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Excessive alcohol use increases the risk of acute lung injury and
pneumonia. Chronic alcohol ingestion causes oxidative stress within
thealveolarspace, includingneardepletionofglutathione(GSH),which
impairs alveolar epithelial and macrophage function, in experimental
animals andhuman subjects. However, the fundamentalmechanism(s)
by which alcohol induces such profound lung oxidative stress is
unknown. Nuclear factor (erythroid-derived 2)–like 2 (Nrf2) is a redox-
sensitive master transcription factor that regulates activation of the
antioxidant responseelement(ARE).Asthealveolarepitheliumcontrols
GSH levels within the alveolar space, we hypothesized that alcohol also
decreasesNrf2 expression and/or activationwithin the alveolar epithe-
lium. In this study,wedetermined thatalcohol ingestion in vivoordirect
alcohol exposure in vitrodown-regulated theNrf2–AREpathway in lung
epithelial cells, decreased theexpressionof antioxidantgenes, and low-
ered intracellular GSH levels. RNA silencing of Nrf2 gene expression in
alveolar epithelial cells in vitrodecreased expression of these same anti-
oxidant genes, and likewise lowered intracellular GSH levels, findings
that mirrored the effects of alcohol. In contrast, treating alcohol-
exposed alveolar epithelial cells in vitro with the Nrf2 activator, sulfo-
raphane, preserved Nrf2 expression, ARE activation, intracellular GSH
levels, and epithelial barrier function. These newexperimental findings
implicate down-regulation of theNrf2–ARE signaling pathway as a fun-
damentalmechanismbywhichalcoholcausesprofoundoxidativestress
andalveolarepithelialdysfunction,andsuggestthattreatments,suchas
sulforaphane, that activate this pathway couldmitigate thepathophys-
iological consequences of alcohol on the lung and other organs.
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Alcohol is the most commonly used and abused drug throughout
theUnited States and the rest of the world. Although the overuse
of alcohol is commonly associated with disorders of the liver,
brain, and gastrointestinal tract, the role of alcohol in diseases
of the respiratory system is becoming more widely recognized.
Although a connection between alcohol abuse and pneumonia
has been known for centuries, it was only in 1996 that an epide-
miological association with the acute respiratory distress syndrome
(ARDS) was recognized (1), an observation later validated in
a prospective study (2). ARDS is a severe form of acute lung
injury, characterized by alveolar epithelial barrier disruption and
flooding of the alveolar space with proteinaceous fluid that inter-
feres with gas exchange and causes profound respiratory failure.
ARDS can result from a wide range of critical illnesses, including

pneumonia, sepsis, massive gastric aspiration, severe burns, and
trauma; recent estimates place its incidence at approximately
200,000 cases per year in the United States and, despite aggressive
supportive care, is associated with a mortality rate of approximately
40% (3). Since its description in the 1960s (4), there have been
ongoing laboratory and clinical investigations into the mechanisms
underlying this common and deadly disorder. However, despite
these efforts, the treatment of ARDS remains largely support-
ive and, to date, no therapeutic agents have been shown to have
any significant effect on its outcome.

Since the discovery of the association between alcohol inges-
tion and ARDS, our research group has focused its efforts on
elucidating the pathophysiological effects of alcohol in the lung.
For example, although an otherwise healthy alcohol-fed exper-
imental animal or human subject with alcoholism has no grossly
apparent pulmonary dysfunction attributable to the direct effects
of alcohol, alveolar epithelial function is, in fact, impaired when
examined more closely. Chronic alcohol ingestion increases pro-
tein leak across the alveolar epithelial barrier and renders the lung
susceptible to injury (5, 6). In addition, chronic alcohol ingestion
produces severe oxidative stress in the lung, as best reflected by
dramatic decreases in the levels of glutathione (GSH) within the
alveolar space of experimental animals and humans (6, 7), a cen-
tral feature of the alcohol-mediated susceptibility to acute lung
injury that we have termed the “alcoholic lung” (8).

