functions has been reviewed by Possmayer (1990). 
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Obviously SP-A is not a necessary constituent for surfactant replacement 
therapy, but new experimental evidence suggests that it may support the 
biophysical activities of SP-B and SP-C (Cockshutt et al. 1990). SP-A plays 
a role in surfactant turnover as it suppresses secretion from the type II cells 
and enhances surfactant uptake. It also protects the intraalveolar surfactant 
from inhibition by transudated plasma proteins such as fibrinogen degra
dation products as may occur during the course of the adult respiratory 
distress syndrome (ARDS) (Cockshutt et al. 1990; O'Brodovich et al. 1990; 
Venkitaraman et al. 1990). Furthermore, SP-A seems to interact with 
alveolar macrophages, stimulating oxygen radical generation and phago
cytosis of viruses and bacteria (Tenner et al. 1989; Van Iwaarden et al. 1990, 
1991). SP-B is important for refinement of the surfactant monolayer during 
expiration in terms of increasing the concentration of the disaturated PC 
(Possmayer 1990). This is thought to be necessary for the end-expiratory 
surface tension reduction to values near 0 mN 1m as known from the intact 
alveolus. SP-C enhances the adsorption of phospholipids to the alveolar 
airlwater interface (Possmayer 1990). SP-B and SP-C also seem to playa 
role in the regulation of intraalveolar surfactant recycling (Rice et al. 1989). 

Phospholipids and apoproteins are synthesized in the type II pneumo
cyte rnicrosomes, stored in lamellar bodies and secreted together into the 
alveolar space. As some enzymes involved in PG biosynthesis are associated 
with mitochondria, PG formation may not be restricted to the endoplas
matic reticulum (Van Golde et al. 1988). New experimental evidence 
suggests that compared to the microsomes the intracellular storage granule, 
the lamellar body, is highly enriched with the most surface-active surfactant 
components, i.e., DPPC and the hydrophobic apoproteins (Longmuir and 
Haynes 1991; Oosterlaken-Dijksterhuis et al. 1991). 

Surfactant synthesis and secretion are subject to stimulation by a num
ber of hormones and mediators (adrenergic stimuli, thyroxine, estrogen, 
adenosine, etc.) as well as by simple mechanical extension of the alveolus 
during deep inspiration (Hildebran et al. 1981; Nicholas et al. 1982). The 
alveolar turnover time varies among phospholipids from 4h (PG) to 8h 
(PC). Studies performed with labeled substrates indicate a reutilization of 
intraalveolar surfactant by the type II pneumocyte of up to 90% (Van 
Golde et al. 1988). Other factors contributing to the alveolar surfactant 
clearance are uptake by other alveolar and airway epithelial cells, intra
alveolar degradation, phagocytosis by macrophages and loss into the bronchi 
and further upwards via the ciliary escalator (Wright 1990). 

Functional Aspects 

Surfactant and Respiratory Mechanics 

Surfactant may reduce end-expiratory surface tension in the alveolus to 
values near 0 mN 1m as determined in vitro by the Wilhelmy balance 
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(Clements and Chambers 1957; Goerke 1974). This prevents alveolar 
collapse, as would occur if surface tension values of water (72 mN/m) existed 
in the alveolus. On the other hand, surfactant increases surface tension 
in the expanded state thus supporting expiration and protecting the tissue 
from excessive expansion (Van Golde et al. 1988). Alveolar surface ten
sion and the retractive forces of the lung tissue are the two constituents 
determining pulmonary compliance or distensibility (Mathe et al. 1974). 
Liu et al. (1991) concluded from studies with glass capillaries creating 
pressure and flow characteristics similar to those in the respiratory bron
chiole that surfactant also secures airflow in the airways adjoining to the 
alveolus. 

Predominantly the disaturated fraction of PC is responsible for the 
surface activity, due to the rigidity of its fatty acid chains supported by 
the hydrophobic apoproteins in terms of spreading and formation of the 
monolayer (Possmayer 1990; Van Golde et al. 1988). By reducing the 
surface tension the transudation pressure from the vascular system into 
the alveolar space is decreased, which may be of special interest in disease 
processes leading to alveolar edema (Van Golde et al. 1988). A further 
function of surfactant covering the watery hypothase is minimizing the 
pulmonary water evaporation, which in the non diseased state may amount 
to almost 20% of the physiological daily water loss. It can be speculated 
whether this represents even the principal surfactant function in species not 
showing alveolar structures, such as snakes. 

Surfactant and the Nonspecific Local Infection Defense 

As a continuous layer on the alveolar air-water interface, surfactant inhibits 
adhesion and tissue penetration of foreign bodies in the lung periphery. It 
may coat the intruder and subsequently facilitate the recognition and 
phagocytosis by macrophages. It is thought to protect the ciliary system 
from sticking induced by the mucus (Morgenroth and Newhouse 1988), and 
in vitro investigations suggest a promotion of ciliary beat frequency by 
surfactant (Kakuta et al. 1991). Recently it was demonstrated that surfactant 
is also important for the displacement of inhaled particles from the airway 
surface to the aqueous subphase and further down to the epithelium in 
the upper airways (Gehr et al. 1990a,b; Schiirch et al. 1990). There the 
particles would be cleared slowly by phagocytosis rather than by the quickly 
operating mucociliary escalator. 

