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Abstract

 

Chronic alcohol abuse increases the incidence and mortality
of the acute respiratory distress syndrome (ARDS) in septic
patients. To examine a potential mechanism, we hypothe-
sized that ethanol ingestion predisposes to sepsis-mediated
acute lung injury by decreasing alveolar type II cell glu-
tathione homeostasis and function. Lungs isolated from rats
fed ethanol (20% in water for 

 

$

 

 3 wk), compared with lungs
from control-fed rats, had greater (

 

P

 

 , 

 

0.05) edematous in-
jury (reflected by nonhydrostatic weight gain) after endo-
toxin (2 mg/kg intraperitoneally) and subsequent perfusion
ex vivo with 

 

n

 

-formylmethionylleucylphenylalanine (fMLP,

 

10

 

2

 

7

 

 M). Ethanol ingestion decreased (

 

P

 

 , 

 

0.05) glutathione
levels in the plasma, lung tissue, and lung lavage fluid, and
increased (

 

P

 

 , 

 

0.05) oxidized glutathione levels in the lung
lavage fluid. Furthermore, ethanol ingestion decreased type
II cell glutathione content by 95% (

 

P

 

 , 

 

0.05), decreased
(

 

P

 

 , 

 

0.05) type II cell surfactant synthesis and secretion,
and decreased (

 

P

 

 , 

 

0.05) type II cell viability, in vitro. Fi-
nally, treatment with the glutathione precursors 

 

S

 

-adeno-

 

syl-

 

L

 

-methionine and 

 

N

 

-acetylcysteine in the final week of
ethanol ingestion significantly reduced lung edema during
perfusion ex vivo. We conclude that ethanol ingestion in
rats alters alveolar type II cell glutathione levels and func-
tion, thereby predisposing the lung to acute edematous in-
jury after endotoxemia. We speculate that chronic alcohol
abuse in humans predisposes to ARDS through similar
mechanisms. (

 

J. Clin. Invest.

 

 1998. 101:761–768.) Key words:
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Introduction

 

The acute respiratory distress syndrome (ARDS)

 

1

 

 is a com-
mon and devastating form of acute lung injury that occurs

when diverse biological insults including sepsis, trauma, and
aspiration result in noncardiogenic pulmonary edema and res-
piratory failure, even in previously healthy people without a
history of pulmonary disease. Experimental evidence indicates
that multiple proinflammatory signals including endotoxin, ac-
tivated complement, and cytokines initiate an inflammatory
cascade that ultimately leads to diffuse alveolar damage (1).
When initially described, ARDS was defined as a discrete dis-
order involving only the lung parenchyma (2). Based upon an
improved understanding of its clinical course, ARDS is now
recognized both as the severe end of a wide spectrum of acute
lung injury and as the pulmonary manifestation of a systemic
disorder called the multiple organ dysfunction syndrome
(MODS) (3). In spite of over two and a half decades of re-
search concerning ARDS, there is no effective therapy and the
mortality remains unacceptably high at 40–60% (4). Further-
more, as the incidence of sepsis, which is the most common
risk factor for the development of ARDS, continues to rise the
number of cases will also increase (5, 6).

In the early 1980s, two studies identified patients assumed
to be at risk for the development of ARDS, and determined
their actual incidence of ARDS to be 7% in one study and
34% in the other (7, 8). In both studies, several diverse diag-
noses, such as sepsis, trauma, and aspiration of gastric con-
tents, were prospectively identified which were associated with
a higher incidence of ARDS. However, no individual diagnosis
was associated with an incidence of ARDS of 

 

.

 

 40%. There-
fore, other factors in addition to the specific at-risk diagnosis
must play a role in determining which at-risk patients eventu-
ally develop ARDS.

Although intoxicated individuals are predisposed to sev-
eral of the at-risk diagnoses, it was only recently that an epide-
miological study found an association between alcohol abuse
and ARDS. Researchers in Seattle reported that chronic alco-
hol abuse increased the risk of complications in trauma pa-
tients (9). The risk of respiratory failure, defined as respiratory
distress requiring mechanical ventilation, was higher among
the trauma patients with evidence of chronic alcohol abuse.
Recently, a prospective study of 351 critically ill patients re-
ported that a history of chronic alcohol abuse increased the in-
cidence and severity of ARDS regardless of the at-risk diagno-
sis (10). For the entire cohort studied, the incidence of ARDS
in patients with a history of chronic alcohol abuse was 43%
compared with 22% in patients without a history of alcohol
abuse (

 

P

 

 , 

 

0.001). For patients with sepsis as their main risk
factor, a history of alcohol abuse increased the incidence of
ARDS to 52% as compared with 22% in patients without a
history of alcohol abuse (

 

P

 

 , 

 

0.001). Furthermore, in those pa-
tients that developed ARDS, the in-hospital mortality was
higher for those with a history of chronic alcohol abuse. This
observation distinguishes chronic alcohol abuse as the first re-
ported comorbid variable that significantly increases a pa-
tient’s risk of developing ARDS and raises questions about the
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pathophysiology and treatment of ARDS and the effects of al-
coholism on the lung.

