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Abstract: Alcohol abuse has been associated with increased susceptibility to pulmonary 
infection. It is not fully defined how alcohol contributes to the host defense compromise. 
Here primary human airway epithelial cells were cultured at an air-liquid interface to form 
a differentiated and polarized epithelium. This unique culture model allowed us to closely 
mimic lung infection in the context of alcohol abuse by basolateral alcohol exposure and 
apical live bacterial challenge. Application of clinically relevant concentrations of alcohol 
for 24 h did not significantly alter epithelial integrity or barrier function. When apically 
challenged with viable Klebsiella pneumoniae, the cultured epithelia had an enhanced 

OPEN ACCESS



Med. Sci. 2013, 1 3 
 

tightness which was unaffected by alcohol. Further, alcohol enhanced apical bacterial 
growth, but not bacterial binding to the cells. The cultured epithelium in the absence of any 
treatment or stimulation had a base-level IL-6 and IL-8 secretion. Apical bacterial challenge 
significantly elevated the basolateral secretion of inflammatory cytokines including IL-2, 
IL-4, IL-6, IL-8, IFN-γ, GM-CSF, and TNF-α. However, alcohol suppressed the observed 
cytokine burst in response to infection. Addition of adenosine receptor agonists negated the 
suppression of IL-6 and TNF-α. Thus, acute alcohol alters the epithelial cytokine response 
to infection, which can be partially mitigated by adenosine receptor agonists.  

Keywords: alcohol; human airway epithelia; air-liquid interface culture; Klebsiella 
pneumoniae bacteria; epithelial barrier function; cytokines; adenosine receptor 

 

1. Introduction 

The respiratory tract is constantly exposed to airborne microorganisms during respiration. It has 
long been observed that alcohol abuse increases the risk of pulmonary infection such as bacterial 
pneumonia and bronchitis [1–3]. The mechanism whereby alcohol abuse impairs lung host defense is 
not fully defined.  

Lung host defense reflects the combined activities of resident cells, including the pulmonary 
epithelial cells and macrophages, and recruited cells, most notably polymorphonuclear leukocytes. 
Multi-tiered mechanisms have been developed to effectively defend against microbial colonization and 
invasion. First, pulmonary epithelial cells form a tight epithelial sheet via their junctional complexes, 
serving as a structural barrier [4]. Second, the polarized airway epithelia have mucociliary clearance as 
a means to sweep away the deposited microbes [5,6]. Third, airway epithelia produce host defense 
factors, including antimicrobial peptides like lysozyme, defensins and the short palate, lung, nasal 
epithelium clone 1 (SPLUNC1) protein to directly kill the invading microorganisms [7–10]. Fourth, 
airways and alveoli are patrolled by phagocytic cells, most notably the alveolar macrophage, which 
can engulf aspirated microbes [11–13]. Moreover, airways can also recruit neutrophils, if needed, to 
the sites of inflammation for elimination of invading bacteria [14–17]. Fifth, the acquired immune 
system, including antigen-stimulated T and B lymphocytes, provides cellular and humoral defenses for 
the airways [13,18]. Therefore, impairment of any of these mechanisms may compromise the host 
defense capacities of the lung.  

Alcohol affects multiple lung host defense mechanisms. It was documented that alcohol slows 
ciliary beating due to desensitization of airway protein kinase A (PKA) activity [19–21]. Alcohol 
abusers have an increased susceptibility to lung infection by Streptococcus pneumoniae and  
Klebsiella pneumoniae (K. pneumoniae) [22–24]. In response to the microbial exposure, the 
pulmonary epithelium produces inflammatory mediators, which act in a paracrine or autocrine fashion 
to mobilize an effective immune defense [25]. Acute alcohol suppresses CXC chemokine production 
in the lung during pulmonary infection and inflammation [26–28]. In contrast, chronic alcohol has 
been associated with increased proinflammatory cytokine activation after infection [29]. Toll-like 
receptor and NF-κB signaling pathway appears involved in the cytokine responses [30–35]. These 
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studies provide important information to define alcohol alteration of pulmonary epithelial function and 
response to infection. However, fully understanding of alcohol-induced impairment of lung host 
defense requires further studies on a physiologically relevant model.  