Accumulating evidence suggests that surfactant exerts immunomodu
latory effects in the alveolar space. Phospholipids by themselves seem to 
act antimicrobially toward pneumococci (Coonrod 1987). Proliferation 
(Ansfield and Benson 1980; Ansfield et al. 1979; Catanzaro et al. 1988; 
Rich 1990; Wilsher et al. 1988a,b,c) and cytotoxicity (Coonrod 1987) of 
lymphocytes as well as the natural killer cell activity against tumor cells 



Pulmonary Surfactant System Yield Meaningful Parameters 213 

(Baugham and Strohofer 1989) were shown to be reduced by the pulmonary 
surfactant system. Suppression of lymphocyte proliferation has been attri
buted to PC and PG whereas PE seemed to exert inductive effects on this 
cell type. In contrast, surfactant may enhance the local infection defense by 
stimulating alveolar macrophage functions. Migration, phagocytosis, and 
intracellular killing of bacteria (O'Neill et al. 1984a) as well as the tumor 
cytotoxicity (Baugham et al. 1987) of alveolar macrophages were enhanced 
by surfactant. 

Among the first investigators in this area of research, La Force et al. 
showed in 1973 that staphylococci were killed intracellularly by alveolar 
macrophages of rats only after coincubation with alveolar lining fluid. 
Similar findings were reported by Juers et al. (1976) and Webb and Jeska 
(1986). Jonsson et al. (1986) did not obtain comparable results in their 
experiments with human alveolar macrophages and Staphylococcus aureus 
and Haemophilus inJiuenzae. In 1987 Baugham et al. presented evidence 
that PC, SPH, and PG may increase cytotoxicity of macrophages and 
monocytes whereas PI proved to have the opposite effect. 

The major apoprotein, SP-A, seems to participate in the immuno
modulatory effects of the pulmonary surfactant system as well (Schlepper
Schafer et al. 1989; Tenner et al. 1989; Van Iwaarden et al. 1990, 1991). 
In 1989 Wright and Tenner reported that phagocytosis of antibody-labeled 
sheep erythrocytes was enhanced by SP-A, and van Iwaarden et al. (1990, 
1991) observed increased oxygen radical production and enhanced phago
cytosis of bacteria and viruses by rat alveolar macrophages subsequent 
to coincubation with SP-A. In contrast, Weber et al. (1990) found a de
crease in the superoxide anion production of canine alveolar macrophages 
coincubated with canine SP-A and subsequently stimulated with phorbol-
12-myristate-13-acetate. By a still unknown cause canine SP-A seems to 
act differently in terms of macrophage activation compared to rat and 
human SP-A, as was confirmed by Oosting et al. (1991, 1992). Interestingly, 
Weber et al. did not see any inhibitory effect of SP-A on the respiratory 
burst of activated macrophages after treatment of SP-A with collagenase. 
Wispe et al. (1990) recently demonstrated that tumor necrosis factor alpha, 
another macrophage-derived enzyme such as collagenase, inhibits surfactant 
protein (SP-A, SP-B) expression in human pulmonary adenocarcinoma cell 
lines. 

Thus complex interactions between the pulmonary surfactant system 
and alveolar macrophages occur especially during inflammatory processes in 
the alveolar space. 

Surfactant and Pulmonary Diseases 

The classical concept about surfactant and pulmonary diseases is based on 
the findings of Avery and Mead (1959), who were the first to describe 
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surfactant deficiency as the decisive pathogenetic factor in IRDS. In the 
meantime several investigations have confirmed that surfactant abnor
malities are present in a number of respiratory tract affections such as 
ARDS (Hallman et al. 1982; Mason 1987), alveolar proteinosis (Honda 
et al. 1989; Hook et al. 1986), idiopathic pulmonary fibrosis (Honda et al. 
1988; Hughes et al. 1989; McCormack et al. 1988; Robinson et al. 1988), 
sarcoidesis (Baugham et al. 1985; Honda et al. 1988; Sallerin et al. 1984), 
extrinsic allergic alveolitis (Hughes and Haslam 1990), and others (Hallman 
et al. 1985). Subject to discussion nowadays is the way in which surfactant 
alteration and subsequent macrophage function changes are involved in the 
pathogenesis of pneumonia (Baugham et al. 1984). 

The most comprehensive knowledge about pathogenetic effects of 
surfactant has been gained in regard to IRDS. It is well established that the 
surfactant deficiency encountered in these pre term infants causes atelectasis 
and thus life-threatening hypoxemia (Avery and Mead 1959; Robertson 
1989c). Multicenter trials conducted to evaluate the benefit of surfactant 
replacement therapy underlined the efficiency of this therapeutic procedure, 
although there may still be some controversy about timing, dose, and 
preparation of the artificial surfactant (Gitlin et al. 1987; Hallman et al. 
1989b; Merritt et al. 1989; Robertson 1989a,b,d; Shapiro and Notter 
1988; Strayer et al. 1989). Lethality and long-term complications such 
as bronchopulmonary dysplasia were significantly reduced (Robertson 
1989a,b,d). Some concern arose with regard to the immunological implica
tions of surfactant replacement therapy. In 1986 Strayer et al. described 
circulating immune complexes between surfactant and surfactant anti
bodies in children with IRDS. In subsequent investigations (Strayer et al. 
1991a,b) they assessed the immunogenicity of human and animal surfactant 
preparations as used in the therapy of the respiratory distress syndrome. 
They were able to show antibody-related inhibition of in vitro surface 
activity of human and animal surfactant as assessed by the pulsating bubble 
surfactometer. 