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a redox-
sensitive master transcription factor that regulates the activation
of the antioxidant response element (ARE), a group of antioxi-
dant gene targets that have a significant role in cellular responses
to oxidative stress (9). Nrf2 is a member of the cap’n’collar–basic
region/leucine zipper transcription factor family, and is expressed
abundantly in many tissues, including the lung (9, 10). Nrf2 indu-
ces antioxidant and detoxifying enzymes and proteins by its bind-
ing to the ARE, and is regulated via sequestration by Kelch-like
ECH-associated protein 1 (Keap1) in the cytoplasm (9). When
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CLINICAL RELEVANCE

Alcohol abuse causes oxidative stress and alveolar epithelial
and macrophage dysfunction, and renders individuals at high
risk for pneumonia and acute respiratory distress syndrome.
This article provides the first comprehensive evidence that
alcohol causes these effects within the alveolar epithelium
by inhibiting the expression and actions of nuclear factor
(erythroid-derived 2)–like 2 (Nrf2), the master transcrip-
tion factor that activates the antioxidant response element
(ARE). In parallel, this study provides evidence that treat-
ment with phytochemicals, such as sulforaphane, which ac-
tivate the Nrf2–ARE signaling pathway, can reverse the
pathophysiological effects of alcohol on the alveolar epi-
thelium, and therefore could enhance lung health in people
suffering from chronic alcohol use disorders.
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activated, Nrf2 dissociates from Keap1 and moves into the nu-
cleus, where it activates the expression of antioxidant genes (9,
10). Many respiratory diseases, including ARDS, idiopathic pul-
monary fibrosis, asthma, emphysema, and cystic fibrosis, are
associated with oxidative stress and GSH depletion, and, there-
fore, Nrf2 has been posited to have a role in their pathogenesis.
As evidence in support of this, Nrf2-knockout mice exposed to
hyperoxia had enhanced lung permeability, inflammation, and
epithelial cell injury and, in parallel, decreased expression
of numerous antioxidant enzymes, including glutathione-
S-transferase (GST) and reduced nicotinamide adenine
dinucleotide phosphate-dehydrogenase-quinone-1 (NQO1)
(11).

Therefore, as a fundamental mechanism by which alcohol
causes oxidative stress within the airway remained unknown, we
investigated the role of the Nrf2–ARE pathway in mediating the
pathophysiological effects of alcohol on alveolar epithelial cells
(AECs). Using both an established animal model of chronic alco-
hol ingestion in vivo as well as an AEC line (L2 cells) exposed to
alcohol in vitro, we tested the hypothesis that alcohol inhibits the
expression and/or activity of Nrf2, thereby dampening the alveolar
epithelium’s ability to activate the ARE. In parallel, we deter-
mined whether or not increasing the expression and/or activation
of Nrf2 pharmacologically could mitigate the detrimental effects
of alcohol on the alveolar epithelium, and thereby offer a poten-
tial therapy to enhance lung health in these highly vulnerable
individuals.

MATERIALS AND METHODS

Rat Model of Chronic Alcohol Ingestion

Adult male Sprague-Dawley rats (initial weight, z250–350 g; Charles
River Laboratory, Wilmington, MA) were fed the Lieber-DeCarli liq-
uid diet (Research Diets, New Brunswick, NJ) with and without alco-
hol (36% of total calories) for 10 weeks. All work was approved by the
Emory University Institutional Care and Use of Animals Committee.

AECs

Primary AECs were isolated from rats fed an isocaloric liquid diet with
and without alcohol, as previously described (12). The rat alveolar epi-
thelial cell line (L2 cells) was obtained from ATCC (Manassas, VA).

Alcohol Exposure with and without Sulforaphane

Treatment In Vitro

L2 cells were exposed to alcohol at concentrations of 0.1% (wt/vol) or
0.2% (wt/vol) for 72 hours. In some experiments, sulforaphane (SPN;
5 mM) was added during the final 24 hours of alcohol exposure. Pri-
mary AECs derived from rats fed with alcohol were treated with and
without SPN (1 mM) for 5 days before measuring epithelial monolayer
barrier function.

Nrf-2 Silenced RNA Transfection

L2 cells or primary AECs from control-fed rats were seeded in 12-well
transwell plates and transfected the next day with rat Nrf-2 (Nfe2l2) si-
lencing RNA (siRNA; Invitrogen, Carlsbad, CA) at 5 nM final siRNA
concentration, or the same concentration of negative control siRNA
(Invitrogen) using HiPerFect (Qiagen, Valencia, CA), as described in
the Qiagen protocol. Cells were analyzed 48 hours after transfection
for gene expression and 5 days after transfection for epithelial mono-
layer permeability.

