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Summary

Asthma imposes considerable patient and economic burdens, with the most
severe cases causing the greatest affliction. Identifying stimuli that worsen
asthma severity is an essential step to controlling both disease morbidity and
the lessening economic impact. This study provides the first mechanistic
investigation into how acute ethanol exposure will increase asthma severity
in a murine model of mild cockroach allergen (CRA)-induced asthma.
Outbred mice were sensitized to induce mild allergic asthma, with intratra-
cheal CRA exposures on days 0 and 14. On day 21 mice were gavaged with
water or 32% ethanol, and the third allergen exposure was given 30 min
post-gavage. Asthmatic responses were measured at several time-points up to
42 h after the third allergen challenge. Ethanol-gavaged mice showed
increased asthma severity within 90 min post-allergen challenge, with exacer-
bations lasting for 24 h. Ethanol caused greater airways obstruction, includ-
ing an eightfold increase in epithelial cell mucin and increased mucus plugs,
resulting in a 50% reduction in bronchiole patency. Ethanol gavage also
induced significant increases in airways hyperreactivity. While T helper type
1 (Th1) and Th2 cytokines were not altered by ethanol gavage, pulmonary
neutrophil and eosinophil recruitment were augmented. This increase was
associated with increased chemokine production. Administration 2 h prior
to ethanol gavage of a neutralizing antibody cocktail to keratinocyte-derived
chemokine, macrophage inflammatory protein-2, eotaxin-1 and eotaxin-2
prevented ethanol-induced eosinophil recruitment and airways hyperreac-
tivity. These data provide evidence that acute alcohol exposure immediately
prior to a mild allergen-triggered asthmatic episode will exacerbate asthma
severity mediated by increased production of chemokines.
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Introduction

Asthma was first described accurately more than 1800 years
ago [1]. Despite millennia of opportunity, a continually
deeper understanding of disease aetiology and recent
advances in personalized medicine, there is still no cure.
Instead, asthma has developed into one of the top chronic
conditions in the nation, afflicting upwards of 10% of
adults and 30% of children in the western world [2]. Most
research and clinical efforts focus on controlling the disease
through the development of tailored therapies; for example,
allergen-specific and cytokine-directed immunotherapy
[3,4]. Despite these newer treatment options, asthma con-

tinues to burden patient quality of life and health-care
resources [5,6], costing the United States alone more than
$15 billion in annual asthma-related expenses [2]. Instead
of focusing research efforts on therapeutic options, it could
be argued that time and resources would be better spent
developing asthma prevention strategies through the identi-
fication and control of factors that exacerbate symptoms
[7]. More meaningful approaches may result by unearthing
modifiable lifestyle components that affect the develop-
ment, persistence and magnitude of the disease either
directly or indirectly. With a thorough understanding of
these factors, asthma morbidity may be better controlled
through these lifestyle changes to avoid triggers, potentially
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minimizing the need for therapeutic intervention. Preven-
tion strategies will undoubtedly improve patient quality of
life and lessen the economic burden.

Several clinical studies have cited that acute alcohol con-
sumption triggers asthmatic symptoms [8–14]. It has been
reported that 40% of asthmatic individuals indicate that
drinking alcohol worsens their asthma symptoms [15], and
a direct challenge with alcohol will trigger an asthmatic
attack [16]. This ability of alcohol to induce asthma is not
restricted to Asian populations, who have a high incidence
of a deficiency of alcohol dehydrogenase [14,15]. A 2010
study demonstrated that Caucasian populations, with a
genetic variation resulting in the fast metabolism of alcohol,
have a nearly twofold increased risk of alcohol-induced
hypersensitivity reactions [17]. Despite this clinical infor-
mation, public awareness on this interaction is minimal,
and alcohol is not included in common lists of asthma trig-
gers [2,18]. This may be a direct result from the lack of basic
research addressing the alcohol–asthma relationship, sug-
gesting the need for studies focusing on how alcohol con-
sumption exacerbates asthma.

We recently published that acute alcohol exposure in a
cockroach allergen-sensitized mouse will trigger asthma-
like pulmonary inflammation [19].The current study uti-
lizes a unique murine model to investigate the basic
mechanisms of how ethanol ingestion exacerbates asthma-
like pulmonary inflammation. Through these investiga-
tions, specific asthmatic responses exacerbated by ethanol
were identified, including several hallmarks of asthma –
mucin overproduction, respiratory obstruction, lung granu-
locyte infiltration and airways hyperreactivity. These new
insights include a mechanistic approach that identifies
chemokines as key molecules involved in orchestrating the
exacerbations.