One of the difficulties encountered in the therapy of ARDS that disables 
simple transcription of IRDS treatment principles is that in ARDS inhibition 
of surfactant effects seems to be more important than deficiency (Enhorning 
1989; Hallman et al. 1989a; Lachmann 1989b; Mason 1987; O'Brodovich 
et al. 1990). Inhibition occurs due to leakage of plasma proteins into the 
alveolar space. Thus research is focusing on surfactant preparations less 
sensitive to functional impairment by fibrinogen degradation products 
(Seeger et al. 1989). Furthermore, products of activated inflammatory cells 
recruited into the alveolar space in the course of the ARDS have been 
thought to participate in surfactant inhibition and degradation (Ryan et al. 
1991). 

Alveolar proteinosis is characterized by excessive accumulation of sur
factant material in the alveolar space (Hook et al. 1986). Similar patho
logical changes have been found in rats exposed to silica representing an 



Pulmonary Surfactant System Yield Meaningful Parameters 215 

animal model for pneumoconiosis (Heppleston and Young 1972; Heppleston 
et al. 1972, 1975). The surface activity of surfactant from lungs with pro
teinosis did not seem to be adversely affected (Heppleston et al. 1975). In 
terms of pneumoconiosis, increased extracellular surfactant can be seen as a 
protective device. Surfactant coats the foreign particle thus enhancing its 
phagocytosis and inhibits the intracellular particle contact with lysosomal 
enzymes (Schimmelpfeng et al. 1989). On the other hand, overloading of 
alveolar macrophages with phagocytosed surfactant material may also occur 
and could impair macrophage activities. 

As far as surfactant is concerned the idiopathic pulmonary fibrosis is 
marked by a reduction in PG and SP-A (Honda et al. 1988; Hughes et al. 
1989; McCormack et al. 1988, 1991; Robinson et al. 1988) whereas in the 
bronchoalveolar lavage fluid (BALF) of sarcoidosis patients PC was reduced 
(Gitlin et al. 1987). 

Characteristic surfactant lipid alterations, i.e., increases in PE levels, 
have also been encountered in the BALF of patients suffering from extrinsic 
allergic alveolits (also known as hypersensitivity pneumonitis) (Hughes and 
Haslam 1990). Interestingly, PE has been shown to induce lymphocyte 
responses in the peripheral airways, and lung biopsies of patients suffering 
from extrinsic allergic alveolitis showed increased numbers of lymphocytes 
in the alveolar walls. 

Surfactant and Inhalation Toxicology 

Inhaled pollutants penetrating deep into the lung inevitably come into 
contact with the surfactant layer as it is closest to the intraalveolar space. 
As mentioned above, surfactant exerts a number of protective effects in 
this area, and the question arises as to how it is affected by interaction 
with common environmental pollutants. Such an interaction may take 
place directly or indirectly by virtue of type II cell damage, recruitment 
of inflammatory cells with subsequent release of mediators, activation of 
alveolar macrophages, damage to the alveolocapillary membrane leading to 
transudation of inhibitory proteins into the alveolar space, and by other 
mechanisms. 

For clinical purposes the pulmonary surfactant system is usually assessed 
by harvesting BALF and subjecting it to the analytical procedure of interest. 
As BALF in small laboratory rodents commonly is collected postmortem by 
rinsing saline solution through the whole lung, instead of a bronchoalveolar 
segment as in patients, the term bronchoalveolar lavage is subsequently 
replaced by the more exact term lung lavage. 

Evidence has been shown for impairment of the pulmonary surfactant 
system following exposure to a variety of inhalative pollutants such as 
0 3, N02, diesel exhaust, cigarette smoke, dusts and other substances 
(Haagsman and van Golde 1985). What is known at present about effects of 
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some important environmental pollutants on the pulmonary surfactant 
system is discussed in more detail below. 

Effects of Inhalative Pollutants on the Pulmonary Surfactant System 

Ozone 

Ozone is the most important component of photooxidative smog. Photolysis 
of N02 results in the generation of NO and highly reactive oxygen. The 
latter reacts with oxygen to generate ozone. Ozone is water soluble only to a 
small extent. It advances easily down to the alveolar region and reacts there 
with phospholipid components of the cell membranes (Mustafa and Tierney 
1978). Alveolar type I cell damage is the characteristic morphologic finding 
of ozone-induced alveolar lesions (Dungworth 1989). Epidemiologic and 
experimental evidence has been presented for a variety of detrimental ozone 
effects on the respiratory tract, including decreased pulmonary function, 
increased nonspecific airway reacticity, airway inflammation, enhanced lung 
infectivity, and even impact on carcinogenic processes (Gardner 1984; 
Lippmann 1989). 

