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Alcohol abuse increases the incidence of acute respiratory distress
syndrome and causes oxidative stress and cellular dysfunction in
the lung. The mechanisms of ethanol (EtOH)-induced oxidative
stress in the lung remain to be defined. Chronic alcohol ingestion
has been associated with increased renin-angiotensin system (RAS)
activity. Therefore, the current study investigated the ability of
lisinopril, an angiotensin-converting enzyme (ACE) inhibitor, to
modulate oxidative stress in the lung after chronic EtOH ingestion
in a well-established rat model. Male Sprague-Dawley rats were fed
liquid diets containing EtOH (36% of calories) or maltose-dextrin
as an isocaloric substitution for EtOH (Control) for 6 wk. Selected
animals were also treated with lisinopril (3 mg/liter) for 6 wk.
Chronic EtOH ingestion increased bronchoalveolar lavage fluid glu-
tathione disulfide levels and superoxide formation in lung paren-
chyma. These effects of EtOH were attenuated by lisinopril treat-
ment. Chronic EtOH ingestion failed to increase ACE expression or
angiotensin II levels in lung homogenates, but increased angioten-
sinogen, angiotensin II type 1 and type 2 receptor levels, and ACE
activity. Chronic EtOH ingestion also increased the levels of the
NADPH oxidase subunit, gp91phox, an effect that was attenuated
by lisinopril, but had no effect on lung p22phox or p47phox levels.
These findings suggest that EtOH-mediated RAS activation plays
an important role in pulmonary oxidative stress and provide new
insights into mechanisms by which EtOH causes oxidative stress in
the lung and potential strategies of lung protection through ACE
inhibition.
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The acute respiratory distress syndrome (ARDS) is a severe
form of lung injury characterized by noncardiogenic pulmonary
edema in response to diverse clinical scenarios such as sepsis,
trauma, or aspiration that cause systemic activation of proin-
flammatory cascades (1). Despite extensive research, ARDS is
associated with a 50% mortality rate, due in part to the lack of
effective therapies (2). Therefore, identifying mechanisms that
predispose the lung to acute injury has the potential to further
our understanding of ARDS pathophysiology and the design of
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treatment strategies capable of limiting the development and/
or severity of ARDS.

Chronic alcohol abuse is a comorbid variable that increases
the incidence of ARDS (3). While alcohol undoubtedly predis-
poses to ARDS through many mechanisms, oxidative stress is
a key factor (4–7). Chronic alcohol ingestion reduces the level
of the antioxidant glutathione (GSH) in bronchoalveolar lavage
(BAL) fluid (8) and increases renin-angiotensin system (RAS)
activity (9–11).

Activation of the RAS involves renin-mediated cleavage of
angiotensinogen into the decapeptide angiotensin I (Ang I).
Angiotensinogen is generated mainly in the liver, but recent
studies have confirmed mRNA expression in a wide range of
tissues including the kidney, brain, vascular tissue, adrenal gland,
and placenta (12). Renin is produced not only in the kidney in
response to hypotension or volume depletion but also in vascular
endothelial cells in response to more diverse stimuli (13). Ang I
is converted to the octapeptide, angiotensin II (Ang II), by
angiotensin-converting enzyme (ACE). Although ACE concen-
tration is highest in the lung, it can also be found on the lumenal
surface of vascular endothelial cells in other locations (14, 15).
Once formed, Ang II exerts its cellular effects by binding to
receptors on the cell surface, predominately Ang II Type 1 (AT1)
and Type 2 (AT2) receptors (16).