One potential link between chronic alcohol abuse and an
increased susceptibility to acute lung injury is a derangement
in glutathione homeostasis. There is considerable evidence
both in animal models and in human studies that alcohol-
induced hepatic injury involves glutathione depletion and con-
sequent oxidative stress (11, 12). Furthermore, the lung is de-
pendent on hepatic synthesis of glutathione because it imports
glutathione from the plasma. Patients with ARDS have de-
creased levels of the reduced form of glutathione and in-
creased levels of the oxidized form of glutathione in their lung
lavage fluid (13, 14). Under normal conditions, the alveolar
type II cell maintains a glutathione level in the epithelial lining
fluid of 

 

.

 

 400 

 

m

 

M, several hundred times higher than plasma
and one of the highest levels identified for any extracellular
fluid (15). Alveolar type II cells have diverse functions in main-
taining the unique microenvironment of the alveoli, including
glutathione homeostasis and surfactant secretion. They are
also the progenitors of type I cells and therefore are responsi-
ble for maintaining and/or restoring the alveolar structure (16)
after injury. Type II cells are sensitive to oxidative stress (17),
and ARDS patients have evidence of type II cell dysfunction
as reflected by low levels of surfactant (18, 19) in their lung la-
vage fluid.

Based on these observations we hypothesized that chronic
alcohol abuse decreases alveolar type II cell glutathione levels
and consequently impairs their surfactant production and via-
bility, thereby predisposing critically ill patients to acute lung
injury. To test this hypothesis we used an animal model of
chronic ethanol ingestion in rats. We first determined that eth-
anol ingestion increased edematous injury in lungs isolated
from endotoxin-treated rats and perfused ex vivo. We then ex-
tended these studies to examine the effects of ethanol inges-
tion on lung glutathione homeostasis and alveolar type II cell
function.

 

Methods

 

Ethanol feeding of rats.

 

Young adult male Sprague-Dawley rats (200–
250 g) were fed standard rat chow and water ad libitum. After a 1-wk
acclimatization period, some rats were given ethanol (20% vol/vol in
their drinking water) with their standard chow while control-fed rats
were maintained on standard chow and water. In each group of ex-
periments, rats were pair-fed with either ethanol/water or water for
the same period of time. In all experiments the duration of the feed-
ing period was between 3 and 5 wk. In one group of experiments, rats
were given ethanol for 2 wk and then given the glutathione precur-
sors 

 

S

 

-adenosyl-

 

L

 

-methionine (SAM, 0.4 mg/ml) and 

 

N

 

-acetylcys-
teine (NAC, 0.163 mg/ml) with the ethanol/water mixture for 1 wk
before lung isolation.

 

Isolation and perfusion of lungs.

 

Ethanol-fed and control-fed rats
were given endotoxin (

 

Salmonella typhimurium

 

, 2 mg/kg in saline;
Sigma Chemical Co., St. Louis, MO) or saline intraperitoneally. This
treatment produces acute endotoxemia and sequestration of circulat-
ing neutrophils in the pulmonary capillaries (20). After 2 h, rats were
anesthetized with pentobarbital (60 mg/kg intraperitoneally) and a
tracheostomy cannula was placed and secured with 2-O ligature.
Lungs were ventilated with a tidal volume of 3 cm

 

3

 

 at a rate of 60/min
with a gas mixture containing 5% CO

 

2

 

, 21% O

 

2

 

, and 74% N

 

2

 

. After
catheters were placed and secured in the pulmonary artery and left
ventricle, the lungs and heart were excised en bloc, placed in an iso-
lated lung chamber, and ventilated with 2.5 cm of H

 

2

 

O positive end-
expiratory pressure added. Lungs were then perfused free of blood

using Earle’s balanced salt solution (Sigma Chemical Co.) to which
was added sodium bicarbonate (2.2 g/liter) and Ficoll-70 (40 mg/ml;
Sigma Chemical Co.), and the final pH adjusted to 7.40. Perfusate (30
cm

 

3

 

) was passed through the lungs to remove residual blood. The sys-
tem was then closed and 30 cm

 

3

 

 of perfusate was continuously recir-
culated at a rate of 40 cm

 

3

 

/kg body wt/min. A 20-min equilibration pe-
riod was followed by a 60-min experimental protocol. In some
experiments, 

 

n

 

-formylmethionylleucylphenylalanine (fMLP; Sigma
Chemical Co.) was added at the beginning of the experimental period
with a final concentration of 10

 

2

 

7

 

 M. Pulmonary arterial pressures
were monitored continuously with a pressure transducer and changes
in lung weight were monitored with a force transducer. In some ex-
periments the double vascular occlusion technique (21) was per-
formed at the time when the mean pulmonary arterial pressures were
at their maximal value in order to determine the capillary hydrostatic
pressures after the addition of fMLP.

