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Role of Free Radicals In Lung Injury* 
Kenneth L. Brigham, M.D. 

Free radicals (and other toxic metabolites of oxygen) are 
generated in most cells as a consequence of normal meta-
bolic processes, but cells are protected from injury by 
antioxidant mechanisms. Several forms of lung injury ap-
pear to result from generation of toxic metabolites of oxygen 

F ree radicals (atoms or molecules containing un-
paired electrons) are normal products of several 

essential cellular processes.1 Such radicals, especially 
those derived from oxygen, have the potential for 
injuring cells and tissues, and aerobic organisms have 
evolved elaborate mechanisms for protecting them-
selves from the toxic consequences of oxygen metabo-
lism. In some cases, especially in phagocytic cells, 
generation of toxic metabolites of oxygen has been 
turned to advantage as a defense against malicious 
intruders. 

There is now evidence that several insults which 
·result in tissue injury do so by causing generation of 
toxic metabolites of oxygen in amounts which exceed 
the capacity of tissues to protect themselves. Being in a 
perpetually high oxygen environment, the lungs are 
poorly situated for such processes; pulmonary oxygen 
toxicity is a good example of that fact. 

This brief review will summarize information sug-
gesting that toxic metabolites of oxygen mediate acute 
and chronic lung injury. The hypothesis is presented 
that free radical-mediated lung injury is a two-stage 
process, initiated by generation of free radicals within 
lung cells and exaggerated by free radicals derived 
from inflammatory cells. The chemistry of free radical 
formation will not be reviewed in depth since good 
reviews are in the literature.• Some potential clinical 
implications will be mentioned. 
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in quantitites which exceed the antioxidant capacity of lung 
cells. Several manipulations which prevent free radical 
production or accumulation or enhance antioxidant capacity 
of lung tissue may prove to be useful therapeutically in acute 
and chronic diseases of the lungs. 

ACUTE LuNG INJURY (Aour.:r RESPIRATORY DISTRESS 
SYNDROME [ARDS]) 

A remarkable array of clinical settings is associated 
with noncardiogenic pulmonary edema and respira-
tory failure, described as ARDS. Because the patho-
physiology and pathology are similar regardless of 
etiology, it is tempting to infer that the pathogenesis is 
similar as well. Such inferences have led investigators 
to search for common pathogenetic events with the 
hope that a single intervention might be 'effective, 
regardless of the clinical setting. Toxic metabolites of 
oxygen appear to be involved in lung injury from 
several causes and drugs which scavenge free radicals 
or prevent their generation are available. 

Several experimental models of lung injury by free 
radicals have been studied. Isolated perfused lungs are 
injured by toxic metabolites of oxygen added to3 or 
produced in4 the perfusate. Phagocytic cells, espe-
cially neutrophils, can produce toxic oxygen metabo-
lites when stimulated by complement fragments or 
phorbol esters, and much investigation has focused on 
neutrophils as sources of free radicals which injure the 
lungs. 

Neutrophils accumulate in the lungs in patients with 
ARDS, 5 and neutrophil-derived enzymes are present 
in bronchoalveolar lavage fluid from patients with 
ARDS, 8 providing evidence that these cells are acti-
vated. In several experimental models of diffuse lung 
injury, neutrophils also accumulate in the lungs, and 
the injury appears to depend on the presence of 
neutrophils. 

For example, isolated lungs become edematous 
when perfused with stimulated neutrophils, and the 
reaction does not occur with neutrophils from patients 
with chronic granulomatous disease which cells do not 
generate superoxide when stimulated. 7•8 Free radical 
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Table 1-Tnaporal &ltdioruhip Between Structural and Phyaiologic Cltanga/ollor.oing Infuaion tfEscherichia Coli 
Endolosin into Anntlaemed Sheep• 

Tune IDllowing Start 
of Endotoxin Infusion Structural Changes Physiologic Changes 

15 Minutes Accumu1ation, margination, degranu1ation and 
fragmentation of granulocytes and 
accumulation of activated lymphocytes in 
pulmonary microcirculation 

