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Abstract

Background—Alcohol abuse increases the risk for acute respiratory distress syndrome (ARDS).
Efferocytosis, the clearance of apoptotic cells, is important in the resolution of inflammation and is
regulated by RhoA and rho kinase (ROCK) activation. The effects of alcohol on pulmonary Rho
pathway activation and efferocytosis have not been determined. We hypothesize that acute and
chronic alcohol exposure impair pulmonary efferocytosis, leading to heightened inflammation
during ARDS.

Methods—~For in vivo experiments, C57BL/6 mice received either a single, intraperitoneal
injection of alcohol or chronic ethanol-in-water for 8 weeks prior to intratracheal instillation of
apoptotic cells or lipopolysaccharide (LPS). Bronchoalveolar lavage (BAL) was performed for
cells counts, calculation of the phagocytic index (PI), and Rho activity measurements. For in vitro
studies, primary alveolar macrophages were cultured in alcohol (25-100mM) and then co-cultured
with apoptotic cells. RhoA activity was determined following alcohol exposure, and the Pl was
determined before and after treatment with the ROCK inhibitor, Y27632.

Results—Acute alcohol exposure was associated with impaired efferocytosis. Following LPS
exposure, acute alcohol exposure was also associated with increased BAL neutrophils. Chronic
alcohol exposure alone did not alter efferocytosis. However, following exposure to LPS, chronic
alcohol exposure was associated with both impaired efferocytosis and increased BAL neutrophils.
In vitro alcohol exposure caused a dose-dependent decrease in efferocytosis. Despite the fact that
RhoA activity was decreased by alcohol exposure and RhoA inhibition did not alter the effects of
alcohol on efferocytosis, treatment with the Rho kinase inhibitor, Y27632, reversed the effects of
alcohol on efferocytosis.

Conclusions—Acute alcohol exposure impairs pulmonary efferocytosis, while exposure to
chronic alcohol is only associated with impaired efferocytosis following LPS-induced lung injury.
Both forms of alcohol exposure are associated with increased alveolar neutrophil numbers in
response to LPS. The acute effects of alcohol on efferocytosis appear to be mediated, at least in
part, by RhoA-independent activation of ROCK. Further studies are needed to dissect the
differences between the effects of acute and chronic alcohol exposure on efferocytosis and to
determine the effects of alcohol on alternative activators of ROCK.
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Introduction

The acute respiratory distress syndrome (ARDS) is characterized by increased permeability
of the alveolar capillary membrane, diffuse alveolar damage, the accumulation of
proteinaceous interstitial and intra-alveolar edema, and an intense inflammatory response.
These pathological changes are accompanied by physiological alterations, including severe
hypoxemia, an increase in the mean pulmonary dead space fraction, and a decrease in
pulmonary compliance. ARDS is a common diagnosis in patients who require mechanical
ventilation for greater than 24 hours, occurring in approximately 200,000 individuals in the
United States each year (Rubenfeld et al. 2005b). Despite advances in the field, the mortality
from ARDS remains high (Phua et al. 2008).

Two large epidemiological studies involving nearly 600 critically ill patients have shown
that a history of alcohol abuse is associated with an increased susceptibility to the
development of ARDS (Moss et al. 1996;Moss et al. 2003a). Importantly, the association
between alcohol abuse and ARDS is common, occurring in nearly 50% of patients with
ARDS. In those patients who survive ARDS, alcohol abuse is associated with an increased
duration of mechanical ventilation and prolonged ICU length of stay (Moss et al. 2003b),
suggesting that alcohol abuse may alter the resolution phase of this disease. Follow-up
studies have validated the deleterious effects of alcohol on the development of ARDS,
showing an increased incidence and severity of ARDS in patients following surgical lung
resection and blood transfusion (Gajic et al. 2007;Licker et al. 2003). Many critically ill
patients with a history of alcohol abuse are acutely intoxicated at the time of hospital
admission. However, the relative contribution of chronic alcohol abuse and superimposed
acute intoxication to the development of ARDS has not been determined.