Mechanisms of ozone toxicity may include free radical generation as 
well as lipid peroxidation and sulf-hydryl oxidation. Little information is 
available about direct toxic effects of ozone on pulmonary surfactant. 
Ozone-induced effects on phospholipid synthesis have been the subject of a 
number of animal experiments. Using [methyl-14C] choline as a marker, 
Haagsman et al. (1985) found inhibition of the synthesis of PC, PG, and PE 
in type II alveolar cells after exposure to ozone. These in vitro studies 
resulted in the hypothesis that the glycerol-3-phosphate acyltransferase 
mediated step of the synthesis is inhibited. An ozone-induced decrease in 
the activity of this enzyme was also found by Peters and Mudd (1982). They 
exposed a suspension of mitochondria, derived from lung tissue. A decrease 
in choline phosphotransferase activity after ozone exposure was reported 
(Haagsman et al. 1985) as well as an increased activity of lysophophatidyl
choline acyltransferase after ozone exposure of type II alveolar cells (O.4lg/ 
18cm2 plate) (Ichikawa and Yokoyama 1982) and exposure of rats (1-
5ppm; 3h) (Haagsman et al. 1985). However, not only synthesis but also 
release of surfactant can be affected by ozone exposure. Shimura et al. 
(1984) reported an increased number and a marked enlargement of lamellar 
bodies in type II alveolar cells of rats after ozone exposure. Recently ES 
Wright et al. (1990) also suggested a decreased rate of surfactant secretion 
in rats subsequent to chronic exposure to ozone (0.12-0.5 ppm). They found 
a decreased de novo synthesis as assessed by incorporation of 14C and an 
increased lung tissue phospholipid content without corresponding changes in 
the phospholipid content in lung lavage fluid (LLF) of exposed animals. 

The concentrations of ozone applied by Oosting et al. (1992) (0.4 ppm 
0 3, 3 and 12h/day) were similar to those used by Shimura. Oosting et al. 
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found an inhibition of the surfactant-induced oxidative burst when adding 
surfactant from ozone-exposed rats to alveolar macrophages from control 
animals. The surfactant component stimulating the generation of oxygen 
radicals seems to be the apoprotein SP-A, as traced with SP-A antibody 
studies. The ozone-induced inhibition of the oxidative burst may therefore 
be caused by an alteration of this apoprotein. Oosting also reported an 
enhanced susceptibility of ozone exposed SP-A to proteolysis. Proteolytic 
enzymes may be liberated in the course of inflammatory processes by 
leukocytes infiltrating the alveolus. The authors also detected oxidation of 
methionine and trytptophan residues in ozone exposed canine SP-A. Others 
findings of these investigations conducted by Oosting et al. (1991, 1992) were 
functional impairment of SP-A in terms of self-association, lipid vesicle 
aggregation, mannose-binding capacity, and a decreased ability to enhance 
the phagocytosis of herpes simplex virus by alveolar macrophages. 

The effects of an acute exposure (2-8 h) to ozone in rats on the forma
tion of the intraalveolar surfactant monolayer have been assessed by Balis 
et al. (1991). The authors found that the unfolding of secreted lamellar 
bodies and the surfactant reorganization to tubular myelin which represents 
an intermediate form of surfactant in the alveolar space were inhibited. 

Several recent studies deal with oxygen toxicity, which is thought to 
involve the generation of radicals, as found with ozone. Holm et al. (1985) 
described a reduced rate of synthesis for PC, a decreased intracellular lipid 
content, and, as a further parallel to the findings with ozone toxicity, a 
suppressed activity of the enzyme glycerol-3-phosphate acyltransferase. 
Enlarged lamellar bodies have also been described (Loo et al. 1989) sub
sequent to in vitro exposure of rat type II pneumocytes. Nogee et al. found 
increased apoprotein recovery (SP-A, SP-B, SP-C) in the lung lavage fluid 
(LLF) of rats following 1-7 days of exposure to an aerosol containing 85% 
oxygen (Nogee et al. 1991). Interestingly, instillation of exogenous sur
factant following experimental hyperoxic injury mitigated the alveolar 
permeability, improved mechanical lung function, and increased the amount 
of lavagable phospholipids compared to that in the control group. 

These findings underline the importance of the pulmonary surfactant 
system for the mechanisms of action of lung injury due to oxidant gases. 
Furthermore, there are theurapeutic implications for the treatment of 
patients with hyperoxic injury. 

Nitrogen dioxide originates from NO by oxidation. NO is generated during 
combustion processes for heat and energy production and is biologically 
inert. N02, however, which is an indoor as well as an outdoor pollutant, may 
cause alterations in pulmonary function, transient bronchial hyperreactivity, 
pulmonary edema, impairment of host defense mechanisms, and other 
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effects depending on the exposure characteristics (Gardner 1984; Morrow 
1984; Mustafa and Tierney 1978). 

Nitrogen dioxide is soluble in tissue fluids to a greater extent than ozone 
and is thought not to react primarly with the epithelium but the interstitium 
and endothelium (Mustafa and Tierney 1978). Nevertheless, N02 and ozone 
share similar mechanisms of injury induction, such as initiation of free 
radical reactions and enzyme inhibition. 

A number of in vitro and in vivo studies have been carried out on the 
effects of N02 on pulmonary surfactant. Arner et al. found evidence for 
impairment of LLF surface activity as well as a reduction in the disaturated 
PC fraction (DPPC) in rats after exposure to 2.9ppm N02 for 9 months 
(Arner and Rhoades 1973). Exposure to N02 for 1-40 h did not result in a 
change (Kobayashi et al. 1980; Leung 1983) or increase in synthesis rates of 
lung phospholipids (Blank et al. 1978, 1982). Blank et al. (1978) found a 
dose-dependent increase in total lung phospholipids in rats 2-3 days after 
the end of the N02 exposure (40ppm, Sh). Exposure to 30 ppm N02 for 1 h 
showed comparable results. Glycerol-3-phosphate acyltransferase and 
glycerol-3-phosphatidyltransferase activity as well as the total number of 
type II alveolar cells were increased after in vitro exposure to 40 ppm N02 

for Sh. 
DNA synthesis in rat lungs and the type II pneumocyte labeling index 

have been investigated by ES Wright (1986) following exposure to 2 ppm 
and 7 ppm N02 up to 14 days. The most distinct change was found to be the 
increase in DNA synthesis after 2 days of exposure to 7 ppm N02 , returning 
to near control values after 2 weeks. Also the cell labeling index in the 
7-ppm N02 group showed a significant elevation, returning to the control 
level within 14 days. 