Increase in Ppa and protein-poor lung lymph Bow; 
decreased Pa01 and leukopenia; early alteration 
in lung mechanics 

30 Minutes Migration of leukocytes into interstitium; 
some interstitial edema 

Peak pulmonary hypertension and alterations in 
lung mechanics 

60 Minutes Endothelial and vessel wall damage; Damaged 
type 1 and interstitial cells; perivascular 
edema 

Ppa and lung mechanics returning toward 
baseline 

2 Hours and onwards Endothelial layer disruption 

•Reprinted with permission. w 

scavengers also prevent the response. 9 In whole animal 
models, intravascular complement activation causes 
neutrophil sequestration in the lungs and transient 
lung injury which also appears to be mediated by 
neutrophil-derived free radicals. io Diffuse lung injury 
resulting from pulmonary microemboli is attenuated in 
animals by either neutrophil depletion11 or antioxi-
dants.11 

One of the most common clinical settings in which 
ARDS occurs is Gram-negative sepsis, and infusion of 
Gram-negative bacterial endotoxin into sheep re-
produces much of the pathophysiology of ARDS. 13 In 
this animal model, both neutrophils and free radicals 
are involved in the injury. 

Tuble 1 juxtaposes the temporal course of structural 
and functional changes in the lungs of sheep fullowing 
endotoxin infusion. 14 Leukocytes (both neutrophils 
and lymphocytes) accumulate in the lungs early ful-
lowed by ultrastructural evidence of pulmonary endo-
thelial injury. Physiologic responses include early 
marked pulmonary hypertension, and later, increased 
flow of protein-rich lymph from the lungs, indicating 
increased permeability of exchange vessels. 13 A causal 
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Ppa and lung mechanics stable; increased lung 
vascular permeability 

relationship between neutrophil sequestration and 
increased lung vascular permeability is supported by 
demonstrations that the magnitude of the increase in 
lung vascular permeability resulting from endotox-
emia is diminished by neutrophil depletion. L'I 

Free radicals also appear to be involved in endo-
toxin-induced lung vascular injury. In unanesthetized 
sheep, we tested the effects of the free radical scav-
enger, n-acetylcysteine, on the endotoxin response. 18 

We round that n-acetylcysteine attenuated alterations 
in lung mechanics and pulmonary hypertension 
caused by endotoxemia. The drug also diminished the 
degree of microvascular injury as reflected in altera-
tions in lung lymph flow and protein content {Fig 1). 

The most direct furm of free radical injury to the 
lungs is pulmonary oxygen toxicity. The degree to 
which this furm of injury contributes to the clinical 
syndrome of ARDS is unknown, but the fact that 
patients are ventilated with high oxygen concentra-
tions fur prolonged periods often raises the specter of 
oxygen toxicity. Most animal species develop severe 
lung injury after a few days of ventilation with 100 
percent oxygen. The lung injury is characterized by 
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F1cuRE 1. Effects of the free radical scavenger, 
n-acetylcysteine, on endotoxin induced altera-
tions in lung lymph protein clearance (lymph 
Bow X lymph/plasma concentration) in unanes-l themed sheep. ~ = endotoxin alone, o-.. .o 
= n-acetylsteine + endotoxin, i-1. = n-ace-
tylcysteine alone. (Reprinted with permission.») 
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increased lung vascular permeability (noncardiogenic 
pulmonary edema) and respiratory failure; neutrophils 
sequester in the lungs, and neutrophil chemotaxins are 
produced in the lungs, 17 possibly originating from 
stimulated alveolar macrophages.18 Antioxidants can 
protect the lungs from oxygen toxicity. 111 However, 
whether neutrophils mediate pulmonary oxygen tox-
icity is not clear. In some preparations, neutrophil 
depletion may attenuate oxygen toxicity, 111 while in 
other preparations, neutrophil depletion has little 
effect on the response to hyperoxia.11 

A number of experimental lung injuries appear to 
involve both neutrophils and free radicals. Since acti-
vated neutrophils are a source of free radicals, a 
common notion is that sequestration and activation of 
neutrophils in the lungs are initial events in diffuse 
lung injury and may represent a common denominator 
in the pathogenesis of ARDS. 