ARDS is characterized by an influx of inflammatory cells into the alveolar space (Ware &
Matthay 2000), and resolution requires the removal of these inflammatory cells from the
lung. During normal resolution of ARDS, the clearance of apoptotic inflammatory cells is a
highly efficient process, as the proportion of apoptotic neutrophils in BAL remain low
throughout the course of resolution (Matute-Bello et al. 1997b). Alveolar macrophages and
other phagocytes clear apoptotic cells from the lung and thereby prevent their lysis and the
consequent release of toxic or immunogenic intracellular components (Vandivier, Henson,
& Douglas 2006). In the case of neutrophils, in vitro studies have shown that lysed
neutrophils exhibit pro-inflammatory effects in an elastase-dependent manner (Fadok et al.
2001). In contrast, the interaction between apoptotic cells and phagocytes is anti-
inflammatory, decreasing the innate immune response and promoting resolution of
inflammation by suppressing the production of inflammatory mediators (Henson, Bratton, &
Fadok 2001;Huynh, Fadok, & Henson 2002).

The intracellular balance of Rho GTPases has been shown to be important in the regulation
of efferocytosis (Ravichandran & Lorenz 2007a). These small GTPases cycle between the
inactive GDP-bound state and the active GTP-bound state, and their activation and
inactivation occur during efferocytosis. Importantly, RhoA has a negative effect on
engulfment, such that the loss or suppression of RhoA activity promotes engulfment
(Ravichandran & Lorenz 2007b). Activation of RhoA also results in activation of its
downstream effector, Rho kinase (ROCK), a serine/threonine kinase that plays an important
role in a variety of cellular functions, including contraction, adhesion, migration,
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proliferation, and apoptosis (Shi & Wei 2007a). ROCK has also been shown to be important
in the regulation of pulmonary efferocytosis, as treatment with the ROCK inhibitor, Y27632,
improves efferocytosis in the setting of oxidative stress, cigarette smoke exposure, and
deficient cystic fibrosis transmembrane conductance regulator (McPhillips et al.
2007;Richens et al. 2009;Vandivier et al. 2009). While RhoA is the most common activator
of ROCK, there are many Rho-independent mechanisms of ROCK activation, including
lipid mediators (arachidonic acid and sphingosylphosphorylcholine), inositol phospholipids,
Granzyme B, and caspases (Caspase-2 and Caspase-3) (Shi & Wei 2007c).

Alcohol impairs phagocytosis of bacteria by neutrophils (Zhang et al. 1997) and alveolar
macrophages (Brown et al. 2007b;Rimland & Hand 1980), two important cell types
involved in the pathogenesis of ARDS. In the liver, chronic alcohol exposure impairs the
ability of hepatocytes to phagocytose apoptotic cells (McVicker et al. 2002) and alters the
anti-inflammatory effects of apoptotic cells (McVicker et al. 2007). However, the effects of
acute and chronic alcohol exposure on the phagocytosis of apoptotic cells within the alveolar
compartment are unknown. The effects of alcohol on Rho pathway signaling are varied.
Both in vivo and in vitro alcohol exposure have been shown to activate RhoA in cerebellar
granule neurons (Joshi et al. 2006) and astrocytes (Minambres et al. 2006). In contrast,
chronic ethanol treatment of rat astrocytes is associated with reduced levels of activated
RhoA (Martinez et al. 2007). The effects of acute alcohol exposure on RhoA and ROCK
activity in the lung are yet to be described.

Therefore, we hypothesized that, similar to its effects on the phagocytosis of bacteria, both
acute and chronic alcohol exposure would impair the process by which dying cells are
phagocytosed (efferocytosis) during ARDS, leading to impaired resolution of inflammation.
As more apoptotic cells are allowed to undergo necrosis, a pro-inflammatory environment
would be promoted, resulting in worsening lung injury. The effects of alcohol on pulmonary
efferocytosis have not been previously described. Because alcohol abuse patterns are
complex, often including both acute intoxication and long-term, chronic abuse, it was
important that we describe the effects of each type of exposure on this system. The focus of
this manuscript was to (1) define the effects of acute and chronic alcohol exposure on
efferocytosis, (2) determine whether these effects were associated with increased numbers of
inflammatory cells during LPS-induced lung injury, and (3) determine whether the effects of
alcohol on efferocytosis may be mediated in part by activation of RhoA and ROCK.

