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Abstract
Background/Aims: Alcohol (ethanol, EtOH) as significant contributor to traumatic injury is 
linked to suppressed inflammatory response, thereby influencing clinical outcomes. Alcohol-
induced immune-suppression during acute inflammation (trauma) was linked to nuclear 
factor-kappaB (NF-ĸB). Here, we analyzed alcohol`s effects and mechanisms underlying 
its influence on NF-ĸB-signaling during acute inflammation in human lung epithelial cells. 
Methods: A549-cells were stimulated with interleukin (IL)-1β, or sera from trauma patients 
(TP) or healthy volunteers, with positive/negative blood alcohol concentrations (BAC), and 
subsequently exposed to EtOH (170 Mm, 1h). IL-6-release and neutrophil adhesion to A549 
were analyzed. Specific siRNA-NIK mediated downregulation of non-canonical, and IKK-NBD-
inhibition of canonical NF-ĸB signaling were performed. Nuclear levels of activated p50 and 
p52 NF-ĸB-subunits were detected using TransAm ELISA. Results: Both stimuli significantly 
induced IL-6-release (39.79±4.70 vs. 0.58±0.8 pg/ml) and neutrophil adhesion (132.30±8.80 
vs. 100% control, p<0.05) to A549-cells. EtOH significantly decreased IL-6-release (22.90±5.40, 
p<0.05) and neutrophil adherence vs. controls (105.40±14.5%, p<0.05). IL-1β-induced 
significant activation of canonical/p50 and non-canonical/p52 pathways. EtOH significantly 
reduced p50 (34.90±23.70 vs. 197.70±36.43, p<0.05) not p52 activation. Inhibition of canonical 
pathway was further increased by EtOH (less p50-activation), while p52 remained unaltered. 
Inhibition of non-canonical pathway was unchanged by EtOH. Conclusion: Here, alcohol`s 
anti-inflammatory effects are mediated via decreasing nuclear levels of activated p50-subunit 
and canonical NF-ĸB signaling pathway.

Introduction

Trauma is the leading cause of mortality in young people worldwide, which is characterized 
by early death occurring due to fatal injuries and late post-injury mortality, predominantly 
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caused by infectious complications [1, 2]. Chest trauma as the most relevant injury pattern 
(about 60%) next to traumatic brain injuries (TBI) in trauma patients significantly affects 
patient morbidity [3]. In addition, the risk behavior including alcohol use is common among 
youth [4]. Nearly half of all trauma patients who are admitted to emergency departments, 
have positive blood alcohol concentration (BAC) [5, 6]. Next to increasing the risk of injuries, 
alcohol use is associated with altered inflammatory response upon trauma. While chronic 
alcohol use was shown to correlate with negative outcomes, acute alcohol use has been 
demonstrated to positively influence the post-injury clinical course, or to have no effects on 
diverse outcome parameters in trauma patients [7, 8]. Notably in alcohol-intoxicated TBI 
patients lower incidence of early coagulopathy, pneumonia and mortality were reported [9, 
10]. In an in vivo animal model of haemorrhagic shock, our group found significant anti-
inflammatory influence of alcohol on trauma-induced inflammation, which was associated 
with improved survival [11].

Severe injury is associated with an early onset of the systemic inflammatory response 
syndrome (SIRS), which is occasionally leading to multi-organ dysfunction. SIRS is 
characterized by increased levels of pro-inflammatory cytokines e.g. Interleukin (IL)-1β and 
activation of neutrophils [12, 13]. In several in vivo models and in clinical trials, acute alcohol 
use has been described to significantly impact the immune response by suppressing the 
production of pro-inflammatory mediators such as tumor necrosis factor (TNF)-ɑ, IL-1β or 
IL-6 [14-16]. In severely injured TP, we found significantly lower leukocyte numbers as well 
as lower systemic IL-6 levels in patients with positive BAC (>0.5‰) compared with patients 
with BAC levels below <0.05‰ [8]. Szabo et al. described significantly reduced TNF-ɑ and 
IL-1β release from human blood monocytes in an ex vivo model of bacterial stimulation by 
acute exposure to alcohol [17]. Additional studies have shown that the chemotactic activity 
of neutrophils as well as their infiltration into tissues were decreased after alcohol use in 
models of acute inflammation [18]. In several trauma models, alcohol´s mode of action has 
been attributed to the deactivation of the transcription factor NF-ĸB, which is triggering the 
systemic and local propagation of inflammation [19, 20].