There are several reasons to believe that this expla-
nation is too simple. Available data do not support the 
idea that neutrophils initiate pulmonary oxygen tox-
icity. Even in experimental models in which lung in-
jury is "neutrophil dependent," severe depletion of 
neutrophils does not completely eliminate the re-
sponse.• 

Is lung injury initiated by production of free radicals 
within lung cells? Lung endothelial cells are a primary 
site of injury in several models, and endothelial injury 
is characteristic of the clinical syndrome. Presumably, 
endothelial injury is the structural event which results 
in increased capillary permeability and pulmonary 
edema in ARDS. Lung endothelial cells can be grown 
· in culture, and studies in such preparations demon-
strate direct free radical mediated injury of these cells 
in the absence of any other cell type. 

The best example is oxygen toxicity. Lung endo-
thelial cells are injured over about three days' incuba-
tion in 95 percent oxygen. The time course of the 
injury is strikingly similar to the development of 
pulmonary oxygen toxicity in intact animals. Lung 
endothelial cells cultured in high oxygen atmospheres 
produce toxic oxygen metabolites.13 Antioxidant en-
zymes (superoxide dismutase and catalase), which act 
by detoxifying oxygen metabolites, protect lung endo-
thelial cells from hyperoxic injury if the enzymes are 
delivered to the interior of the endothelial cells; the 
same enzymes are less effective when outside the 
cells. 14 It appears that free radicals produced inside 
lung endothelial cells are responsible for the toxic 
effects of high oxygen. 

Bacterial endotoxins can also injure lung endothelial 
cells in culture in the absence of any other cell type. 111 

The degree of injury depends on the concentration of 
endotoxin, and the injury is manifest by changes in 
endothelial cell morphology, increased permeability of 
endothelial monolayers to solutes, release of lactate 

dehydrogenase from the cells, and increased produc-
tion of the prostanoid, prostacyclin. 111 This direct endo-
toxin-induced injury of lung endothelial cells is attenu-
ated by free radical scavengers. rr 

These studies using cultured endothelial cells dem-
onstrate that free radicals may mediate direct injury of 
endothelial cells. Additional studies indicate that such 
initial injury may increase the adhesiveness of lung 
endothelium for neutrophil~ and may make the endo-
thelium more susceptible to injury by activated neu-
trophils. 111 It is possible that an initial event in the 
pathogenesis oflung injury from a variety of causes is a 
free radical-mediated direct injury of lung cells and 
that free radicals derived from activated neutrophils 
compound the injury.11 H so, therapeutic agents which 
scavenge free radicals or prevent their furmation might 
be effective at both sites in the pathogenetic sequence. 

EMPHYSEMA 

A less direct role fur free radicals in lung injury is 
typified by current notions about the pathogenesis of 
pulmonary emphysema. The discovery that patients 
deficient in alpha-1 proteinase inhibitor are especially 
susceptible to development of emphysema led to the 
theory that emphysema may result from an imbalance 
of proteolytic and antiproteolytic activities in the 
lungs. 30 Activated neutrophils release proteinases and 
especially neutrophil elastase may injure lung tissue. 
Alpha-1 proteinase inhibitor inactivates neutrophil 
elastase and might serve to protect the lungs during 
inflammatory reactions. 

Free radicals inactivate alpha-1 proteinase inhibitor 
by oxidizing the molecule to a furm which has mark-
edly reduced activity against neutrophil elastase. 31 

This has been shown in vitro, and in vivo, increased 
amounts of neutrophil elastase and oxidized (inacti-
vated) alpha-I proteinase inhibitor have been demon-
strated in bronchoalveolar lavage 8uid from patients. 31 

Free radicals produced by activated phagocytic cells 
during an inflammatory response may disarm the usual 
antiproteolytic protective mechanisms, potentiating 
proteolytic injury of the lungs. 