Materials and Methods

Reagents

Cell culture media (including Dulbecco's Modified Eagle Medium (DMEM), Hanks'
Balanced Salt Solution (HBSS), and RPMI 1640), Penicillin/Streptomycin/L-Glutamine,
EDTA, Diff-Quik stain, Permount, and modified finding needles were obtained from Fisher
Scientific (Pittsburgh, PA). Thioglycolate and ethanol were obtained from Sigma Aldrich
(St. Louis, MO). Fetal bovine serum (FBS) was obtained from Atlantic Biologicals
(Lawrenceville, GA). The human Jurkat leukemia T cell line was obtained from the
American Type Culture Collection (Manassas, VA). Isofluorane was obtained through the
animal facility of the University of Colorado Denver. C57BL/6 mice were obtained from
Jackson Laboratories (Bar Harbor, ME). Lipopolysaccharide (LPS) from Escherichia coli
0111:B4 was obtained from List Biological Laboratories (Campbell, CA). The Rho kinase
inhibitor, Y27632, was obtained from Calbiochem (Gibbstown, NJ), while the cell
permeable Rho inhibitor, C3 transferase, was obtained from Cytoskeleton (Denver, CO).
The RhoA activity assay was obtained from Cytoskeleton (Denver, CO).
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Experimental Animals

All experiments were performed with female, C57BL/6 mice, which were maintained on a
standard laboratory diet and housed in a controlled environment with a 12h light/dark cycle.
All studies were conducted under the Institutional Animal Care and Use Committee-
approved protocols in the animal facility of the University of Colorado Denver.

In vivo Acute Alcohol Model

In vivo animal experiments were performed with 7-8 wk-old mice. Acute ethanol
intoxication was induced by intraperitoneal (i.p.) injection of 20% ethanol (3 g/kg) in
phosphate-buffered saline (PBS). Control rats received an equal volume of PBS
intraperitoneally. Thirty minutes after intraperitoneal injection of ethanol or PBS,
intratracheal (i.t.) instillation of apoptotic thymocytes or LPS was performed as previously
described (Morimoto et al. 2006;Teder et al. 2002;Vandivier et al. 2002). Briefly, mice were
anesthetized with isofluorane, followed by intratracheal instillation of either apoptotic
thymocytes (107 cells per mouse in 50uL. PBS) or LPS (20ug/mouse) using a modified
finding needle (Fisher Scientific). Mice were subsequently sacrificed with pentobarbital, and
BAL samples were obtained (three separate lavages of 1ml each with PBS containing 5mM
EDTA) for pulmonary cell counts, phagocytosis assay, and RhoA activity assay (see below).

In vivo Chronic Alcohol Model

Chronic alcohol exposure was employed using the chronic ethanol-in-water model, a
method that has been extensively validated in C57BI/6 mice (Cook et al. 2007). For this
model, mice in the ethanol group are given, as the only water source, 10% w/v ethanol ad
libitum for 2 days, 15% w/v ethanol for 5 days, and 20% w/v ethanol thereafter for 8 weeks.
All mice continued to have access to standard rodent chow for nutrition. This model results
in significant elevations in blood alcohol levels without high serum corticosteroid
concentrations or weight gain abnormalities for >20 weeks. In our hands, we have treated
mice with this diet for 8 wks, with no differences in weight or significant morbidity or
mortality. Following exposure to alcohol for 8 weeks, i.t. instillation of either apoptotic
thymocytes or LPS was performed as described above.

In vitro Alcohol Model

Female, 7-8 week-old mice were sacrificed with pentobarbital, and BAL samples were
obtained (ten separate lavages of 1ml each with PBS containing 5mM EDTA). BAL cells
were pooled, counted, and plated in 96-well culture plates (100,000 cells/well) in DMEM
media containing 10% FBS supplemented with 2 mM L-glutamine, 100 U/ml penicillin, and
100 g/ml streptomycin. Media was changed 60 minutes later, and cells were cultured
overnight before starting experimental treatments. Next, cells were treated with
physiologically relevant concentrations of alcohol (25-100mM, or 115-460 mg/dL) for a
period of 24h. Cells were then washed with warm media prior to the addition of apoptotic
Jurkat T cells. To determine the importance of Rho pathway activation in this system, PM's
were treated with the Rho kinase inhibitor, Y27632 (1-10uM), or Rho inhibitor, C3
transferase (1-10ug/ml) 2h prior to the addition of apoptotic cells and calculation of the PI.
The reported half-maximal inhibitory concentration (ICsq) for Y27632 is 0.7-1.7 uM (Sward
et al. 2000;Uehata et al. 1997), while the typical effective range for C3 transferase when
used in the presence of 10% serum is 2.5-10ug/ml.

