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Abstract
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Alcoholic patients have an increased risk of respiratory infections, which is partially due to an
impaired immune response of alveolar macrophages. The mechanisms by which alcohol impairs
alveolar macrophage function are poorly understood. In this study, we demonstrated in a guinea pig
model that chronic ethanol ingestion significantly impaired alveolar macrophage differentiation and
function. Isolated alveolar macrophages were separated into 4 different subpopulations with varying
densities and levels of maturation. Compared to control values, chronic ethanol ingestion decreased
the percentage of alveolar macrophages in the mature fractions by ~60%. Alveolar macrophage
function in each subpopulation was determined by measuring phagocytosis of FITC-labeled S.
aureus. Alveolar macrophages from ethanol-fed animals had ~80% decrease in the phagocytic index.
Western blot and immunohistochemical analysis of the differential markers GM-CSF receptor α
(GM-CSFR-α), PU.1, CD11c, and CD11b verified that alcoholic macrophages displayed impaired
terminal differentiation. While oral supplementation with the glutathione precursor S-adenosylmethionine (SAM) did not alter the maturational status of control animals, SAM s supplementation
shifted the distribution of macrophages to more mature fractions, normalized the phagocytic index;
as well as normalized expression of CD11c, CD11b, PU.1, and GM-CSFR-α. Chronic ethanol
ingestion also impaired the differentiation status of interstitial macrophages which was normalized
by SAM supplementation. This improvement in the maturational status suggested that ethanolinduced oxidant stress is a central feature in impaired terminal differentiation of macrophages in the
interstitial and alveolar space. Therefore, strategies targeting pulmonary oxidant stress may restore
macrophage differentiation and function even after chronic ethanol ingestion.

NIH-PA Author Manuscript

Keywords
lung; acute respiratory distress syndrome; oxidative stress; glutathione

Introduction
Patients with a known history of alcohol abuse have a 43% chance of developing acute
respiratory distress syndrome (ARDS) (Joshi and Guidot, 2007)., an acute, severe injury to the
lungs associated with a variety of risk factors (Ware and Matthay, 2000). ARDS is characterized
by lung inflammation that leads to an impairment of gas exchange and the release of proinflammatory cytokines (Aytacoglu et al., 2006). The incidence and severity of communityacquired pneumonia, the most common cause of ARDS in alcoholic patients, is associated with
a 30% increase in the in-hospital mortality rate (Jong et al., 1995, Esper A., 2006). This
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increased increased risk of bacterial pneumonia is partially due to impaired alveolar
macrophage function (Rosseau et al., 2000).
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Peripheral blood monocytes pass through the pulmonary circulation and become sequestered
within pulmonary capillaries and then migrate into interstitial and alveolar spaces where they
mature into pulmonary macrophages (Shibata et al., 2001, Akagawa et al., 1988, Lloberas et
al., 1999). Monocytes are rich in adhesion molecules, such as members of the CD11 family
(CD11a, CD11b, and CD11c), but possess diminished phagocytotic ability. Since monocytes
must migrate through the pulmonary interstitium en route to the alveolus, the interstitial
macrophage is thought to represent an intermediate stage of differentiation between monocytes
and alveolar macrophages (Laskin et al., 2001). As macrophages mature in the alveolar space,
they increase in size and decrease in density. Compared to alveolar macrophages, interstitial
macrophages are much smaller in size, have blunt pseudopodia, and closely resemble
monocytes. Mature alveolar macrophages have minimal levels of such adhesion molecules but
have significantly greater phagocytic capacity (Lundahl et al., 1996) and play a vital role in
innate and acquired immunity (Trapnell and Whitsett, 2002).
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Granulocyte/macrophage colony-stimulating factor (GM-CSF), a glycoprotein responsible for
controlling the terminal differentiation of peripheral blood monocyte into terminally
differentiated alveolar macrophages, promotes the proliferation and differentiation of myeloid
progenitors (Burgess and Metcalf, 1980, Baldwin, 1992),(DeKoter et al., 1998, Berclaz et al.,
2007, Shibata et al., 2001). In the GM-CSF knockout mouse, alveolar macrophages displayed
impaired surfactant expression, clearance, phagocytosis, as well as altered receptor expression
(Berclaz et al., 2002, Trapnell and Whitsett, 2002). PU.1 is a regulatory transcription factor
required for normal hemopoietic cell development, proliferation and differentiation of myeloid
progenitors, and the generation of both the innate and the adaptive immune system (Scott et
al., 1994, Lloberas et al., 1999). Previous studies have shown GM-CSF regulates alveolar
macrophage differentiation through PU.1. In a rat model, chronic ethanol ingestion in
decreased expression of PU.1 and the GM-CSF receptor (GM-CSFR), suggesting decreased
terminal differentiation (Joshi et al., 2005).
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Glutathione (GSH), the most abundant thiol in living organisms, is essential for protein
synthesis, DNA synthesis and detoxification of oxygen radicals. In the lung, GSH is
concentrated in the epithelia lining fluid through transport by alveolar type II cells (Brown et
al., 2007). In clinical and animal studies, chronic ethanol ingestion depletes GSH within the
alveolar space resulting in chronic oxidative stress and a loss of alveolar macrophage functions
(Brown et al., 2004, Yeh et al., 2007, F. Holguin 1998, Brown et al., 2007). In animal studies,
chronic ethanol-induced depletion of GSH in the lung impairs alveolar type II cell function
(Guidot et al., 2000), impairs clearance of microbes and decreases alveolar macrophage cell
viability (Velasquez A, 2002, Aytacoglu et al., 2006).
Previous studies by this laboratory and others demonstrated chronic ethanol ingestion impairs
alveolar macrophage binding and internalization of inactivated Staphylococcus aureus (S.
aureus) (Brown et al., 2004, Standiford TJ, 1997). Moreover, in vivo treatment with GSH
precursors improved alveolar macrophage phagocytosis during chronic ethanol ingestion
(Brown et al., 2007). These results suggested the decreased functions of alveolar macrophages
were due to decreased GSH availability and subsequent oxidant stress in the alveolar space.
However, the precise mechanisms by which ethanol impairs alveolar macrophage function
remain poorly understood. Therefore, we hypothesized that chronic ethanol ingestion alters
macrophage terminal differentiation and function and that these alterations were secondary to
ethanol-induced decreases in antioxidant availability. To address this hypothesis, we examined
the role of chronic ethanol consumption on the maturation and terminal differentiation of
peripheral blood monocytes into pulmonary macrophages and their phagocytic capacity.
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Previous studies in a guinea pig model demonstrated that alveolar macrophages can be
separated into subpopulations with distinct densities, as well as morphologic and functional
properties (Chandler et al., 1986, Dauber JH, 1983, Laskin et al., 2001). In these experiments,
we capitalized on this change in density to separate the alveolar macrophages by a percoll
density gradient into four fractions with a range in terminal maturation. Assessment of these
different fractions suggested that chronic ethanol ingestion impaired terminal differentiation
of macrophages and that these effects were secondary to ethanol-induced oxidant stress.