 

Sampling of plasma, lung tissue, and bronchoalveolar lavage
fluid.

 

Ethanol-fed and control-fed rats were anesthetized with pento-
barbital (60 mg/kg intraperitoneally), and a tracheostomy cannula
was placed and secured with 2-O ligature. The lungs were ventilated
with room air at 60 breaths/min with a tidal volume of 3 cm

 

3

 

. The chest
cavity was opened and heparin (100 U) was injected into the right
ventricle and allowed to recirculate for 

 

z

 

 30 s. Approximately 1 cm

 

3

 

of blood was then withdrawn from the right ventricle and saved for
determination of glutathione and urea levels. A perfusion catheter
was then placed in the pulmonary outflow tract and, after transection
of the left ventricle, the lungs were perfused blood-free with saline in
order to minimize the effect of red cell glutathione on lung tissue lev-
els. The ventilator was then disconnected and the lungs were lavaged
with 5 cm

 

3

 

 of saline with an average recovery of 3.5 cm

 

3

 

. The lungs
were then excised away from other tissues and frozen in liquid nitro-
gen for subsequent determination of glutathione levels. In some ex-
periments, the lungs were harvested 2 h after treatment with endo-
toxin 2 mg/kg intraperitoneally for determination of myeloperoxidase
(MPO) activity.

 

Determination of lung MPO activity.

 

Lung MPO was determined
by a modified method (22). Briefly, lungs were homogenized in 6 ml
of potassium phosphate buffer (50 mM, pH 6.0) containing 0.5%
hexadecyltrimethylammonium bromide and 5 mM EDTA, sonicated
for 30 s, and then centrifuged at 2,300 

 

g

 

 for 30 min at 4

 

8

 

C. 50 

 

m

 

l of
sample was then added to 1.45 ml of assay buffer (100 mM potassium
phosphate, pH 6.0, to which 83.3 

 

m

 

l of 0.3% H

 

2

 

O

 

2

 

/50 ml and 50 mg

 

o

 

-dianisidinehydrochloride/550 ml were added). The MPO activity in
each sample was determined by measuring the change in optical den-
sity at 460 nm/min.

 

Determination of glutathione levels.

 

For determining the levels
of reduced glutathione in plasma, lung tissue, and freshly isolated
type II cells, we used a variation of the HPLC method presented by
Martin and White (23). Briefly, each sample was extracted in 5% per-
chloric acid with 0.2 M boric acid and 

 

g

 

-glutamyl-glutamate (10 

 

m

 

M)
as an internal standard. Iodoacetic acid was added and the pH was
adjusted to 9.0

 

6

 

0.2. After incubation for 20 min to obtain 

 

S

 

-car-
boxymethyl derivatives of thiols, dansyl chloride was added and the
samples were incubated for 24 h in the dark. Samples were then sepa-
rated on an amine column with the solvents described by Reed et al.
(24). Fluorescence detection was used for separation and quantifica-
tion of the dansyl derivatives. The dilution of the lung epithelial lining
fluid by the saline lavage was estimated by concomitant measure-
ments of urea in the plasma and lavage fluid (25). In the lung lavage
fluid samples, levels of oxidized glutathione were measured in paral-
lel with the levels of reduced glutathione. In the plasma and lung lav-
age fluid, glutathione levels were expressed as a concentration (in mi-
cromolars). In the lung tissue and isolated type II cells, glutathione
levels were expressed as nanomoles per milligram of protein and
nanomoles per 10

 

6

 

 cells, respectively.

 

Alveolar type II cell isolation.