Cell isolation and Induction of Apoptosis

For in vivo experiments, murine thymocytes were isolated from the thymi of 3-4 wk-old
C57BL/6 mice by first passing thymi through a 40 um strainer to separate individual cells.
Thymocytes were washed with PBS, resuspended in RPMI media containing 10% FCS at
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3x106 cells/ml, exposed to UV irradiation at 254 nm for 12.5 min, and cultured for 3h in 5%
CO, at 37°C before use. For in vitro studies, Jurkat T cells were cultured in RPMI media
(RPMI 1640 with 10% heat-inactivated FBS and supplemented with 2 mM L-glutamine, 100
U/ml penicillin, and 100 g/ml streptomycin) and incubated at 37°C in 5% CO2. Cells were
then exposed to UV irradiation (Fotodyne Inc.) at 254 nm for 10 min and cultured for 3h in
5% CO» at 37°C before use. By these methods, cells are typically 70-90% apoptotic
(Hoffmann et al. 2001b).

Phagocytosis Assay

Phagocytosis assays were performed as previously described (Hoffmann et al. 2001a). For in
vitro experiments, apoptotic Jurkat T cells (2.5%108 cells in 0.5ml DMEM media) were
added to each well and co-cultured with alveolar macrophages at 37°C in 10% CO2 for four
hours. Following incubation, cells were washed three times with PBS and stained with a
modified Wright-Giemsa stain. For in vivo experiments, BAL was performed sixty minutes
following instillation of apoptotic cells. Cell monolayers were prepared by
cytocentrifugation and stained with a modified Wright-Giemsa stain. To determine the
effects of alcohol on the phagocytosis of apoptotic cells, the phagocytic index (PI) was
calculated using light microscopy. Figure 1 shows a representative photomicrograph
alveolar macrophages following exposure to apoptotic cells. Ingested cells can be easily
visualized and quantified. Of note, apoptotic cells that have not been ingested are often
destroyed by the cytospin process that is required for in vivo experiments. In figure 1, the
arrowheads demonstrate remnants of apoptotic cells that have been destroyed during the
cytospin process. The presence of these cell remnants not only confirms successful
intratracheal instillation of apoptotic cells, but also further reinforces the fragility of these
cells and their propensity to undergo cell lysis. A minimum of 400 AM's were counted per
condition in duplicate. In all cases, during analysis, the reader was blinded to the sample
identification. The Pl was calculated using the following formula: ((number of apoptotic
bodies)/(total macrophages)) x 100. Each condition was tested in duplicate and repeated at
least three times.

RhoA Activity Assay

Activation of RhoA was determined in both in vitro and in vivo models. For the in vitro
model, alveolar macrophages were harvested as described above and plated in 6-well plates
(250,000 cells/well). Cells were cultured in the presence of either control media or media
containing 100mM alcohol for 0-30 minutes prior to assay. For in vivo experiments, BAL
was performed 60 minutes following i.p. injection of either PBS or PBS containing 20%
alcohol (5 mice per experimental group; BAL with a total of 10ml per animal in 1ml
increments). Cells were washed and plated on 6-well plates, followed by incubation for
30min at 10% CO, at 37°C. Non-adherent cells were then removed prior to assay. For both
in vitro and in vivo experiments, cell lysates were collected using a cell scraper. RhoA
activity was determined using the G-LISA assay kit according to the manufacturer's
instructions. At least three independent experiments were performed according to the
manufacturer's specifications.

Statistical Analysis

The means were analyzed using ANOVA for multiple comparisons. When ANOVA
indicated significance, a Dunnett's method was used to compare groups with an internal
control. For all other experiments in which two conditions were being compared, a Student's
t-test assuming equal variance was used. All data were analyzed using JMP (version 3)
Statistical Software for the Macintosh (SAS Institute Inc., Cary, North Carolina, USA) and
are presented as the mean = SEM.
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Results

In vitro alcohol exposure impairs efferocytosis

Alveolar macrophages were cultured in the presence and absence of alcohol (25-100mM)
for 24h. Macrophages in all treatment groups were >97% viable, and culture in the presence
of alcohol did not alter cell viability, as determined by trypan blue exclusion (data not
shown). Alcohol exposure impaired efferocytosis at all doses of alcohol used, and the effect
of alcohol on efferocytosis was dose-dependent, such that increasing doses of alcohol
resulted in decreasing levels of phagocytosis (figure 2). Of note, the concentrations of
alcohol used for these experiments (25-100 mM, or 115-460 mg/dL) are comparable to
blood alcohol levels commonly seen in individuals at the time of presentation to the
hospital(Winek et al. 2004).