Material and Methods
Guinea pig model of chronic ethanol ingestion
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Since the adult guinea pig has a well-defined subpopulation of resident alveolar macrophage
that correlate directly with their function (Dauber JH, 1983), we chose to examine the effects
of chronic ethanol exposure on the maturation of the alveolar macrophage in this model.
Pathogen-free 6–8 week old female Hartley guinea pigs weighing 400–500 grams were shipped
from the vendor (Charles River). Three days after delivery to the Emory Animal Facility,
animals were randomly assigned to drinking water with or without ethanol. The ethanol content
of the drinking water was incrementally increased to 4% (Mato et al., 1999). For some of the
control and ethanol-treated animals, the GSH precursor S-adenosyl-methionine (SAM)
(0.04%) was also added to the drinking water. During the 25 days of treatment, the only access
to drinking water was the experimental mixture. Solid diet was provided ad libitum to all four
groups. All animals were used in accordance with NIH guidelines (Guide for the Care and Use
of Laboratory Animals) as described in protocols reviewed and approved by the Emory
University Institutional Animal Care Committee.
Alveolar macrophage isolation
After pentobarbital anesthesia, the trachea was cannulated and the guinea pig lung underwent
4 bronchoalveolar lavages, consisting of 10 ml each, for a total of 40 ml of sterile phosphatebuffered saline (37°C, pH 7.4). The pooled lavage fluid was centrifuged at 500 g for 8 min and
the cell pellet was resuspended in 2 ml of sterile Hank’s Buffered Salt Solution (HBSS). After
staining with Diff Quik (Dade Behring, Newark, DE) and counting on a hemacytometer, the
cell population was determined to be ~95% macrophages.
Alveolar macrophage separation

