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Abstract
Previous studies have shown that alcohol (EtOH) intoxication impairs lung immunity by affecting
cytokines pivotal to the inflammatory process. The objective of this study was to test the hypothesis
that acute alcohol intoxication impairs lung innate immunity by down-regulating the expression of
pro-inflammatory mediators while simultaneously up-regulating anti-inflammatory mediators. EtOH
was administered to the mice 0.5 h prior to an intra-tracheal injection of E. coli lipopolysaccharide
(LPS). The animals were killed either 4 or 24 h after LPS to recover plasma, lungs and
bronchoalveolar lavage fluid. Lung inflammatory cytokines TNF-α, IL-1β, IL-6, MIF, IL-10, TGF-
β and receptors for TNF-α, IL-1β, IL-6 and TGF-β as well as gp130 and corticosterone levels were
evaluated at mRNA and protein level. While the mRNA expression and the soluble TNF-Rp55 levels
were significantly up-regulated by EtOH, LPS-induced TNF-α activity, TNF-Rp55 mRNA
expression and soluble TNF-Rp55 levels were significantly suppressed. The LPS-induced expression
of IL-1β, IL-6, MIF, gp130, and receptors IL-1RI, IL-1RII and IL-6Rα were also significantly
impaired by EtOH. EtOH increased significantly basal IL-10 activity at 3 h, which continued to
remain elevated even at 24 h. The EtOH effect on IL-10 activity persisted even in LPS-challenged
mice. EtOH and LPS augmented lung corticosterone levels independently of each other. EtOH
suppressed up-regulation of TGF-β1 mRNA expression by LPS and blocked completely LPS-
induced TGF-β1 secretion. In conclusion, the data suggest that the suppression of acute lung
inflammation by EtOH intoxication is largely due to impairment by EtOH of pro-inflammatory
cytokine signaling at the levels of cytokine expression and secretion as well as receptor expression
and soluble receptor activity. The augmentation by EtOH of anti-inflammatory mediators' secretion
most likely shifts the cytokine balance in the anti-inflammatory direction.
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Introduction
Exposure of the lungs to an acute immune challenge evokes a local innate immune response.
The response is characterized by an up-regulation in multiple inflammatory mediators' (e.g.,
cytokines, chemokines and adhesion molecules) expression, many of which display redundant
biological functions (Szarka et al., 1997;Starcher and Williams, 1989). Activation of the innate
immune system also induces the translocation and activation of transcription factors (e.g., NF-
κB and AP-1), which regulate the expression of the inflammatory genes [Vanden Berghe et
al., 2006; Bozinoyski et al., 2002]. The gender and the nutritional status of the host are some
other factors that can influence the innate immune response (Imahara et al., 2005;Kishino and
Moriguchi, 1992; Watzl et al., 1993).

E. coli lipopolysaccharide (LPS) administration into rodent lungs induces the expression of
inflammatory mediators such as tumor necrosis factor-alpha (TNF-α), interleukin-1 beta
(IL-1β), macrophage inflammatory proteins (MIPs) and the intracellular adhesion molecule
(ICAM-1) to signal directional migration of polymorphonuclear leukocytes (PMNs) to the
insult site (Mizgerd, 2002; Nelson and Summer, 1998). The macrophage inhibitory factor
(MIF) is another pivotal cytokine that is up-regulated in response to E. coli LPS (Calandra,
2003). By acting as a physiologic counter-regulator of glucocorticoid action, it can regulate
the magnitude of the inflammatory response (Calandra et al., 1995;Donnelly et al., 1997).
While the recruited PMNs aid the resident alveolar macrophages (AMs) in responding
efficiently to the immune challenge (Cox et al., 1995;Ishii et al., 1998), the local endogenous
anti-inflammatory mediators (e.g. IL-10, IL-13, lipoxins and glucocorticoids) help in
containing and resolving the inflammation (Chapman et al., 2006;Fan et al., 2001;Serhan,
2004;Scannell and Maderna, 2006).