Materials and methods

Mice

Female 18–20 g outbred HSD-ICR (Institute for Cancer
Research) mice (Harlan Sprague Inc., Frederick, MD, USA)
were used for all experiments. Outbred mice were used for
these studies to render the data more relevant to patient
populations. Previous work has demonstrated that these
mice develop robust asthma-like pulmonary inflammation
similar to inbred mice [20]. Mice were housed in an
approved temperature-controlled facility with a 12-h light/
dark cycle. All animal experiments were performed under
the approval of Boston University’s Institutional Animal
Care and Use Committee (IACUC).

Experimental design

Cockroach allergen (CRA; Greer Laboratories, Lenoir, NC,
USA) was administered by intratracheal (i.t.) administra-

tion of CRA diluted in sterile Hanks’s balanced salt solution
(HBSS) in two 25-ml aliquots on days 0 and 14, as described
previously [20,21]. For CRA dose–response experiments,
mice received a third i.t. CRA exposure on day 21, under-
went whole-body plethysmography (WBP) as described
previously [22] 3 h post-CRA challenge, and were killed 2 h
post-WBP. Thirty min after ethanol (EtOH) or water gavage
(described below), mice received a third and final i.t. CRA
exposure. Respiratory physiology was assessed by unre-
strained WBP (Buxco Research Systems, Wilmington, NC,
USA) at 1·5–40 h post-CRA challenge. The results from
WBP were confirmed by forced ventilation (FlexiVent;
SCIREQ, Montreal, Canada) at 14 h post-CRA challenge, as
described in a previous publication [23]. Animals used for
WBP were killed for collection of plasma, bronchoalveolar
(BAL) fluid and lungs 2 h post-WBP at 3·5, 7·5, 16, 24 and
42 h post-CRA challenge. The sensitized group of mice were
exposed to CRA on days 0 and 14, then killed on day 21,
prior to gavage or third CRA challenge.

Ethanol exposure

Mice were sensitized to CRA as described above and on day
21 mice underwent a 2-h food deprivation to allow gastric
emptying. Ethanol was administered by oral gavage of 32%
EtOH (300 ml per mouse; approx. 3 g/kg) under light isoflu-
rane anaesthesia using our previously published method
[19]. Blood ethanol levels peaked at 1 h post-gavage and
ranged from 32 to 42 mM. This method of ethanol admin-
istration did not result in pulmonary aspiration of EtOH
[19]. Water was given by gavage using the same protocol.

Euthanasia procedure and collection of BAL,
lungs, plasma

Mice were anaesthetized by intraperitoneal (i.p.) ketamine/
xylazine injection (87 and 13 mg/g body weight, respec-
tively), blood collected into ethylenediamine tetraacetic acid
(EDTA)-containing tube by retro-orbital exsanguination
and killed by cervical dislocation. BAL fluid, cells and lungs
were collected and processed as described previously
[21,24]. BAL was performed using 250 ml lavage aliquots of
37°C sterile HBSS for a total of 2 ml. BAL and blood
samples were spun at 600 g and plasma and BAL superna-
tant or BAL cells were isolated. Lungs and heart were per-
fused with sterile saline, a single-lobe (left) lung fixed in
ethanol for periodic acid-Schiff (PAS)-staining/histology
processing, and multi-lobed (right) lung homogenized in
protease inhibitor solution to obtain a lung homogenate
(LH). Total cell counts and differentials were performed as
described previously [24].

Measurements and analysis

BAL and LH chemokines and cytokines were measured by
sandwich enzyme-linked immunosorbent assay (ELISA)
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using matched antibody pairs (R&D Systems, Minneapolis,
MN, USA) [25], with BAL diluted 1:2 and the LH diluted
1:10. Lung eosinophil peroxidase (EPO) and neutrophil
myeloperoxidase (MPO) were assayed as described [21,23]
and expressed as percentage over blank [sample optical
density (OD)/blank OD]. CRA-specific immunoglobulin
(Ig)E was measured by coating a 96-well plate with CRA,
incubating 1:10 diluted plasma samples, and detecting
CRA-bound IgE with goat-anti-mouse IgE-horseradish per-
oxidase (HRP) (Bethyl Laboratories, Montgomery, TX,
USA) and the results expressed as the OD (OD465–OD590)
[26]. Mucin quantification of PAS-stained histology was
performed through morphometric analysis of digital
images using ImageJ freeware (http://rsbweb.nih.gov/ij/)
[22]. Bronchiole patency was determined by two measure-
ments. First, the area of the entire bronchiole cross-section
was determined from the basement membrane inwards,
including epithelial cell layer, mucin and open space. Sec-
ondly, the area of the open space was determined, excluding
bronchoepithelial cells, goblet cells and mucin. The area of
open space was divided by the total bronchiole area to
determine the percentage patency of the airways. This was
performed for each large airway, identified by the presence
of epithelial cells per lung slice, and an average patency
determined per mouse.

