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Acute Ethanol Exposure Attenuates Pattern Recognition
Receptor Activated Macrophage Functions

John Karavitis,'-2 Eva L. Murdoch,'-2 Christian R. Gomez,3-% Luis Ramirez,3* and Elizabeth J. Kovacs'*

Both clinical and experimental data have linked acute ethanol exposure to increased susceptibility to infec-
tion as well as increased morbidity and mortality after injury. Macrophages play an integral role in the innate
immune system and are important in priming the adaptive immune system. In this study, we investigated the
effect of a single in vivo exposure of macrophages to physiologically relevant levels of ethanol (1.2 and 2.9 g/
kg) followed by ex vivo stimulation with lipopolysaccharide (LPS) or bacteria. Our study confirms the work of
others showing that a single administration of ethanol suppresses the production of tumor necrosis factor-a
(TNF-w), interleukin-6 (IL-6), and IL-12 in response to LPS. There was no effect of ethanol on LPS induction of
cytokine production at 30 min after treatment. In contrast, at 3 h, both doses of ethanol exposure decreased ex
vivo TNF-a production by splenic and alveolar macrophages. Interestingly, the higher dose of ethanol resulted
in sustained suppression of LPS-induced TNF-a production at 3 and 6 h after ethanol administration, as well
as decreased IL-6 and IL-12 production after 6 h, as compared to control (saline-treated groups). Alveolar mac-
rophages behaved similarly at 3 h after ethanol treatment. LPS-stimulated production of TNF-« and IL-6 was
reduced at 3 h after ethanol administration, when compared with the saline-treated animals. Alveolar mac-
rophages stimulated for 3 h with bacteria also showed decreased TNF-a and IL-6 production after harvested
from mice given 2.9 g/kg ethanol for 3 h. This time point and high dose of ethanol also resulted in decreased
Pseudomonas aeruginosa phagocytosis by alveolar macrophages. Taken together, we conclude that the effects of
physiological levels of ethanol are dose dependent, have effects that last after ethanol is cleared from the circula-
tion, and can affect multiple macrophage functions.

Introduction .
of ethanol are known to occur even after it has cleared the

ACUTE AND CHRONIC ALCOHOL (ethanol) consump-
tion has been associated with a weakened immune
response often resulting in increased susceptibility to bac-
terial or viral infection (Cook 1998; Nelson and Kolls 2002).
Though independent of the duration of alcohol consumed,
evidence has shown that there are immunomodulatory
effects seen in response to alcohol (Szabo 1999; Nelson and
Kolls 2002). Both acute and chronic ethanol exposures have
been linked to increased complications in trauma and burn
patients (Faunce and others 1997; Germann and others 1997,
Messingham and others 2002), and greater morbidity and
mortality following infections (Nolan 1965; Ruiz and others
1999; Khan and Yatsuhashi 2000). Interestingly, the effects

circulatory system (Wiese and others 2000).

Chronic ethanol exposure has been associated with mod-
ifying cells linked with the adaptive arm of the immune
system, including T cell and B cell (Cook and others 1995;
Cook 1998; Song and others 2001). Increased proinflamma-
tory cytokine levels in the liver and circulation have also
been measured in subjects with chronic ethanol exposure
(Deviere and others 1989, Khoruts and others 1991; Cook
1998; Kishore and others 2002). In contrast, acute ethanol
exposure reduces proinflammatory cytokine synthesis in
response to a pathogenic stimulus and is often studied for
its effects on the innate immune system (Nelson and others
1989b; Verma and others 1993; Szabo and others 1996; Szabo
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1998; Boe and others 2001). This can result in decreased acti-
vation of macrophages and other antigen-presenting cells
by suppressing their response to a pathogen, antigen pre-
sentation, along with additional functions, such as phagocy-
tosis (Waltenbaugh and Peterson 1997; Girouard and others
1998; Peterson and others 1998; Szabo 1998; Boe and others
2001). Evidence suggest that acute ethanol exposure exhibits
the suppressive effects of ethanol by abrogating mitogen-
activated protein (MAP) kinase activation, specifically p38
and ERK1/2 phosphorylation (Goral and others 2004; Goral
and Kovacs 2005; Drechsler and others 2006). Because MAP
kinases are involved in multiple cellular functions, one
could hypothesize that multiple functions are affected by
acute ethanol exposure.