The susceptibility of excessive EtOH drinkers to pulmonary infections is ascribed primarily to
the adverse effects of EtOH on the lung immunity (Bomalaski and Phair, 1982;Cook,
1998;Jerrells et al., 1994;MacGregor and Louria, 1997;Nelson and Summer, 1998;Szabo,
1999). Ethanol, by affecting the expression of the inflammatory mediators, can alter the normal
course of an inflammatory response (Mandrekar et al., 2006;Zhang et al., 2002). Acute and
chronic EtOH consumption affects the ability of the lungs not only to generate and secrete
some of the mediators evoked during local inflammation (D'Souza et al., 1996;Nelson et al.,
1998;Standiford and Danforth, 1997;Zhang et al., 1999;Zhang et al., 2002), but also to express
their receptors (D'Souza et al., 1994). Cofactors such as nutritional deficiencies, aging, smoking
and use of other recreational drugs can augment the adverse effects of EtOH (Waltz et al.,
1993;Husain et al., 2001).

Previously published animal studies suggest that the extent of EtOH-induced immune changes
appear to depend on the amount of EtOH consumed, the duration for which it is consumed, the
route of administration, and the strain and gender of animal species used (D'Souza et al.,
1989;Sarphie et al., 1997;Spitzer, 1999;Thurman et al., 2001). In addition, the effects of acute
and chronic EtOH intake on the immune system are mostly different from each other; the acute
intake usually down-regulates the inflammatory response while the chronic intake augments
it (Thakur et al., 2006;Valles et al., 2003). In vivo and in vitro studies performed mostly in rats
using a single point in time for evaluation show that acute EtOH exposure can impair the
production of pro-inflammatory cytokines TNF-α, MIP-2, CINC and the recruitment of PMNs
in response to an immune challenge (Boe et al., 2003;D'Souza et al., 1989;Nelson et al.,
1989;Zhang et al., 2002). However, the precise mechanisms by which acute EtOH intoxication
impairs lung innate immunity are still not completely clear.

To further understand the mechanisms by which acute ETOH intoxication impairs lung innate
immunity, we evaluated the effects of acute EtOH intoxication on several pro- and anti-
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inflammatory mediators and their receptors during the early and late phases of E. coli LPS-
induced lung inflammation. Two points in time, 3 and 24 h post LPS instillation, were selected
for evaluation. These were based on a time course study we performed to determine the time
required for initiation and resolution of LPS-induced lung inflammation. Our central
hypothesis is that acute EtOH intoxication impairs lung innate immunity against E.coli LPS
by down-regulating the expression of multiple inflammatory mediators and their receptors
while simultaneously up-regulating anti-inflammatory mediators, and these effects may, at
least, be partially mediated by EtOH-induced glucocorticoid release.

Materials and Methods
Mice and ethanol administration

Eight-week old, specific pathogen-free male C57BL/6J mice were purchased from Jackson
Laboratories (Bar Harbor, ME) and housed in sterile filter-top cages in the Veterans
Administration Medical Center (VAMC) animal facility with a 12 h light-dark cycle and
constant temperature and humidity. Animal housing and all experimental procedures were
performed in compliance with the guidelines approved by the IACUC of the VAMC
(Lexington, Kentucky). The mice had ad libitum access to standard Purina chow and water and
were used for the experiments one week after their arrival at the animal facility. On the day of
the experiment, the mice were weighed and divided into two groups (EtOH and Control). Mice
in the EtOH group received an intra-peritoneal (IP) injection of 4.4 g EtOH·kg−1 body weight,
0.5 h before an intra-tracheal (IT) injection of LPS or saline. Mice in the Control group received
an IP injection of 400 μL saline, 0.5 h before IT saline or LPS injection.