Flow cytometry

After 1·5 and 16 h post CRA-challenge, BAL cells were col-
lected and red blood cells (RBCs) lysed with ammonium
chloride-potassium (ACK) lysis buffer (Lonza, Allendale,
NJ, USA). Cells were resuspended in fluorescence activated
cell sorter (FACS) buffer [0·5% bovine serum albumin
(BSA) in ¥1 phosphate-buffered saline (PBS)] and incu-
bated with anti-CD16/CD32 (Fc-Block) for 20 min at room
temperature prior to staining with fluorescein isothiocy-
anate (FITC)-Ly6G and AlexaFluor-CD193 or isotype
control antibodies (BD Pharmingen, San Diego, CA, USA)
for 45 min at 4°C. Cells were washed twice, then fixed in 2%
formaldehyde prior to analysis using a FACSCalibur (BD
Biosciences, San Diego, CA, USA). Eosinophils were identi-
fied as Ly6Glow, CD193+, and neutrophils were identified as
Ly6Ghigh, CD193– using FlowJo software (Treestar Inc.,
Ashland, OR, USA).

Administration of neutralizing antibodies

Neutralizing antibodies to murine keratinocyte-derived
chemokine (KC), macrophage inflammatory protein
(MIP)-2, eotaxin-1 and eotaxin-2 were diluted in sterile
HBSS and given i.t. as two 25 ml aliquots 2 h prior to
ethanol gavage following a previously successful protocol
[23]. Each antibody administration included a cocktail of
10 mg of each specific antibody for a total of 40 mg total
antibody per mouse. All chemokine-neutralizing antibodies

were monoclonal rat IgG2a or IgG2b (R&D Systems). For the
antibody control group, ChromPure Rat IgG (Jackson
ImmunoResearch, West Grove, PA, USA) was diluted
in sterile HBSS and given i.t. as 40 mg total in two 25 ml
aliquots.

Statistical analysis

Data are presented as mean � standard error of the mean
(s.e.m.). For CRA dose–response experiments in Fig. 1, all
comparisons were performed by one-way analysis of vari-
ance (anova) with Dunnett’s post-hoc analysis comparing
the groups to normal mice. For time–course kinetics experi-
ments, all comparisons were first analysed with a two-way
anova to determine if there was a significant interaction
between time and gavage group (water or ethanol). All the
analyses indicated a significant effect of time on the meas-
ured parameters. Comparisons between three groups (sen-
sitized, water gavage and ethanol gavage) were performed
with one-way anova and Dunnett’s post-hoc test. For
Fig. 8c, eosinophil recruitment control rat IgG was com-
pared to anti-chemokine by Fisher’s exact test using the
highest number of BAL eosinophils as the threshold level.
All statistical analyses were performed using Graphpad
Prism version 5·02 (La Jolla, CA, USA). Sample size and
number of times each experiment was performed are noted
in each figure legend.

Results

Inducing mild atopic asthma in mice

CRA-induced murine asthma has been shown previously as
a reproducible animal model to study atopic asthma
[20–22,26,27]. In order to allow for ethanol-induced exac-
erbations with increases in inflammatory responses, a sub-
maximal asthmatic model was developed. Groups of mice
were sensitized on day 0 and challenged on days 14 and 21
with 1:2, 1:10, 1:40 or 1:80 dilution of the CRA stock, corre-
sponding allergen and lipopolysaccharide (LPS) concentra-
tions in Table 1. Following the CRA exposure on day 21,
plasma levels of CRA-specific IgE displayed a dose-
dependent response and all CRA dilutions evoked signifi-
cant elevations in allergen-specific IgE over normal mice
(Fig. 1a). Bronchoalveolar lavage (BAL) fluid was collected
and there was a dose-dependent increase in recovered
inflammatory cells (Fig. 1b). Differentials of the BAL cells
showed that eosinophils (Fig. 1c) and neutrophils (Fig. 1d)
follow a similar dose-dependent response (grey hatched
bars) as well as eosinophil and neutrophil peroxidases in the
lung tissue (black bars). The BAL eosinophil numbers mir-
rored the EPO activity within the lung, and the myeloper-
oxidase mirrored the neutrophil numbers.

Histological processing and PAS staining of ethanol-fixed
lungs show severe inflammation and massive mucin pro-
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duction in mice receiving 1:2 CRA, and the severity of
inflammation and magnitude of mucin staining decreased
with decreasing allergen concentration (Fig. 1e). Obstruc-
tion of airways often leads to worsened respiratory physiol-
ogy; for example, lengthened expiratory time [22,28].