This study investigated multiple resident macrophage
populations and their ability to respond to pattern rec-
ognition receptor (PRR) stimulation after acute ethanol
exposure. PRRs are immune receptors that recognize
microbe-specific pathogen-associated molecular patterns
(PAMPs). Commonly studied examples of PRRs on mac-
rophages includes the Toll-like receptors (TLRs). These
receptors, such as the activation of TLR4 by lipopolysac-
charide (LPS), activate MAP kinases and ultimately a
proinflammatory response. Specifically, we show that acute
ethanol exposure inhibits both splenic and alveolar mac-
rophage proinflammatory cytokine release in response to
LPS stimulation. Acute ethanol exposure also decreased
alveolar macrophage cytokine production after stimula-
tion with Escherichia coli, and phagocytosis of Pseudomonas
aeruginosa. We conclude that acute ethanol exposure can
suppress multiple macrophage functions and these effects
are dose dependent.

Materials and Methods
Animals

Eight- to 10-week-old male C57BL/6 mice (Harlan,
Indianapolis, IN) were used for all experiments. Mice were
acclimated for 1 week upon arrival at the animal facilities
of Loyola University Medical Center (Maywood, IL). The
studies described were performed in accordance with the
guidelines established by the Loyola University Chicago
Institutional Animal Care and Use Committee.

Ethanol administration

Mice were randomly divided into two groups. One group,
the control group, was given either 100 pL or 300 pL saline
intraperitoneally (i.p.). The second group, the experimental
group, was given a single i.p. injection of 1.2 or 2.9 g/kg body
weight ethanol (100 or 300 uL of 20% v/v ethanol in saline).
These doses are equivalent to two drinks for the moderate
dose and three to four drinks at the higher dose; quanti-
ties of alcohol that are commonly consumed in humans. As
described previously, these doses resulted in blood ethanol
levels of ~100 or ~300 mg/dL at 30 min after administration,
respectively (Messingham and others 2000). This was the
peak blood alcohol concentration observed for these ani-
mals. At this time point, mice were lethargic and displayed
poor balance and motor coordination at the higher dose but
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not at the moderate dose. Three hours after exposure to eth-
anol, the behavior of ethanol-treated mice returned to nor-
mal, and ethanol was no longer present in their circulation.
Ethanol levels were measured in blood plasma with NAD-
alcohol dehydrogenase assay (Sigma-Aldrich, St. Louis, MO),
as described previously (Seitz and Stickel 2007). In the blood
ethanol assay, nonspecific background values in the saline-
treated mice were subtracted from the values determined
in the ethanol-treated mice. Previous studies demonstrated
that the i.p. administration of ethanol did not result in the
local inflammation because the percentages of macrophages
and neutrophils, collected by peritoneal lavage 3 h after the
treatment, were similar between control and ethanol-treated
mice (Deviere and others 1989).