RNA Isolation and Real-Time PCR

Total RNA was extracted using the RNeasy Mini kit (Qiagen) and
treated with DNase I (Qiagen) to remove contaminating genomic
DNA. Reverse transcription was performed with 0.5 mg of total RNA

in a total volume of 10 ml per reaction with Bio-Rad iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA). Real-time PCR was performed
using the Bio-Rad iCycler, with amplification reactions performed in 20
ml containing primers at 0.3 mM along with iQ SYBR Green Supermix
(Bio-Rad). PCR products from Nrf2, glutathione synthetase (GS),
glutamate-cysteine ligase, catalytic subunit (GCLC), GST, and NQO1
were normalized to 9S ribosomal RNA, and expressed relative to expres-
sion in untreated control cells.

ELISA-Based Electrophoretic Mobility Shift Assay

for Nrf2–DNA Binding

Nuclear protein was isolated and then analyzed by the TransAm Nrf2
assay (Active Motif, Carlsbad, CA), as instructed in the Active Motif
protocol, with absorbance measured at 430 nm.

Nrf2–ARE Activity Assay

L2 cells were seeded (10,000/well) in 96-well plates and, the next day,
transfected with the Cignal ARE reporter using HiPerFect transfection
reagent (Qiagen). Transfected cells were then exposed to alcohol with
and without SPN, as described previously here. A dual-luciferase re-
porter assay was performed as described by the manufacturer (Prom-
ega, Madison, WI), and Nrf2–ARE promoter activity values were
expressed as ratios of arbitrary units of firefly luciferase/Renilla lu-
ciferase activity.

GSH Assay

GSHwas measured with the DetectXGlutathione Detection kit (Arbor
Assays, Ann Arbor, MI). In each sample, the levels of GSH and “total
GSH” (the sum of GSH and GSH disulfide or GSSG, the predominant
form of oxidized GSH) were determined.

Measurement of Epithelial Monolayer Barrier Function

Epithelial monolayer barrier function was assessed by quantifying two
complementary functions, namely, transepithelial electrical resistance
(TER) and FITC–dextran (4 kD) paracellular flux. After epithelial cells
were cultured for 6 days on transwell plates, TER was determined using
an EVOM V/V meter with STX2 electrodes (World Precision Instru-
ments, Sarasota, FL), and FITC–dextran paracellular flux over 2 hours
was quantified, as we have previously described (13).

Statistical Analysis

One-way analyses of variance were performed, followed by Student-
Newman-Keuls post hoc tests using SigmaStat v2.0 software (North-
ampton, MA) or student t test by Prism (GraphPad, San Diego, CA).
In all cases, data shown represent the mean (6SEM) of three or more
determinations. Significance was accepted at P less than 0.05.

RESULTS

Chronic Alcohol Ingestion In Vivo, or Chronic Alcohol

Exposure In Vitro, Decreased Nrf2 Gene Expression in AECs

A cardinal feature of the alcoholic lung phenotype is oxidative
stress within the alveolar epithelium that causes barrier dysfunc-
tion. As shown in Figure 1A, chronic alcohol ingestion signifi-
cantly (P , 0.05) decreased Nrf2 gene expression, as determined
by RT-PCR for Nrf2 mRNA in primary AECs freshly isolated
from these animals. In parallel, exposing cultured L2 cells (rat
AEC line) to alcohol, either at a concentration of 0.1% (wt/vol)
or 0.2% (wt/vol), for 72 hours also significantly (P , 0.05) de-
creased Nrf2 mRNA expression to 81 and 65%, respectively, of
the expression in untreated cells (Figure 1B). As the relative
decrease in Nrf2 gene expression in L2 cells induced by an
alcohol concentration of 0.2% (wt/vol) was comparable to the
degree of inhibition observed in the primary AECs from
alcohol-fed rats, this concentration was used for all subsequent
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experiments in which L2 cells were exposed to alcohol. Of
note, a blood alcohol concentration of 0.08% (z20 mM) is
the legal threshold for alcohol intoxication in the United States,
and blood alcohol concentrations in the range of 0.2–0.4% are
commonly seen in intoxicated individuals.