E.coli LPS inoculation
Lipopolysaccharide (E. coli 026:B6), obtained from Difco Laboratories (Detroit, MI), was used
as the local immune challenge. The stock LPS (1mg·ml−1) was prepared freshly in LPS-free
saline and administered IT into the lungs at a concentration of 1 mg·kg−1 body weight under
avertin (tribromoethyl alcohol + amyl alcohol) anesthesia. After recovery from anesthesia, the
mice were returned to their cages and allowed free access to food and water until the time of
euthanasia. No mortality was observed with either the dose of EtOH or LPS used over the
experimental period. Three or 24 h after the IT injection, the mice were anesthetized with Na
pentobarbital (NembutalRR, 60 mg·kg−1 body weight) and blood was collected from the
inferior vena cava. The mice were then exsanguinated by severing the inferior vena cava; the
lungs perfused with saline and snap frozen immediately in liquid nitrogen for RNA and protein
extraction. In another set of experiments, the bronchoalveolar lavage (BAL) was performed
with a fixed volume of EDTA containing PBS, and the BAL fluid recovered was assayed for
secreted cytokines, soluble cytokine receptors and corticosterone (CS), the predominant
glucocorticoid produced in mice.

Quantitation of mRNA expression for cytokines and cytokine receptors
The total lung RNA was extracted using TriZOL reagent obtained from Life Technologies
(Gaithersburg, MD) according to the manufacturer's instructions. The mRNA expression for
cytokines and cytokine receptors was evaluated using RiboQuant multiprobe assay system and
instructions from BD Pharmingen (San Diego, CA). The gels were scanned using
PhosphoImager (Molecular Dynamics, Sunnyvale, CA), and the images obtained quantified
using ImageQuant program (Molecular Dynamics, Sunnyvale, CA). The data obtained were
normalized to housekeeping gene (GAPDH) and the integrated optical density (IOD) expressed
as ratios.
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Quantitation of cytokine and cytokine receptor proteins using Western Blot Analysis
The lung protein extraction and gel electrophoresis were performed according to the
instructions from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The extracted proteins
were run on 4 - 20% tris-HCl gels (Biorad Laboratories, Hercules, CA). For a given run, all
lanes were loaded with an identical amount of protein. The separated proteins were transferred
to Trans-blot transfer membranes (Bio-Rad Laboratories Hercules, CA), and immunoblotted
according to instructions from Santa Cruz Biotechnology (Santa Cruz, CA), the manufacturer
of the antibodies. The immunocomplexes formed were detected by ECL Western blotting
detection reagents (Amersham Pharmacia Biotech, Piscataway, NJ), and the intensity of the
light produced by the enhanced chemiluminescent reaction was detected by exposure of the
membrane to Kodak blue light-sensitive film. The bands obtained were quantified using Scion
Image Beta 4.0.2 program (Scion Corporation, Frederick, MD). The integrated optical density
is presented as arbitrary units (AU) after deducting the background.

Quantitation of cytokines and cytokine receptors in BAL fluid
The cell-free supernatant from the first 1 ml of BAL fluid collected was used for measuring
secreted cytokines and soluble cytokine receptors using ELISA kits (R&D Systems, Inc.,
Minneapolis, MN and Biosource International, Carmarillo, CA). The TGF-β kit used measured
the total (latent and active) TGF-β secretion. All samples were assayed in duplicates, in
accordance with the manufacturers' instructions and the activity expressed as ml−1 of BAL
fluid.

Statistical Analysis
The data were analyzed using one-way ANOVA followed by Newman-Keuls post test when
comparing the four groups within each time point, and by Student t-test when comparing
identical treatment groups between the two time points. Data are presented as mean ± SEM,
with significance set at P ≤ 0.05.

Results
The blood EtOH concentration at the 3 h time point was 261 ± 15 mg/dl in EtOH/Sal group
and 235 ± 13 mg/dl in EtOH/LPS. No EtOH was detected in the blood at the 24 h time point.

Lung TNF-α, TNF-Rp55 and TNF-Rp75 mRNA levels, and BAL fluid TNF-α and soluble TNF
receptors

To understand further the mechanisms by which acute EtOH intoxication impairs TNF-α
mediated lung innate immunity, the expression of lung TNF-α and of its receptors was
evaluated during LPS-induced lung inflammation under conditions of acute EtOH intoxication.

Although EtOH did not affect the constitutive or LPS-induced peak TNF-α mRNA expression,
it accelerated significantly (80% vs. 50%) the down-regulation of LPS-induced TNFα mRNA
levels expression at 24 h (Fig. 1A). Consistent with published data [Nelson et al., 1989;Kolls
et al., 1995], LPS-induced peak TNF-α secretion was blunted (40%) by acute EtOH
intoxication. Low levels of LPS-induced TNF- α were still detectable at 24 h (Fig. 1B), but did
not differ between saline and EtOH-treated mice.