Muller et al. (1989) reported an increase in phospholipid and apoprotein 
content in lung lavage fluid of rats exposed to 10 ppm N02 for 72h, although 
the secretion of type II pneumocytes seemed to be affected negatively. 
They explained the increased lavage content by an influx from the vascular 
system. 

These results suggest a biphasic effect of N02 exposure on surfactant 
synthesis in the lung. An initial stimulation of type II cell proliferation and 
metabolic activity occurring within hours up to 2-3 days seems to decline 
gradually and may be followed in the long run by surfactant suppression 
possibly due to affection of the type II pneumocyte. Furthermore, dif
ferences between ozone and N02 toxicity, although basically sharing similar 
injury mechanisms, are likely to exist. 

Diesel Exhaust 

One of the first studies dealing with exhaust effects on lung phospholipids 
was performed by Eskelson et al. (1981). An increased phospholipid content 
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was observed in saline wash of tracheobronchial airways after 9 months' 
exposure to diesel engine emissions containing 750/lg/m3 particles in rats 
and guinea pigs. Other studies (Chen and Vostal 1983; Strom 1983; E.S. 
Wright 1986; Wright and Vostal 1983) confirmed the finding of increased 
lavage content of phospholipids subsequent to diesel exhaust exposure up 
to 3 months. In addition, an increased phospholipid content in alveolar 
macrophages and an augmented DNA synthesis in type II cells, indicating 
proliferation of this cell type, were described (Strom 1983; Wright and 
Vostal 1983). In the study of E.S. Wright (1986) rats were exposed to 
diesel engine exhaust containing 6mg/m3 soot particles for up to 14 days to 
evaluate exhaust-related effects on type II cells and phospholipid metabo
lism. A transient increase in DNA synthesis and type II labeling index was 
found. Lavage phospholipid content was increased without a corresponding 
increase in biosynthesis as was investigated by glycerol-3-phosphate acyl
transferase analysis and in vivo incorporation of [14C]palmitic acid. In 
a further investigation Eskelson et al. (1987) presented evidence for a 
phospholipidosis in rat lung lavage subsequent to chronic exposure to diesel 
exhaust containing 750/lg/m3 soot particles. They related the increased 
pulmonary phospholipid content to proliferation of type II cells, increased 
de novo phospholipid synthesis, reduced clearance rate, and higher hepatic 
phospholipogenesis. 

Silica 

Several authors have reported surfactant accumulation in the lungs of silica
treated animals (Adachi et al. 1989; Gabor et al. 1978; Heppleston et al. 
1972, 1974; Kawada et al. 1989; Richards et al. 1983). The reasons for this 
increase are still subject to discussion. Heppleston et al. (1974) investigated 
surfactant synthesis and clearance rates and encountered an imbalance. The 
clearance, although also increased, could not keep pace with the incited 
biosynthesis. Miller and coworkers (Miller and Hook 1988; Miller et al. 
1986, 1987) described hypertrophic and hyperplastic type II cells in the lungs 
of silica-treated rats as well as increased intracellular SP-A content and 
synthesis rate (Miller et al. 1990). Augmented activity of enzymes involved 
in the phospholipid biosynthesis was found by Kawada et al. (1989). It is still 
unclear in what way the silica particle interacts with the type II cell. Bruch 
and Schlosser (1989) suggested the alveolar macrophage as the main effector 
cell of silica, subsequently stimulating the type II pneumocyte by release of 
mediators. He based his view on investigations performed with polyvinyl-N
oxide (PVNO)-coated quartz particles. PVNO inhibited the characteristic 
silica-induced lesions in the alveolar micromilieu. Obviously, phospholipid 
and protein biosynthesis are increased after silica exposure almost to the 
same extent (10- to 12-fold) (Kawada et al. 1989). The phospholipid profile 
of the surfactant fraction was found to be changed (Adachi et al. 1989; 
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Kawada et al. 1989). The relative amount of PG was decreased and that of 
PI increased, leading to a decrease in the PG/PI ratio, otherwise found to be 
reduced in the lung lavage fluid subsequent to alveolar injury (Sheehan 
et al. 1986; Thrall et al. 1987). 

The changes in the intra- and extracellular surfactant pool seem not to 
represent simply a nonspecific alveolar reaction but some kind of a defense 
mechanism. Surfactant may inhibit the cellular toxicity of silica particles by 
coating their surface, thus preventing a direct contact of the silica surface 
with cellular and subcellular membranes (Haagsman and van Golde 1985; 
Schimmelpfeng et al. 1989; Wallace et al. 1988). Retoxification of the 
particle may occur by gradual degradation of such a phospholipid membrane 
by phospholipase. 