In this study we hypothesized that air-liquid interface culture of human airway epithelia better 
recapitulates in vivo airways in response to infection and alcohol exposure, which is critical to 
delineate the molecular mechanisms of alcohol-associated airway infection. To test the hypothesis we 
cultured primary human airway epithelial cells at the air-liquid interface. The airway epithelia fully 
differentiated and polarized. We were able to expose the basolateral side to alcohol and the apical side 
to live bacteria. Alcohol effects on airway epithelial functions including epithelial integrity, bacterial 
binding and viability, and cytokine response to K. pneumoniae infection were investigated. 
Pharmacological mitigation of the alcohol cytokine effect was also explored.  

2. Experimental 

2.1. Cell Culture  

Primary human bronchial airway epithelial cells (NHBE) were purchased commercially  
(Lonza Walkersville, MD, USA). After expansion for 1–2 passages, 5 × 105 NHBE cells were 
trypsinized off, seeded on a collagen-coated 0.6 cm2 Millicell®-PCF membrane insert (Millipore, 
Billerica, MA, USA) and cultured at the air-liquid interface using the Lonza BEGM™ bronchial 
epithelial cell culture medium according to the previously published protocol [36,37]. Fully 
differentiated airway epithelial cultures, reflected by completely dry apical surfaces and transepithelial 
electrical resistances (TEER) greater than 700 Ω/cm2 surface area, were selected for experiments. 
TEER was measured using the “chop stick” epithelial ohm meter (World Precision Instruments, 
Sarasota, FL, USA), as described previously [38,39]. 

2.2. Ethanol Exposure and Bacterial Challenge  

The air-liquid interface cultures of NHBE cells were basolaterally exposed to different 
concentrations of ethanol (200 Proof; AAPER Alcohol and Chemical Co., Shelbyville, KY, USA), as 
indicated in individual experiments. Alcohol concentrations used in this study were biologically relevant 
levels. As calculated [40], legal driving blood alcohol content (BAC) is less than 0.08%, which equates 
to a concentration of 22 mM alcohol BAC of 0.20% is equivalent to 50 mM, commonly observed in 
individuals presenting to emergency rooms for intoxication. The highest alcohol dose (100 mM) used in 
this report is consistent with blood alcohol concentrations of chronic alcohol abusers [41]. All the 
cultures were kept in 37 °C, 5% CO2 incubators that had been pre-saturated with the specified ethanol 
concentrations in the bottom water pan. For bacterial challenge, overnight culture of K. pneumoniae 
(Strain 43816, serotype 2) (ATCC, Manassas, VA, USA) was spun down, washed twice with PBS and 
resuspended in PBS to the density of 109 CFU/mL. Fifty microliters of this suspension containing  
5 × 107 CFU bacteria were applied to the apical side of each culture insert for varied durations of time 
as indicated.  
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2.3. Confocal Microscopy  

CellTracker™ fluorescent probe, 5-chloromethyl-fluorescein diacetate (CMFDA; Molecular 
Probes-Invitrogen, Eugene, OR, USA), was added to the basal medium at 10 µM overnight to label the 
NHBE epithelial cells. Then, the cultures were washed with PBS four times for 20 min and fixed in 
4% Paraformaldehyde in PBS for 20 min. The cell-grown Millicell® filter membranes were excised, 
mounted on microscopic slides, and examined by confocal microscopy. 

2.4. Transmission Electron Microscopy  

Differentiated human airway epithelia were fixed in 2.5% glutaraldehyde (0.1 M sodium cacodylate 
buffer, pH 7.4) overnight at 4 °C and then post-fixed with 1% osmium tetroxide for 1 h. After serial 
alcohol dehydration, the samples were embedded in Eponate 12 (Ted Pella, Inc., Redding, CA, USA). 
Ultrathin sectioning and post staining were performed using the routine procedure. Samples were 
examined by transmission electron microscopy. 