Ethanol induced a small (13%) decrease in basal TNF-Rp55 mRNA levels at 3 h and suppressed
(21%) the LPS-induced up-regulation. At 24 h, EtOH induced a modest (36%) up-regulation
in the basal TNF-Rp55 mRNA levels (Fig. 1C). The basal levels of soluble TNFRp55 were
not affected by EtOH at 3 h, but at 24 h, EtOH increased the levels 3.8-fold and masked the
LPS effect. LPS increased soluble TNFRp55 activity 1.8-fold at 3 h and 5-fold at 24 h (Fig.
1D).
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LPS up-regulated TNF-Rp75 mRNA levels (2.7-fold) that remained elevated even at 24 h.
Neither basal nor LPS-induced TNF-Rp75 mRNA levels were affected by EtOH (Fig. 1E).
LPS induced significant shedding of TNF-Rp75 as early as 3 h. However, a massive (23-fold)
shedding of TNF-Rp75 was observed 24 h post LPS challenge and this was markedly (74%)
suppressed by EtOH (Fig. 1F).

The data confirm previous findings that the effects of acute EtOH intoxication on lung TNF-
α in the early phase of LPS-induced lung inflammation are post-transcriptional [Kolls et al.,
1995]. The data suggest further that acute EtOH intoxication modulates TNF-α signaling not
only by impairing cytokine production, but also by affecting the expression and shedding of
its cell-surface receptors.

BAL fluid IL-1β activity and lung IL-1RI and IL-1RII mRNA and protein levels
The overlapping patterns of gene expression and common inflammatory responses of IL-1β
and TNF-α prompted us to investigate if the effects of acute EtOH intoxication on IL-1β
signaling are similar to those on TNF-α.

A small significant increase in BAL fluid IL-1β activity was observed in response to LPS at 3
h; however, the increase was 10-fold higher at 24 h. The peak LPS-induced IL-1β secretion
was suppressed (50%) by acute EtOH intoxication (Fig. 2A).

LPS-induced an up-regulation (45%) in IL-1RI mRNA levels in the early phase of the
inflammatory response. Although the basal IL-1RI mRNA levels were unaffected by EtOH,
the LPS effect on the receptor was significantly impaired (Fig.2B). Western blot analysis of
whole lung proteins show that, consistent with the mRNA data, LPS induced an up-regulation
in IL-RI protein expression, and this up-regulation was suppressed by EtOH (Fig.2C).

A 3-fold increase in IL-RII mRNA levels was observed 3 h post LPS challenge. EtOH increased
IL-RII mRNA levels and suppressed significantly the LPS effect. At 24 h, LPS-induced IL-1RII
mRNA levels showed a trend to decline to baseline (Fig.2D).

The data suggest that acute EtOH intoxication may impair IL-1β signaling not only by affecting
its production, but also by affecting IL-1RI expression. Considering the overlapping properties
of TNF-α and IL-1β, up-regulation by LPS of IL-1RII (decoy) may be one possible mechanism
by which IL-1β cell signaling is regulated. EtOH, by interfering with the up-regulation of the
decoy receptor, may affect IL-1β signaling.

Lung IL-6, IL-6Rα and gp130 mRNA and protein levels, and BAL fluid IL-6
The production of IL-6 at the site of inflammation suggests a major role for it in inflammatory
and immune responses. Therefore, we have evaluated the effect of acute EtOH intoxication on
lung IL-6, IL-6Rα, and gp130, the intracellular protein involved in IL-6 signaling.

A massive increase in lung IL-6 mRNA levels and protein secretion was observed in the early
phase of LPS-induced lung inflammation. While the LPS-induced IL-6 mRNA expression
declined close to baseline by 24 h, the protein secretion still remained significantly elevated.
Although the basal IL-6 (mRNA and protein) levels were unaffected by EtOH, it blunted (50%)
significantly the LPS-induced mRNA levels and protein secretion (Figs. 3A-3B).