Such an indirect role fur free radicals may also be 
part of the pathogenesis of acute lung injury. In 
patients with ARDS, both increased proteolytic activ-
ity and oxidized antiproteinases have been detected in 
bronchoalveolar lavage fluid. 8 

FREE RADICALS AS A GENERAL MECHANISM OF 
TISSUE INJURY 

In recent years, free radicals have been implicated in 
several furms of tissue injury. For example, when the 
gut is reperfused after a period of ischemia, there is 
severe tissue injury, and such injury can be prevented 
by agents which either scavenge free radicals or 
prevent their generation. 33 Similar data are available 
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fOr ischemic injury to the kidneys. 34 McCord35 has 
postulated that ischemic injury of the myocardium may 
occur by a similar mechanism. 

The source of free radicals in ischemia-reperfusion 
injury is thought to be from xanthine oxidase catalyzed 
reactions. Conversion of hypoxanthine or xanthine to 
uric acid by xanthine oxidase generates superoxide, a 
potentially toxic free radical. During ischemia, xan-
thine oxidase appears to be generated from xanthine 
dehydrogenase so that when oxygen is again available 
with reperfusion, superoxide is generated. 35 The po-
tential importance of the biochemistry is that allopuri-
nol, a commonly used drug, is a xanthine oxidase 
inhibitor which effectively prevents ischemia-reperfu-
sion injury in several experimental systems. Whether 
xanthine oxidase catalyzed reactions are important 
sources of injurious free radicals in the lungs is 
unknown. 

Free radicals have been implicated in radiation-
induced injury, drug toxicity, carcinogenesis and even 
aging. 38 Because the toxicity of these species spans a 
broad spectrum of organs and experimental situations, 
it is tempting to postulate that generation of free 
radicals is a basic mechanism of cell injury. 

THERAPEUTIC IMPLICATIONS 

If endogenous generation of free radicals is the 
pathogenetic common denominator fOr lung injury, it 
is possible that pharmacologic therapies could be 
developed which would be broadly applicable. Several 
such therapies are under investigation. 

Understanding the cellular biochemistry of free 
radical generation would permit interventions which 
prevent free radical generation. An example of such an 
approach is the protection from ischemia-reperfusion 
injury by the xanthine oxidase inhibitor, allopurinol, 
mentioned above. Other free radical generating reac-
tions in cells might also be susceptible to phlll'-
macologic manipulation. 

Free radical injury might be prevented by agents 
which scavenge free radicals, and many such com-
pounds are known. Some scavengers are dimethyl 
sulfOxide (DMSO-a hydroxyl scavenger}, dimethyl · 
thiourea (DMTU), n-acetylcysteine, and mannitol. All 
of these compounds have been used experimentally, 
but their use in whole animals may be limited by 
toxicity. N-acetylcysteine has the advantages of low 
toxicity and established use in humans fOr acetamino-
phen toxicity. Additional limitations are imposed by 
the ability of agents to readily penetrate cells, an 
essential characteristic if intracellular free radical gen-
eration is the initial event in lung injury. In the lungs, 
administration of antioxidants by the airway may 
permit selective protection oflung cells; this approach 
has been used. :n 

Superoxide dismutase and catalase, normal in-

812 

tracellular enzymes which inactivate toxic oxygen 
metabolites, may be administered, but the enzymes 
do not readily penetrate cells and this may limit their 
effectiveness. Recently, these enzymes have been 
delivered to the interior of cells by encapsulating the 
enzymes in liposomes. Such liposome encapsulated 
enzymes have been shown to protect both cultured 
pulmonary endothelial cellsl' and mice38 from oxygen 
toxicity. This novel approach to pharmacotherapy may 
prove clinically useful in the future. 

Finally, some manipulations can cause lung cells to 
increase normal mechanisms which protect against 
free radical injury. In some species, endotoxin in 
subtoxic doses will protect animals against pulmonary 
oxygen toxicity, possibly by enhancing lung concentra-
tions of superoxide dismutase. 38 Instillation of erythro-
cytes into the airways has also been shown to protect 
small animals from pulmonary oxygen toxicity, 40 possi-
bly by enhancing glutathione concentrations. 

Although none of these approaches is yet ready fOr 
clinical use, recognition that toxic metabolites of oxy-
gen may mediate lung injury provides a rationale fOr 
developing therapies which may be useful in a broad 
range of lung disorders. 
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