In Parallel, Chronic Alcohol Ingestion In Vivo, or Chronic

Alcohol Exposure In Vitro, Decreased Gene Expression

of the Nrf2–ARE–Regulated Antioxidant Enzymes

To determine whether or not the alcohol-mediated inhibition of
Nrf2 expression, as shown in Figure 1, had any functional con-
sequences on ARE activation, we next quantified the relative
expression of GS, GCLC, GST, and NQO1. As shown in Figure
2, GS, GCLC, GST, and NQO1 expression were all significantly
(P , 0.05) decreased in primary AECs from alcohol-fed rats
(Figure 2A). In parallel, the expression of GS, GST, and NQO1
were likewise significantly (P , 0.05) decreased in alcohol-

exposed L2 cells (Figure 2B; GCLC expression was not assessed
in the L2 cells).

Direct Inhibition of Nrf2 Gene Expression by RNA

Interference Reproduced the Effects of Alcohol

Exposure in Lung Epithelial Cells

As shown in Figure 3A, we were able to titrate the Nrf2 siRNA
such that Nrf2 gene expression was decreased by approximately
50–60% in L2 cells. This degree of inhibition of Nrf2 gene
expression was comparable to that caused by alcohol exposure
of these cells (as already shown in Figure 1B), and also pro-
duced comparable inhibition in the expression of the ARE-
regulated gene targets, GS, GCLC, GST, and NQO-1 (Figure
3A). As a reflection of an important functional consequence of
these inhibitory effects on Nrf2–ARE–mediated activation of
antioxidant defenses, the intracellular levels of GSH were also
significantly (P , 0.05) decreased in these cells, as shown in Fig-
ure 3B. Furthermore, the barrier function of primary epithelial
monolayers in which Nrf2 had been silenced was significantly
(P , 0.05) impaired, as reflected by a 40% decrease in the
TER (Figure 3D).

Figure 1. Alcohol decreases nuclear factor (erythroid-derived 2)–like 2

(Nrf2) gene expression. (A) Sprague-Dawley rats were fed isocaloric
diets 6 alcohol for 10 weeks. Type II alveolar epithelial cells (AECs)

were isolated and grown in culture for 7 days. RNA was isolated and

RT-PCR was then performed for Nrf2 gene expression and normalized

to 9S. Control Nrf2 mRNA gene expression was arbitrarily set at 1.0.
Nrf2 gene expression was significantly decreased (*P , 0.05) to 67%

of control levels. (B) AECs in culture (L2 cells) were treated with al-

cohol (either 0.1 or 0.2%) for 3 days to simulate chronic alcohol
exposure. Alcohol treatment significantly decreased Nrf2 expression

in a dose-dependent fashion (*P , 0.05 decreased compared with no

treatment and **P , 0.05 decreased compared with treatment with

0.1% alcohol).

Figure 2. Alcohol inhibits the expression of antioxidant response element

(ARE)–regulated antioxidants. (A) Sprague-Dawley rats were fed an isoca-
loric liquid diet 6 alcohol for a minimum of 10 weeks. Type II AECs were

isolated and grown in culture for 7 days and the relative gene expression

of glutathione (GSH) synthetase (GS), glutamate-cysteine ligase, catalytic
subunit (GCLC), glutathione-S-transferase (GST), and reduced nicotin-

amide adenine dinucleotide phosphate-dehydrogenase-quinone-1

(NQO1) quantified by PCR, as described in the MATERIALS AND METHODS.

GS, GCLC, GST, and NQO1 expression were significantly decreased (*P,
0.05) in the AECs from alcohol-fed rats. (B) L2 cells (rat AEC line) were

exposed to alcohol (0.2%) for 72 hours and the relative gene expression

of GS, GST, and NQO1 quantified by PCR, as described in the MATERIALS

AND METHODS. The expression of GS, GST, and NQO1 were significantly
decreased (*P , 0.05) to 77, 77, and 73% of control levels, respectively.
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Treatment with SPN Restored Nrf2 Expression, DNA Binding,

and Activation of the ARE, and, in Parallel, Restored

the Intracellular GSH Pools in L2 Epithelial Cells

Exposed to Alcohol

SPN, a naturally occurring compound found in cruciferous veg-
etables, has been shown to increase the expression and activation
of Nrf2. Therefore, we treated alcohol-exposed L2 cells with
SPN, as described in the MATERIALS AND METHODS. As shown

in Figure 4, SPN treatment restored Nrf2 gene expression (Fig-
ure 4A) and, in parallel, increased relative Nrf2–DNA binding
(Figure 4B) and activation of the ARE (Figure 4C). Consistent
with multiple previous studies by our research group, alcohol
exposure significantly (P , 0.05) decreased the intracellular
GSH pools in L2 epithelial cells, as shown in Figure 4D. In
contrast, treatment with SPN actually increased these intracel-
lular GSH pools to levels that were significantly (P , 0.05),
albeit modestly, higher than those in the untreated control cells
(Figure 4D). Taken together, the results shown in Figure 4 show
that SPN can reverse the inhibitory effects of alcohol on the
Nrf2–ARE signaling pathway and the subsequent oxidative
stress and GSH depletion within the alveolar epithelium that
produce the “alcoholic lung” phenotype.