Respiration was analysed by WBP and showed increases in
the time of expiration prior to methacholine challenge with
higher allergen concentration exposure (Fig. 1f), signifying
increasing intrapleural obstructions in these mice. In addi-
tion, we have shown previously that breathing frequency (F)
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Fig. 1. Model of mild atopic asthma. Female outbred mice were sensitized and challenged with cockroach allergens for three exposures (days 0, 14

and 21), respiratory physiology measured 3 h post-cockroach allergen (CRA)-challenge and mice killed 5 h post-CRA challenge. Four doses of CRA

were tested, each mouse receiving the same dose for each of the three allergen exposures. The x-axis numbers refer to the dilution of the CRA (actual

concentrations are found in Table 1). (a) Cockroach allergen-specific immunoglobulin (Ig)E. Allergen-specific IgE displayed a dose-dependent

decrease with decreasing allergen concentration. (b) Total bronchoalveolar lavage (BAL) cells. (c) BAL eosinophils and lung eosinophil peroxidase

(EPO) activity. (d) BAL neutrophils and lung myeloperoxidase (MPO) activity all display dose-dependent decreases with decreasing allergen

concentration. (e) Lung histology depicting inflammatory cell infiltrate ‘i’ and mucin ‘m’. F–H: Pulmonary physiology by whole-body

plethysmography (WBP), given for measurements without methacholine. (f) Higher CRA corresponded to lengthened times of expiration, Te. (g)

Breathing frequency was depressed significantly with higher CRA concentrations. (h) Airways hyperreactivity represented by enhanced pause (PenH)

was exacerbated with higher doses of CRA at baseline and after exposure to 25 mg/ml methacholine (McH). *P < 0·05 versus normal; n = 2–6 per

group for one experiment.
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drops with increasing asthma morbidity [22], and this
parameter also decreased in a dose-dependent manner
(Fig. 1g). Lastly, airways hyperreactivity was measured, as
represented by enhanced pause (PenH) (Fig. 1h), and
showed that mice receiving higher concentrations of aller-
gen displayed higher airways hyperreactivity with or
without exposure to the bronchoconstrictor methacholine.
Because we wished to develop a mild asthma model, the
1:40 CRA dose was chosen for all subsequent studies.

Ethanol accelerates acute mucin production and
airways obstruction in CRA-challenged mice

One of the major contributors to asthma morbidity is
mucus overproduction in the lungs [29], often leading to
considerable occlusion of the airways and in severe cases
plug formation and complete occlusion [30]. As previous
work shows that ethanol gavage does not induce mucin in
non-allergen sensitized mice, a group of ethanol-alone mice
was not studied [19]. The effect of concurrent ethanol
exposure with CRA challenge on mucin production was
investigated. Airway epithelial cell mucin accumulation was
measured by morphometric analysis of PAS-stained sec-
tions of lung from CRA-sensitized mice gavaged with either
water or 32% ethanol, challenged with cockroach allergens
30 min post-gavage, and killed at multiple time-points
post-CRA challenge (Fig. 2a). Mucin in lungs of sensitized,
non-gavaged, non-CRA-challenged mice was also measured
(S). Ethanol gavage increased mucin production acutely
nearly threefold over water-gavaged controls within 1·5 h
post-CRA challenge, which was a significant eightfold eleva-
tion over the levels found in sensitized mice. The airway
mucin levels in the ethanol gavaged mice and water-gavaged
group continued to increase and airway mucin in both
groups reached maximal levels at 42 h post-CRA challenge.
Representative histology from PAS-stained lungs of sensi-
tized mice and mice killed at 1·5 h post-CRA challenge is
shown in Fig. 2b. Sensitized mice have little to no mucin
accumulation in the lungs prior to gavage or CRA challenge
(Fig. 2b, Sensitized panel), and water gavage and CRA-
challenged mice showed small amounts of mucin accumu-
lation in the bronchoepithelial cells (Fig. 2b, +Water +CRA
panel). Sensitized mice with ethanol gavage and CRA chal-
lenge show massive mucin production at this time (Fig. 2b,
+EtOH +CRA panel).

To investigate whether ethanol-induced mucin overpro-
duction at 1·5 h post-CRA challenge was leading to signifi-
cant obstruction of the airways, histological airway
measurements were taken of PAS-stained lungs from this
time-point. Representative histology of lung bronchioles is
shown in Fig. 2c and digital images of these slides were used
to measure bronchiole patency (Fig. 2d) and the extent of
mucin plugging (Fig. 2e). Percentage patency of the bron-
chioles was determined by measuring the area of the bron-
chiole lumen (Fig. 2c, area A2, dotted black line) divided by
the total bronchiole diameter, including the epithelial cell
layer (Fig. 2c, area A1, solid black line). Sensitized mice
prior to gavage or third CRA challenge display approxi-
mately 55% airway patency (Fig. 2d). Water gavage and
third CRA challenge caused a decrease in patency to 40%,
although this was not significant. Ethanol gavage with the
third CRA challenge caused a significant decrease in airway
patency to 27%, approximately half the bronchiole luminal
space of their sensitized mice counterparts.