Tobacco Smoke 

Compared to environmental pollutants tobacco smoke is inhaled in unusually 
high concentrations. Its involvement in the pathogenesis of epidemio
logically important lung diseases such as chronic bronchitis, emphysema, 
and lung cancer is well established (Doll and Peto 1976). The question 
arises as to how the pulmonary surfactant system is affected, and what role 
such effects may play with regard to lung disease processes. 

The findings about surfactant yield in BALF of smokers and smoke
exposed animal species are still somewhat contradictory. Hughes and 
Haslam (1990) found increased levels of PG, PE, and SPH in the BALF of 
smokers. Oulton et al. (1991) described a twofold increase in LLF phos
pholipid content of mice exposed for 30 min to smoke generated from the 
burning of polyurethane foam. The intracellular phospholipid pool was 
unchanged, suggesting an impaired alveolar clearance of surfactant rather 
than an increased de novo synthesis. Other investigators also found in
creases or no differences in the lavagate phospholipid content harvested 
from smoke exposure groups compared to the control group (Clements 
1972; Hamosh et al. 1979; Hughes and Haslam 1990; Low et al. 1977). In 
contrast, Finley and Ladman (1972), Le Mesurier et al. (1980, 1981), and 
recently De Bernardi et al. (1990) reported decreased amounts of surfactant 
in the lavage fluid of smokers and smoke-exposed animals. Le Mesurier 
et al. (1981) described ultrastructural changes of hypertrophied type II cells 
in rats following 25 days of exposure to cigarette smoke. At that time 
intracellular lamellar bodies were prominent and stained intensively osmio
philic. Further exposure up to 50 days led to the disappearance of the 
lamellar bodies. A reduced number of lamellar bodies in type II pneumo
cytes was also mentioned by De Bernardi et al. (1990), who exposed rats to 
cigarette smoke for 6 months. 

Studies dealing with the surface activity of surfactant underlined the 
detrimental impact of tobacco smoke. Miller and Bondwant (1962) exposed 
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a surfactant layer extracted from rat lungs in vitro to cigarette smoke and 
found lower surface tension of the expanded monolayer compared to 
control group samples. Rises in minimum surface tension were also de
scribed (Cook and Webb 1966; Higenbottam 1989). In vitro studies with 
surfactant showed evidence that the particulate constituents of tobacco 
smoke are responsible for the increase in minimum surface tension (Cook 
and Webb 1966; Higenbottam 1989). Surface-active substances present in 
smoke particles, such as sterol and fatty acids, were seen as penetrating into 
the monolayer and impairing surface activity. 

Various Substances with Surfactant Toxicity 

In 1985 Haagsman and van Golde published their comprehensive review on 
surfactant and pulmonary toxicology. They noted a paucity of knowledge on 
this subject despite its importance for pulmonary well-being. Not much is 
known about surfactant toxicity attributable to less widespread pollutants. 
Kynast et al. (1987) reported impairment of the pulmonary surfactant 
system in rats after exposure to technical aerosols (water-proofing sprays). 
They found an initial decrease within 2 h after the start of exposure, a 
reactive increase probably due to shedding out of the cellular phospholipid 
reservoir within 24h, and a subsequent decrease until returning to control 
levels after 2 weeks after treatment. 

In our laboratory evidence was found for impairment of the surfactant 
system in rats by inhalation of methylene diphenyl diisocyanate (MDI) 
(Klingebiel et al. 1991; Martin-Carrera et al. 1991). MDI is known to induce 
affections of the respiratory tract in exposed workers, extending from cough 
and nasal congestion to acute bronchospasm and allergic asthma. Total 
phospholipid content as well as the relative PC content in rat LLF were 
significantly reduced after 4 weeks of exposure to 3.0mg/m3 monomeric 
MDI. The percentage of all other surfactant phospholipids was significantly 
increased, with the PSIPI ratio showing the highest level of statistical signi
ficance (p ~ 0.001). Interestingly, neither dynamic nor quasistatic lung 
compliance, as assessed by whole-body plethysmography, were altered 
compared to the control group. In another investigation concerning pol
lutant surfactant interactions (Klingebiel et al. 1991) we exposed adult male 
Wistar rats to 1.0mg/m3 monomeric MDI during 18h/day, 5 days/week for 
12 weeks. Total phospholipid content of LLF was significantly reduced 
whereas the relative PI content increased (p ~ 0.05) in the MDI group 
compared to the clean-air group. The relative PC content was reduced but 
not significantly (p = 0.053). Also in this study there were no statistically 
significant alterations in terms of lung resistance and compliance in the 
exposure group. Thus, regarding MDI effects on pulmonary surfactant, 
the aerosol concentration applied seems to be a more decisive factor for 
the 'extent of phospholipid concentration changes in LLF than the duration 
of exposure. 
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Narayan et al. (1990) reported effects of intratracheally administered 
insecticides (DDI, endosulfan) on lipid metabolism of rat lung subcellular 
fractions. They found an increased phospholipid content in the surfactant 
system as collected by lung lavage and an enhanced PC/DPPC synthesis via 
the cytidine diphosphate choline (CDPcholine) pathway. 

The impact of exposure to hydrogen sulfide on surface properties of 
lung surfactant in rats has been recently assessed by Green et al. (1991). 
Concentrations above and below the threshold concentration for pulmonary 
edema in rats (2ooppm) were used and surface activity was measured using 
a so-called captive bubble surface tensiometer. The authors described 
significant increases in minimum surface tension subsequent to exposure to 
300 ppm hydrogen sulfide. They related these changes in surface activity to 
inhibition of pulmonary surfactant by surfactant inhibitors in the edema fluid 
as in vitro addition of sodium sulfide (being hydrolysed to hydrogen sulfide) 
to rat LLF did not result in similar changes as observed in vivo. In contrast, 
addition of serum proteins to rat LLF in vitro did result in abnormalities of 
the surface active properties of the samples. 