 

Type II cells were isolated using a
standard protocol (26). Briefly, rats were anesthetized and a trache-
ostomy placed followed by en bloc lung isolation. After buffer perfu-
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sion to remove intravascular blood elements, the lung airways were
filled via the tracheostomy cannula with a solution containing porcine
pancreatic elastase. The lung parenchyma was then cut away from the
large airways and minced in a solution containing DNase and FBS (to
terminate the elastase reaction). The minced lung was then succes-
sively filtered through 100 and 20 

 

m

 

M nylon mesh and the recovered
cells plated onto 100-mm bacteriologic plastic dishes that had been
coated previously with rat IgG. After a 1-h incubation at 37

 

8

 

C, the
nonadherent type II cells were gently aspirated from the plates to
which the alveolar macrophages and other immune cells had adhered.
The type II cells were then placed in tissue culture plastic plates con-
taining Dulbecco’s modified Eagle’s medium/F-12 Ham’s medium
(DME/F12) containing 10% serum. Cells obtained by this method
typically contain 

 

z

 

 90% alveolar type II cells that are 

 

. 

 

90% viable
by Trypan blue exclusion (26). In our study, the total number of cells
isolated was quantitated and expressed as the number of adherent
cells after 24 h in culture per lung. The type II cells were identified by
staining with tannic acid and polychrome and expressed as the per-
centage of type II cells per the total of adherent cells after 24 h in cul-
ture. The viability of the type II cells after 24 h in culture was deter-
mined as described below.

 

Determination of surfactant synthesis by isolated type II cells in
vitro.

 

Freshly isolated cells were distributed onto 24-well culture
plates and incubated with 0.75 mCi/ml of [methyl-

 

3

 

H]choline chloride
for 20 h. After the adherence period, the wells were washed and the
cells allowed to equilibrate in fresh medium without radioactivity for
30 min at 37

 

8

 

C. In some experiments, PMA (0.01 mM) was added af-
ter the 30-min equilibration period. After 3 h of incubation, the me-
dium was removed and saved. The adherent cells were extracted with
70% methanol (27). Phospholipids from both the media and the cells
were then extracted with chloroform/methanol (1:1, vol/vol) and the
radioactivity of the organic phase was determined. The percentage of
cellular phospholipids secreted was calculated as follows: [

 

cpm

 

medium

 

/
(

 

cpm

 

cells

 

 

 

1

 

 

 

cpm

 

medium

 

)] 

 

3

 

 100%. The percentage of surfactant secreted
during the 30-min equilibration period was subtracted from all sam-
ples.

To address synthesis of surfactant disaturated phosphatidylcho-
line (DSPC), the incorporation of [

 

3

 

H]choline into DSPC in freshly iso-
lated type II cells was determined. Cells (10

 

6

 

/ml) were suspended in
DME/F12 (Sigma Chemical Co.) containing choline chloride (0.05 mM),
palmitic acid (0.1 mM, complexed with BSA), glycerol (0.1 mM), and
[methyl-

 

3

 

H]choline (1 mCi/ml; sp act 80 Ci/mmol) and incubated for 2 h.
Incorporation of choline into DSPC was linear over the 2-h period.
After the incubation, 0.5-ml aliquots of the cell suspension were re-
moved and then the lipids were extracted (28). The organic layer was
dried under vacuum and resuspended in chloroform/methanol (2:1).
For determination of the disaturated species, the dried lipid extract
was treated with osmium tetroxide in carbon tetrachloride, and the
unreactive DSPC was separated by thin layer chromatography with
chloroform/methanol/water (65:25:4, vol/vol/vol) (29). After identifi-
cation by iodine vapor staining, the PC and DSPC bands were
scraped from the chromatography plate and the radioactivity was
then determined. The results are expressed as the percentage of the
radioactivity in total phospholipids present in the form of DSPC.

 

Determination of type II cell viability in vitro.

 

Freshly isolated
type II cells were cultured as described above in DME/F12 containing
10% serum for 24 h. The wells were washed to remove nonadherent
cells. In some experiments, cell viability was determined at this step,
and in other experiments H

 

2

 

O

 

2

 

 (250 

 

m

 

M) was added and the cells
were incubated for 90 min. Cell viability in untreated cells and in cells
after exposure to hydrogen peroxide was determined by the fluores-
cent live/dead EukoLight Viability/Cytotoxicity kit (Molecular Probes,
Eugene, OR). Briefly, cells were incubated with calcein AM (4 mM)
and ethidium homodimer-1 (4 mM) for 30 min. Calcein AM is a fluo-
rogenic esterase substrate that is cleaved to yield a green fluorescent
product only in viable cells with esterase activity. Ethidium ho-
modimer-1 permeates cells with compromised membranes resulting
in an orange-red fluorescence in nonviable cells. In each case, cell via-

 

bility was expressed as the percentage of viable (green) cells among
the total of [viable (green) 

 

1

 

 nonviable (orange-red) cells].

 

Statistical analyses.

 

Values shown represent the mean

 

6

 

SEM.
Values were compared by ANOVA and corrected by Student-New-
man-Keul’s test for differences between groups.

 

 P 

 

, 

 

0.05 was consid-
ered significant.