Cell isolation and culture

Mice were killed at 0.5, 1, 1.5, 3, and 6 h after ethanol
or saline exposure. Purified splenic macrophages were
obtained from spleen cell suspensions by plastic adherence,
as described previously (Goral and others 2004). Briefly,
spleen cells were plated in 200 uL. RPMI 1640 medium supple-
mented with 5% FBS, 2 mM glutamine, 100 U/mL penicillin,
and 100 pg/mL streptomycin (Invitrogen Life Technologies,
San Diego, CA). After 2-h incubation, nonadherent cells
were removed by washing three times with warm medium.
This method resulted in a cell preparation, which was ~98%
positive for Mac-3 and di-I-acetylated low-density lipopro-
tein uptake, as shown previously (Goral and others 2004).
Alveolar macrophages were isolated by eight sequential
800 uL bronchoalveolar lavages (BAL). Roughly 600 pL of col-
lected BAL fluid and cell suspension was isolated per lavage,
for a total of ~5 ml total BAL fluid. The total BAL fluid was
then spun down and characterized as >98% alveolar mac-
rophage by using F4/80 staining and flow cytometry (data
not shown). 2 X 10° Cells were plated in 200 uL RPMI 1640
medium supplemented with 5% FBS, 2 mM glutamine, 100
U/mL penicillin, and 100 pg/mL streptomycin. Similar to the
splenic macrophage plating protocol, alveolar macrophages
were incubated for 2 h and nonadherent cells were removed
by washing three times with warm medium. Purified mac-
rophages were cultured for 16 h in RPMI 1640 supplemented
with 5% FBS overnight with or without endotoxin (100 ng/
mL LPS; E. coli O111:B4; Sigma-Aldrich, St. Louis, MO). In
the absence of stimulation, macrophage cytokine levels were
undetectable (data not shown). Bacterial activation of alveo-
lar macrophages was accomplished by incubating the mac-
rophages for 3 h with E. coli (K12 strain kindly provided by
Dr. Shankar, Burn Shock Trauma Institute, Loyola University
Medical Center, Chicago, IL) in RPMI 1640 medium supple-
mented with 5% FBS. Supernatants were collected after 3 or
16 h, prior to cytokine analysis, and stored at —80°C.

Phagocytosis and microscopy

Macrophage phagocytosis was measured by incubating
enhanced green fluorescent protein (EGFP) expressing
P. aeruginosa (plasmid pUCP24-EGFP was donated by
Dr. John C. Alverdy, University of Chicago, IL) at 20 bacteria
per cell for 30 min. Alveolar macrophages were isolated as
described above and incubated with the bacteria in RPMI
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plus 5% FBS and 2 mM glutamine. After 30 min, cells were
washed three times with ice-cold phosphate buffered saline
(PBS) to arrest the phagocytosis and fixed in 4% paraform-
aldehyde for 15 min. Cells were then permeabilized with
0.1% Triton X-100 in PBS for 5 min, blocked with 2% bovine
serum albumin in PBS for 1 h, and stained with rhodamine
phalloidin (Invitrogen, Eugene, OR), according to the manu-
facturer’s specifications. Fluorescent images of the EGFP-P.
aeruginosa were captured using a Zeiss Axiovert 200 micro-
scope (Zeiss, Germany). Phagocytosis was measured by
calculating the phagocytic index, which is the product of
the mean fluorescent intensity of bacteria expressing EGFP
per macrophages multiplied by the percent of cells phago-
cytosing bacteria (Phagocytic index = Mean fluorescent
intensity X Percent of phagocytic cells). Image capture and
mean fluorescent intensity measurements were done using
AxioVision Rel. 4.5 (Zeiss, Germany).

Measurement of TNF-a, IL-6, and IL-12

The concentrations of tumor necrosis factor-a (TNF-a),
interleukin-6 (IL-6), and IL-12 in macrophage supernatants
were measured by commercially available OptEIA™ ELISA
kits (BD Pharmingen, San Diego, CA), according to the man-
ufacturer’s instructions, as described previously (Corinti
and others 2003). The lowest detectable limit of these kits are
15.6 pg/mL. Data are expressed as pg/mL.

Statistical analysis

Data are expressed as mean * SEM of each group. Data
were analyzed by t test or analysis of variance (ANOVA), fol-
lowed by post hoc testing with Fisher’s protected least signifi-
cant difference test using Graphpad Instat 3 (San Diego, CA).
A value of p = 0.05 was considered significant.

Results

Blood alcohol concentration of mice given a single
ethanol dose

Our laboratory has previously performed studies utiliz-
ing an acute treatment of 2.9 g/kg ethanol intoxication to
show attenuated proinflammatory responses to various
TLR activators after 3 h (Goral and others 2004; Goral and
Kovacs 2005). In the present study, our initial experiments
began by exposing mice to 2.9 g/kg ethanol and measuring
their blood alcohol content (BAC) at 0.5, 1, 1.5, 3, and 6 h after
treatment. BAC peaked, in our studies, at 0.5 h after treat-
ment reaching levels of 300 mg/dL. Thirty minutes toan 1 h
later, the BAC dropped to about 250 mg/dL, but was still five
times above the saline control levels (p < 0.05). BAC reached
baseline levels after 3 h (Fig. 1). Using a lower dose of ethanol
(1.2 g/kg), we noted a BAC peak at 30 min of 150 mg/dL, and
returned to control levels by 3 h.