NIH-PA Author Manuscript

Alveolar macrophages were subfractionated by centrifugation on a continuous percoll density
gradient as described by others (O’Neill et al., 1984, Chandler et al., 1986). After the isoosmotic percoll was diluted to 49.2% with phosphate buffered saline, the pH was adjusted to
7.2 and 12 mL of the diluted Percoll was then added to a 15 ml glass centrifuge tube (Corning
Glass, Corning, NY). Two identical density-based gradients of Percoll were generated for each
animal. One tube was used for the separation of alveolar macrophages and the second tube was
used for density calibration using marker beads of known density (Sigma-Aldrich, Saint Louis,
MO). All of the tubes were centrifuged at 30,000 g for 90 min at 4°C to form a continuous
gradient. After 2 ml of the resuspended alveolar macrophages was added to the Percoll tube
and 2 ml of HBSS was added to the calibration tube, the tubes were centrifuged at 400 g for
20 min at 4°C. The gradient separated into 4 fractions with the following densities (fraction
1, <1.055 g/ml; fraction 2, 1.056–1.061 g/ml; fraction 3, 1.061–1.065 g/ml; and fraction 4,
>1.065 g/ml). Starting with the top layer (layer 1), each gradient fraction was recovered by
aspirating with an 18-guage spinal needle. Cells were then resuspended with 5 volumes of
HBSS, centrifuged at 200 g for 20 min at 4°C and the resulting cell pellet from each layer was
resuspended in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 1%
penicillin-streptomycin solution and 10% fetal bovine serum. The cell number in each layer
was determined via counting on a hemacytometer.
Alcohol Clin Exp Res. Author manuscript; available in PMC 2010 April 1.
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Phagocytosis of fluorescein isothiocyanate - (FITC)-labeled S. aureus in vitro
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Alveolar macrophages from each fraction were plated at a density of 106 cell/mL in DMEM
supplemented with 1% penicillin-streptomycin solution plus 10% fetal bovine serum and
cultured at 37°C, 5% CO2 for 1 hr. Fluorescein-labeled inactivated S. aureus (Molecular
Probes, Eugene, OR) was then added in a 1:10 ratio (macrophage to bacteria). After a 4-hr
culture period, alveolar macrophages were washed with DMEM and fixed with 3.7%
paraformaldehyde. Phagocytosis of S. aureus was determined via quantitative digital analysis
of fluorescence using confocal fluorescent microscopy (Olympus, Melville, NY) as previously
reported (Ping et al., 2007, Brown et al., 2007). Using three-dimensional analysis, we evaluated
the alveolar macrophages at 50% cell depth in the z plane to ensure that the S. aureus was
internalized and not bound to the cell periphery (not within the outer 10 mm of the plasma
membrane) (Brown et al., 2007). Fluorescence was determined via quantitative digital analysis
using FluoView (Olympus, Melville, NY). Values are presented as mean relative fluorescent
units (RFU)/cell ± SEM and the mean percentage of cells fluorescently positive for
internalization (per field) ± SEM as tallied from at least 10 experimental fields/set.
Interstitial macrophage isolation
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To ensure removal of alveolar macrophages from the lung, two additional bronchoalveolar
lavages with 10 mL of saline solution each were performed. After the lavages, the lungs were
minced into 2–4 mm pieces with scissors and excess blood removed by rinsing the lung pieces
with phosphate buffered saline and filtering through a 70-μm nylon mesh cell strainer
membranes (BD Falcon, Bedford, Mass.). The tissue pieces were then incubated with
RPMI-1640 medium containing trypsin (166 mg/mL) and EDTA (66 mg/mL) for 40 min at
37°C. To remove particulate matter, the cell suspension was filtered through gauze and then
centrifuged for 10 min at 1,500 g at 4°C (Sansores et al., 1997). The cell pellet containing
interstitial macrophages was resuspended in RPMI-1640 medium, washed twice, and then
centrifuged. The cell pellet containing interstitial macrophages were then resuspended in
RPMI-1640 medium, counted, and adjusted to a concentration of 5 × 105 cells/ml before it was
cultured at 37°C, 5% CO2 for 1 hr. After this culture period, nonadherent cells were removed
and the adherent cells were washed twice with phosphate buffered saline (PBS). The cells were
then fixed with 3.7% paraformaldehyde before assessment by immunofluorescence techniques.
Western blot analysis
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Alveolar macrophage and interstitial macrophage cell lysates were prepared by adding cell
lysis buffer containing protease inhibitor cocktail (Roche) to isolated macrophages. Fifty
micrograms of total protein from each sample was separated by SDS-PAGE, and the gel was
transferred on to polyvinylidene difluoride membranes. Membranes were blocked at room
temperature for 1 h in TBS with 0.2% Tween 20 (TBS-T) containing 5% nonfat dry milk in
TBS-T. Primary antibodies at 1:50 dilution in 5% milk in TBS-T were added to the membranes
and kept at 4°C overnight. After three washes with T-TBS for 10 min, membranes were
incubated at room temperature with secondary antibodies coupled to a horse-radish peroxidase
(Santa Cruz Biotechnologies, Santa Cruz, CA) for 2 h. After adding ECL chemiluminescence
reagent (Amersham Biosciences) to the membranes, bands were detected and quantified (via
densitometry) using a Bio-Rad Imaging System.
Immunofluorescence characterization
Alveolar macrophages and interstitial macrophages were isolated and cultured as described
above. After the culture period, the macrophages were fixed with 3.7% paraformaldehyde and
nonspecific binding blocked with 1% bovine serum albumin. Cells were then washed twice in
PBS, and incubated for 2 hr at room temperature with the following primary antibodies: CD11b
(Abcam, Cambridge, MA), CD11c (Antigenix America, Franklin Square, NY), the α subunit
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of the GM-CSF receptor (GM-CSFR α) (Santa Cruz Biotechnology, Santa Cruz, CA) or PU.
1 (Santa Cruz Biotechnology, Santa Cruz, CA). The slides were washed three times with PBS
and incubated with the appropriate secondary antibodies (all FITC- and Tetramethyl
Rhodamine Iso-Thiocyanate (TRITC)-conjugated antibodies; Sigma-Aldrich) for 1 hr,
followed by 2 washes with PBS. Immunofluorescence was determined via quantitative digital
analysis of fluorescence (QImaging, Burnaby, BC, Canada) and data analysis performed using
Image-Pro Plus for Windows (Jandel Scientific). Background fluorescence was determined
and subtracted from the mean relative fluorescent units. Values are presented as the mean
relative fluorescent units per cell (± SE) as tallied from at least 10 experimental fields per set.
Statistical analysis
Statistical analysis was performed with Sigma Stat for Windows. The data is presented as
means ± SE. Results were analyzed using one-way analysis of variance (ANOVA), followed
by Student-Newman-Keuls test comparisons. A p-value of < 0.05 was considered significant.