 

Results

 

Effects of ethanol ingestion on susceptibility to acute edema-
tous injury during perfusion ex vivo.

 

Lungs isolated from un-
treated (no endotoxin) control-fed rats and ethanol-fed rats
that were perfused for 60 min with buffer alone (no fMLP) had
no weight gain (

 

n

 

 5 

 

5 in each group; weight gains were 

 

,

 

 0.1 g
in each case). Lungs isolated from untreated (no endotoxin)
control-fed rats and ethanol-fed rats that were perfused for 60
min with buffer and fMLP, and lungs from control-fed rats and
ethanol-fed rats treated with endotoxin (2 mg/kg) and then
perfused for 60 min with buffer alone (no fMLP) had variable
but modest weight gains that did not exceed 0.5 g (

 

n

 

 5 

 

5 in
each group). In contrast, lungs isolated 2 h after endotoxin
treatment (2 mg/kg) from ethanol-fed rats and then perfused
with fMLP (10

 

2

 

7

 

 M) gained 5.4

 

6

 

0.6 g compared with identi-
cally treated lungs isolated from control-fed rats that gained
1.5

 

6

 

0.1 g (

 

P

 

 , 

 

0.05) (Fig. 1 

 

A

 

). By comparison however, iso-
lated lungs from ethanol-fed rats and control-fed rats given en-
dotoxin and perfused with fMLP had the same (

 

P

 

 . 

 

0.05) in-
creases in mean pulmonary arterial pressures (9.3

 

6

 

1.2 vs.
8.5

 

6

 

2.0 mmHg; Fig. 1 

 

B

 

) and the same (

 

P

 

 . 

 

0.05) durations of
pulmonary hypertension (as reflected by the time until the
mean pulmonary arterial pressures returned to within 1 mmHg
of the baseline values) (8

 

6

 

4 vs. 14

 

6

 

6 min; Fig. 1 

 

C

 

). The base-
line mean pulmonary arterial pressures in all lungs were 7

 

6

 

1
mmHg. In addition, the capillary hydrostatic pressures, as de-
termined by the double vascular occlusion technique, were all

 

#

 

 6 mmHg, which is normal for these preparations (21), and
there were was no difference (

 

P

 

 . 

 

0.05) between the groups
(not shown in Fig. 1). Finally, lungs from ethanol-fed and con-
trol-fed rats treated with endotoxin had the same (

 

P

 

 . 

 

0.05)
tissue levels of MPO (0.70

 

6

 

0.09 delta Abs

 

460

 

/min vs. 0.82

 

6

 

0.10
delta Abs

 

460

 

/min; Fig. 1 

 

D

 

; MPO levels in untreated lungs from
control-fed rats were 0.13

 

6

 

0.02 delta Abs

 

460

 

/min).

 

Effects of ethanol ingestion on glutathione levels in plasma,
lung tissue, and lung lavage fluid.

 

The glutathione levels in
the plasma and lung tissue from ethanol-fed rats were lower
(

 

P

 

 , 

 

0.05) than in the plasma and lung tissue from control-fed
rats (2.6

 

6

 

0.3 vs. 8.4

 

61.0 mM in plasma; Fig. 2 A; 1462 vs. 2163
nmol/mg protein in lung tissue; Fig. 2 B). In addition, the glu-
tathione levels in the lung lavage fluid from ethanol-fed rats
were lower (P , 0.05) than in the lung lavage fluid from control-
fed rats (107618 vs. 335628 mM; Fig. 3 A). In contrast, the
levels of oxidized glutathione (GSSG) in the lung lavage fluid
from ethanol-fed rats were higher (P , 0.05) than in the lung lav-
age fluid from control-fed rats (8.162.0 vs. 4.760.9 mM; Fig. 3 B).

Effects of ethanol ingestion on type II cell recovery. After
24 h in culture, the number of adherent cells isolated from
lungs in ethanol-fed and control-fed rats were comparable
(2063 3 106 vs. 2164 3 106 cells/lung). The percentage of type
II cells in each group was also comparable (9462 vs. 9362%).