Time course of impaired proinflammatory response
after acute ethanol treatment

To understand the temporal effects of two physiologic
doses of ethanol on macrophage production of proinflam-
matory cytokines, we treated mice with either 1.2 0r 2.9 g /kg
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FIG. 1. Blood alcohol concentration (BAC) was measured

0.5,3, or 6 h after 1.2 g/kg ethanol (striped bars), or 0.5, 1, 1.5,
3,and 6 h after 2.9 g/kg ethanol (filled bars) intraperitoneal
injection. Mice injected with saline for all time points were
used as control. ND = not determined. Data are shown as
mean BAC + SEM. N = 3-6 animals. *p < 0.001 from saline
control, #p < 0.05 from all other groups.

ethanol or saline control, and obtained splenic macrophages
at 0.5, 3, and 6 h after treatment. Macrophages were stim-
ulated with 100 ng/mL LPS for 16 h in vitro, after which
supernatants were collected for cytokine assay (Fig. 2).
After 30 min of ethanol exposure, splenic macrophages
isolated from either the moderate (1.2 g/kg) or the high
(2.9 g/kg) dose of ethanol showed no differences in TNF-a,
IL-6, or IL-12 production, compared to saline controls (Fig.
2A). Three hours after ethanol exposure, both the moder-
ate and the high dose of ethanol caused decreases in ex vivo
LPS induction of TNF-a production, compared to control
levels (p < 0.05). LPS stimulation of TNF-a production
by macrophages isolated from the moderate dose group
returned to normal levels by 6 h. This was in contrast to
the high dose group, in which LPS activation of TNF-a was
still suppressed after 6 h (p < 0.05). LPS induction of IL-6
production showed patterns similar to TNF-a (Fig. 2B). In
vivo exposure to the moderate dose of ethanol did not show
any effect on splenic macrophage production IL-12 follow-
ing in vitro stimulation at 30 min, 3 h, or 6 h after ethanol
administration (Fig. 2C). The high dose of ethanol did not
alter LPS stimulation of IL-12 production at either of the
early time points examined, but did show a decrease after
6 h (p < 0.05). In the present study, we did not continue to
monitor cytokine production 6 h after treatment, but there
is evidence from previous work that the effect seen with
the higher dose is present up to 24 h after treatment (Goral
and others 2004; Goral and Kovacs 2005).

Alveolar macrophage cytokine suppression by acute
in vivo ethanol exposure

Pulmonary infection exacerbated by ethanol exposure is
a serious clinical problem. Therefore, to test macrophages
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FIG. 2. Proinflammatory cytokine production was

measured after LPS stimulation of splenic macrophages.
Spleens were harvested at 0.5, 3, and 6 h after a single dose
of ethanol at 1.2 g/kg (striped bars), or 2.9 g/kg (filled bars),
or saline (open bars) as a control. Splenic macrophages were
purified as described in Materials and Methods, and stim-
ulated with 100 ng/mL LPS for 16 h. (A) TNF-o, (B) IL-6,
and (C) IL-12 were measured by ELISA. Open bars repre-
sent saline group, shaded bars represent group treated with
1.2 g/kgethanol, and filled bars represent group treated with
2.9 g/kg ethanol. Data are shown as mean = SEM. N = 3-6
animals. *p < 0.05 from saline control group.

from a tissue that is more clinically susceptible to repeated
infection, we measured proinflammatory cytokine produc-
tion by alveolar macrophages isolated from the lung. As
described above, alveolar macrophages were isolated by BAL
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FIG. 3. TNF-a and IL-6 production by alveolar mac-
rophages stimulated with 100 ng/mL LPS for 16 h.
Macrophages were obtained from mice treated with either
2.9 g/kg ethanol (filled bars) or saline control (open bars).
Alveolar macrophages were obtained by bronchoalveolar
lavage as described in Materials and Methods, 3 h after eth-
anol exposure. Cells were cultured with LPS for 16 h and
supernatant cytokines were measured by ELISA. Data are
shown as mean * SEM. N = 3—-4 animals. *p < 0.05.