In Parallel to Restoring Nrf2–ARE Signaling in L2 Cells

Exposed to Alcohol, SPN Treatment Reversed

Alcohol-Induced Epithelial Barrier Dysfunction

Alveolar epithelial monolayers derived from primary AECs
isolated from alcohol-fed rats had impaired barrier integrity,
as reflected by decreased TER (Figure 5A) and increased
paracellular flux of FITC-labeled dextran (Figure 5B); these
findings are consistent with those in our previous report (5).
In contrast, SPN treatment reversed these effects of chronic
alcohol ingestion, and even increased alveolar epithelial bar-
rier function, as reflected both by increasing the TER to 141%
(Figure 5A) and decreasing FITC–dextran flux to 88% (Fig-
ure 5B) of that in monolayers derived from control-fed rats,
respectively.

DISCUSSION

In light of the rapidly growing evidence that alterations in Nrf2
activity may contribute to a wide range of lung pathologies, in-
cluding acute lung injury (9–11, 14–16), we sought to determine
a role for the Nrf2–ARE pathway in the oxidative stress and
alveolar epithelial barrier dysfunction caused by chronic alcohol
ingestion that we first identified more than 15 years ago (6). In
this study, we determined that chronic alcohol ingestion in vivo,
as well as alcohol exposure in vitro, significantly decreased ex-
pression of Nrf2, the master transcription factor that is required
to activate ARE, in the lung epithelium. In parallel, and con-
sistent with the functional role of Nrf2, alcohol inhibited the
expression of the ARE-regulated antioxidants, GS, GCLC,
GST, and NQO1. Furthermore, this alcohol-mediated inhibition
of GS, GCLC, GST, and NQO1 expression could be repro-
duced by directly inhibiting Nrf2 expression by RNA silencing,
which consequently compromised epithelial barrier function.
In contrast, treating alcohol-exposed lung epithelial cells with
SPN, which is known to increase Nrf2 expression and/or activa-
tion, restored Nrf2 expression and DNA binding and, in paral-
lel, activated the ARE and normalized intracellular GSH levels.
More importantly, SPN treatment reversed alcohol-induced im-
pairment of barrier function in alveolar epithelial monolayers
derived from alcohol-fed rats. Taken together, these results pro-
vide compelling evidence that alcohol inhibits the Nrf2–ARE
pathway and thereby induces oxidative stress and consequent
AEC dysfunction. In addition, the salutary effects of SPN in
restoring signaling through this critical antioxidant defense
pathway raise the intriguing possibility that Nrf2 activators
could enhance lung health in individuals with alcohol-use
disorders and reduce their susceptibility to acute lung injury.

The first and perhaps most fundamental observation is that
alcohol somehow inhibits the expression of Nrf2 in the lung ep-
ithelium. This appears to be a relatively direct effect that does

Figure 3. RNA interference (RNAi) of Nrf2 recapitulates the effects of
alcohol exposure. (A) L2 cells plated to 50% confluence were treated

with short interfering RNA (siRNA; 5 mM) against Nrf2 or a negative

control siRNA (CTL) at the same concentration. Nrf2 gene expression,
as measured by RT-PCR, was reduced (*P , 0.05) to 42% of CTL RNAi

levels. In parallel, expression of the ARE-regulated genes, GS, GCLC,

GST, and NQO1, were reduced (*P, 0.05) to 59, 73, 77, 67, and 37%

of control levels, respectively; the effects of Nrf2 RNAi on the expression
of Nrf2, GST, and NQO1 were comparable to the effects of alcohol pre-

sented in Figures 1 and 2. (B) Nrf2 RNAi treatment also decreased (*P ,
0.05) the intracellular GSH pools in the L2 cells. (C) Nrf2 RNAi treatment