In vitro investigations with cultured rat alveolar type II pneumocytes 
being exposed to various concentrations of carbon tetrachloride showed 
a decrease of intracellular ATP content concomitant with inhibition of 
PC synthesis (Ma et al. 1989). Some reports have been published about 
experimentally induced respiratory distress syndrome by various noxious 
agents. Several animal models have been used to elucidate the patho
mechanism and the therapeutic benefit of surfactant replacement in ARDS 
(Lachmann 1989a,b). Inductive noxae for respiratory distress used in the 
more recent investigations were N-nitroso-N-methylurethane in dogs (Liau 
et al. 1987) and rats (Harris et al. 1989), oleic acid in rabbits (Casals et al. 
1989), endotoxin in guinea pigs (Tahvanainen and Hattman 1987), and a 
betaine hydrochloride-pepsin mixture in rabbits (Strohmaier et al. 1990). 
Reduced recovery and altered composition of phospholipids in lung lavage 
fluid as well as an increased protein content were common findings. 

Bleomycin-induced interstitial pneumonia in rats is used as a model for 
fibrosing diseases in the human lung (Sulavik and Thrall 1987). There was a 
reproducible decrease in the PGIPI ratio (Horiuchi et al. 1990; Sulavik and 
Thrall 1987) as found in patients suffering from idiopathic pulmonary 
fibrosis (Honda et al. 1988; McCormack et al. 1988). 

Effects of Pollutants on the Interaction of Pulmonary Surfactant 
and Alveolar Macrophages 

As mentioned above (see "Nonspecific Local Defense Mechanisms"), the 
pulmonary surfactant system is able to modulate the pulmonary immune 
response to inhaled foreign bodies. Especially the stimulation of alveolar 
macrophages in terms of migration, phagocytosis, and oxygen radical 
generation (Baughman and Strohofer 1989; Baughman et al. 1987; O'Neill 
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et al. 1984a,b; Van Iwaarden et al. 1990, 1991; Wright and Tenner 1989) 
must be considered when talking about detrimental impact of pollutants on 
the surfactant system. Epidemiologic evidence was presented that environ
mental pollutants may play a role in increasing susceptibility to respiratory 
infections (Bates and Sitzo 1983, 1986, 1987, 1989). Knowing that the 
pulmonary surfactant system supports alveolar defense mechanisms, and 
that it is also sensitive to a variety of inhalative pollutants suggests in vitro 
investigation of surfactant macrophage interaction subsequent to in vivo 
pollutant exposure. 

To our knowledge only one group of scientists, Oosting and coworkers 
from the group of van Golde (University of Utrecht, Netherlands) has 
addressed this intriguing subject up to now (Oosting et al. 1991, 1992). The 
authors reported an impaired SP-A activity in terms of self-association, lipid 
aggregation, and mannose-binding capacity, which is thought to represent a 
putative mechanism for macrophage stimulation (Oosting et al. 1991a). 
Oosting et al. were able to demonstrate the following effects of in vitro or in 
vivo exposure of SP-A of different species to ozone: inhibition of SP-A 
impact on surfactant secretion from the type II pneumocyte, increased 
susceptibility of (canine) SP-A to proteolysis, decreased ability of (human) 
SP-A to enhance phagocytosis of herpes simplex virus and to stimulate 
superoxide anion production by alveolar macrophages. The latter finding 
was confirmed by investigations with SP-A isolated from the lungs of 
ozone-exposed rats. 

Conclusions and Prospects 

Uptake of pulmonary noxae via the inhalation route may result in a variety 
of disease processes, such as airway hyperreactivity, epithelial damage and 
alterations of the alveolocapillary membrane, acute and chronic inflam
mation, and tumor development. What kind of disease process is induced in 
the lung, if at all, depends among other factors on the physical and chemical 
properties of the inhaled toxicant, on the local dosimetry, on its deposition 
and clearance in the airways, and on the metabolic and immunologic status 
of the lung. For more detailed information about basic principles in in
halation toxicology the reader is referred to other publications (Dungworth 
1989). 

In terms of surfactant toxicology the terminal airways, i.e., the terminal 
bronchioli and respiratory bronchioli as well as the alveolar ducts, are of 
special interest. The type I pneumocyte covering the major surface area of 
the alveolus reacts sensitively to toxic pollutants, and cell death occurs early. 
The type II pneumocyte, being a secretory cell, is in general less sensitive to 
direct acting toxicants (Dungworth 1989) and can proliferate and differ
entiate into type I cells. The interstitial tissue shows evidence of inflam-



224 R. Klingebiel and U. Heinrich 

matory cell influx, fibroblast activity, and plasma extravasation. Cellular and 
humoral mediators are present here as well as in the alveolar space where 
desquamized cells and secretory products accumulate. 