from ethanol-exposed and saline-exposed mice. Cells were
stimulated with 100 ng/mL LPS for 16 h (Fig. 3). LPS stimu-
lation of alveolar macrophages resulted in robust proin-
flammatory cytokine production after 16 h, whereas in the
absence of stimulation, cytokine concentrations were below
the level of detection of the assay kit (data not shown). LPS-
induced production of both TNF-a and IL-6 by alveolar mac-
rophages isolated from mice 3 h after they received a single
administration of 2.9 g/kg ethanol was attenuated compared
to the cytokine production from the macrophages of saline-
treated mice. The ethanol-mediated suppression of cytokine
production observed with the alveolar macrophages parallel
the results found in the splenic macrophages isolated from
ethanol-treated mice.

Cytokine release after exposure to bacteria is
reduced following acute ethanol exposure

LPS is a single PAMP that activates a unique receptor,
TLR4. Bacterial surfaces, on the other hand, have numerous
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PAMPs that can stimulate multiple PRRs. Therefore, in
order to model a typical interaction between an alveolar
macrophage and invading bacterium, we stimulated alveo-
lar macrophages with E. coli at the ratio of 10 bacteria per
cell. We also chose E. coli as the bacteria, because the LPS
used above was purified from E. coli. Again, alveolar mac-
rophageswere obtained by BAL of mice given either saline or
2.9 g/kg ethanol 3 h prior to isolation. Cells were cultured
with bacteria for 3 h, and supernatants were collected for
TNF-a and IL-6 by ELISA (Table 1). As expected, bacte-
rial stimulation of the alveolar macrophages from the
saline group of mice resulted in a robust TNF-a and IL-6
production. Macrophages obtained from the lungs of eth-
anol-treated mice produced lower levels of these cytokines
relative to the macrophages isolated from the saline-
exposed groups. Both TNF-a and IL-6 levels measured in
the supernatants of these bacteria-stimulated macrophages
were reduced by 21% and 26%, respectively, at this early
time point (p < 0.05). Longer exposure to the bacteria was
not measured due to overproliferation of bacteria in the
culture dishes.

Acute ethanol exposure suppresses alveolar
macrophage phagocytosis

To examine whether functions other than cytokine
production are suppressed in alveolar macrophages from
animals exposed to ethanol, the ability of these cells to
phagocytose P. aeruginosa in vitro after in vivo ethanol expo-
sure was measured. We decided to use P. aeruginosa because
it is one of the most common gram-negative bacterial infec-
tions occurring in the lungs of immunocompromised
subjects (Fagon and others 1996, Gaynes and others 1996).
Three hours after mice were exposed to 2.9 g/kg ethanol,
BAL was performed to obtain alveolar macrophages. The
cells were cultured with EGFP-P. aeruginosa for 30 min,
and phagocytosis was assessed. Twenty bacteria per cell
were incubated with alveolar macrophages for 30 min, and
were then fixed and stained with rhodamine phalloidin to
observe cytoskeletal composition. Fluorescent microscopy
shows the EGFP-P. aeruginosa (green) with actin stain-
ing of the macrophage with rhodamine phalloidin (red)

TaBLE 1. CYTOKINE PRODUCTION OF E. COLI-STIMULATED
ALVEOLAR MACROPHAGES

Treatment? Cytokine concentration (pg/mL)
TNF-a
Saline 1089.1 + 494
Ethanol 859.1 + 61.9*
IL-6
Saline 226.1 + 46.8
Ethanol 168.0 = 12.5*

*Alveolar macrophages obtained from mice after 3 h of
2.9 g/kg ethanol or saline exposure. Cells were stimulated with
10 E. coli per cell for 3 h in vitro. Supernatants were collected and
measured for TNF-a and IL-6 by ELISA. Data are shown as mean
+ SEM. N = 3-4 animals. *p < 0.05 from saline control group.
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(Fig. 4A and B). The alveolar macrophages isolated from
the saline-treated mice showed fluorescence throughout
the bulk of the cytoplasm, except in regions where the
nucleus would be (shaded regions in cell). In contrast, alve-
olar macrophages from ethanol-treated mice showed dif-
fuse bacterial fluorescence in the cytoplasm, compared to
the saline-treated group.