The basal IL-6Rα mRNA expression was unaffected by LPS in the early phase of inflammation,
but in the later phase a modest (34 %) down-regulation was observed. Acute EtOH intoxication,
either alone or in association with LPS, did not have any significant effect on IL-6Rα mRNA
levels (Fig. 3C). LPS and EtOH, each, showed a trend to increase lung IL-6Rα protein
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expression at 3 h, however, at 24 h, EtOH, alone as well as in association with LPS down-
regulated the protein expression (Fig. 3D).

LPS up-regulated (53%) gp130 mRNA levels at 3 h in the control mice, and the levels declined
below baseline by 24 h. EtOH alone up-regulated (69%) basal gp130 mRNA levels at 24 h and
suppressed the LPS effect (Fig. 3E).

The data suggest that acute EtOH intoxication may impair LPS-induced IL-6 signaling by
suppressing IL-6 mRNA expression and protein secretion as well as receptor IL-6Rα and gp130
expression.

Lung MIF mRNA and protein levels
The MIF is both a cytokine and endocrine factor, and recently published data suggest a
regulatory role for MIF in the expression and functions of TNF-α and IL-1 receptors [Calandra,
2003;Calandra et al., 1995)]. Considering its widespread distribution and its crucial role in
innate immunity, we investigated the effect of EtOH on MIF expression.

In the control mice, LPS increased MIF mRNA levels significantly (23% and 43%) at 3 and
at 24 h respectively. Ethanol, up-regulated MIF mRNA levels, masked the LPS effect at 3 h
and suppressed it partially (23%) at 24 h (Fig. 4A). Consistent with the mRNA expression, the
protein expression was also up-regulated by LPS at 3 h in control mice and remained slightly
above basal levels at 24h. EtOH showed a trend to up-regulate MIF protein expression and
suppressed the LPS effect (Fig. 4B).

BAL fluid IL-10, CS and TGF-β, and TGF-β and TGF-β Receptors mRNA levels
To determine whether EtOH-induced suppression of LPS-induced pro-inflammatory mediators
signaling is associated with an enhanced production of anti-inflammatory mediators, we
investigated IL-10, TGF-β, and CS activity in the BAL fluid.

The basal IL-10 activity in BAL fluid (minimum detectable levels 4.0 pg/ml) was significantly
(26%) down-regulated by LPS. EtOH alone and in association with LPS induced a 42-62%
increase in the IL-10 activity at 3 h, and the activity remained significantly elevated even at
24 h in EtOH-treated mice not challenged with LPS. This EtOH-induced increase in IL-10
activity was suppressed by LPS at 24h (Fig. 5A).

Corticosterone activity was detectable in BAL fluid recovered from saline treated control mice.
EtOH and LPS each increased further (2.5-fold) the CS levels at 3 h and the effects of the two
were not additive. The CS levels declined to baseline by 24 h (Fig. 5B). CS activity was also
detectable in the plasma, but the levels were not significantly different between groups (data
not shown).

LPS administration elevated mRNA levels for TGF-β1 (1.7-fold) and TGF-βRI (1.24-fold) in
the early phase of inflammation. At this point in time, EtOH also increased the mRNA levels
for TGF-β1 (1.25-fold), but not for TGF-βRI. When the immune insult was superimposed on
EtOH, a further increase in TGF-β1 mRNA, and a small but significant increase in TGF-βRI
mRNA levels was observed. The effect of EtOH and LPS on TGF-β1 and TGF-βRI mRNA
levels was not additive (Fig. 5D&E). At 24 h, however, EtOH induced a significant up-
regulation (25%) in TGF-βR1 mRNA expression and masked the LPS effect (Fig. 5E).