Ang II is a potent inducer of oxidative stress. Ang II stimu-
lates NADPH oxidase expression and activity as well as superox-
ide production in cells of the vascular wall in vitro (17–19) and
in vivo (20), and increases NADPH oxidase-dependent superox-
ide production in coronary microvascular endothelial cells (21).
Originally described in neutrophils, NADPH oxidase is a multi-
component, membrane-associated, enzyme that catalyzes the
one electron reduction of oxygen to superoxide using NADH
or NADPH as the electron donor (22). NADPH oxidase compo-
nents include gp91phox, p22phox, p40phox, p47phox, and
p67phox. The subunits gp91phox and p22phox reside in the
plasma membrane and bind the components of the electron
transport chain heme and FAD, forming cytochrome b558 (23,
24). The NADPH oxidase subunits p40phox, p47phox, and
p67phox are cytosolic and are involved in activation of the
enzyme complex (24, 25).

Recently, we determined that in a rat model of chronic EtOH
ingestion, the ACE inhibitor, lisinopril, prevented EtOH-
induced lung glutathione depletion and protected against
endotoxin-mediated epithelial dysfunction, suggesting the RAS
as a key mediator of EtOH-induced lung dysfunction (26). To
our knowledge, no previous studies have examined the effects
of EtOH administration on lung angiotensin peptide levels. In
this study, we hypothesized that RAS-mediated activation of
NADPH oxidase is one mechanism by which chronic alcohol
abuse increases susceptibility of the lung to oxidative stress and
ARDS. The current report demonstrates that chronic EtOH inges-
tion stimulates RAS-mediated increases in superoxide production
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and gp91phox expression in the lung, leading to increased oxida-
tive stress.

MATERIALS AND METHODS

Animal Treatment

Male Sprague-Dawley rats were fed the liquid Lieber-DeCarli diet
containing EtOH (36% of calories) for 6 wk or an isocaloric control
diet without EtOH (substitution of maltose-dextrin for EtOH) (27) as
previously reported (26). During the first 2 wk of the dietary regimen
the EtOH-fed rats were gradually acclimated to EtOH, receiving 12%
of their total calories as EtOH for 1 wk, then 24% of their total calories
as EtOH for 1 wk, and then 36% of their total calories as EtOH for
4 wk. Selected animals were also treated with lisinopril (3 mg/liter) in
the Control or EtOH diets. The diets are otherwise identical in protein,
lipid, and essential nutrient composition.

Dihydroethidium Staining

After rats were killed, lungs were perfused blood–free, then perfused
and embedded in optimal cutting temperature (OCT) compound and
frozen at �80�C. Thirty-micrometer-thick sections were then prepared
and stained with dihydroethidium (DHE; 10 �M) (28). In brief, 30 �l
of DHE was placed over the tissue section and covered with glass
coverslips. Slides were then incubated at 37�C in a humidified, 5%
CO2 atmosphere for 30 min. Sections from each treatment group were
examined by confocal fluorescence microscopy, and images were ac-
quired at �40 magnification using identical instrument settings.

ACE Activity Assay

ACE activity was determined using a commercially available kit according
to the manufacturer’s instructions (ALPCO Diagnostics, Windham, NH).
Briefly, ACE activity was measured based on ACE-mediated cleavage
of a tritiated synthetic substrate. The product of this reaction was
separated from unreacted substrate by acid extraction, detected by
scintillation counting, and quantitated by comparison to standards.

Analysis of Angiotensin Peptide Levels

After rats were killed with pentobarbital, lung tissue was rapidly removed
and rinsed briefly in isotonic saline, weighed, and homogenized in 5 ml
4 mol/liter guanidine thiocyanate. The homogenates were then frozen at
�80�C and shipped to St. Vincent’s Institute of Medical Research for
measurement of angiotensin peptides using high-performance liquid chro-
matography–based radioimmunoassays as previously reported (29).