Results
Chronic ethanol ingestion impaired alveolar macrophage maturation
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Pulmonary macrophages increase in size, gain cytoplasm and decrease in density as they
mature. As a result, we were able to separate alveolar macrophages into various subpopulations
based on densities that contained cells at different maturational stages. The most dense (high
nuclear-to-cytoplasmic ratio) alveolar macrophages represent the most immature cells and the
least dense (low nuclear-to-cytoplasmic ratio) cells represent the most mature alveolar
macrophages (Dauber JH, 1983). We determined 1) the total number of alveolar macrophages
isolated by the bronchoalveolar lavage, 2) the number of alveolar macrophages in each of the
four subpopulations, and 3) the distribution of alveolar macrophages across the four
subpopulations. Across the four experimental groups, there were no significant differences in
the total number of alveolar macrophages retrieved by the bronchoalveolar lavage (control 2.2
± 0.5 ×106/animal; control+ SAM 2.9 ± 0.3 ×106; ethanol 1.6 ± 0.3 ×106/animal; ethanol +
SAM 1.9 ± 0.4 ×106/animal). However, chronic ethanol ingestion altered the distribution of
alveolar macrophages across the four layers of maturation. Over 75% of the control alveolar
macrophages were located within the two most mature fractions (layer 1 and 2), while less than
30% of the ethanol-exposed alveolar macrophages were present in these fractions (Figure
1, a,bp < 0.01 vs. control and control + SAM). When the GSH precursor SAM was added to
the drinking water containing ethanol, the percentage of alveolar macrophages in the immature
fraction decreased by ~ 20% (Layer 4; Figure 1, cp < 0.001 vs. ethanol), while the percentage
of macrophages within layer 2 increased 2-fold (Figure 1, cp < 0.01 vs. ethanol). Therefore,
chronic ethanol ingestion resulted in a 60% decrease in the percentage of macrophages present
in the two mature fractions but SAM supplementations normalized the alveolar macrophages
to a more mature, control-like population.
Chronic ethanol ingestion impaired alveolar macrophage function in defined subpopulations
Since phagocytic function varies with the different subpopulations of guinea pig alveolar
macrophages (Holian A, 1983), we evaluated the different subpopulations from the
experimental groups to determine their phagocytic capacity. Alveolar macrophages from each
subpopulation were incubated with inactivated FITC-labeled S. aureus in a 1:10 ratio
(macrophage: bacteria) for 4 hr. Phagocytosis was evaluated using quantitative digital analysis
of fluorescence on the confocal microscopy. Representative photomicrographs at 60X
magnification at 50% cell depth in the Z plane of the alveolar macrophages are shown in Figure
2A. As suggested in the confocal images (Figure 2A), the control alveolar macrophages in the
two mature fractions (layers 1 and 2) had the greatest percentage of cells positive for
internalization, ~ 50% and 70%, respectively (Figure 2B). When the ingested RFU/cell was
Alcohol Clin Exp Res. Author manuscript; available in PMC 2010 April 1.
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determined, macrophages isolated from layer 2 phagocytized the greatest amount of S.
aureus (Figure 2C). When the percentage of cells positive for internalization was multiplied
by the RFU/cell to obtain the phagocytic index, control and control + SAM cells localized to
layer 2 were the most functional (Figure 2D).
As the confocal images suggested (Figure 2A), phagocytosis was compromised when the
alveolar macrophages were derived from ethanol-fed guinea pigs. For alveolar macrophages
in layers 1 and 2, there was a ~60% decrease in the percentage of cells positive for
internalization compared to control cells (Figure 2B, ap <0.05). Correspondingly, the amount
of S. aureus phagocytized by cells in layer 2 was severely diminished as seen by more than a
40% decrease in RFU/cell (Figure 2C, a p <0.01) when compared to control alveolar
macrophages located in layer 2. Therefore, the phagocytic index for control alveolar
macrophages was ~100,000 and ~170,000 in layers 1 and layer 2 respectively, compared to
only ~25,000 in layers 1 and layer 2 respectively for ethanol-exposed alveolar macrophages
(Figure 2D, a p <0.05). This translated to an 80% decrease in the phagocytic index for the entire
pool of ethanol-exposed alveolar macrophages, when compared to controls.
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As suggested in the confocal images (Figure 2A), SAM treatments during ethanol ingestion
improved the percentage of cells present in layer 2 that were positive for internalization (Figure
2B, c p <0.001) to levels comparable to that observed in the control group. Importantly, the
RFU/cell for the macrophages from the ethanol plus SAM group were comparable to the control
cells present in layer 2 (Figure 2C, a,b p >0.05). SAM significantly improved overall
phagocytosis of S. aureus (Figure 2D, c p <0.01) as seen by a partial, yet significant, recovery
of the phagocytic index in layer 2. In all three treatment groups, the phagocytic index suggested
that the cells present in layers 3 and 4 were relatively inactive.
Chronic ingestion severely altered expression of PU.1 in defined subpopulations