Chronic exposure to inhaled toxicants represents a permanent stimulus 
for proliferative repair and cell differentiation. Metaplasia and transdif
ferentiation of the type II cell may occur (Dungworth 1989). The more 
sensitive type I cell is increasingly replaced by the secretory type II cell. 
Particle contact with the alveolar surface seems to exert an inciting effect on 
cellular metabolism and proliferation. Increases in DNA synthesis and type 
II cell labeling index were found as well as augmented activity of enzymes 
involved in the phospholipid biosynthesis (Kawada et al. 1989; E.S. Wright 
1986). It has been argued that type II cell stimulation is mediated via the 
alveolar macrophage (Bruch and Schlosser 1989; Finkelstein 1990), possibly 
by a macrophage-released growth factor. 

On the other hand, extension of the bronchiolar epithelial cells into the 
alveolar duct ("brochiolarization") may occur, leading to a reduction in 
alveolar surface area. The bronchiolarization of alveolar ducts is associated 
with interstitial fibrosis, a characteristic interstitial response in chronic 
inflammation. Another detrimental effect of prolonged inhalative exposure 
to air pollutants may be affection of elastic fibers and subsequent pulmonary 
emphysema, also leading to diminished surface area for alveolar gas 
exchange. 

Whether incited to proliferate and replace the type I pneumocyte, or 
whether rarefied due to bronchiolarization or emphysema, the type II 
pneumocyte is of importance in toxicological processes of the lung periphery. 
As surfactant is a characteristic metabolic product of the type II cell type, its 
quantitative and qualitative determination should provide valuable infor
mation about the cellular integrity and metabolic activity of the alveolar 
type II cell. Nevertheless, some aspects should be kept in mind when 
surfactant analysis in LLF has been carried out, and conclusions must be 
drawn. The extracellular surfactant pool does not necessarily correspond to 
the intracellular one. An elevated LLF phospholipid concentration could be 
due to an impaired surfactant clearance from the alveolar space or an 
increase in the number of type II cells rather than an enhanced de novo 
synthesis. And a reduced extracellular surfactant content may occur while 
the intracellular storage granules, the lamellar bodies, have considerably 
gained volume, suggesting affection of surfactant secretion. To obtain more 
precise information about changes in surfactant synthesis and/or secretion 
the use of radioactively labeled precursors were useful. 

The pulmonary surfactant system, however, is not only a characteristic 
metabolic product of a specific cell type but an important functional, 
biochemical, and immunological factor for the well-being of the respiratory 
tract. It is indispensable for intact lung mechanics und participates directly 
and indirectly in the local defense system against inhaled particles, and 
microorganisms. The results of Oosting et al. (see "Effects of Inhala-
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tive Pollutants on the Interaction of Pulmonary Surfactant and Alveolar 
Macrophages") indicating functional impairment of alveolar macrophages 
subsequent to ozone exposure mediated by affection of the surfactant
associated protein A (SP-A) underline the need for further research in this 
area. Also the reports of Schiirch, Gehr, and coworkers on surfactant 
impact on particle deposition in the upper respiratory tract (Gehr et ai. 
1990a,b; Schiirch et ai. 1990) deserve further investigation. The mechanisms 
and the pathophysiological meaning of surfactant changes occurring in the 
course of pollutant exposure are still not well understood. 

Regarding the variety of effects exerted by the pulmonary surfactant 
system, it is difficult to understand why this system has only rarely been 
addressed in inhalation toxicity studies. One of the reasons contributing to 
underestimation of efficacy of surfactant assessment in inhalation toxicology 
may have been analytical problems. Two-dimensional thin-layer chromato
graphy is still the analytical method of choice in many surfactant labora
tories. This method does not require expensive analytical equipment but 
is time consuming, and satisfactory recovery, especially of the smaller 
phospholipid fractions (PI, PS, PE), is difficult to achieve. Analysis of 
surfactant-associated proteins was done by means of sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and only those laboratories 
having SP-A antiserum at their disposal could perform immunoblotting 
or even establish an immunoassay of their own for quantification. In the 
meantime several publications about phospholipid analysis in biological 
matrices by high-performance liquid chromatography have appeared (Becart 
et ai. 1990; Breton et ai. 1989; Heinze et ai. 1988; Kuhnz et ai. 1985; Kynast 
and Schmitz 1988; Pison et ai. 1986; Rimpler et ai. 1987; Scarim et ai. 
1989). In our own laboratory such a method has recently been developed 
that permits separation and quantification of all surfactant phospholipids 
(see R. Klingebiel et aI., this volume). By now, all three surfactant pro
teins (SP-A, SP-B, SP-C) have been synthesized by the pharmaceutical 
industry using gene technological procedures, and some laboratories have 
established SP-A immunoassays (Akino et ai. 1988; Katyal and Singh 1983; 
Kuroki et ai. 1985a,b). At least for the human SP-A an immunoassay 
will be commercially available in the near future (T. Akino, personal 
communication) . 

Numerous publications underline the correlation of pollutant-induced 
pulmonary affections and concomitant quantitative and qualitative changes 
of the pulmonary surfactant system. What pathophysiological mechanisms 
are involved in surfactant toxicology, and whether phospholipid or apo
protein analysis or specific ratios of them are more promising for toxi
cological purposes is still a matter of discussion. Evidence was also shown 
that the pulmonary surfactant system extends its influence beyond broncho
alveolar mechanics and affects the local immune response to inhaled foreign 
material as well as the fate of particles deposited in the upper conducting 
airways. 
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Further investigation in this intriguing research area is needed, and 
the high performance analytical equipment now being disposable will 
undoubtfully facilitate this work. 
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