Immunoprecipitation and Western Blotting

At killing, lungs were perfused blood–free, and sections of peripheral
lung tissue were placed in lysis buffer (20 mM Tris pH 7.4, 2.5 mM
EDTA, 1% TritonX-100, 1% deoxycholic acid, 0.1% SDS, 100 mM
NaCl, 10 mM NaF, 1 mM Na3VO4) containing a protease inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN). Tissue homogenates
were prepared, sonicated, and centrifuged at 15,000 � g for 10 min.
The supernatants were collected, protein concentrations were deter-
mined, and 20 �g of the NADPH oxidase subunit antibody was added
to 500 �g protein homogenate and incubated overnight at 4�C on a
rocking platform. Samples were then incubated with sepharose beads
at 4�C for 3 h. Beads were then collected by centrifugation, washed,
dissolved in sample buffer at 95�C and subjected to SDS-PAGE, trans-
ferred to PVDF membranes, and immunoblotted with the same primary
antibody in TBS-T (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1%
Tween) containing 5% powdered nonfat dry milk. To examine expres-
sion of RAS components, 20 �g of lung homogenate was subjected to
Western blotting as described above. Bands were identified by chemilu-
minescence and quantified by laser densitometry.

Real-Time PCR

Whole lung tissue was collected in RNA-Bee (Tel-test, Friendswood,
TX) and homogenized. After phenol-chloroform extraction, RNA was
cleaned using an RNeasy kit according to the manufacturer’s (Qiagen,
Valencia, CA) instructions. Total RNA (5 �g) was reverse transcribed
using random nanomer primers. Real-time PCR was then performed

using 18S and NADPH oxidase component–specific primers, and copy
numbers were expressed per copies of 18S for normalization.

Blood Pressure Measurements

Before killing, blood pressure measurements were made in anesthetized
rats. Rats were anesthetized with isofluorane and placed on a thermo-
statically regulated heating table for maintenance of body temperature.
A Millar (Houston, TX) pressure transducer was inserted into the
abdominal aorta via the femoral artery under direct visualization. Blood
pressure was monitored for 15–20 min using Chart software (AD Instru-
ments, Charlotte, NC). Blood pressure measurements were derived
from the final 10 min of acquisition. Rats were killed with pentobarbital
after completion of these studies.

Determination of Lung Lavage Glutathione
Disulfide Concentration

Immediately after killing, bronchoalveolar lavage was performed as
we have previously reported (26). In brief, high-performance liquid
chromatography was employed to measure glutathione disulfide
(GSSG) (30) in BAL fluid as we have previously reported (6, 7). GSSG
concentrations in BAL fluid were normalized to secretory IgA an epi-
thelial lining fluid protein not altered during acute lung injury (7) or
by chronic EtOH ingestion (26).

Statistical Analysis

Overall treatment effects were examined by ANOVA. Post hoc analysis
to detect differences between specific groups was accomplished with
the Student-Neuman-Keuls test. The level of statistical significance was
taken as P � 0.05.

RESULTS

The Impact of Chronic EtOH Ingestion on the RAS Pathway
in the Lung

Rats were fed Control or EtOH diets for 6 wk. Homogenates
prepared from lung tissue were subjected to Western blotting for
specific components of the RAS pathway. As shown in Figure 1,
compared with Control, chronic EtOH ingestion increased the
levels of angiotensinogen and the Ang II receptors, AT1 and
AT2, while having no effect on levels of ACE or renin. All blots
were probed with antibodies to actin to ensure equal loading
among lanes. Compared with Control, chronic EtOH ingestion
produced roughly a 2-fold increase in ACE activity (Figure 1C),
but did not increase lung Ang I or Ang II levels in the lung
(Table 1).

Chronic EtOH Ingestion Had No Significant Effect on
Blood Pressure

Because chronic EtOH ingestion altered the levels and activity
of RAS components that participate in hemodynamic regulation,
blood pressure was measured after EtOH and lisinopril treat-
ments. The results in Figure 2 illustrate that acute blood pressure
measurements are comparable in the Control and EtOH-treated
groups in anesthetized rats. Only the combination of the EtOH
diet and lisinopril treatment (EtOH � lis) caused a small, but
significant reduction in mean arterial pressure (MAP), systolic
blood pressure (SBP), and diastolic blood pressure (DBP) com-
pared with EtOH alone. As expected, lisinopril treatment was
also associated with reduced lung Ang II levels (Table 1).