As shown above, chronic ethanol ingestion resulted in a shift of the alveolar macrophages to
a population with decreased terminal differentiation. To further examine our hypothesis,
alveolar macrophage expression of the differentiation marker PU.1 was assessed. PU.1 was
chosen because it is required for the terminal maturation of alveolar macrophages and increases
as the cell becomes more terminally differentiated. As a result, an increased level of PU.1 is
associated with a more terminally differentiated alveolar macrophage.
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In control alveolar macrophages, PU.1 expression was highest in the mature layers (layer 1
and layer 2) (Figure 3B). Representative photomicrographs at 60× magnification are shown in
Figure 3A. Chronic ethanol ingestion significantly decreased PU.1 expression in layer 1, layer
2, and layer 3, further supporting our hypothesis that ethanol exposure impaired alveolar
macrophage maturation. In contrast, SAM supplementation during ethanol ingestion prevented
the ethanol-induced alterations of PU.1 expression across the 4 layers (Figure 3B, ap >0.05 vs.
control). PU.1 expression in alveolar macrophages from control animals supplemented with
SAM did not differ from control values.
Chronic ethanol ingestion severely altered expression of maturational factors
Based on the alveolar macrophage subpopulation data, chronic ethanol ingestion resulted in a
shift of the alveolar macrophages to a population with decreased terminal differentiation. To
further examine the effects of ethanol on terminal differentiation of alveolar macrophages, we
determined expression of markers associated with alveolar macrophage maturation. GMCSFR-α and PU.1 were chosen because they are both required for the terminal maturation of
alveolar macrophages, with increased levels of GM-CSFR-α associated with a more terminally
differentiated cell. Previous studies demonstrated in a rat model of chronic ethanol ingestion
that expression of the α and β subunits of the GM-CSF receptor (GM-CSFR) were severely
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decreased in the plasma membrane of alveolar macrophages (Joshi et al., 2005), suggesting a
decrease in terminal differentiation. In the current study, total GM-CSFR-α expression was
determined across the three treatment groups. When compared to control and control + SAM
alveolar macrophages, alveolar macrophages from ethanol-fed animals displayed a 18% and
32% decrease in GM-CSFR-α expression, respectively (Figures 4A and 5A, a,bp < 0.05). SAM
supplementation during ethanol ingestion normalized GM-CSFR-α expression (Figures 4A
and 5A, ap > 0.05). PU.1 expression was also determined by western blot and
immunohistochemical analysis. Compared to control alveolar macrophages, alveolar
macrophages from ethanol-fed animals had a 31% decrease in PU.1 expression; a marker of
maturity (Figures 4B and 5B, a,bp > 0.05). SAM supplementation prevented the ethanolinduced depression of PU.1 expression (Figures 4B and 5B, ap > 0.05).).
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We also assessed markers associated with immaturity including CD11b, and CD11c which are
highly expressed in monocytes. For CD11b expression control and control + SAM alveolar
macrophages displayed more than 35% less CD11b expression when compared to alveolar
macrophages from ethanol-fed animals (Figures 4C and 5C, a,bp < 0.05). SAM supplementation
significantly improved Cd11b expression, as seen as a normalization to control values (Figures
4C and 5C, ap > 0.05). Similar to that observed for CD11b, chronic ethanol ingestion
significantly increased expression of the monocytic marker CD11c expression when compared
to control alveolar macrophages (Figures 4D and 5D, ap < 0.05). SAM supplementation
normalized CD11c levels and were not significantly different from controls. When the ratio of
GM-CSFR-α: CD11b expression was assessed, there were comparable ratios for the control,
control + SAM, and ethanol +SAM alveolar macrophages (Figure 4E). In the ethanol-fed
animals, the ratio of GM-CSFR-α: CD11b was also decreased, compared to the control groups.
Furthermore, SAM supplementation prevented this decrease induced by ethanol (Figure
4E, a,b,c p <0.05). Similar to what was observed with the ratio of GM-CSFR-α: CD11b, the
ratio of PU.1:CD11c did not differ between the control, control + SAM, and ethanol +SAM
alveolar macrophages. Similarly, ethanol-exposed alveolar macrophages had more than a 50%
decrease in PU.1:CD11c expression (Figure 4F, a,bp < 0.05).
Chronic ethanol -induced defects were not limited to the alveolar space
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To determine if the ethanol-induced derangements in pulmonary macrophage maturation were
limited to the alveolar space, the expressions of GM-CSFR-α, PU.1, CD11b, and CD11c, were
determined in lung interstitial macrophages. For the interstitial macrophages, chronic ethanol
exposure significantly decreased GM-CSFR-α expression when compared to control cells but
SAM supplements failed to normalize GM-CSFR-α expression Figures 6A and 7A, a,bp < 0.05).
PU.1 expression by the pool of interstitial macrophages was also significantly altered by
chronic ingestion of ethanol (Figures 6B and 7B ap < 0.05). When we examined the monocytic