As shown in the right panel of Fig. 2c, mucin overpro-
duction can lead to the accumulation of extracellular mucin
plugs, which can result in closing of the airways (C) or com-
plete occlusion (O). The total number of mucus plugs
resulting in either airways closing or occlusion was counted
per mouse (Fig. 2e). Sensitized mice did not show mucin
plug formation. Water-gavaged CRA-challenged mice
showed a small amount of mucin plug formation. In com-
parison, ethanol-gavaged CRA-challenged mice display a
significant eightfold increase in mucin plug formation com-
pared to water-gavaged counterparts. WBP was used to
investigate whether the histological findings of airways
obstruction led to respiratory impairment (Fig. 2f). Expira-
tory time, a WBP parameter, is a breathing parameter linked
closely to a worsened breathing ability and intrapleural
airways obstruction [28,31]. WBP was used for these meas-
urements rather than forced ventilation as the study meas-
ured spontaneous time of expiration, rather than airways
hyperreactivity. Concurrent water and CRA exposures led
to a modest lengthening of expiratory time; however, the
effects of ethanol were greater, leading to a significant
twofold increase in expiratory time when compared to sen-
sitized mice and a significant elevation over water-gavaged
CRA-challenged controls. Together with the histological
findings, these data show that concurrent ethanol gavage
with CRA exposure leads to acute, significant mucin over-
production and respiratory obstruction. In comparison,
concurrent water gavage and allergen exposure did not
exacerbate either significantly at the early time-point.

Ethanol has limited impact on Th1/Th2
cytokine profiles

Cytokines are critical mediators of asthma and are often
used in classifying the degree of severity [32]. To determine
whether ethanol would alter Th1 and Th2 cytokine expres-

Table 1. Cockroach allergen (CRA) dilutions and corresponding aller-

gen and lipopolysaccharide (LPS) concentrations. Cockroach allergens

Bla g1/2 and LPS were measured and are given as dose, per mouse, per

50 ml intratracheal exposure.

CRA dilution Bla g1/2 (ng/dose) LPS (ng/dose)

1:2 2000 600

1:10 400 120

1:40 100 30

1:80 50 15

Chemokines drive ethanol enhanced asthma
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sion in this model of CRA-induced allergic asthma, BAL
Th1 (Fig. 3a) and Th2 (Fig. 3b) cytokines were measured.
We have reported previously a prompt increase in BAL
tumour necrosis factor (TNF) levels after the third allergen
exposure [33]. Figure 3a shows that the third exposure to

CRA increases BAL levels of Th1 cytokines including TNF,
interleukin (IL)-12 and interferon (IFN)-g, as anticipated.
Ethanol gavage increased BAL TNF levels significantly com-
pared to the sensitized mice (i.e. time 0 mice) within 1·5 h
after CRA challenge. TNF levels after CRA exposure in the
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water-gavaged mice did not increase significantly until
3·5 h. While the ethanol-gavaged mice had greater BAL TNF
levels, these were not increased statistically significantly
compared to water gavage. Th2 cytokines were also
increased in the BAL by allergen exposure but, again,
ethanol never resulted in significant increases compared to
water (Fig. 3b). These data demonstrate that the ethanol
gavage did not globally alter all inflammatory responses.

Ethanol exposure prior to allergen challenge increases
BAL neutrophil recruitment

As shown in Fig. 2, ethanol gavage, together with allergen
challenge, resulted in significant airflow obstructions, sug-
gesting an ethanol-induced increase in asthma severity.
Neutrophil infiltration into the lung is another predictor of
increased asthma severity, and is found often in conjunction
with airflow obstruction [34,35]. Furthermore, rapid chem-
okine production has been documented in the CRA asthma
model [24]. Given this background, the effect of ethanol
exposure prior to CRA challenge on BAL neutrophil infil-
tration was investigated (Fig. 4). Several protein mediators
play a significant role in the migration of neutrophils to an
inflammatory site, including the CXC chemokines MIP-2
and KC [36]. BAL MIP-2 (Fig. 4a) and KC (Fig. 4b) were

measured from sensitized mice (S) and sensitized mice
gavaged with either water or ethanol followed by CRA chal-
lenge. Both CXC chemokines exhibited similar kinetics,
increasing sharply to peak levels within 1·5 h and resolving
to near baseline by 7·5 h post-CRA challenge. Water-
gavaged, CRA-challenged mice showed modest CXC pro-
duction which was not elevated significantly over sensitized
levels, while ethanol-gavaged CRA-challenged mice showed
significant CXC elevations. Next, BAL neutrophil infiltra-
tion was quantified (Fig. 4c). Allergen challenge caused
neutrophil recruitment to the lungs in both the water- and
ethanol-gavaged groups, although the increase in BAL neu-
trophils was not evident until 3·5 h post-CRA challenge.
While the water-gavaged CRA-challenged mice displayed
increased BAL neutrophils, no time–point from this group
was elevated significantly over sensitized levels. However,
the ethanol-gavaged mice maintained significant BAL neu-
trophil elevations between 3·5 and 16 h post-CRA challenge
compared to sensitized levels.