Effects of ethanol ingestion on type II cell glutathione con-
tent. The glutathione content in freshly isolated type II cells
from ethanol-fed rats was lower (P , 0.05) than the glu-
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tathione content in freshly isolated type II cells from control-
fed rats (561 vs. 108620 nmol/106 cells; Fig. 4). As shown, the
glutathione content in type II cells from ethanol-fed rats was
, 5% of the glutathione content in type II cells from control-
fed rats, representing a much greater difference than was de-

Figure 1. Weight gain (A), maximal increase in mean pulmonary ar-
terial pressure (PAP) (B), duration of rise in mean PAP as reflected 
by time (minutes) until mean PAP returned to within 1 mmHg of 
baseline value (C), and lung MPO activity as reflected by delta 
Abs460/min (D) in lungs isolated from rats fed a standard control diet 
without ethanol and from rats fed a standard control diet with etha-
nol (20% vol/vol in water). Lungs were isolated 2 h after treatment 
with endotoxin (2 mg/kg intraperitoneally) and then perfused for 1 h 
with a Ficoll-containing salt buffer to which fMLP (1027 M) was 
added. Each value represents the mean6SEM of five or more deter-
minations.

Figure 2. Glutathione levels in plasma (A) and lung tissue (B) in rats 
fed a standard control diet without ethanol and in rats fed a standard 
control diet with ethanol (20% vol/vol in water). Each value repre-
sents the mean6SEM of five or more determinations.

Figure 3. Lung lavage fluid levels of glutathione (A) and oxidized 
glutathione (GSSG) (B) in rats fed a standard control diet without 
ethanol and in rats fed a standard control diet with ethanol (20% vol/
vol in water). In each sample the dilution was corrected by the urea 
method as described in the text. Each value represents the 
mean6SEM of five or more determinations.
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termined in plasma or lung tissue (Fig. 2, A and B) or in lung
lavage fluid (Fig. 3 A) between these two groups.

Effects of ethanol ingestion on type II cell surfactant synthe-
sis and secretion in vitro. Freshly isolated type II cells from
ethanol-fed rats incorporated less (P , 0.05) [3H]choline into
DSPC when compared with type II cells from control-fed rats
(5.361.6 vs. 15.761.3%; Fig. 5 A). In addition, isolated type II
cells from ethanol-fed rats had lower (P , 0.05) basal and
PMA-stimulated rates of surfactant secretion (as reflected by
secretion of [3H]DSPC into the medium) compared with type
II cells from control-fed rats (1.060.2 vs. 2.660.6% basal rate
and 1.460.2 vs. 8.361.4% after PMA; Fig. 5 B). Effects of ethanol ingestion on type II cell viability in vitro.

After 24 h in culture, although cells from both groups were ad-
herent to the tissue culture plastic, type II cells isolated from
ethanol-fed rats were less viable (P , 0.05) as reflected by
their esterase activity and ability to extrude ethidium homo-
dimer-1 from the cytoplasm compared with type II cells iso-
lated from control-fed rats (8268 vs. 9564%; Fig. 6). In addi-
tion, 90 min after exposure to H2O2 (250 mM), type II cells
isolated from ethanol-fed rats were even less viable (P , 0.05)
compared with type II cells isolated from control-fed rats
(6662 vs. 8561%; Fig. 6).

Effect of glutathione replacement therapy with SAM and
NAC on susceptibility to acute edematous injury during perfu-
sion ex vivo. Lungs isolated from ethanol-fed rats that re-
ceived the glutathione precursors SAM (0.4 mg/ml) and NAC
(0.163 mg/ml) for 1 wk had less weight gain in the ex vivo per-
fusion model than did lungs isolated from ethanol-fed rats
(3.361.2 vs. 5.460.6 g, P , 0.05; Fig. 7), although this was
greater (P , 0.05) than in lungs from control-fed rats (Fig. 7).

Discussion

We determined that chronic ethanol ingestion in rats increased
acute edematous injury in endotoxin-primed, isolated lungs
perfused with fMLP. This model produces intense neutrophil
sequestration in the pulmonary capillaries (20), and acute
edema formation after perfusion with fMLP, a potent activator
of neutrophils and other inflammatory cells. We used this
model, which mimics some of the features of sepsis-mediated
lung injury, in order to test our hypothesis that ethanol inges-
tion renders the lung susceptible to neutrophil-dependent in-
jury as occurs in ARDS. In contrast to models of sepsis in vivo,
in which innumerable systemic effects, particularly cardiac
dysfunction and consequent tissue hypoperfusion, cannot be

Figure 4. Levels of glutathione in type II cells isolated from rats fed a 
standard control diet without ethanol and from rats fed a standard 
control diet with ethanol (20% vol/vol in water). Each value repre-
sents the mean6SEM of five or more determinations.

Figure 5. Surfactant synthesis and secretion by type II cells isolated 
from rats fed a standard control diet without ethanol and from rats 
fed a standard control diet with ethanol (20% vol/vol in water). 
Shown in A is the percent incorporation of [3H]choline into 
[3H]DSPC by isolated type II cells in vitro. Shown in B is the percent-
age of [3H]DSPC secreted by isolated type II cells in vitro over 3 h 
under basal conditions and after stimulation with PMA (0.01 mM). 
Each value represents the mean6SEM of five or more determina-
tions.