2.5. Transepithelial Permeability Assay  

Transepithelial permeability was estimated by diffusion of fluorescent inulin from the apical to the 
basolateral side. Briefly, NHBE air-liquid cultures were treated with or without alcohol for 24 h, as 
indicated. Then, the culture inserts were placed in a new 24-well plate. Phosphate-buffered saline 
(PBS, 400 µL) was added to the apical and basolateral sides, separately. The apical PBS contained  
1 mg/mL FITC-inulin (MW. 2,000–5,000 KDa; Sigma-Aldrich, St. Louis, MO, USA). After 1 h, 10 µL 
of the basal buffer was collected and the extent of FITC-inulin permeation determined by measuring the 
fluorescence at 528 nm in the basal medium samples with a 96-well fluorescent plate reader (BioTEK, 
Winooski, VT, USA).  

2.6. Bacterial Viability Assay  

Overnight culture of K. pneunomiae was washed and resuspended to 1 × 109 CFU/mL. Fifty 
microliters of the bacterial suspension (5 × 107 CFU) were added to the apical side of the NHBE cultures 
which were treated with and without 50 mM basolateral alcohol for 24 h. Onto each NHBE culture, 
350 µL of 0.05% saponin in water was added to lyse the cells. After three passes through a 25-gauge 
needle, the samples were diluted further in sterile PBS, and 25 µL were plated on LB agar plates. After 
overnight culture, viable colonies were counted.  

2.7. Bacterial Binding Assay 

The air-liquid interface cultures of NHBE cells were exposed to 0 and 50 mM of alcohol 
basolaterally for 24 h. Then, radioactive 14C-labelled K. pneumoniae (MOI of 50) were applied to the 
apical side for 1 h at 37 °C. The free bacteria were washed off, thrice, with PBS and the cells were lysed 
using 0.1% Triton-X in PBS. The lysed samples (100 µL) were used for measuring the 14C radioactivity 
with a scintillation counter. By comparing with the scintillation counts of the standard curve established 
from known numbers of 14C-labelled K. pneumoniae, the numbers of bound bacteria were obtained. 
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2.8. Cytokine Measurements 

The air-liquid interface culture of NHBE cells were basolatorally exposed to varied concentrations 
of alcohol (0, 25, 50 and 100 mM) 3 h prior to an apical challenge with K. pneunomiae (5 × 107 CFU) 
for 24 h. Basal media (300 µL) from each well were collected and centrifuged at 14,000 rpm for 20 min at 
4 °C. The supernatants were assayed for multiple cytokines by Bioplex® Human Cytokine Assay (Bio-Rad, 
Hercules, CA, USA) or Milliplex® (Millipore, Billerica, MA, USA) following the manufacturers’ directions.  

2.9. Statistical Analysis  

Data presented represent mean of multiple repeats, as indicated in each experiment, with error bar 
indicating standard deviation from the mean. The data points were analyzed by Student’s t-test and  
a p-value ≤0.05 was considered significant.  

3. Results 

3.1. Differentiated and Polarized Human Airway Epithelia for Alcohol Studies 

Human airway epithelia are polarized, which renders the apical properties of the cells distinct from 
the basolateral ones. We hypothesized that alcohol exposure mode might affect the responses of airway 
epithelial cells to infection. To establish a physiologically relevant epithelial model, we seeded primary 
human airway epithelial cells (NHBEs) on semi-permeable filters and cultured them at the air-liquid 
interface (Figure 1A). This system produced well-differentiated and polarized airway epithelia in two 
to three weeks. As examined by confocal microscopy, the cultures that were pre-labeled with the fluorescent 
dye CMFDA demonstrated a tight epithelial sheet under horizontal optical scanning (Figure 1B). 
Apical ciliation was discernable by vertical scanning (Figure 1C). To appreciate the subcellular structures, 
the cultures were embedded, followed by ultra-thin section. Transmission electron microscopic observation 
showed a typical polarized airway epithelium with apical cilia, microvilli and basal pseudopodia extended 
to the basal filter membrane (Figure 1D). This culture model permitted separate apical and basolateral 
experimental manipulations to closely mimic airway infections under the influence of alcohol. 