Chronic EtOH Ingestion Caused RAS-Dependent Oxidative
Stress in the Lung

We previously reported that chronic EtOH ingestion in the rat
leads to oxidative stress in the lung characterized by reductions
in glutathione levels in parenchymal lung cells and in BAL fluid
(4–6). In addition, treating EtOH-fed rats with lisinopril (in
a protocol identical to that employed in the current study)
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Figure 1. Chronic EtOH ingestion increased angiotensinogen, AT1, and
AT2 expression as well as ACE activity in the lung. Rats were fed Control or
EtOH diets for 6 wk. In A and B, equivalent amounts of lung homogenates
were subjected to SDS-PAGE; probed with primary antibodies to the RAS
components angiotensinogen, renin, angiotensin converting enzyme
(ACE), AT1, and AT2; and quantified by laser densitometry. In B, each
bar represents the mean relative density in arbitrary units � SEM as %
Control. Open bars, control; filled bars, EtOH; n � 5; *P � 0.05 versus
Control. Representative Western blots are shown in A. In C, equivalent
amounts of lung homogenates were subjected to ACE activity assay.
Each bar represents the mean � SEM (n � 3–4, *P � 0.05 versus
Control).

increased levels of glutathione in BAL fluid compared with un-
treated, EtOH-fed rats (26). To further characterize the oxida-
tive stress mediated by chronic EtOH ingestion, BAL fluid of
Control or EtOH-fed rats treated with or without the ACE
inhibitor, lisinopril, was collected, and GSSG levels were mea-
sured. As shown in Figure 3, chronic EtOH ingestion increased
GSSG levels of BAL fluid in the rat, an effect attenuated by
treatment with lisinopril.

Chronic EtOH Ingestion Increased RAS-Dependent Lung
Superoxide Generation

To determine if chronic EtOH ingestion amplified the produc-
tion of ROS in the lung, in situ, 30-�m-thick frozen sections
from OCT-embedded lungs of Control or EtOH-fed rats treated
with or without lisinopril were prepared in parallel. The sections

TABLE 1. LUNG ANGIOTENSIN I AND II LEVELS

Control Control � Lisinopril EtOH EtOH � Lisinopril

Angiotensin I 3.0 � 1.6 4.2 � 1.0 1.9 � 0.9 5.4 � 2.6
Angiotensin II 81.0 � 12.7 43.6 � 8.6* 87.0 � 17.1 36.7 � 9.8*

Definition of abbreviation: EtOH, ethanol.
Rats were fed Control or EtOH containing diets for 6 wk. After killing, lung

tissue was collected, weighed, homogenized in guanidine thiocyanate, and frozen
at �80�C. Angiotensin I and II levels were measured in each sample using high-
performance liquid chromatography–based radioimmunoassays. Results are ex-
pressed as mean � SEM peptide levels from eight animals in fmol/g tissue.

* P � 0.05 versus animals on same diet without lisinopril.

were treated with dihydroethidium (DHE) and subjected to
fluorescence confocal microscopy as described in Materials and
Methods. DHE fluorescence is specific for superoxide genera-
tion within the cell (28). In brief, superoxide oxidizes DHE to
ethidium bromide, which binds to the DNA in the nucleus and
fluoresces red. All images were taken with identical acquisition
parameters. Compared with Control (Figure 4A), chronic EtOH
ingestion (Figure 4B) substantially increased superoxide genera-
tion in rat lung. Inhibition of ACE with lisinopril had no effect
on basal superoxide production (Figure 4C), but reduced EtOH-
mediated increases in superoxide (Figure 4D).