markers, chronic ethanol ingestion increased expression of CD11b and CD11c by ~65% and
~15%, respectively, when compared to controls (Figures 6C and 7C, a,bp < 0.05) (Figures 6D
and 7D). As observed with alveolar macrophages, these effects of ethanol on monocytic
markers were blunted by SAM supplements. When the ratio of GM-CSFR-α: CD11b
expression was assessed, the control and control + SAM interstitial macrophages had
comparable ratios. In the ethanol-fed animals, the ratio of GM-CSFR-α: CD11b also decreased
when compared to control (Figure 4E, a,bp <0.05). When the ratio of PU.1:CD11c expression
was assessed, the interstitial macrophages from the control, control + SAM, and ethanol +SAM
groups had comparable ratios (Figure 4F). In contrast, ethanol-exposed alveolar macrophages
had an approximate 40% decrease in PU.1:CD11c expression (Figure 4F, a,bp <0.05).
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The deleterious effects of chronic ethanol ingestion on lung physiology and function have been
well characterized (Moss et al., 2000, Polikandriotis et al., 2006, Joshi et al., 2005, Aytacoglu
et al., 2006). Previous studies by this laboratory demonstrated chronic ethanol ingestion and
subsequent chronic oxidant stress impaired phagocytic functions of alveolar macrophages
(Brown et al., 2007). In the current study, we examined the possibility that impaired
phagocytosis after chronic ethanol ingestion was a result of impaired terminal differentiation.
To address this question, we examined the effects of chronic ethanol ingestion on several
different markers of alveolar macrophage differentiation including cell density, phagocytosis,
and expression of maturational markers.
When cell density was used as a marker of differentiation, approximately 80% of the alveolar
macrophages from control and control + SAM animals were equally distributed between the
mature layers (layer 1 and layer 2). These two layers also displayed the highest phagocytic
capacity based on the percentage of cells positive for phagocytosis and the quantification of
bacteria ingested per cell. Thus, the majority of the control and control + SAM alveolar
macrophages were terminally differentiated as assessed by cell density, phagocytic capacity,
and maturational markers such as GM-CSFRα and PU.1.
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As observed previously in an ethanol-fed rat model (Guidot et al., 2000), chronic ethanol
consumption in a guinea pig model also severely decreased alveolar macrophage phagocytosis
as evidenced by a drastic decrease in the percentage of alveolar macrophages positive for S.
aureus internalization. Since the majority of the alcoholic macrophages were localized to the
immature fractions, poor phagocytic capacity in these subpopulations was not surprising.
However, a small percentage of ethanol-exposed alveolar macrophages had the cell size and
density comparable to that observed for the majority of the control cells. Although these
ethanol-exposed alveolar macrophages were located in the mature fractions, their phagocytic
capacity was compromised. In addition, the cells located in the mature fractions had decreased
expression of the maturational marker PU.1. These two diverse markers of maturation, cell
density and PU.1 expression, suggest that chronic ethanol ingestion impaired terminal
differentiation of the alveolar macrophages. However, we cannot rule out the possibility that
chronic ethanol ingestion also alters the profile for receptor surface expression. Additional
studies of receptor cell trafficking are needed to determine why these ethanol-exposed cells
present in the fractions and deemed to be mature based on cell density demonstrated altered
expression of surface receptors and whether this altered receptor expression results in severely
compromised phagocytic capacity.
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Chronic ethanol ingestion has been shown to severely diminish GSH availability within the
alveolar space (Foreman et al., 2002, Moss et al., 2000, Velasquez A, 2002) as well as within
the resident cells of the alveolar space, including alveolar type II cells (F. Holguin 1998) and
alveolar macrophages (Brown et al., 2007). Previous studies in this laboratory have shown in
the rat model of chronic ethanol ingestion that supplementation with GSH precursors
procysteine or N-acetyl cysteine during ethanol ingestion maintained alveolar macrophage
function, as well as normalized GSH levels (Brown et al., 2007). SAM supplementation has
been shown to attenuate alcohol-induced liver injury in an animal model of chronic ethanol
consumption and has clinically been shown to improve survival of liver transplantation patients
with alcoholic liver cirrhosis (Lieber, 1990, Mato et al., 1999). This is the first study to examine
the potential benefits of SAM supplementation to alveolar macrophages in an adult animal
model of chronic ethanol ingestion. In the current study, SAM supplementation during chronic
ethanol ingestion partially prevented the harmful effects of ethanol on alveolar macrophage
maturation and function. More specifically, SAM supplementation led to a shift in the
distribution of macrophages to a more mature fraction, as well as a significant increase in