Figure 1. Air-liquid interface culture of airway epithelial cells. (A) A drawing depicting the 
air-liquid interface culture. NHBE cells are seeded on a semi-permeable filter and grown at the 
air-liquid interface. Nutritional support comes from the basolateral side and the apical side is 
exposed to the air. Such a setting facilitates epithelial polarization and differentiation; (B and C) 
Confocal micrographs demonstrate that the cultured airway epithelia form a tight epithelial 
sheet as seen under horizontal optical scanning with apical ciliation discernable by vertical 
scanning; (D) The electron micrograph shows the typical characteristics of polarized epithelium 
with apical cilia and microvilli, and pseudopodia extending into the basal filter membrane.  
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Figure 1. Cont. 
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3.2. Alcohol at Clinically Relevant Concentrations Does Not Significantly Alter Airway Epithelial 
Barrier Function 

Airway epithelium provides an intact physical barrier, which is vital for blocking airborne 
infectious pathogens. We first investigated the effect of alcohol on the integrity of our cultured 
epithelia by measuring transepithelial electrical resistance (TEER). The cultured airway epithelia were 
exposed basolaterally to varied concentrations of alcohol (0, 25, 50, and 100 mM) for 24 h, followed 
by TEER measurement. The results (Figure 2A) show that alcohol did not significantly affect the 
TEER values. To employ an alternative method to validate this finding, we tested the transepithelial 
permeability of FITC-inulin. Similarly, the cultured epithelia were treated basolaterally with alcohol  
(0, 25, 50, or 100 mM) for 24 h. Then, the culture inserts were placed in a new 24-well plate. 
Phosphate-buffered saline (PBS, 400 µL) was added to the apical and basolateral sides, separately. The 
apical PBS contained 1 mg/mL FITC-inulin. After 1 h, 10 µL of the basal buffer was collected and 
measured for FITC fluorescence. The data (Figure 2B) show that alcohol did not significantly increase 
FITC-inulin transepithelial diffusion, suggesting an intact epithelial barrier function. 

3.3. Apical Challenge with Live K. pneumoniae Enhances the Airway Epithelial Tightness Regardless 
of Basolateral Alcohol Presence 

We then studied if basolateral alcohol exposure and apical bacterial challenge in combination would 
affect airway epithelial barrier function. To address this question, we challenged the polarized NHBE 
cultures apically with K. pneumoniae (5 × 107 CFU) for 24 h. Surprisingly, TEER measurement 
showed an increase in epithelial tightness when compared to baseline controls. Alcohol presence did 
not significantly affect the TEER readings (Figure 3A). To confirm the finding, the polarized NHBE 
cultures were similarly challenged with K. pneumoniae in the presence or absence of alcohol for 24 h. 
FITC-inulin transepithelial diffusion was estimated as described above. FITC-inulin transepithelial 
flux dropped in the bacterium-challenged cells irrespective of alcohol exposure (Figure 3B). These 
data suggest that the epithelial cells respond to bacterial insult by augmenting their cell-cell contacts to 
strengthen their integrity and barrier function. Alcohol exposure at the tested concentrations did not 
negatively influence the barrier function of the epithelium under this experimental condition.  
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Figure 2. Effect of alcohol exposure on epithelial integrity and transepithelial permeability: 
NHBE cells were grown at the air-liquid interface and were exposed to different 
concentrations of alcohol for 24 h. (A) The effect of alcohol on epithelial cell monolayer 
integrity was investigated by measuring the transepithelial electrical resistance (TEER). As 
displayed, alcohol did not induce any significant changes in TEER; (B) The effect of 
alcohol on the transepithelial permeability was estimated by measuring the apical to 
basolateral diffusion of FITC-Inulin. The acute alcohol exposure did not markedly affect 
the transepithelial permeability. Data expressed is representative of two independent 
experiments carried out in quadruplicates.  
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Figure 3. Effect of alcohol on epithelial integrity and transepithelial permeability under 
apical K. pneumoniae challenge. Polarized NHBE cells were challenged with ~10 MOIs of 
apical K. pneumoniae for 24 h in the absence (0 mM) or presence (100 mM) of basolateral 
alcohol for 24 h. (A) TEER measurements of NHBE cells showed a marked TEER increase 
with K. pneumoniae challenge as compared to the no alcohol treatment and no bacterial 
challenge control. Further, alcohol did not have any negative effect on such bacterium-induced 
TEER increase; (B) Similar to the TEER data, transepithelial FITC-inulin diffusion 
measurements indicated that K. pneumoniae challenge enhanced the epithelial barrier 
function by significant reduction in FITC-inulin transepithelial diffusion. Under this 
condition, alcohol exposure did not influence the K. pneumoniae effects on epithelial 
integrity. Asterisks denote statistically significant difference (p ≤ 0.05, n = 5).  
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3.4. Basolateral Alcohol Exposure Facilitates Apical Bacterial Growth but Does Not Affect Apical 
Bacterial Binding  