Ethanol exposure prior to allergen challenge increases
BAL eosinophil recruitment

Another hallmark of asthma is the recruitment of eosi-
nophils to the lung. The presence of these cells is correlated
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strongly with worsening disease and impaired respiratory
function [34], as they act as effector cells through secretion
of toxic and proinflammatory granule products [37,38].
Recruitment of eosinophils into the bronchoalveolar space,
an important step in asthma pathogenesis [39], is orches-
trated by a number of proteins including the CC chemok-
ines eotaxin-1 and eotaxin-2. Eotaxin-1 has been shown to
be a critical mediator in CRA-induced asthma [25]. BAL
fluid was analysed for the presence of eotaxins and eosi-
nophils post-CRA challenge, as well as in sensitized mice
prior to gavage and third allergen challenge. BAL eotaxin-1
(Fig. 5a) was elevated acutely upon CRA exposure in both
groups, although the increase occurred more quickly in the
ethanol-gavaged group compared to the water-gavaged
group. BAL eotaxin-2 was also measured (Fig. 5b) and
showed higher concentrations than eotaxin 1, with levels in
ethanol-gavaged mice increased significantly over sensitized
mice at 16 h post-CRA challenge.

BAL eosinophils for each time-point above were quanti-
fied (Fig. 5c). As anticipated, allergen challenge induced the
recruitment of eosinophils into the lung. Interestingly, prior
exposure to ethanol caused a significant increase in recruit-
ment of pulmonary eosinophils compared to water at the
first measured time-point, i.e. within 90 min of allergen
challenge. Representative BAL cytospin photomicrographs
from 1·5 h post-CRA challenge are shown in Fig. 5d. BAL
cells from sensitized mice were primarily macrophages
(Fig. 5d, left panel), and the BAL cells from water-gavaged
CRA-challenged mice were also primarily macrophages
(Fig. 5d, centre panel). Sensitized mice gavaged with
ethanol and CRA-challenged have much greater eosinophil
recruitment (Fig. 5d, right panel). To the best of our knowl-
edge, this is the first publication to show that acute ethanol
exposure aggravates eosinophilic inflammation after expo-
sure to an allergen.

Neutrophils are typical first responders to sites of
inflammation, followed usually at a later stage by eosi-
nophil recruitment [40–42]. The CRA preparation used
for these studies is the same material used for skin testing
in patients and contains a number of Toll-like receptor
(TLR) agonists such as LPS. Because LPS is present, the
pulmonary recruitment of neutrophils was not unexpected
[43]. However, the findings that prior ethanol exposure
results in eosinophil recruitment preceding that of neu-
trophils after allergen exposure was not anticipated.
Figure 6a shows the relative percentages of eosinophils and
neutrophils in the BAL cells at 1·5 and 16 h post-CRA
challenge in ethanol-gavaged mice, as quantified by differ-
ential counting of cytospin slides. At the 1·5-h time-point,
eosinophils represent 40% of total BAL cells, while neu-
trophils represent fewer than 3%. At the 16-h time-point
both eosinophils and neutrophils are present in approxi-
mately equal numbers. To verify that the earlier responders
were indeed eosinophils, flow cytometry was used to assess
cells recovered from the BAL in the ethanol-gavaged mice
at 1·5 h (Fig. 6b). At this early time-point, flow cytometry
confirmed low neutrophil numbers, which represented
fewer than 1% of the recruited cells. By 16 h post-CRA
challenge the neutrophils and eosinophils are present in
equal proportions (Fig. 6c).

