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Introduction

Several clinical and experimental studies in the last ten years have provided com
pelling evidence for the importance of alveolar epithelial injury in the pathogen
esis of acute lung injury (ALI). Over twenty years ago, morphologic studies pub
lished by Bachofen and Weibel [1] demonstrated that there was evidence of both
lung endothelial and alveolar epithelial injury on morphologic examination of
patients who died with acute respiratory distress syndrome (ARDS).These stud
ies represent classic ultrastructural observations. However, the importance of the
alveolar epithelial injury was not appreciated until approximately the last ten
years. It is now apparent that the magnitude of alveolar epithelial injury is a major
determinant of the extent , severity, and prognosis in patients with clinical lung
injury. This chapter will review briefly some of the evidence from selected exper
imental work as well as some clinical studies.

Experimental Studies

A variety of experimental studies published in the 1970s and 1980s demonstrated
that the lung endothelial barrier was injured in animal models of ALI. Clearly,
endothelial injury in the lung is an important first step in the pathogenesis of ALI
because an increas e in lung vascular permeability must occur for there to be an
accumulation of protein-rich edema fluid in the lung. However, lung endothelial
injury is not sufficient to explain the severe lung injury that occurs in patients. Our
laboratory published a study in 1991 that demonstrated extensive lung endothelial
injury with intravenous and/or alveolar endotoxin in sheep [2]. The experiments
were done both under short term (4 hours) as well as longer term (24 hours) con
ditions. Interestingly, although there was a marked increase in lung endothelial
permeability with an increase in lung lymph flow, there was no evidence physio
logically or morphologically of injury to the alveolar epithelial barrier. In fact, the
epithelial barrier was sufficiently functional to reabsorb large quantities of fluid
instilled into the airspaces of the lung normally. Alveolar epithelial injury only
occurred when live Pseudomonas aeruginosa were instilled into the airspaces of
the lung. Even under these conditions , although there was an increas e in epithelial
permeability to protein, there was still net clearance of alveolar fluid, although it
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occurred at a submaximal rate [2]. This study established, therefo re, that lung
endothelial injury may not be associated with alveolar epithelial injury. Several
studies since that time have demonstrated that alveolar epithelial injury is present
when severe experimental lung injury develops. For example, acid-induced lung
injury in rabbits , when severe, is associated with both lung endothelial and alveo
lar epithelial injury with a significant decrease in alveolar epithelial fluid transport
capacity [3]. The injury is mediated by neutrophils and can be attenuated by the
administration of neutralizing monoclonal antibody against interleukin-8 [4].

Recent work from our laboratory has also established that alveolar epithelial
injury plays a major role in ventilator-induced lung injury (VILI). Using a model
of acid-induced lung injury in rats, these experiments demonstrated that a lung
protective ventilatory strategy with tidal volumes of 6 nil/kg, attenuates the
degree of lung endothelial and alveolar epithelial injury simultaneously. Interest
ingly,a further reduction of tidal volume to 3 mllkg resulted in further protection
for the alveolar epithelium. In the lowest tidal volume strategy, alveolar epithelial
injury, as measured by release of an alveolar epithelial type I cell antigen, was less
than in all the other groups. Furthermore, alveolar fluid clearance was highest in
the 3 mllkg tidal volume group [5].

What are the mechanisms that account for injury to the alveolar epithelial bar
rier and what constitutes epithelial cell injury? First of all, epithelial injury may
range from necrosis of type I and potentially type II cells with a simple denuding
of the epithelial barrier. Alternatively, type I cells might be injured and necrosed,
but type II cells may resist injury and be able to re-epithelialize the epithelial bar
rier with a provisional cuboidal epithelium. This process of repair has been mea
sured in several experimental models of lung injury, includ ing bleomycin
induced ALI.Epithelial injury may also be defined as loss of the normal functions
of type II cells, including surfactant secretion and ion transport. There is some
experimental evidence, as well as clinical data (see below) that supports this type
of injury to type II cells in some cases of ALI.For example , in the presence of sus
tained hemorrhagic shock, type II cells cannot respond normally to 132adrenergic
agonist therapy with the expected increase in alveolar fluid transport [6]. There is
also recent evidence that viral infection of epithelial cells in airway epithelium
can result in a loss of normal ion transport properties [7]. In vitro and some in
vivo evidence supports also a role for reactive oxygen species (ROS) in downreg
ulating the normal ion transport properties of alveolar type II cells [6].

The loss of a functional or viable alveolar epithelium makes it more likely that
the alveolar space will become a nidus for fibroblast proliferation and a fibrosing
alveolitis.The mechanisms that account for a fibroproliferative phase of ALIinclude
a procoagulant alveolar environment and the presence of pro-inflammatory
cytokines, such as interleukin (IL)-l, and a breakdown in the normal epithelial bar
rier properties [8].Also, the formation of hyaline membranes in the alveolar com
partment provides a microenvironment in which fibrosing alveolitis can occur.