We further sought to determine whether basolateral alcohol exposure would affect the apical 
bacterial viability and binding avidity to airway epithelia. To address the viability issue,  
K. pneumoniae bacteria (5 × 107 CFU) were added to the apical surface of polarized NHBEs, which 
had been exposed to 0 and 50 mM of alcohol basolaterally. After 24 h, the epithelia were lysed with 
0.1% saponin and the lysates were serially diluted and plated for overnight culture at 37 °C. Bacterial 
viability was determined by colony counting. Alcohol exposure at 50 mM concentration enhanced 
apical K. pneumoniae growth (Figure 4A).  

Figure 4. Alcohol effect on apical bacterial viability and binding. (A) Polarized NHBEs 
were treated with 0 and 50 mM of basolateral alcohol for 24 h and apically challenged with 
K. pneumoniae (MOI = ~10). The epithelia were lysed and bacterial supernatants were 
diluted and plated on agar plates for 24 h. The colonies were counted to estimate the viable 
colonies. Alcohol presence promoted the number of colonies on airway epithelia;  
(B) NHBEs were exposed to 0 and 50 mM of basolateral alcohol for 24 h and then apically 
applied with 14C-labelled K. pneumoniae for 1 h. The cells were washed and lysed to count 
radioactivity. Bound bacterial numbers were determined by comparing the cell-retaining 
radioactivity with a pre-established standard curve with various bacterial numbers. As 
demonstrated, alcohol did not alter the number of K. pneumoniae bound to NHBEs. 
Asterisk denotes statistically significant difference (p ≤ 0.05, n = 4–6). 
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Bacterial binding to airway epithelium is the initial step for pathogen-host interaction. To study the 
effect of alcohol on bacterial binding to airway epithelium, polarized NHBE cells were basolaterally 
exposed for 24 h to 0 and 50 mM of alcohol and apically applied with 14C-labelled K. pneumoniae  
(5 × 107 CFU) for 1 h. After intense washes, these cells were lysed with 0.1% Triton-X 100. The 
number of bacteria that remained bound to the epithelia was calculated by measuring the 14C-label and 
compared with an established standard curve with a known number of bacteria. The presence or 
absence of alcohol did not significantly change the number of bacteria that were bound to the NHBE 
cell monolayer (Figure 4B).  
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3.5. Alcohol Suppresses Human Airway Epithelial Cytokine Release under Apical Bacterial Challenge 

Cytokine secretion is an important property of airway epithelia to modulate innate and adaptive 
immunities against infections. To investigate how alcohol affects cytokine secretion by polarized 
airway epithelia under apical bacterial challenge, we treated the cultured epithelia basolaterally with 
0 or 50 mM alcohol and then challenged apically with live K. pneumoniae (5 × 107 CFU) for 24 h. The 
basal media were collected for cytokine measurement by cytokine bioplex assays. As displayed in 
Table 1, at baseline the cultured epithelia without any treatment secreted negligible levels of IL-2, 
IL-4, GM-CSF, IFN-γ, TNF-α, and IL-10, but did produce IL-6 (767.66 ± 294.89 pg/mL) and IL-8 
(12,905.17 ± 1,915.45 pg/mL). Apical challenge with live bacteria significantly increased the secretion 
of IL-6, IL-2, GM-CSF, IL-4, IFN-γ, and TNF-α by ~4.0, ~3.5, ~3.3, ~4.9, ~3.9, and ~5.9 fold, 
correspondingly (Figure 5). Basolateral alcohol exposure decreased the bacterial-stimulated cytokine 
response. These data show that acute exposure of clinically relevant concentrations of alcohol 
significantly decreased the levels of inflammatory mediators.  