Airways hyperreactivity exacerbated upon
alcohol exposure

Figures 5 and 6 demonstrated that concurrent alcohol and
allergen exposures led to exacerbated eosinophilic inflam-
mation in the lung. Airway eosinophils have been corre-
lated strongly with increased respiratory distress [44] and
are thought to contribute to pulmonary dysfunction
through degranulation and the production of mediators,
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including proinflammatory cytokines, cytotoxic proteases
and cysteinyl leukotrienes [45,46]. These mediators can
lead to exacerbated bronchoconstriction and airways
hyperreactivity (AHR), another hallmark of asthma [47].
AHR was investigated in our mice by analysis of the WBP
PenH in sensitized mice prior to gavage or CRA challenge
(S), and in mice gavaged with water or ethanol and ana-
lysed post-CRA challenge (Fig. 7a). WBP was used for
these studies to screen experimental groups quickly using
multiple measurements. In this mild model of asthma,
water gavage prior to CRA challenge did not increase
PenH, consistent with the data in Fig. 1. However, ethanol-
gavaged, CRA-challenged mice displayed increased PenH,
which was elevated compared to baseline sensitized mice
within 1·5 h. Given controversy with the methodology,
WBP was confirmed by forced ventilation measurements
of pulmonary resistance (R; FlexiVent) (Fig. 7b) 14 h post-
CRA challenge, a time chosen to reduce the possibility of
mucin differences as a confounding factor. Water-gavaged
mice challenged with CRA showed increased R at this
time; however, similar to PenH results, the response to
methacholine was not elevated significantly over baseline
responses. Resistance of ethanol-gavaged CRA-challenged
mice was greater than that of the water-gavaged control
group, and responses to methacholine were elevated sig-
nificantly over baseline responses. These data indicate that
ethanol exposure prior to allergen challenge evokes more
severe AHR exacerbations.

Chemokine-neutralizing antibodies prevent eosinophil
recruitment and AHR

Ethanol exacerbates the pulmonary responses to the third
CRA challenge, as shown by the significant increases com-
pared to baseline that occurred only in the ethanol plus
allergen group. The presence of greater numbers of eosi-
nophils and neutrophils in the lung has been correlated
closely with propagating asthmatic responses such as AHR
[36,48]. To investigate the mechanism of ethanol-induced
granulocyte recruitment and the potential role of these cells
in respiratory exacerbations, neutralizing antibodies were
administered as a cocktail targeting the eosinophil and neu-
trophil chemokines eotaxin-1 and -2, and MIP-2 and KC,
respectively. Neutralizing antibodies were given intratrache-
ally 2 h prior to ethanol gavage, then BAL and LH chemok-
ine levels and granulocyte inflammation were measured
at1·5 h post-CRA challenge. In separate groups of mice,
AHR was measured at 14 h.

Interestingly, chemokine-neutralizing antibodies did not
decrease pulmonary neutrophil chemokines or cell recruit-
ment (data not shown), using an antibody neutralizing
protocol which has proved effective in the asthma model
[23]. Additionally, the anti-chemokine-treated mice did
not show a reduction of eotaxin-1 in BAL and LH
(Fig. 8a). However, eotaxin-2 was reduced significantly in
anti-chemokine-treated mice in both the BAL and lung
homogenates (Fig. 8b). Importantly, this chemokine neu-
tralization protocol blocked ethanol-induced eosinophil
BAL infiltrate significantly, reducing eosinophil numbers
almost threefold from 72 000 in the control antibody
group to 24 000 in the chemokine-neutralizing antibody
group (Fig. 8c).

The literature has shown that eosinophil accumulation in
the airspaces represents a major component responsible for
the development of AHR [49–52]. To test whether the
decreases in eosinophils observed in mice receiving anti-
chemokine treatment may also result in decreased AHR,
PenH was measured by WBP (Fig. 8d). Mice receiving
control antibodies prior to ethanol gavage and CRA chal-
lenge had a significant increase in AHR, consistent with
Fig. 7. In contrast, mice receiving chemokine-neutralizing
antibodies prior to ethanol gavage and CRA challenge were
prevented from developing ethanol-induced exacerbations
in AHR, with responses comparable to those of water-
gavaged CRA-challenged mice at this time.

These data show that a single intratracheal administra-
tion of chemokine-neutralizing antibodies reduced CC
chemokine levels successfully in the lung and was suffi-
cient to prevent the ethanol-enhanced acute infiltration of
eosinophils and the development of AHR. Altogether, these
results suggest that chemokines play a substantial role in
mediating ethanol-induced asthmatic exacerbations, and
shed light on the mechanisms through which the exacer-
bations occur.
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Discussion

The data provided here show that acute alcohol exposure
exacerbates key allergen-induced asthmatic responses. A
remarkable finding was the alcohol-induced augmentation
of BAL eosinophil recruitment, which is orchestrated most
probably through alcohol-specific increases in CC chemok-
ines, as we have shown that administration of chemokine-
neutralizing antibodies prior to alcohol and allergen
exposures will prevent this early eosinophil response. These
data are unorthodox for two reasons. Neutrophils are cited
conventionally as the first cells recruited to the site of aller-
gic inflammation, followed by later eosinophil recruitment
[40–42]. Further, previous studies have shown that acute
ethanol exposure actually decreases CC chemokine produc-
tion and eosinophilic inflammation [53,54]. In this study
we have provided a novel example where acute alcohol
exposure not only increases CC chemokines and eosinophil
inflammation, but also alters the kinetics of cell recruit-
ment, so that eosinophil influx precedes that of neutrophils.