Quantification of phagocytosis was determined by
calculating the phagocytic index (Fig. 4C). The phagocytic
index is the product of the mean fluorescent intensity of the
macrophages with EGFP-P. aeruginosa multiplied by the
percent of macrophages phagocytosing bacteria. Alveolar
macrophages isolated from ethanol-treated mice exhib-
ited a 58% decrease in phagocytic index (p < 0.05), com-
pared to macrophages isolated from saline-treated mice.
It is important to note that the differences observed in
the phagocytic index were due to differences in the mean
fluorescent intensity, not the percent of cells phagocyto-
sing bacteria. Alveolar macrophages isolated from either
saline- or ethanol-treated mice had a phagocytosis rate of
about 60% of the total population of the macrophages iso-
lated. The variance was observed in the mean fluorescent
intensity, which was calculated by using AxioVision Rel.
4.5 program.

Discussion

Many risk factors are involved after acute and chronic
alcohol consumption, affecting numerous host systems,
including the nervous, cardiovascular, and immune sys-
tems (Ponnappa and Rubin 2000; Haddad 2004). Typically,
acute ethanol exposure is associated with attenuation or
dampening of the inflammatory response. Studies have
shown decreases in the production of TNF-o, IL-1B, and
IL-6 by cells, including, but not limited to, neutrophils
and macrophages, after in vivo or in vitro ethanol exposure
(Nelson and others 1989b; Verma and others 1993; Szabo
and others 1996; Szabo 1998; Boe and others 2001; Goral
and others 2004; Goral and Kovacs 2005). Some attribute
these effects to alterations in the integrity of cellular mem-
branes, specifically due to increased fluidity (Peters and
Preedy 1998). Membrane alteration can influence lipid raft
stability, which are known to be involved in cell signaling
(Simons and Toomre 2000; Pike 2003). In response to altera-
tions in membrane and lipid raft fluidity, the downstream
pathways associated with receptors on the plasma mem-
brane may be compromised. Examples are the TLRs and
their downstream signaling molecules such as the MAP
kinases (Boe and others 2001). Acute ethanol exposure has
been associated with decreased activation of both p38 and
ERK1/2 after TLR activation (Goral and others 2004; Goral
and Kovacs 2005). The authors of those studies suggested
that the reduced activation of MAP kinases may result from
ethanol-mediated effects on phosphatase regulation. Other
studies examining the effect of chronic alcohol exposure,
including the work of Guidot and co-workers, suggest that
interactions between ethanol and PU.1, the master regula-
tor for Granulocyte-macrophage colony-stimulating factor
(GM-CSF), can have widespread effects on macrophage
maturation and function (Joshi and others 2005). It is
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FIG. 4. Phagocytosis of enhanced green fluorescent
protein (EGFP)-P. aeruginosa by alveolar macrophages
was measured using fluorescence microscopy. Alveolar
macrophages were incubated with EGFP-P. aeruginosa
for 30 min after they were isolated from saline-treated or
ethanol-treated (2.9 g/kg) mice. Cells were fixed, and the
fluorescent intensity of EGFP-P. aeruginosa (green) was
used to calculate phagocytosis after staining with rhod-
amine phalloidin (red). Figure shows representative images
of alveolar macrophages isolated from (A) saline-treated
and (B) ethanol-treated mice. Phagocytic index of alveolar
macrophages isolated from (C) mice treated with saline or
ethanol. Data are shown as mean = SEM. N = 3-4 animals.
*p < 0.05 from saline control group.
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important to note that using an acute ethanol model, such
as ours, only models a single episode of binge drinking in
humans, and may not always mirror the immune deficien-
cies seen in chronic exposure models. In the lungs, how-
ever, TNF-a is suppressed in both the acute and chronic
models of ethanol exposure, and data from the studies by
Guidot and co-workers do parallel our observations.