Table 1. Base-level secretion of eight cytokines by bio-plex cytokine assays *. 

Cytokine Concentration in Basal Media (pg/mL) 
IL-2 7.66 ± 1.52 

TNF-α 9.33 ± 2.51 
IL-4 5.66 ± 1.51 
IL-6 767.66 ± 294.89 
IL-8 12,905.17 ± 1,915.45 

GM-CSF 14.33 ± 2.30 
IFN-γ 11.00 ± 2.64 

* Polarized human airway epithelia were cultured in newly replaced basal media at the air-liquid interface for 
24 h. The collected basal media were assayed for eight different human cytokines. The detected cytokine 
levels represent the base level secretion by the cells. The data were averaged of triplicates. 

3.6. Adenosine Receptor Activation Partially Reverses Alcohol Suppressed Inflammatory Cytokine Release  

Extracellular adenosine, released from cells or converted from released adenine nucleotides, 
interacts with the cell surface adenosine receptors [42,43]. Such a signaling pathway plays a critical 
role in wound healing, matrix production, and regulation of inflammation [44]. Previous work with 
airway epithelia has established that adenosine promotes release of IL-6 and other inflammatory 
cytokines [45–47]. Adenosine receptor agonists like NECA induce inflammatory cytokine release in 
different cell types [48]. We hypothesized that adenosine receptor activation in airway epithelia might 
attenuate the immune suppressive effects of alcohol during bacterial challenge. To test the hypothesis, 
polarized NHBEs were treated with 0 and 50 mM of basolateral alcohol for three hours, followed by 
an apical challenge with live K. pneumoniae (5 × 107 CFU) for more than six hours in the presence of 
apical adenosine (100 µM) or N-ethylcarboxamidoadenosine (NECA, 10 µM). Adenosine is a natural 
ligand for adenosine receptors and NECA a potent adenosine receptor agonist. The basolateral media 
were collected and cytokine release was estimated by multi-cytokine assay. Data presented in Figure 6 
confirmed that in the absence of bacterial challenge NHBE cells produced negligible levels of IL-6, 
TNF-α, and MCP-1. Apical bacterial application significantly stimulated production of these three 
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cytokines. Alcohol application significantly inhibited the response on all three cytokines. The 
suppressive effects of alcohol on IL-6 and TNF-α were attenuated by adenosine and NECA. Neither 
agent had any effect on MCP-1.  

Figure 5. Alcohol effect on epithelial basolateral cytokine release under apical bacterial 
challenge. NHBE cells were grown at the air-liquid interface and challenged with live  
K. pneumonia apically in the presence (50 mM) or absence (0 mM) of basolateral alcohol 
for 24 h. Eight different cytokines in the basolateral media were estimated by cytokine  
Bio-plex assay. Data are expressed as fold changes as compared to the base levels of 
cytokines secreted by the no treatment control. The absolute amount of the base level of 
each cytokine is presented in Table 1.  
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Figure 6. Adenosine receptor agonists partially restore alcohol-suppressed cytokines. 
Polarized epithelia were exposed to 0 or 50 mM of alcohol basolaterally and challenged 
with K. pneumoniae apically in presence of adenosine (100 µM) or NECA (10 µM). 
Bacterial challenge significantly elevated IL-6, TNF-α, and MCP-1 release. Alcohol blunted 
such an increase. (A) Adenosine and NECA partially restored the alcohol-suppressed IL-6; 
(B) Adenosine and NECA almost completely restored the alcohol-suppressed TNF-α;  
(C) Adenosine and NECA had no effect on the alcohol-suppressed MCP-1. Asterisks 
denote statistically significant difference (p ≤ 0.05, n = 4–6). 