In vivo acute alcohol intoxication impairs efferocytosis

Many critically ill patients with a history of alcohol abuse are acutely intoxicated at the time
of hospital admission with diagnoses that place them at increased risk for ARDS, such as
aspiration or bacterial pneumonia. Previous studies have shown that human neutrophils
undergo apoptosis very quickly, with approximately 40% becoming apoptotic within 6 hours
of culture(Matute-Bello et al. 1997c). Because neutrophils become apoptotic in such a short
period of time, the effects of acute alcohol intoxication on their clearance may be of critical
importance during the early stages of ARDS. To determine whether in vivo, acute alcohol
exposure impairs efferocytosis, apoptotic cells were instilled i.t. 30 minutes following a
single i.p. injection of either PBS or 20% ethanol (3g/kg total dose). In vivo treatment with
alcohol was not associated with altered numbers of total cells, macrophages, or neutrophils
(data not shown). Sixty minutes following instillation of apoptotic cells, the Pl was
calculated from cytospins of the BAL fluid. A single dose of alcohol was associated with a
significant decrease in efferocytosis (figure 3).

Acute alcohol intoxication is associated with an increased number of neutrophils in the
alveolar space following LPS-induced acute lung injury

Alcohol intoxication is associated with decreased alveolar neutrophil numbers at 4 hours
following intratracheal challenge with lipopolysaccharide (LPS) (Nelson, Bagby, & Summer
1989). However, little is known about the effects of such intoxication on the accumulation
of inflammatory cells at later time points following an inflammatory stimulus. Based on our
hypothesis that alcohol impairs efferocytosis, we expected that alveolar neutrophil numbers
would be paradoxically increased during the later stages of lung injury due to ineffective
removal. To test this hypothesis, i.t instillation of LPS (20ug/mouse) was performed 30 min
following a single i.p. injection of saline or 20% ethanol (3g/kg), and BAL inflammatory
cells were measured. BALF neutrophils were significantly increased at 24h in the alcohol
group, while alveolar macrophage numbers were similar in both groups at all time points
tested (figure 4). This effect could be due to either (1) increased late chemotaxis of
neutrophils into the alveolar compartment during acute lung injury, (2) impaired
phagocytosis and clearance of neutrophils from the alveolar compartment, or (3) both.

In vivo chronic alcohol exposure impairs efferocytosis

Data from our lab and others have consistently shown that chronic alcohol abuse decreases
pulmonary anti-oxidant capacity by decreasing pulmonary concentrations of the antioxidant
glutathione (Bechara et al. 2004;Brown et al. 2001a;Brown et al. 2001b;Brown et al.
2007a;Burnham et al. 2003;Guidot et al. 1999;Guidot et al. 2000;Holguin et al. 1998;Moss
et al. 2000a;Moss et al. 2000b;Moss & Burnham 2006). LPS instillation, a well-described
model of lung injury, produces a pulmonary environment that is rich in oxidative stress;
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therefore, we hypothesized that the effects of chronic alcohol exposure on efferocytosis may
be more profound during LPS-induced lung injury. To test this hypothesis, we measured the
effects of alcohol on pulmonary efferocytosis in the presence and absence of LPS
instillation. In addition, we measured efferocytosis during two general times following LPS
instillation, one during the early stages of inflammation, and the other at a time when
inflammation is resolving. Following exposure to alcohol for eight weeks, i.t. instillation of
apoptotic thymocytes was performed, and the P1 was calculated 60min later from cytospins
of the BAL fluid. Surprisingly, chronic alcohol exposure alone had no affect on
efferocytosis at 8 weeks (figure 5). To determine the effects of chronic alcohol exposure in
the setting of lung injury, experiments were repeated 24 hours and 7 days following i.t.
instillation of LPS. Similar to baseline data in the absence of lung injury, chronic alcohol
exposure did not significantly alter efferocytosis 24h following instillation of LPS. In
contrast, efferocytosis was significantly decreased in the alcohol group 7 days following
instillation of LPS (figure 5). These data suggest that the effects of alcohol on recruited
macrophages are different that those on resident phagocytes.