Alcohol Clin Exp Res. Author manuscript; available in PMC 2010 April 1.

Brown et al.

Page 9

NIH-PA Author Manuscript

phagocytic capacity of the cells present in the mature fractions. However, SAM
supplementation in control animals had minimal effects and this further supports the hypothesis
that chronic ethanol ingestion leads to increased oxidant stress.
Studies done by Joshi et al. (Joshi et al., 2005) reported in a rat model that chronic ethanol
ingestion decreased membrane expression of GM-CSFR-α in alveolar macrophages. In the
current study, SAM supplementation during ethanol ingestion increased expression of GMCSFR-α and PU.1, markers of terminal differentiation. SAM supplementation during chronic
ethanol ingestion also decreased expression of CD11b and CD11c, monocytic markers.
Therefore, SAM prevented the ethanol-induced alterations in alveolar macrophage density,
terminal differentiation, and phagocytic capacity suggesting that ethanol-induced oxidant
stress was a central feature in the impaired maturation of alveolar macrophages. Furthermore,
SAM supplementation maintained phagocytic function in the small percentage of “mature”
ethanol-exposed macrophages when cell density was used as the criteria. Additional studies
are necessary to determine whether higher concentrations of SAM are needed to completely
protect the alveolar macrophages from the negative effects of chronic ethanol ingestion.
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In order to determine if altered maturation and function of pulmonary macrophages in response
to chronic ethanol ingestion extended to interstitial macrophages, expressions of GM-CSFRα, PU.1, CD11b, and CD11c were also determined in interstitial macrophages. Chronic ethanol
ingestion led to a significant decrease in GM-CSFR-α expression. Similarly, expressions of
CD11b and CD11b were also increased in interstitial macrophages from ethanol-fed animals.
This suggested that chronic ethanol ingestion also impaired the differentiation of interstitial
macrophages within the lung. SAM supplementation blunted these deleterious effects of
ethanol, as seen by normalization of CD11b and CD11c expression. It is also important to note
this is the first study to examine the effects of ethanol on pulmonary interstitial macrophages.
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In summary, this study demonstrated that chronic ethanol exposure decreased alveolar
macrophage maturation, whether defined by decreased cell density, decreased expression of
maturational markers, or persistent monocytic characteristics. These alterations were directly
correlated to impaired phagocytic function. Since the majority of the ethanol-exposed alveolar
macrophages were localized to the immature fractions, our study suggested the poor phagocytic
capacity seen with these macrophages was primarily due to impaired terminal differentiation.
For the limited percentage of cells that were present in the mature fractions, chronic ethanol
ingestion also impaired phagocytic capacity. The capacity of SAM supplementation to
normalize most of the detrimental effects of ethanol suggested ethanol-induced oxidant stress
played a central role in the impaired terminal differentiation and dysfunction of lung interstitial
and alveolar macrophages. Additional studies are needed to determine whether GSH precursors
will restore macrophage differentiation and phagocytosis as well as improve resistance to
respiratory infections in this selected at-risk patient population.
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Figure 1. Alveolar macrophage isolation and distribution