Figure 6. Viability of type II cells isolated from rats fed a standard 
control diet without ethanol and from rats fed a standard control diet 
with ethanol (20% vol/vol in water) both at baseline and 90 min after 
exposure to H2O2 (250 mM). Shown are the percentages of cells that 
have esterase activity and the ability to extrude ethidium homodimer-1 
from the cytoplasm, as determined by fluorescent microscopy as de-
scribed in the text. Each value represents the mean6SEM of five or 
more determinations. *P , 0.05 compared with cells from identically 
fed rats but not exposed to H2O2.
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controlled, this model allows a more direct test of intrinsic lung
integrity. In this model the pulmonary perfusion is fixed and
there was no evidence that lungs from ethanol-fed rats re-
tained more neutrophils or incurred greater pulmonary hyper-
tension or capillary hydrostatic pressures during the acute per-
fusion than lungs from control rats. Therefore, we could not
identify any evidence that lungs from ethanol-fed rats were ex-
posed to greater inflammatory or hemodynamic stress than
were lungs from control-fed rats, and our results in an ex vivo
perfusion model argue that the increased edematous injury
caused by ethanol ingestion cannot be ascribed to hepatic and/
or cardiac dysfunction, two well-recognized targets of ethanol
toxicity. This is consistent with our previous finding that
chronic alcohol abuse increases the incidence of ARDS in pa-
tients with sepsis (10). Although both alcoholics and nonalco-
holics are at risk, the incidence is more than doubled in chronic
alcoholics (10). Our current study suggests that ethanol inges-
tion alone, independent of smoking or other drug use that fre-
quently accompanies alcohol abuse, renders the lung more sus-
ceptible to endotoxin-mediated injury.

In our model we administered ethanol in the drinking wa-
ter. This method has been used in multiple other studies in rats
that have examined the effects of ethanol ingestion in a variety
of tissues and physiological responses (30–33). Specially for-
mulated isocaloric liquid diets were developed in the 1960s to
study the hepatotoxicity of ethanol ingestion in animal models
(12). These diets were used because at the time it was unclear
how much of an effect poor nutrition had in the development
of cirrhosis, and there was some clinical bias that chronic alco-
hol abuse alone, in the absence of malnutrition, was not injuri-
ous. The consistent finding that ethanol ingestion produces
similar hepatic injury regardless of the diet administered has
solidified the evidence for ethanol and/or its metabolites as the
cause of liver disease in chronic alcoholics. Obviously, neither
an isocaloric liquid diet with ethanol nor a diet in which rats
consume ethanol/water ad libitum as we used can be expected
to reproduce the patterns of alcohol abuse and the sporadic di-
etary habits of patients with alcoholism.

To examine a possible mechanism by which ethanol inges-
tion could predispose the lung to endotoxin-mediated acute in-
jury, we hypothesized that chronic alcohol abuse could affect
lung glutathione homeostasis. We based this hypothesis on
three prior observations. First, glutathione is a critical antioxi-
dant in the alveolar lining fluid that is synthesized in the liver
and exported via the plasma to other tissues including the lung.
Second, hepatic tissue glutathione levels are decreased in
chronic alcoholics whether or not there is evidence of cirrhosis
(11), and in experimental animal models ethanol administra-
tion decreases glutathione synthesis and increases glutathione
turnover independently of glutathione oxidation (12). Third,
patients with ARDS have decreased levels of the reduced
form of glutathione and increased levels of the oxidized form
of glutathione in their lung lavage fluid (13, 14). An inade-
quate supply of glutathione in the lung and in type II cells in
particular would render these cells vulnerable to oxidative
damage and limit their ability to increase surfactant produc-
tion and proliferate during lung repair. Therefore, we exam-
ined the effects of ethanol ingestion on lung glutathione ho-
meostasis and focused in particular on the alveolar type II cell.

We determined that ethanol ingestion significantly de-
creased plasma levels of glutathione but only moderately de-
creased total lung tissue levels of glutathione. This latter find-
ing is consistent with other studies in which ethanol ingestion
had no significant effect on total lung glutathione (34, 35), and
at first examination would appear to suggest that ethanol in-
gestion does not have a biologically significant effect on lung
glutathione. However, we determined that lung lavage levels
of glutathione were decreased to less than a third of the levels
in control rats. Furthermore, lung lavage levels of oxidized glu-
tathione were significantly increased in ethanol-fed rats com-
pared with controls, suggesting that there is some degree of ox-
idative stress and/or increased turnover of glutathione in this
space. However, even more dramatic was the decrease in type
II cell glutathione content in ethanol-fed rats, , 5% of the lev-
els found in type II cells from control-fed rats. Therefore, the
modest decreases in total lung tissue glutathione did not reflect
the magnitude of the decrease in the levels of glutathione in ei-
ther the type II cell or the lung lavage fluid caused by ethanol
ingestion.