Alcohol

Adenosine
NECA

Bacteria
++ ––

–
–

–

–
–
–

+
+

–
–

–

–
–
–

+ +
+ +

++
+

+
–
– –

–
–

–

B

0

40

160

120

80

TN
F-

α
(p

g/
m

L)

∗ ∗ ∗ ∗

A

0

500

1000

1500

2000

2500

IL
-6

  (
pg

/m
L)

∗ ∗ ∗
∗

0

40

80

120

160 ∗ ∗

M
C

P-
1 

 (p
g/

m
L)

C

Alcohol

Adenosine
NECA

Bacteria
++ ––

–
–

–

–
–
–

+
+

–
–

–

–
–
–

+ +
+ +

++
+

+
–
– –

–
–

–

B

0

40

160

120

80

TN
F-

α
(p

g/
m

L)

∗ ∗ ∗ ∗∗ ∗ ∗ ∗

A

0

500

1000

1500

2000

2500

IL
-6

  (
pg

/m
L)

∗ ∗ ∗
∗

0

40

80

120

160 ∗ ∗

M
C

P-
1 

 (p
g/

m
L)

C

 

4. Discussion 

Human lungs are exposed to a large number of pathogens daily. However, respiratory infections are 
not common, indicating the presence of an efficient host defense system at the mucosal surface of the 
lung. Airway epithelial cells are positioned to encounter any inhaled microbes first, thus playing a 
crucial role in sensing microbial presence, and initiating and mobilizing effective host defense. Even 
though it has long been recognized that alcoholics are susceptible to lung infections, the mechanisms 
underlying the alcohol-caused immune deficiency in the lung are not fully understood. Evidence 
indicates that the impact of alcohol on lung airway functions is dependent on alcohol concentration, 



Med. Sci. 2013, 1 13 
 
duration and route of exposure [2,49]. The volatility of alcohol renders it freely diffusible from the 
bronchial circulation directly through the airway epithelia into the airway lumen. Vaporized alcohol 
can deposit back into the airway lining fluid to act on the cells. Thus, using a physiologically relevant 
experimental system to closely mimic the natural alcohol airway exposure is critical to addressing 
these alcohol-related questions. In the current report, we used the air-liquid interface culture model to 
replicate the physiological mode of alcohol exposure and live bacterial infection. This system has 
unique features including (1) direct basolateral contact and indirect apical vapor exposure of alcohol, 
and (2) apical live bacterial infection and basolateral release of cytokines. This air-liquid interface 
culture system has been widely used in other research fields to investigate pulmonary epithelial 
properties and lung disease pathogenesis [36,50–52]. Using the culture, Gross and colleagues found 
β2-aganists enhance host defense against bacterial infection of the cultured normal and asthmatic 
airway epithelia [9]. However, to our best knowledge, no alcohol studies to date have been conducted 
with this model. By using this culture model, we have made several interesting observations. First, 
apical bacterial challenge enhanced the epithelial barrier function. Even though the molecular 
mechanism is not clear, we postulate that bacterial infection stimulates the epithelia to strengthen their 
self-defense measures including reinforcing their cell-cell junctions. Future studies are warranted to 
examine the mechanisms underlying this phenomenon. Second, basolateral exposure of clinically 
relevant levels of alcohol did not significantly change epithelial integrity and permeability. This result 
is different from what was published previously [40]. Simet and colleagues measured the resistance of 
human airway epithelial cells cultured in submersion with varied doses of alcohol. They found that 
alcohol-treated cells had less resistance as compared to the non-alcohol-treated cells. According to 
their data, the cells gained resistance over culture time, indicating the submerged cultures were not 
fully differentiated. We believe that the disparity between the two studies may reflect the difference of 
the two culture systems. Third, basolateral exposure of physiologically relevant levels of alcohol 
facilitated apical bacterial growth. Such an increase in bacterial viability suggests that clinically 
relevant levels of alcohol might enervate the antimicrobial capacity of airway epithelia or that alcohol 
as a carbon source facilitates bacterial growth or both.  