EtOH-Induced Increases in Lung gp91phox Levels In Vivo
Were Attenuated by Lisinopril Treatment

NADPH oxidase constitutes a major source of superoxide for-
mation in the vasculature (22). To examine changes in NADPH
oxidase expression in the lung as a potential source of EtOH-
mediated superoxide production, RNA was isolated from lung
tissue of rats fed Control or EtOH diets with or without lisinopril
for 6 wk, and real-time PCR for NADPH oxidase components
was performed. As shown in Figure 5A, chronic EtOH ingestion
increased gp91phox message levels, an effect that was inhibited
by lisinopril. This EtOH-induced alteration in NADPH oxidase
subunit expression was specific for gp91phox expression in that
alterations in p22phox or p47phox expression were not observed
(Figures 5B and 5C). In separate experiments, NADPH oxidase
components were immunoprecipitated from lung homogenates.
Consistent with examination of mRNA expression, chronic
EtOH ingestion caused a similar ACE-dependent increase in
gp91phox protein levels (Figure 6A) without altering protein
levels for p22phox or p47phox (Figures 6B and 6C). Taken

Figure 2. Blood pressure in Control and EtOH fed rats � lisinopril treat-
ment. Rats were fed Control or EtOH diets � lisinopril for 6 wk as
described. Mean arterial (MAP; filled bars), systolic (SBP; open bars), and
diastolic (DBP; striped bars) blood pressures were recorded in anesthe-
tized rats before killing. Each bar represents the mean blood pressure �

SEM (n � 6, #P � 0.05 versus EtOH).
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Figure 3. Chronic EtOH ingestion increased BAL fluid GSSG levels. Rats
were fed Control or EtOH diets � lisinopril (lis) for 6 wk. BAL fluid was
then collected and subjected to analysis of GSSG and secretory IgA.
Each bar represents the mean GSSG level in nmol/�g IgA � SEM (n �

9–11, *P � 0.05 versus all groups).

together, these results demonstrate that EtOH increased the
expression of gp91phox in the lung, an effect that was prevented
by in vivo treatment with the ACE inhibitor, lisinopril. These
findings support the hypothesis that RAS signaling plays an
important role in EtOH-induced NADPH oxidase expression
in the lung.

DISCUSSION

Previous studies from our laboratories determined that chronic
EtOH ingestion in rats renders the lung intrinsically susceptible
to endotoxin-dependent edematous injury, supporting the obser-
vation that alcohol abuse predisposes the lung to injury (7).
In addition, we have previously reported that EtOH ingestion
markedly decreased the levels of the antioxidant glutathione in
lung tissue and in BAL fluid (4–7). Recently, we found that

Figure 4. Chronic EtOH ingestion increased lung superoxide produc-
tion through activation of the renin-angiotensin system. Lung tissue
from (A ) Control, (B ) EtOH-, (C ) Control � lisinopril–, and (D ) EtOH �

lisinopril–treated rats was frozen in OCT, sectioned at 30 �m, stained
with 10 �M dihydroethidium (DHE), and evaluated using fluorescence
microscopy. Representative sections from four to six animals are shown.
Magnification: �40.

Figure 5. Chronic EtOH ingestion increased mRNA of the gp91phox
NADPH oxidase subunit. RNA was isolated from the lungs of Control
and EtOH-fed rats with or without lisinopril (lis) and quantified by real-
time PCR to examine the message levels of NADPH oxidase subunits
(A ) gp91phox, (B ) p22phox, and (C ) p47phox. Data are expressed as
mean copies of NADPH oxidase subunit per copies of 18S � SEM
as % Control (n � 6, *P � 0.05 versus all groups).

lisinopril-mediated ACE inhibition prevented EtOH-induced
glutathione depletion (26). The current study extends these ob-
servations to further clarify the mechanisms by which RAS medi-
ates oxidative stress via NADPH oxidase activation in the lung
during chronic EtOH ingestion. Consistent with EtOH-mediated
reductions in BAL fluid glutathione, chronic EtOH ingestion
increased GSSG levels of BAL fluid and enhanced superoxide
generation in lung tissue, effects attenuated by lisinopril. Since
the EtOH diet alone had no significant effect on blood pressure,
these findings suggest that the effects of Ang II on oxidative
stress in the lung relates more to its ability to modulate gene
expression and are independent of its effects on blood pressure.