These studies confirm the previous work of others as
well as our previous observations demonstrating an etha-
nol-mediated attenuation of the production of proinflam-
matory cytokines (Szabo 1999; Nelson and Kolls 2002; Goral
and others 2004; Goral and Kovacs 2005). This observation is
consistent between species (human and rodent), the differ-
entiation status of the cells (splenic or alveolar macrophages,
dendritic cells, and blood monocytes), and whether ethanol
was administered in vivo or in vitro. It is also important to
note that both the moderate and high dose of ethanol showed
lasting effects on macrophages after ethanol returned to
baseline levels. The lasting inhibition was observed with all
the cytokines measured, and has implications that there may
be some intrinsic modifications that ethanol is having with
the cell, as opposed to direct effects via interactions from cir-
culating ethanol. Ethanol has been shown to alter genomic
regulation and processing such as modifying histone acety-
lation and DNA methylation (Aroor and Shukla 2004; Seitz
and Stickel 2007), and may be reasons of prolonged dampen-
ing of macrophage function seen after ethanol exposure.

Production of IL-12 in response to LPS, on the other
hand, was not altered by the lower dose of ethanol at any
time point examined, but was decreased at 6 h after animals
were given the higher dose. This is consistent with Pruett
et al. (2005) who showed that 24-h in vitro ethanol decreases
IL-12 in peritoneal macrophages. These data may suggest
that exposure to different levels of ethanol may have vari-
able effects on how the cell is able to respond to a PAMP. As
IL-12 is not as early released as TNF-a and IL-6, one could
hypothesize that the molecular defects observed after a
lower dose exposure have returned to normal before IL-12
pathway activation is initiated, and that higher doses of eth-
anol may prolong these molecular alterations. Additionally,
both TNF-a and IL-6 can upregulate IL-12 production.
A reduced production of both TNF-a and IL-6 by LPS-
treated macrophages, obtained from ethanol-exposed mice
observed after 3 h, may insufficiently induce IL-12 produc-
tion at the 6-h time point.

Acute in vivo ethanol exposure lowered ex vivo alveolar
macrophage production of TNF-a and IL-6 after LPS stimula-
tion. These data parallel the diminished cytokine release that
we observed with the splenic macrophages exposed to etha-
nol in vivo for 3 h. Others have shown that intratracheal LPS
treatment resulted in a decrease in TNF-a levels in BAL fluid
after an acute exposure to ethanol (Nelson and others 1989a,
1989b; Kolls and others 1995). These studies consisted of a
single 5.5 g/kg ethanol administration for 30 min followed
by intratracheal LPS administration for 1 to 4 h. The ethanol
dose administered was higher in those studies, but our obser-
vations parallel their results. Another study showed that ex
vivo stimulation of alveolar macrophages decreased TNF-a
production after ethanol exposure (D’Souza and others
1996). Ethanol administration consisted of a priming dose
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175 mg/100 g of body weight, followed by a 7-h continuous
intravenous infusion of 30 mg/100 g of body weight/h.
Similar to the aforementioned reports, this study consisted of
a higher dose of ethanol for a longer exposure but showed a
similar pattern of TNF-a production by the macrophages.

Macrophage activation by bacteria can occur through
multiple PRRs (Linehan and others 2000; Taylor and oth-
ers 2005). Examples of PRRs that recognize bacteria include
TLRs, complement receptors, and scavenger receptors.
Though there are no studies linking ethanol and its potential
interaction between a PRR and a PAMP, TLRs may be inhib-
ited in their ability to colocalize with CD14, as mentioned
above. In the present study, we chose to model the interaction
between a pathogen and macrophages, instead of focusing
on only one pathway. This interaction is a more physiologi-
cally accurate representation of infection, compared to stim-
ulating the macrophages only with LPS. When compared
with LPS treatment, ethanol suppressed E. coli stimulation
of TNF-a and IL-6 production by macrophages. Though we
do not have extensive evidence about the mechanism by
which ethanol impairs the E. coli activation pathway, our
data suggest that changes in the levels of expression of TLR
or scavenger receptors can be excluded. Moreover, we can-
not attribute the effects of ethanol on the induction of TNF-«
production with respect to changes in the TNF-a converting
enzyme (TACE). TACE normally cleaves membrane-bound
TNF-a as a second mechanism of releasing TNF-a (Peschon
and others 1998). Studies by Zhang et al. (2000) have shown
that an increase in cell-associated TNF-a is accompanied by
a decrease in secreted TNF-a after ethanol exposure, con-
sistent with the decreased TACE activity. Though we do not
have the evidence that TACE is being affected by ethanol, we
observed a decrease in IL-6 production, and since alterations
in TACE would not have an effect on IL-6 release, we can-
not attribute the decrease in cytokine production to altera-
tions in TACE alone. Finally, though we cannot comment on
whether the mechanism of ethanol’s suppression of cytokine
production differs between LPS or E. coli stimulation of mac-
rophages, we can say that at early time points, activation of
other PRRs (through intact E. coli stimulation) is unable to
compensate for the suppressed cytokine production seen in
LPS-stimulated macrophages.