also decreased epithelial monolayer barrier function, as reflected by a sig-
nificantly (P , 0.05) decreased transepithelial electrical resistance (TER).
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not require hepatic metabolism of alcohol and/or other systemic
effects, as Nrf2 was equally inhibited in the AEC line by direct
exposure to alcohol as in the alveolar epithelium of alcohol-fed
rats. We then determined that the gene expression of antioxidant
enzymes that are activated by the Nrf2–ARE pathway—specifically,
GS, GCLC, GST, and NQO1—were also diminished, indicating
that the inhibition of Nrf2 had downstream functional conse-
quences on cellular antioxidant defenses. In parallel, selective
silencing of Nrf2 gene expression to levels that were compa-
rable to those in alcohol-treated cells recapitulated the inhi-
bition of GS, GCLC, GST, and NQO1, and significantly
decreased intracellular GSH levels. Overall, these are remark-
able findings in that they alter our understanding of how al-
cohol causes such profound oxidative stress within the lower
airway. Specifically, it had seemed paradoxical that alcohol
abuse causes such profound GSH depletion within the alveo-
lar space, whereas cigarette smoking, which one would expect

to be a much greater oxidative stress in the airways, actually
increases alveolar GSH levels (7). Although we have previ-
ously identified that chronic alcohol ingestion induces the ex-
pression of NADPH oxidase in the lung and could thereby
increase the local production of reactive oxygen species (17),
it remained perplexing that this chronic low-level oxidative
stress did not induce a robust antioxidant response, as is seen
in the airways of smokers. The current study provides compel-
ling and provocative evidence that alcohol somehow dampens
the antioxidant response at the level of its “master switch,”
and thereby may induce oxidative stress, not primarily by
increasing reactive oxygen species production, but rather by
inhibiting the production of antioxidant defenses, including
GSH. At present, we can only speculate as to the mechanism(s)
by which alcohol inhibits Nrf2 expression and activation of
the ARE. We do know that it has protean effects, including
inducing transforming growth factor-b1 expression in the lung

Figure 4. The Nrf2 activator, sulforaphane (SPN), restored Nrf2 expression, activation of the ARE, and the intracellular GSH pool in alcohol-exposed

cells. (A) As in the experiments shown in Figure 1B, alcohol exposure of L2 cells significantly decreased (*P, 0.05) Nrf2 gene expression. In contrast,

concomitant treatment with SPN restored Nrf2 gene expression in alcohol-exposed cells to the same levels (P . 0.05) as those in untreated control
cells. (B) Alcohol exposure of L2 cells significantly decreased (*P , 0.05) Nrf2 DNA binding to and activation of the ARE to 80% of control levels; in

contrast, SPN treatment increased Nrf2 binding in alcohol-treated cells to levels that were slightly greater (116%; **P , 0.05) than in untreated

control cells. (C) Alcohol exposure of L2 cells significantly decreased (*P , 0.05) Nrf2–ARE activity to 56% of the activity in untreated cells;

in contrast, concomitant treatment with SPN actually increased Nrf2–ARE activity to levels that were 158% of the levels in untreated control cells
(**P , 0.05). (D) Intracellular “total GSH” (GSH 1 GSSG) and GSH, as measured using a colorimetric assay (see MATERIALS AND METHODS), in L2 AECs

treated with alcohol 6 SPN. Alcohol treatment significantly decreased (*P , 0.05) both total GSH and GSH intracellular levels, whereas

treatment with SPN increased (**P , 0.05) GSH levels in alcohol-treated cells to levels that were approximately 25% higher than those in
untreated control cells.
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through the actions of angiotensin II (18, 19), and inhibits the
transport of zinc, an important factor in the regulation of gene
expression, into the alveolar space (20). However, further
investigation will be necessary to determine if alcohol acts
through one or more such intermediates, which we believe is
likely, or if the alcohol molecule itself has direct effects on
Nrf2 expression.