LPS induced a 2.4-fold increase in TGF-β2 and a 1.25-fold in TGF-βRII mRNA levels in
control mice at the early time point, and the levels declined close to baseline by 24h. EtOH
had no significant effect on the basal or LPS-induced TGF-β2 mRNA levels (Fig. 5F). At 24
h, EtOH induced a 1.4-fold increase in TGF-βRII mRNA and masked the LPS effect (Fig. 5H).
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TGF-β1 was detectable only in BAL fluid recovered from control mice 24 h post LPS
instillation. This LPS-induced secretion of TGF-β1 was blocked completely by EtOH (Fig.
5C). LPS had no significant effect on TGF- β3 mRNA expression in the early phase of the
inflammatory response, but in the later phase, it down-regulated the expression below basal
levels. TGF - β3 mRNA expression was up-regulated by EtOH independent of LPS (Fig. 5I).
The BAL fluid was also assayed for TGF-β2 and TGF-β3 isoforms, but these were not in the
detectable range of the assay used for any of the treatment groups investigated.

Discussion
Results from our study confirm previous findings that acute EtOH intoxication impairs LPS-
induced lung TNF-α production and that the effects of EtOH are post-transcriptional (Kolls et
al., 1995;Nelson et al., 1989). The study further demonstrates that EtOH impairs LPS-induced
inflammatory response by impairing signaling by other pro-inflammatory cytokines such as
IL-1β, IL-6 and MIF at their production and receptor sites while simultaneously augmenting
the generation of anti-inflammatory mediators CS and IL-10. In addition, acute EtOH
intoxication impairs LPS-induced TGF-β signaling by blocking TGF-β1 secretion and
modulating the expression of its receptors.

The immune stimulus recognition by pattern-recognition Toll-like receptors (TLRs) has
received a lot of attention in recent years (Akashi-Takamura and Miyake., 2006). TLR4, in
particular, has been implicated in Gram-negative LPS signaling, innate immunity and
inflammation (Miyake, 2004). Published in vivo and in vitro studies suggest that EtOH
suppresses cytokine responses through TLR signaling (Dai and Pruett, 2006;Oak et al.,
2006]. In rodent lung, acute EtOH intoxication has also been reported to dampen LPS-induced
lung inflammation by impairing TNF-α, MIP-2 and CINC secretion [Boe et al, 2003;D'Souza
et al., 1989;Nelson et al., 1989;Zhang et al., 2002].

The up-regulation in TNF-α secretion, its receptors' expression and unaltered levels of the
soluble forms of the two TNF receptors observed in our study, in the early phase of LPS-
induced acute inflammation, are consistent with enhanced TNF-α signaling (Grell,
1995-1996). The decline in LPS-induced TNF-α secretion and TNF-Rp55 expression, in
association with increased levels of the soluble forms of the two TNF receptors, in the later
phase, is suggestive of down-regulation in TNF-α signaling and, possibly, the onset of
inflammation resolution. The increase in the levels of the soluble TNF receptors may represent
an important physiological response targeted at neutralizing any unbound TNF-α. Interestingly,
in the later phase, TNFRp75 mRNA expression was also significantly elevated in response to
LPS suggesting that the function of this receptor may extend beyond mediating TNF-α
signaling. An earlier study suggests a dominant role for TNF-Rp75 in suppressing TNF-
induced inflammation (Peschon et al., 1998).

Ethanol suppressed LPS-induced TNF-α secretion without affecting the mRNA expression
supporting previous findings that the effect of EtOH on TNF-α is post-transcriptional (Kolls
et al., 1995). EtOH also suppressed LPS-induced TNF-Rp55 expression at transcriptional level
in the early phase of inflammation. At 24 h, EtOH alone produced a significant increase in both
the basal mRNA expression and the soluble form of TNF-Rp55; this is the point in time at
which the LPS-induced mRNA expression returned to baseline. At this point in time, EtOH
also suppressed markedly the LPS-induced increase in the soluble TNF-Rp75 levels. Our data
on TNF-α and its receptors suggest that acute EtOH intoxication may delay TNF-α mediated
amplification of the inflammatory response. Since TNF-α receptors play an important role in
TNF-α signaling and apoptosis, these findings may have important implications for individuals
who might encounter a local immune challenge in the first 24 h post heavy drinking.
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The IL-1β signal is transduced by the binding of IL-1β to its cell-surface receptor IL-1R1
(Boraschi and Tagliabue, 2006;Dinarello, 2002). IL-1β is also reported to have greater affinity
for IL-1RII, and both the membrane-bound and soluble forms of this receptor are thought to
function as natural inhibitors of IL-1β signaling (Boraschi and Tagliabue, 2006). The increase
in IL-1β secretion, IL-1R1 and IL-1RII expression in response to LPS was suppressed
significantly by EtOH. The much greater increase, observed in our study, in IL-1RII compared
to IL-1RI in response to LPS support the notion that IL-1RII receptor may have an important
role in containing IL-1β signaling (Bourke et al., 2003). EtOH, by affecting both IL-1β
secretion and the expression of its receptors, may impair the normal course of IL-1β signaling.