Our data noted a difference in IL-6 production in the alve-
olar macrophages stimulated with LPS compared to alveolar
macrophages stimulated with E. coli, but not in TNF-a levels.
There were higher levels of IL-6 productionin LPS-stimulated
macrophages compared to E. coli-stimulated macrophages,
which may be explained by a couple of reasons. First, the
time of exposure to bacteria is only 3 h, whereas the LPS
was present in cultures for 16 h. Second, TLR4 stimulation
of macrophages would result in an early TNF-a expression
followed by IL-6 production (Garcia-Lazaro and others 2005;
Plackett and others 2007). Therefore, measuring IL-6 after
an extended stimulation by E. coli may have returned levels
of this cytokine to the magnitude measured in the superna-
tants from LPS-stimulated macrophages.

Finally, our data show that alveolar macrophage phago-
cytosis is decreased after acute ethanol exposure. These data
are consistent with reports showing that ethanol treatment
of monocyte-derived dendritic cells results in a decrease in

419

phagocytosis along with antigen presentation (Szabo and
others 1993). Additionally, studies of rabbit alveolar mac-
rophages cultured with high levels of ethanol (400 mg/dL)
in vitro have decreased phagocytosis of latex beads by 49%,
compared to control cells (Rimland and Hand 1980). The
authors incubated the cells with ethanol for 3 h, and allowed
phagocytosis of the beads for 30 min. Our studies comple-
ment these observations, and are the first to show that acute
in vivo ethanol exposure inhibits alveolar macrophage bacte-
rial phagocytosis. We next plan to elucidate the mechanism
by which phagocytosis is decreased. One method by which
ethanol exhibits its effects, and may have a role on attenuat-
ing phagocytosis, is through modification in actin organiza-
tion (Sordella and Van Aelst 2006; Szabo and others 2007).
Preliminary data reveal that in vivo exposure to 2.9 g/kg
ethanol for 3 h yields actin reorganization to the periph-
ery of the macrophage as well as microspike formation
(J. Karavitis and E.J. Kovacs, Loyola University Medical
Center, unpublished observation). Other molecules involved
in actin regulation are small GTPases, such as Rho and Rac,
and such molecules downstream as myosin and myosin
light chain kinase (Ma and others 1999; Schaffert and others
2006; Guasch and others 2007). Decreases in small GTPases
in response to ethanol exposure have been observed in other
cell types such as astrocytes and hepatocytes (Schaffert
and others 2006; Martinez and others 2007). The impact of
altered downstream regulators of actin after ethanol expo-
sure may explain how macrophage phagocytosis and migra-
tion is decreased. Small GTPases have also been implicated
in MAP kinase activation and, therefore, can be linked to the
decrease in cytokine production in macrophages after acute
ethanol exposure, as observed in our study.

Taken together, these studies demonstrate that acute
ethanol exposure impairs PAMP-stimulated cytokine
release and phagocytosis of bacteria by macrophages.
Both splenic and alveolar macrophages are inhibited, and
the attenuated functions observed after ethanol treatment
last after the ethanol is cleared from the circulation. This
suggests multiple molecular modifications. Ultimately, the
reduction in macrophage functions after ethanol exposure
may result in an insufficient initial response and robust
reaction of the innate immune system to pathogens after
acute ethanol exposure.
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