Chronic alcohol exposure is associated with an increased number of neutrophils in the
alveolar space following LPS-induced acute lung injury

To determine whether chronic alcohol exposure also alters the inflammatory response to
lung injury, mice received chronic ethanol in water for 8 weeks. Following alcohol
exposure, there was no difference in animal weight or appearance (animal weight; 21.2 g +/-
0.28 for control, 20.9 g +/- 0.25 for alcohol; p>0.05). BALF neutrophil numbers were
similar 24h following LPS. However, chronic alcohol exposure was associated with
increased numbers of BALF neutrophils at 48 and 72 hours following LPS (figure 6). Of
interest, alveolar macrophage numbers were reduced in the alcohol group prior to instillation
of LPS but increased similarly in both groups at later time points (figure 6). Therefore, in the
case of chronic alcohol exposure, alveolar macrophage numbers are decreased at baseline,
although their ability to phagocytose apoptotic cells is not affected. In contrast, in the setting
of LPS-induced lung injury, alveolar macrophage numbers are similar, although their ability
to phagocytose apoptotic cells is impaired. These data suggest that the pulmonary
phagocytic capacity is decreased at baseline through a decrease in the total number of
available phagocytes. Following LPS exposure, alcohol impairs the ability of alveolar
macrophages to phagocytose apoptotic cells. Similar to data from our acute model, chronic
exposure to alcohol exposure is associated with increased neutrophil numbers during lung
injury.

The effects of alcohol on efferocytosis are mediated, in part, by Rho kinase activation

Based on data from our acute model of alcohol exposure, it is clear that short-term exposure
to alcohol is associated with impaired efferocytosis, even in the absence of lung injury. To
investigate some of the mechanisms involved in this alcohol-associated defect, our in vitro
model was employed. Prior to addition of apoptotic cells, AMs were treated with the ROCK
inhibitor, Y27632 (0.1-10pM). Treatment with this agent reversed the effects of alcohol on
efferocytosis at all concentrations used, suggesting ROCK activation may be an important
mechanism by which alcohol impairs efferocytosis (figure 7).

The effects of alcohol on efferocytosis occur independently of RhoA activation

A well-described activator of ROCK is the Rho GTPase, RhoA. We hypothesized that
alcohol-induced activation of ROCK occurs through activation of RhoA. To determine the
role of Rho activation on alcohol-mediated suppression of efferocytosis, AMs were treated
in vitro with the Rho inhibitor, C3 transferase (1-10ug/ml), prior to the addition of apoptotic
cells. In contrast to inhibiton of ROCK activation, inhibition of Rho activation did not
reverse the effects of alcohol on efferocytosis (figure 8a), suggesting that the effects of
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alcohol on efferocytosis occur independent of Rho activation. To determine the effects of
both in vitro and in vivo alcohol exposure on RhoA activation, RhoA activity was
determined using the G-LISA assay kit in cell lysates from AMs following in vitro and in
vivo exposure to alcohol. Contrary to our hypothesis, RhoA activity was not increased
following in vitro (figure 8b) or in vivo (figure 8c) exposure to alcohol. In fact, RhoA
activity was significantly decreased by alcohol in our in vivo model, suggesting that alcohol-
induced activation of ROCK is not secondary to activation of RhoA.