In addition to serving as a physical barrier that defends against invasion of microbial pathogens, 
airway epithelia respond actively to infections by secretion of immune modulators such as cytokines/ 
chemokines. This is a normal physiological response essential for airway damage control and 
functional restoration. Mounting evidence indicates that inflammatory cytokine production varies by 
acute or chronic alcohol exposure and by cell types [17,49,53–55]. Acute alcohol inhibits induction of 
pro-inflammatory mediators, such as TNF-α, IL-1, IL-6, and IL-8, partially through the Toll-like 
receptor and NF-κB signaling pathways [56,57]. Unfortunately, lungs are often a target of multiple 
concurrent insults, for example, alcohol and infection or alcohol and cigarette. These factors act 
combinatorially on the cells. It was reported that pulmonary cytokine profile differs in the setting of 
alcohol use disorders and cigarette smoking [58]. In the current report, we found that challenging the 
cultured human airway epithelia apically with the live bacteria elicited a robust cytokine/chemokine 
production basolaterally, including IL-6, IL-2, GM-CSF, IL-4, IFN-γ, TNF-α, and IL-8. Cytokine/ 
chemokine production was decreased by acute alcohol treatment. It appears that alcohol can negatively 
modulate both Th1 and Th2 responses indiscriminately. IL-8 is a major chemokine attracting 
neutrophils to inflammatory sites. Previous reports demonstrate that rodent IL-8 homologues such as 
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macrophage inflammatory protein 2 (MIP-2) and cytokine-induced neutrophil chemoattractant (CINC) 
are significantly suppressed by alcohol [22,26], which retards neutrophil recruitment to bacteria-challenged 
lungs. GM-CSF is critical to alveolar macrophage differentiation and microbicidal function [59]. 
Alcohol-suppression of GM-CSF would impair lung phagocytic function. Moreover, IL-6 and TNF-α 
are key cytokines activate NF-κB and STAT3 signaling hubs to mount an effective lung innate 
immunity [60]. Therefore, alcohol-depressed cytokine/chemokine response from airway epithelia to 
bacterial challenge would compromise mobilization and orchestration of lung host defense, 
contributing to lung infections.  

Adenosine is a signaling molecule that is generated at sites of tissue injury and inflammation and 
acts as a potent modulator in wound healing and inflammatory regulation by engaging the adenosine 
receptors of the G protein-coupled receptor family [61]. Adenosine modulates inflammation in 
different cells through selective production of proinflammatory or anti-inflammatory cytokines. For 
instance, adenosine stimulates the release of proinflammatory IL-6 and IL-8 by mast cells and 
neutrophils [46,62], and inhibits IL-12 production by monocytes [63]. Adenosine promotes IL-6 
release in airway epithelial cells and in mouse lungs [45]. Attenuation of chronic pulmonary 
inflammation occurs in A2B adenosine receptor knockout mice [64]. Further, adenosine levels are 
elevated in the lungs of patients with chronic lung diseases [65,66], which correlate with the extents of 
inflammation. In contrast, lowering elevated adenosine levels in models of chronic lung disease leads 
to quenching of inflammation [67,68]. Based on the fact that adenosine can provoke lung immune 
reactions, we tested in the current report if adenosine could overcome alcohol suppression of 
cytokine/chemokine production in airway epithelial cells. The results show that adenosine and NECA 
restored the alcohol-suppressed TNF-α and IL-6 burst upon bacterial challenge. The data suggest that the 
adenosine-adenosine receptor signaling pathway is not blunted by alcohol and can be employed to 
potentially counteract alcohol-induced cytokine suppression. Because IL-6 and TNF-α are two key 
cytokines in promoting inflammation, such an action of adenosine and NECA may have clinical 
applications in rescuing the alcohol-suppressed airway cytokine response to infection.  

In summary, acute exposure of alcohol at the clinically relevant levels does not impair airway 
epithelial barrier function under the air-liquid interface culture condition, but compromises the normal 
inflammatory cytokine response to infections. Such an alternation by alcohol may pre-condition 
alcohol abusers to airborne infections. Adenosine receptor agonists could be promising candidates to 
boost inflammatory cytokine production, which is suppressed by alcohol.  
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