In parallel to the profound decrease in type II cell gluta-
thione levels, we also determined that ethanol ingestion signif-
icantly impaired type II cell surfactant synthesis and secretion,
and decreased cell viability in vitro. Surfactant dysfunction is a
hallmark of ARDS (18, 19), and chronic alcohol abuse could
predispose to ARDS and could worsen its prognosis by im-
pairing surfactant synthesis and secretion in vivo. In addition,
type II cells isolated from ethanol-fed rats were less viable af-
ter 24 h in culture, and were even less viable after a 90-min ex-
posure to hydrogen peroxide. This suggests that type II cells
from alcoholic patients could be more susceptible to oxidative
stress in vivo, thereby rendering these cells less able to prolif-
erate and repair the acutely damaged alveolar epithelium dur-
ing ARDS.

We have some evidence that the observed defects in surfac-
tant production and cell viability are not merely coincidental
to glutathione depletion. We determined that treatment with
the glutathione precursors SAM and NAC given near the end
of the period of ethanol ingestion could partially reduce the
degree of edematous lung injury. This last finding further sup-
ports the hypothesis that glutathione depletion is an important

Figure 7. Weight gain in lungs isolated from control-fed rats, ethanol-
fed rats, and ethanol-fed rats with SAM (0.4 mg/ml) and NAC (0.163 
mg/ml) added to the ethanol/water mixture for the last week of inges-
tion. Lungs were isolated 2 h after treatment with endotoxin (2 mg/kg 
intraperitoneally) and then perfused for 1 h with a Ficoll-containing 
salt buffer to which fMLP (1027 M) was added. Each value represents 
the mean6SEM of five or more determinations.
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mechanism by which chronic ethanol ingestion predisposes to
acute lung injury. We used both SAM and NAC because expe-
rience in models of ethanol-induced hepatotoxicity has shown
that this combination is much more effective at reducing liver
injury than is NAC alone (36–38). Evidence suggests that mi-
tochondrial and not cytosolic glutathione depletion is the ma-
jor defect in ethanol-induced hepatocellular dysfunction (36, 37).
Treatment with NAC alone does not increase hepatocyte mi-
tochondrial glutathione levels in ethanol-fed rats (39), whereas
treatment with SAM and NAC does (36, 37). The explanation
for this is unknown but may relate to the specific transport of
cytosolic glutathione into the mitochondria. Clearly, further
studies will be necessary to define the optimal form and route
of glutathione replacement therapy that can prevent and/or
limit the cumulative effects of chronic alcohol abuse.

This last challenge is unfortunately consistent with the rela-
tively disappointing results in several clinical trials of NAC
therapy in patients with ARDS. In addition to augmenting glu-
tathione synthesis, NAC has some oxygen radical scavenging
properties on its own (13), and is well-known as a clinical anti-
dote for acetaminophen overdose. In a trial of 66 patients with
ARDS (40), NAC therapy was associated with a small increase
in lung compliance compared with the control group but did
not affect the survival rate. In another trial of 61 patients (41),
NAC therapy was associated with improved oxygenation and
decreased need for ventilatory support in patients with mild to
moderate acute lung injury but again did not improve the sur-
vival rate. Finally, a study in 30 ARDS patients (42) showed
that NAC therapy was associated with improvements in pul-
monary hemodynamics and gas exchange. However, as noted
above, NAC may not be an ideal agent because it may not in-
crease mitochondrial glutathione levels, and indeed this may in
part explain its relatively modest impact on a disease in which
glutathione homeostasis appears to be important. In addition,
one could predict that the chronic type II cell dysfunction
caused by alcohol abuse would not be rapidly reversed with
glutathione replacement, particularly during ARDS when ad-
ditional type II cell damage has occurred already.

In summary, we determined that ethanol ingestion in rats
decreased type II cell glutathione levels, impaired type II cell
surfactant synthesis and viability in response to oxidative
stress, and predisposed the lung to neutrophil-mediated acute
edematous injury after endotoxemia. Although these findings
suggest a potential mechanism by which chronic alcohol abuse
can predispose patients to ARDS, further studies are needed
to examine the precise mechanisms by which ethanol deranges
type II cell glutathione homeostasis and cellular function. These
observations also suggest that pharmacological replacement of
glutathione may require some refinement but nevertheless has
significant potential in limiting the development and/or sever-
ity of ARDS in selected at-risk patients.
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