Acute EtOH intoxication suppressed LPS-induced IL-6 mRNA expression and IL-6 secretion
while simultaneously affecting IL-6Rα protein expression. These findings suggest that EtOH
impairs IL-6 signaling at cytokine generation and receptor expression levels, which may have
important implications, considering that this cytokine plays an important role in inflammation
and activation of hypothalamic-pituitary- adrenal (HPA) axis (Hadid et al., 1999;Kamimura et
al., 2003;Gabay, 2006).

A possible role in counter-regulating the anti-inflammatory effects of glucocorticoids has been
ascribed to MIF, an important component of the neuron-endocrine system (Aeberli et al.,
2006;Calandra and Roger, 2003). In addition, MIF is reported to regulate innate immunity by
inducing the expression of TLR4, TNF-α and IL-β, and amplify its own production in response
to endotoxin (Aeberli et al., 2006;Toh et al., 2006;Roger et al., 2003). In our study, LPS-induced
an up-regulation in lung MIF mRNA levels in the early phase of inflammation and the levels
continued to rise even in the late phase. The increase in mRNA levels was accompanied by a
dramatic increase in the protein expression. Acute EtOH intoxication up-regulated MIF mRNA
and protein levels and masked the LPS effect. The up-regulation in MIF expression following
acute EtOH intoxication may be glucocorticoid-mediated, considering that EtOH up-regulated
lung CS levels.

The presence of low levels of IL-10 and CS in BAL fluid of saline-instilled mice, observed in
our study, is consistent with other reports of the normal lung environment being
immunosuppressive (Fernandez et al., 2004). Considering the constant exposure of the lungs
to low levels of inhaled particles, low levels of anti-inflammatory mediators may be a requisite
for the maintenance of lung immune homeostasis. While LPS had no effect on lung IL-10
secretion, EtOH alone increased it, and EtOH and LPS each elevated lung CS levels. The HPA
axis and glucocorticoid responses are required to maintain homeostasis within the body
between the brain and the immune system (Gaillard, 2001;Gottesfeld et al., 2002). Stressors
such EtOH intoxication and inflammatory stimuli can activate the HPA axis to release
hormones that stimulate the synthesis and release of endogenous glucocorticoids (Beishuizen
and Thijs, 2003). In our study, we found very high levels of CS in the lungs of all intoxicated
mice. Since the activation of HPA and the release of CS by acute EtOH intoxication are rapid
(Rivier, 1993), we can only speculate that the balance of lung pro- and anti-inflammatory
mediators most likely shifts to a more immunosuppressive state even before the lung encounters
the immune challenge. Further studies are needed to determine if the dampening of the LPS-
induced lung inflammation by EtOH observed in our study is glucocorticoid-mediated.

The role of TGF-β in inflammation is controversial (Bone et al., 1996; Garcia-Lazaro et al.,
2005; Turner et al., 1991). On one hand, TGF-β is shown to inhibit in vitro response of
macrophages to LPS (Bogdan and Nathan, 1993;Imai et al., 2000) and, on the other hand, to
promote inflammation and lung tissue injury (Pittet et al., 2001). In the present study, the
mRNA levels of TGF-β1, TGF-β2, TGF-βRI and TGF-βRII were all significantly elevated in
the early phase of LPS-induced inflammation. Interestingly, TGF-β1 was the only isoform that
was secreted in the late phase of LPS-induced inflammation, and EtOH suppressed partially
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the mRNA expression of TGF-β1, TGF-βRI, and completely blocked the cytokine secretion.
We speculate that TGF-β may play a role in down-regulating LPS-induced early response
cytokines, as TGF-β activity was detectable in the lavage at a point in time when the early
response cytokines declined close to baseline. Further studies are needed to determine if the
effects of EtOH on TGF-β signaling are direct or mediated.