Pathogen-free guinea pigs were randomly assigned to drinking water, ethanol in the drinking
water (4%) or, ethanol + SAM in the drinking water. During the 25 days of treatment, the only
access to drinking water was the experimental mixture. Solid diet was provided ad libitum to
all three groups. After the appropriate period of experimental diet, the animals were lavaged
and the cell pellet subfractionated on a Percoll gradient. A hemacytometer was used to count
the percentage of cells obtained from each layer (A). Bars represent means ± SE. a p≤ 0.05
compared to control, b p≤ 0.05 compared to control+SAM, cp≤ 0.05 compared to EtOH
+SAM 1 p≤ 0.05 compared with layer 1 (within that group) and 2 p ≤ 0.05 compared with layer
2 (within that group), 3 p ≤ 0.05 compared with layer 3 (within that group). n=5 or more guinea
pigs in each group.
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Figure 2. Chronic ethanol ingestion impaired internalization of S. aureus
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Alveolar macrophage subpopulations were incubated with inactivated FITC-labeled S.
aureus in a 1:10 ratio (macrophage: bacteria) for 4 hr. Internalization by the alveolar
macrophages in each subpopulation was evaluated using quantitative digital analysis of
fluorescence on the confocal microscopy. Representative photomicrographs at 60X
magnification at 50% cell depth in the Z plane of the macrophage are shown in Figure A. Bar
heights represent the % positive for fluorescence ± SE (B), the mean relative fluorescent units
(RFU/cell) ± SE (C), and the Phagocytic Index ± SE (D). Bars in B-D represent means ± SE.
Bars represent means ± SE. a p≤ 0.05 compared to control, b p ≤ 0.05 compared to control
+SAM, cp≤ 0.05 compared to EtOH+SAM 1 p≤ 0.05 compared with layer 1 (within that group)
and 2 p ≤ 0.05 compared with layer 2 (within that group), 3 p ≤ 0.05 compared with layer 3
(within that group),and 4 p≤ 0.05 compared to layer 4 (within that group). n=8 or more fields
per layer in each group.
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Figure 3. Quantification of PU.1 in alveolar macrophage subpopulations
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Representative photomicrographs at 60X magnification are shown in Figure A. PU.1
expressions were determined by staining alveolar macrophages with primary antibodies
directed against PU.1 and then secondary antibodies directed against IgG labeled with FITC.
The RFU/field was determined by computer analysis of the confocal microscopic images
(B). Bar height represents RFU/field ± SE and was tallied from at least 20 experimental fields.
Bars represent means ± SE. a p≤ 0.05 compared to control, b p ≤ 0.05 compared to control
+SAM, and cp≤ 0.05 compared to EtOH + SAM. n=5 or more fields per group.
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Figure 4. Quantification of GM-CSFR-α, PU.1, CD11b, and CD11c expression in alveolar
macrophages by immunohistochemistry
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GM-CSFR-α, PU.1, CD11c, and CD11b expressions were determined by staining alveolar
macrophages with primary antibodies directed against GM-CSFR-α (A), PU.1 (B), CD11b
(C), and CD11c (D) and then secondary antibodies directed against IgG labeled with FITC or
TRITC. The ratio of GM-CSFR-α: CD11b (E) and PU.1:CD11c (F) expression were also
evaluated in each layer. The RFU/field was determined by computer analysis of the confocal
microscopic images. Bar height represents RFU/field ± SE and was tallied from at least 20
experimental fields. Bars represent means ± SE. a p≤ 0.05 compared to control, b p≤ 0.05
compared to control+SAM, and cp≤ 0.05 compared to EtOH + SAM. n=10 or more fields per
group.
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Figure 5. Quantification of GM-CSFR-α, PU.1, CD11b, and CD11c expression in alveolar
macrophages by western blot analysis

GM-CSFR-α, PU.1, CD11c, and CD11b expressions were determined via western blot
analysis. GAPDH, GM-CSFR-α (A), PU.1 (B), CD11b (C), and CD11c (D) protein levels were
detected by immunoblotting. Bars represent means ± SE. ap≤ 0.05 compared to control, b p≤
0.05 compared to control + SAM, and cp≤ 0.05 compared to EtOH + SAM. n=10 or more fields
per group. Representative gels of GAPDH, GM-CSFR-α, PU.1, CD11c, and CD11b protein
expressions in alveolar macrophages (E).
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Figure 6. Quantification of GM-CSFR-α, PU.1, CD11b, and CD11c expression in interstitial
macrophages by immunohistochemistry

GM-CSFR-α, PU.1, CD11c, and CD11b expressions were determined by staining interstitial
macrophages with primary antibodies directed against GM-CSFR-α (A), PU.1 (B), CD11b
(C), and CD11c (D) and then secondary antibodies directed against IgG labeled with FITC or
TRITC. The ratio of GM-CSFR-α: CD11b (E) and PU.1:CD11c (F) expression were also
evaluated in each layer. The RFU/field was determined by computer analysis of the confocal
microscopic images. Bar height represents RFU/field ± SE and was tallied from at least 20
experimental fields. Bars represent means ± SE. a p≤ 0.05 compared to control, b p ≤ 0.05
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compared to control + SAM, and cp≤ 0.05 compared to EtOH + SAM. n=10 or more fields per
group.
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Figure 7. Quantification of GM-CSFR-α, PU.1, CD11b, and CD11c expression in interstitial
macrophages by western blot analysis

GM-CSFR-α, PU.1, CD11c, and CD11b expressions were determined via western blot
analysis. GAPDH, GM-CSFR-α (A), PU.1 (B), CD11b (C), and CD11c (D) protein levels were
detected by immunoblotting. Bars represent means ± SE. ap≤ 0.05 compared to control, b p ≤
0.05 compared to control + SAM, and cp≤ 0.05 compared to EtOH + SAM. n=10 or more fields
per group. Representative gels of GAPDH, GM-CSFR-α, PU.1, CD11c, and CD11b protein
expressions in interstitial macrophages (E).
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