Discussion

In the present study, we demonstrate that in vivo acute alcohol exposure impaired the
process by which dying cells are phagocytosed (efferocytosis). Interestingly, while chronic
alcohol exposure was associated with decreased numbers of alveolar macrophages at
baseline, efferocytosis was only impaired in the setting of lung injury, suggesting important
differences between the acute and chronic effects of alcohol exposure. Both acute and
chronic alcohol exposure were associated with increased alveolar neutrophil numbers during
LPS-induced lung injury. Our in vitro studies confirmed that alcohol exposure, at clinically
relevant concentrations, caused a dose-dependent decrease in efferocytosis. In this model,
treatment with the ROCK inhibitor, Y27632, reversed the adverse effects of alcohol on
efferocytosis. However, these effects were not mediated through activation of RhoA, as
RhoA activity was decreased following both in vivo and in vitro exposure to alcohol, Rho
inhibition had no effect on alcohol-mediated suppression of efferocytosis. Taken together,
our data demonstrate a novel mechanism by which both acute and chronic alcohol exposure
may promote a pro-inflammatory environment, resulting in an increased susceptibility and
severity of ARDS. Specifically, alcohol exposure impairs the clearance of inflammatory
cells from the lungs, which may result in higher numbers of inflammatory neutrophils within
the alveolar space during the later stages of lung injury. Epidemiological studies linking
alcohol abuse to ARDS have shown a clear relationship between a history of alcohol abuse
and increased susceptibility to ARDS. However, it remains unclear whether it is the short-
term or long-term effects of alcohol that play the most critical role in increasing one's
susceptibility to ARDS. Because patients with a history of chronic alcohol abuse are also
more likely to be acutely intoxicated on presentation to the hospital, further work is required
to delineate these conditions and determine the specific role that each type of exposure plays
in the development of ARDS. Because both forms of alcohol abuse are known to cause
alterations in the pulmonary inflammatory response (Szabo & Mandrekar 2009), it is likely
that both forms of abuse are important in the pathophysiology of ARDS. The current study
highlights important differences between the effects of acute and chronic alcohol exposure
on efferocytosis and alveolar cell numbers following LPS instillation. Further studies will be
needed to explore the mechanisms underlying these differences, as well as to determine their
role in the pathophysiology of ARDS.

The process by which inflammation is resolved during lung injury is complex. One key step
in this process is the timely phagocytosis and clearance of dying cells from the site
(efferocytosis), before the pro-inflammatory components within these cells are released.
Efferocytosis is a highly efficient process (Matute-Bello et al. 1997a) that is regulated, in
part, by RhoA and ROCK activation. Factors that activate RhoA and ROCK impair
efferocytosis and are associated with an increased pro-inflammatory environment. However,
the effects of Rho pathway activation and impaired efferocytosis on the pathophysiology of
ARDS have yet to be determined. In our model, the effects of alcohol on efferocytosis
appear to be due, at least in part, to ROCK activation. However, ROCK activation occurred
in the absence of RhoA activation, suggesting that alternative activators of ROCK may be
important in the alcohol-induced effects on efferocytosis (such as lipid mediators, inositol
phospholipids, Granzyme B, and caspases)(Shi & Wei 2007b).
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The current study not only highlights some of the important effects of alcohol on
efferocytosis, but it also demonstrates important differences between the pulmonary effects
of acute and chronic alcohol exposure. ARDS affects approximately 200,000 individuals in
the United States each year (Rubenfeld et al. 2005a), and nearly 50% of those individuals
have a history of alcohol abuse (Moss et al. 2003c). Those patients who abuse alcohol have
an increased duration of mechanical ventilation, prolonged ICU length of stay, and increased
mortality (Moss et al. 2003d). As we gain more insight into the mechanisms by which
alcohol predisposes patients to the development of ARDS, additional novel therapies will be
identified that will improve the incidence and severity of ARDS in this important patient
population While our findings are intriguing, there are several important limitations of this
study that are worth noting. First, while both acute and chronic alcohol exposure were
associated with impaired efferocytosis and increased numbers of alveolar neutrophils, a
direct causal relationship has yet to be established. Further investigations will be required to
fully establish this relationship. Second, while activation of the ROCK is an important
mechanism by which alcohol alters efferocytosis in our model, this occurs through a
mechanism that does not involve increased activation of RhoA. This is a novel finding that
raises additional questions regarding the mechanism by which alcohol increases ROCK
activation. As there are many Rho-independent activators of ROCK, further studies of the
effects of alcohol on these various agents within the lung will be required. Finally, several
studies have highlighted important gender differences between the effects of alcohol on
inflammatory and immune responses(Grossman et al. 1993;Kovacs & Messingham
2002;Lee & Rivier 1996;Li et al. 1998;Spitzer 1999;Spitzer et al. 2002;Spitzer & Spitzer
2000;Spitzer & Zhang 1996b). For example, in the absence of alcohol exposure,
inflammatory and immune responses are stronger in females than males(Grossman,
Nienaber, Mendenhall, Hurtubise, Roselle, Rouster, Weber, Schmitt, & Gartside
1993;Spitzer 1999;Spitzer & Zhang 1996b;Spitzer & Zhang 1996a). However, this effect is
nullified by alcohol exposure(Grossman, Nienaber, Mendenhall, Hurtubise, Roselle,
Rouster, Weber, Schmitt, & Gartside 1993;Li, Grossman, Mendenhall, Hurtubise, Rouster,
Roselle, & Gartside 1998;Spitzer & Zhang 1996b). Because the current studies were
performed in female mice only, it is unknown whether the effects described also apply to
male mice, or if there may be important gender differences between the effects of alcohol on
efferocytosis.