In conclusion, we can say that acute EtOH intoxication alters the normal course of LPS-induced
lung inflammation by down-regulating the production of pro-inflammatory mediators TNF-
α, IL-1β, IL-6 and simultaneously up-regulating that of anti-inflammatory mediators such as
IL-10 and corticosterone, and modulating TGF-β signaling. Furthermore, the EtOH-induced
changes in both the expression of membrane associated and soluble cytokine receptors suggest
that EtOH may affect signaling by these molecules at the receptor sites. Another important
finding from the study is that EtOH intoxication creates an immunosuppressive state in the
lung by up-regulating local IL-10 and CS levels. This, most probably, is an early event mediated
by the activation of the HPA axis by EtOH. Considering the degree to which the innate immune
response is suppressed by EtOH is largely dependent on blood EtOH levels, and based on
present findings, it is tempting to speculate that EtOH at high concentration may also impair
expression of TLR receptors and/or enhance their soluble forms, thereby impairing recognition
and clearance of the stimuli and possibly sensitizing the lung to subsequent immune stimuli.
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Fig 1.
Mouse lung TNF-α (A), TNF-Rp55 (C) and TNF-Rp75 (E) mRNA levels and BAL fluid TNF-
α (B), TNF-Rp55 (D) and TNF-Rp75 (F) activities following alcohol and lipopolysaccharide
treatment. Plotted are means ± SEM for 6 - 8 mice/group. Abbreviations: saline (sal); alcohol
(EtOH); lipopolysaccharide (LPS). *) p < 0.05 vs. sal/sal; **) p < 0.05 vs. EtOH/sal; ***) p <
0.05 vs. sal/LPS; ****) p < 0.05 vs. similarly treated 3 h group.
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Fig 2.
Mouse BAL fluid IL-1β (A) activity, lung Il-1RI (B) and IL-1RII (D) mRNA levels, and IL-1RI
(C) protein expression. Plotted are means ± SEM for 6 - 8 mice/group. Abbreviations: saline
(sal); alcohol (EtOH); lipopolysaccharide (LPS); arbitary units (AU). *) p < 0.05 vs. sal/sal;
**) p < 0.05 vs. EtOH/sal; ***) p < 0.05 vs. sal/LPS; ****) p < 0.05 vs. similarly treated 3 h
group.
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Fig 3.
Mouse lung Il-6 (A), IL-6Rα (C) and gp130 (E) mRNA levels, BAL fluid IL-6 (B) activity,
and IL-6Rα (D) protein expression. Plotted are means ± SEM for 6 - 8 mice/group.
Abbreviations: saline (sal); alcohol (EtOH); lipopolysaccharide (LPS); arbitrary units (AU).
*) p < 0.05 vs. sal/sal; **) p < 0.05 vs. EtOH/sal; ***) p < 0.05 vs. sal/LPS; ****) p < 0.05
vs. similarly treated 3 h group.
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Fig 4.
Mouse lung MIF (A) mRNA levels and MIF (B) protein expression. Plotted are means ± SEM
for 6 - 8 mice/group. Abbreviations: saline (sal); alcohol (EtOH); lipopolysaccharide (LPS);
arbitary units (AU). *) p < 0.05 vs. sal/sal; **) p < 0.05 vs. EtOH/sal; ***) p < 0.05 vs. sal/
LPS; ****) p < 0.05 vs. similarly treated 3 h group.
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Fig 5.
Mouse BAL fluid IL-10 (A), corticosterone (B) and TGF-β1 (C) activities, and lung TGF-β1
(D), TGF-βR1 (E), TGF-β2 (F), TGF-βRII (H) and TGF-β3 (I) mRNA levels. *) p < 0.05 vs.
sal/sal; **) p < 0.05 vs. EtOH/sal; ***) p < 0.05 vs. sal/LPS; ****) p < 0.05 vs. similarly treated
3 h group.
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