These early BAL eosinophils are probable candidates for
orchestrating the time–course of ethanol-induced asthmatic
exacerbations. Administration of chemokine-neutralizing
antibodies reduced an important mediator involved in eosi-
nophil migration, blocked early eosinophil infiltration into
the lung and prevented the development of AHR. A possible
explanation for improvements in respiratory physiology
could be the importance of chemokines, as eotaxins have

been shown to be essential in mediating eosinophil-induced
asthmatic inflammation and exacerbations in AHR
[41,44,50,55]. Our model suggests that chemokine-
neutralizing antibodies may prevent ethanol-induced exac-
erbations in AHR through the reduced recruitment of
inflammatory cells and protein mediators contributing to
AHR. Future work needs to be conducted to investigate the
roles of these cells and molecules in mediating ethanol-
exacerbations in airways responses.

Interestingly, in historical times, when less was under-
stood about asthma triggers and inflammatory responses,
alcohol was used as asthma therapy [56]. During that same
time in history many reported asthma-related deaths failed
to demonstrate pathological changes associated with the
severe, chronic inflammation in asthma deaths reported
today [57,58], suggesting that acute responses to inappro-
priate therapies may have been the cause of these deaths. In
light of the data from our study presented here, one would
not think to suggest alcohol as a current therapeutic option
for asthma. A better understanding of asthma triggers is
important not only for asthma prevention, but is also
crucial for the development of effective, safe therapeutics.

Perhaps most noteworthy are the comparisons between
the magnitude of responses between the water-gavaged and
ethanol-gavaged CRA-challenged mice. In our mild asthma
mice, water gavage and the third CRA challenge induced
only weak asthmatic responses; most parameters investi-
gated were not elevated significantly from pre-gavage sensi-
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tized levels at any time-point. In contrast, mice receiving
oral alcohol prior to a third allergen exposure displayed sig-
nificant, marked increases in almost all asthmatic responses
measured. In effect, the insult of oral ethanol exposure
coupled with the allergen exposure pushed sensitized mice
with otherwise mild asthmatic reactions into having more
significant, severe reactions.

By showing that ethanol exposure caused more severe
asthmatic responses, these data lend support to the proposi-
tion that multiple inflammatory stimuli are necessary for
the development of severe airway disease [59]. CRA-
induced asthma is a clinically relevant model that provides
an excellent framework to study multiple-stimuli-induced
asthma – CRA is heterogeneous and already provides
inflammatory provocation from several pathways, including
innate immune stimulation with proteases, LPS and chitin,
and adaptive immunity via allergen exposures [60,61]. LPS
has been reported to impact neutrophil activation directly
[62], providing a potential explanation as to why the anti-
chemokine intervention did not reduce neutrophil recruit-
ment. Additional inflammatory ‘hits’ in this model in the
human context of disease are highly likely, especially with
epidemiology showing that the populations most probably
affected by CRA-induced asthma are younger subjects living
in inner-city and poverty conditions, which are conse-
quently exposed to asthma triggers including diesel particu-
lates, cigarette smoke and mould, and are likely to engage in
social drinking [63–65]. Our studies use a model of a sensi-
tized individual who becomes acutely intoxicated, replicat-
ing a young person who engages in binge drinking. Binge
drinking has been identified as a significant issue by the US
Centers for Disease Control [66].

IgE is an important component of the allergic response
to allergens, and clinical studies have also demonstrated
that patients who consume alcohol have increased serum
IgE levels [67]. Another study demonstrated that self-
reported alcohol exposure in humans is associated strongly
with increased IgE levels [68]. This increase in IgE occurs to
allergens such as peanuts, even when the patients are
asymptomatic [69]. Ethanol administration to mice will
also increase IgE levels [70].

Previous investigators have published that alcohol will
depress asthmatic responses in experimental animals, find-
ings which conflict directly with the current data. It has
been reported that acute ethanol exposure depresses AHR,
but those studies were not performed in allergen-sensitized
mice [71]. Oldenburg et al. published findings that contra-
dict our results directly; specifically, that oral alcohol will
depress AHR and pulmonary eosinophil recruitment [72].
There were substantial differences in the experimental
models. For example, our study utilized the outbred HSD-
ICR mice as opposed to inbred strains. Additionally, the
prior group chronically provided alcohol in the drinking
water for 6 weeks, then exposed the mice to allergens. This
would reproduce the clinical scenario of a chronic alcoholic,

whose first allergen exposure occurs after chronic alcohol
consumption has already been initiated. In contrast, our
model mimics a different clinical scenario where an
allergen-sensitized individual acutely consumes alcohol. In
this setting, ethanol will exacerbate the asthmatic responses.
It is quite possible that when mildly asthmatic, relatively
asymptomatic CRA-sensitized individuals consume alcohol
during a time of allergen exposure, asthmatic responses are
strengthened.
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