Interestingly, several mechanisms can maintain or even upregulate alveolar flu
id transport in the presence of ALI.For example, in the presence of septic or hem
orrhagic shock , an endogenous elevation of epinephrine can markedly increase
the fluid transport capacity of the alveolar epithelium, although the effect is likely
to be present only as long as plasma epinephrine levels are elevated [9]. Secondly,
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there is some evidence that exogenous delivery of pagonists via the airspaces can
upregulate alveolar fluid clearance even in the presence of moderate lung injury
from hyperoxia [10]. P2 adrenergic agonist therapy may also increase surfactant
secretion and potentially may reduce the magnitude of inflammatory lung injury.
Alveolar fluid transport may also be upregulated by the presence of transforming
growth factor, epidermal growth factor, and keratinocyte growth factor. All of
these growth factors have been shown to increase the rate of alveolar fluid clear
ance experimentally [11, 12]. Finally,proliferation of alveolar type II cells appears
to be a critical mechanism for sustained upregulation of fluid clearance in the
presence of ALI [13]. Interestingly, in one experimental study, even though the
alveolar transport capacity of individual epithelial cells was approximately 50% of
normal, the total number of type II cells was increased several fold, resulting in a
net increase in the fluid transport capacity of the alveolar epithelium [13].

Clinical Studies

The most quantitative measure of alveolar epithelial function in patients with
clinical lung injury is the ability to quantify alveolar fluid clearance in the first few
hours after the development of pulmonary edema from ALI. Serial sampling of
pulmonary edema fluid (not bronchoalveolar lavage [BALl) provides a reliable
method for determining whether or not patients are able to reabsorb alveolar
edema fluid [14, 15].The majority of patients with ALIhave impaired alveolar flu
id clearance in the first few hours after developing lung injury. Interestingly,
approximately 20% of patients have a maximal capacity to remove alveolar fluid.
These patients have a significantly better prognosis for recovery from ALI [16].
The patients with impaired alveolar fluid clearance and a poor prognosis have a
higher incidence of sepsis. New evidence indicates that patients with impaired
alveolar fluid clearance, from either hydrostatic or increased permeability pul
monary edema, have higher levels of nitrate and nitrite in their edema fluid, sug
gesting that injury from ROSmay be associated with impaired alveolar epithelial
fluid transport [17]. In addition, there is evidence that reduced levels of surfactant
protein-D are present in the BAL fluid or pulmonary edema fluid of patients with
severe ALI who have an especially poor prognosis for recovery. The low levels of
surfactant protein-D suggest that alveolar type II cells are not functioning at a
normal level, perhaps another clinical indicator of epithelial injury [18].

Future studies will be designed to evaluate the relationship in patients between
impaired alveolar fluid transport and the concentration of alveolar epithelial type
I cell antigen as well as possibly markers of alveolar epithelial type II cell injury
as well [19]. If these biologic markers can be measured in the plasma, they may
also provide an index of the magnitude of lung injury in patients.

Conclusion

Both experimental and clinical evidence indicates that alveolar epithelial injury plays
a critical role in both the pathogenesis and propagation of ALI. Loss of the alveolar
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epithelial barrier, especially the type I cells which cover more than 95% of the sur
face area, will facilitate the translocation of protein-rich edema fluid into the alveo
lar space along with pro-inflammatory cytokines that are capable of inducing a fi
brosing alveolitis in the distal airspace compartment. Even in the absence of frank
epithelial cell necrosis, type II cells may be dysfunctional, both in terms of surfactant
secretion as well as ion transport. It is now possible to measure alveolar fluid trans
port in patients with ALI,a non-invasive method that provides some early quantita
tive information regarding the function of the epithelial barrier. Measurements of
surfactant protein-D and alveolar type I cell antigen may provide reliable biochemi
cal indices of the extent of type I cell injury as well as type II cell dysfunction. There
is some evidence that ROSmay mediate epithelial cell injury, although it is also like
ly that direct viral or bacterial invasion into epithelial cells may be an important
mechanism as well.There is good experimental evidence that mechanical forces may
also directly or indirectly injure the alveolar epithelial barrier [20].Resolution of ALI
requires an intact epithelial barrier that can remove alveolar edema fluid, restore the
normal low surface tension of the alveolus with appropriate secretion of functional
surfactant, and provide a physical barrier against the translocation of protein-rich
edema fluid into the airspaces of the lung [8]. Considerable progress has been made
in understanding the role of several growth factors in promoting alveolar epithelial
repair in the injured lung; however, the precise mechanisms are incompletely under
stood [8,21,22]. Also, the relationship of injury to the capillary endothelium, fibro
sis, and injury to nearby alveolar epithelium needs to be better appreciated [22-24].
For example, it is possible that the lack of appropriate capillary blood flow may pre
vent restoration of a normal alveolar epithelial barrier. Finally,there is excellent evi
dence that mechanical forces from excessive airway pressures and elevated tidal vol
ume can injure the alveolar epithelium. The success in reducing mortality with a low
tidal volume, plateau pressure limited strategy provides circumstantial evidence for
the relationship of lung epithelial injury to the degree of overall pulmonary injury in
clinical ALI [20]. Since multiple organ failure (MOF) was reduced in the ARDSNet
work trial [20], it is apparent that a reduction in the magnitude of lung injury can
significantly attenuate the severity of MOF in patients with clinical ALI.
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