In conclusion, our study demonstrates that both acute and chronic alcohol exposure impair
efferocytosis, an important process in the normal resolution of inflammation, and that this
effect is mediated, in part, by RhoA-independent activation of ROCK. While this may be an
important mechanism by which alcohol increases patient susceptibility to ARDS, further
studies will be needed to characterize the nature of this alcohol-induced effect and to
determine the mechanisms by which this occurs. Also, there are differences between the
effects of acute and chronic exposure on efferocytosis that warrant further investigation.
Ultimately, by better understanding the mechanisms by which alcohol delays the resolution
of inflammation, novel therapies may be developed to reverse this process. Given the
widespread use of alcohol in our critically ill patients, the clear role of alcohol abuse in
increasing the risk for ARDS, and the current lack of specific treatments for individuals with
alcohol abuse and ARDS, further investigations into the mechanisms by which alcohol
predisposes to ARDS and the effects of specific therapies are necessary.
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Figure 1.

Representative photomicrograph (60x) demonstrating phagocytosis of apoptotic thymocytes
by alveolar macrophages. Ingestions are indicated by arrows, which are manually counted to
determine the phagocytic index. The arrowheads demonstrate remnants of apoptotic
thymocytes that have been destroyed during the cytospin process.
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Figure 2.

In vitro exposure of alveolar macrophages to alcohol for 24h impairs phagocytosis of
apoptotic cells in a dose dependent fashion. Data shown represent combined data from three
separate experiments, each performed in duplicate. *p<0.05 when compared to control.
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Figure 3.

In vivo acute alcohol exposure is associated with impaired phagocytosis of apoptotic cells by
alveolar macrophages. Data shown represent combined data from three separate
experiments. *p<0.05 when compared to control.
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In vivo acute alcohol exposure is associated with increased numbers of alveolar neutrophils
(A) but does not alter alveolar macrophage (B) numbers following LPS-induced lung injury.
n=6-8 for each experimental group. *p<0.05 when compared to time-matched control.
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7d Following LPS

Control Alcohol

In vivo chronic alcohol exposure did not alter phagocytosis of apoptotic cells by alveolar
macrophages at baseline (A) or 24h following i.t. LPS instillation (B). However, at 7 days
following LPS, chronic alcohol exposure was associated with impaired efferocytosis (C).
Data shown represent combined data from three separate experiments. *p<0.05 when

compared to time-matched control.
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In vivo chronic alcohol exposure is associated with increased numbers of alveolar
neutrophils (A) at 48h and 72h following i.t. instillation of LPS. Chronic alcohol exposure
was also associated with decreased numbers of alveolar macrophages (B) at baseline,
although alveolar macrophage numbers were similar at all times measured following LPS
instillation. n=6-8 for each experimental group. *p<0.05 when compared to time-matched

control. T p=0.07.
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Figure 7.

In vitro exposure of alveolar macrophages to alcohol for 24h impairs phagocytosis of
apoptotic cells. This effect is reversed by pre-treatment with the Rho kinase inhibitor,
Y27632 (1-10uM). Data shown represent combined data from three separate experiments,
each performed in duplicate. *p<0.05 when compared to control.
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Figure 8.

In vitro exposure of alveolar macrophages to alcohol for 24h impairs phagocytosis of
apoptotic cells. This effect is not reversed by pre-treatment with the cell permeable Rho
inhibitor, C3 transferase (1-10ug/ml) (A). RhoA activity is not increased by either in vitro
(B) or in vivo (C) exposure to alcohol, suggesting that the ROCK-dependent effects of
alcohol on efferocytosis are independent of RhoA. In fact, in vivo alcohol exposure is
associated with significantly decreased RhoA activity. *p<0.05 when compared to control.
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