Conversely, this study provides evidence that restoring
Nrf2 expression, even in the presence of ongoing alcohol ex-
posure, can restore activation of the ARE and intracellular
GSH pools in the alveolar epithelium. We initially attempted
to overexpress Nrf2 in alcohol-exposed cells by transfecting
them with an Nrf2–cytomegalovirus expression vector, but
we could not achieve consistent results with this technique.
Therefore, we used SPN, as it is one of several phytochem-
icals that have been shown to activate Nrf2 (21). Interest-
ingly, SPN treatment not only increased Nrf2 binding to
DNA and activation of the ARE, as would be predicted by
its putative mechanisms of action (21), but it also increased

Nrf2 gene expression in alcohol-exposed cells. It is still not
clear how SPN stimulates and/or activates the Nrf2–ARE path-
way. It has been reported that SPN interacts with cysteines in
Keap1, and consequently disrupts Keap1 ubiquitination and
degradation of Nrf2 (22). Therefore, it appears that, at least
within this context, SPN either has additional effects on Nrf2
expression or that its ability to stabilize Nrf2 promotes a feed-
back mechanism to induce the expression of more Nrf2. Either
way, the net result of SPN treatment was complete restora-
tion of the intracellular GSH pools, which we have previously
determined translates to normalization of critical cellular
alveolar epithelial functions, including surfactant secretion
(23), resistance to apoptosis and necrosis (24), and barrier
formation (5).

This study raises the provocative possibility that pharma-
cological activation of Nrf2, using phytochemicals, such as
Nrf2, or the more recently developed composition of syner-
gistic activators, known as Protandim (9), could enhance the
antioxidant defenses in the alcoholic lung in a more broad-
based and effective manner than could be achieved with
selected supplementation with GSH precursors alone. Spe-
cifically, although such a strategy is effective in preventing
alcohol-mediated lung dysfunction in animal models (6, 25),
in the more complex and often acute clinical settings the
ability to rapidly augment the proximal Nrf2–ARE signaling
pathway and its subsequent induction of hundreds of genes
that have antioxidant as well as immune functions is likely
to be more effective. Alternatively, such a strategy could
complement the effects of GSH precursors and/or the ben-
efits of dietary zinc supplementation, which we recently
determined increases Nrf2 nuclear binding in the alveolar
macrophages of alcohol-fed rats and restores their ability to
clear a lung bacterial challenge in vivo (26). Although,
clearly, these and other experimental findings must be trans-
lated and tested in the clinical situation, our study provides
further evidence that the “alcoholic lung” may be amenable
to relatively simple dietary supplementation that can aug-
ment antioxidant and immune functions and thereby limit
the risk of pneumonia, acute lung injury, and perhaps other
serious diseases.

In summary, we provide novel evidence that alveolar
epithelial oxidative stress and GSH depletion, which are car-
dinal features of the alcoholic lung phenotype that confers
increased susceptibility to acute lung injury, is mediated by
inhibition of the Nrf2–ARE signaling pathway. Therefore,
although we had previously identified that chronic alcohol
ingestion perturbs multiple homeostatic mechanisms within
the lung that appear to exert oxidative stress by increasing
the production of reactive oxygen species, the profound re-
dox imbalance in the alcoholic lung airway also involves
a targeted lowering of its antioxidant defenses. These obser-
vations help explain why alcohol abuse causes almost com-
plete depletion of the GSH pool within the alveolar space,
whereas a seemingly greater airway oxidative stress (i.e.,
cigarette smoking) induces a compensatory and substantial
increase in the same GSH pool. Furthermore, these obser-
vations suggest a new therapeutic opportunity in that dietary
supplementation with phytochemicals, such as SPN, may be
able to augment or even restore the Nrf2–ARE pathway,
and thereby replenish the antioxidant defenses in the lungs
of individuals with alcohol use disorders. Specifically, al-
though abstinence is clearly the primary goal for such indi-
viduals, treatments that enhance their overall health could
decrease their tragically high morbidity and mortality from
acute lung injury, pneumonia, and possibly a wide range of
other complications.

Figure 5. SPN treatment reversed alcohol-induced epithelial barrier

dysfunction. Primary AECs were isolated from alcohol-fed rats and cul-

tured for 5 days 6 SPN (1 ml). Consistent with our previously published

studies, alveolar epithelial monolayers derived from alcohol-fed rats
had decreased barrier function, as reflected by decreased TER (A) and

increased paracellular flux of FITC–dextran (B) compared with mono-

layers derived from control-fed rats (*P , 0.05 in each case). In con-

trast, SPN treatment reversed these effects of chronic alcohol ingestion,
and even increased alveolar epithelial barrier function, as reflected both

by increasing the TER to 141% (A) and decreasing FITC–dextran flux to

88% (B) of that in monolayers derived from control-fed rats, respec-
tively (**P , 0.05 in each case).
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