The role of the RAS in the pathogenesis of lung injury and
ARDS has been suggested by studies demonstrating increased
circulating levels of Ang II in patients with ARDS (31, 32). In
the current study, chronic EtOH ingestion increased components
of the RAS pathway in the lung, specifically angiotensinogen,
AT1, and AT2 expression, as well as ACE activity. Cleavage of
angiotensinogen, the only known substrate for renin, is the rate-
limiting factor in the cascade of Ang II production (33), sug-
gesting that activation of renin following inflammatory stimuli
could lead to robust increases in RAS activity in the lung after
chronic EtOH ingestion. Although chronic EtOH ingestion
alone did not increase lung Ang I or Ang II levels, we postulate
that the enhanced AT1 and AT2 receptor expression in the lung
caused by chronic EtOH ingestion results in an increased sensi-
tivity to Ang II and therefore enhanced downstream RAS ef-
fector mechanisms in the lung. As expected, lisinopril reduced
lung Ang II levels and tended to increase Ang I levels in Control
and ETOH-fed animals. Lisinopril-mediated reductions in
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Figure 6. Chronic EtOH ingestion increased gp91phox protein expres-
sion. Lungs from Control and EtOH -treated rats with or without lisinopril
(lis) were isolated and homogenized. After protein determination, im-
munoprecipitations were preformed on equivalent amounts of protein
using antibodies to the NADPH oxidase subunit (A ) gp91phox, (B )
p22phox, and (C ) p47phox. Blots were probed with the same antibody,
and bands were quantified by laser densitometry. Each bar represents
the mean relative density in arbitrary units � SEM as % Control (n � 6,
*P � 0.05 versus all groups). Representative Western blots are shown
as insets.

Ang II may therefore provide a plausible mechanism for attenua-
tion of downstream RAS signaling in EtOH-fed animals.

Among its many downstream targets, Ang II stimulates
NADPH oxidase expression and activity, an important source
of oxidative stress and ROS production in many tissues (34, 35).
Chronic EtOH ingestion increased both the message and protein
levels of the NADPH oxidase subunit, gp91phox, an effect atten-
uated by the ACE inhibitor, lisinopril. The pathophysiologic
significance of gp91phox has been demonstrated in vivo where
gp91phox�/� mice, compared to wild-type mice, displayed less
lung microvascular injury when challenged with intraperitoneal
Escherichia coli (36). A 2-fold increase in superoxide formation
caused by Ang II infusion has also been reported in the aortas
of wild-type animals but not in gp91phox�/� mice (37). In
addition, in vitro evidence suggests that gp91phox expression
provides dose-dependent regulation of superoxide generation in
response to Ang II in human endothelial cells (38). Taken to-
gether, these findings suggest that EtOH-stimulated increases in
RAS activity in the lung increased NADPH oxidase-dependent
superoxide production by increasing gp91phox expression.

The current study does not address the mechanism by which
EtOH modulates RAS activity. Regardless of the precise mecha-
nism, our study provides novel evidence that EtOH stimulates
RAS activity in the lung and stimulates lung oxidative stress
through an ACE-dependent mechanism and implicates gp91phox
as a downstream effector. These findings extend previous
work linking EtOH ingestion to oxidative stress in the lung and

susceptibility to lung injury. These findings raise the possibility
that alcohol abuse increases a patient’s risk for acute lung injury
in part by altering the RAS and specific NADPH oxidase compo-
nent expression and thereby rendering the tissue susceptible to
oxidative stress. Furthermore, this study raises the possibility
that lung dysfunction could be modulated by treatment with
ACE inhibitors. This may be particularly beneficial in patients
with a history of alcohol abuse who are at more than twice the
risk of developing ARDS in response to a given insult (3).
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