NF-ĸB is a dimer composed of members of the Relish (Rel)-family, which contains 5 
subunits: p50, p52, p65 (RelA), cRel, RelB. Those subunits homo- or heterodimerize in 
several combinations with differential stability [21]. In its inactive form, NF-ĸB is associated 
with inhibitor proteins (IĸB) and is located in the cytoplasma. Upon phosporylation of 
the inhibitor protein by a complex of three IĸB protein kinases (IKKs), activated NF-ĸB 
translocates into the nucleus regulating the gene expression of e.g. cytokines, chemokines, 
adhesion molecules, receptors involved in antigen presentation or neutrophil transmigration 
[22, 23]. Two main pathways have been described for NF-ĸB signaling, the canonical, or 
classical, and the non-canonical, or alternative, pathway. In the canonical pathway, the 
NF-ĸB dimer, most commonly RelA(p65)/p50, is maintained in the cytosol by interaction 
with an IĸB-molecule. Binding of a ligand like IL-1β results in activation of an IKK-complex, 
which leads to a phosphorylation and consecutive degradation of the IĸB, thereby inducing 
nuclear NF-ĸB tranlocation [24, 25]. The IKK-complex contains two regulatory subunits, so 
called NEMO. On the other hand, in the non-canonical pathway, receptor binding activates 
the NF-ĸB-inducing kinase NIK, resulting in phosphorylation of IKKa, which subsequently 
phosphorylates the p100/RelB-complex. This leads to liberation of the RelB/p52-dimer, 
which then translocates into the nucleus regulating gene expression [24-26].	

Regarding the specific mechanism underlying alcohol´s effects on NF-ĸB signaling, acute 
alcohol decreased monocyte production of IL-1β and DNA binding of the RelA/p50-dimer 
upon stimulation [17, 20]. Mandrekar et al. described an up-regulation of the p50/p50 NF-
ĸB homodimer upon acute exposure of human blood monocytes to alcohol [27]. Since p50/
p50 homodimers have been demonstrated to have immunosuppressive properties inhibiting 
NF-ĸB transcriptional activity, this may be one possible explanation for alcohol induced 
reduction of pro-inflammatory cytokines [28, 29]. Alcohol exposure of lean as well as obese 
mice reduced both, the nuclear protein level and the DNA-binding activity of p65 NF-ĸB [30]. 
Equally important, other studies indicate that chronic alcohol use will activate p65 [31, 32].
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Taken together, there is evidence that alcohol affects NF-ĸB signaling, thereby exerting 
anti-inflammatory effects. We hypothesized that acute alcohol use will inhibit the canonical 
NF-ĸB pathway. Therefore, the IL-6 secretory capacity and binding of neutrophils to human 
lung epithelial cells after their acute exposure to alcohol were evaluated. Using specific 
inhibitors for either canonical or non-canonical NF-ĸB signaling, the underlying mechanism 
was investigated.

Materials and Methods

Ethics
The study was performed in the University Hospital Frankfurt of the Goethe-University with institutional 

ethics committee approval (312/10) in accordance with the Declaration of Helsinki and following STROBE-
guidelines [33]. All included subjects signed the written informed consent forms themselves or informed 
consent was obtained from the nominated legally authorized representative consented on the behalf of 
participants as approved by the ethical committee.

Patients and blood samples
Forty trauma patients with a history of acute blunt trauma and an Injury Severity Score (ISS) ≥16 

between 18 and 80 years of age were included. Patients with chronic history of alcohol use or known pre-
existing immunological disorders, immunosuppressive and anti-coagulant medication, burns, concomitant 
acute myocardial infarction, thromboembolic events were excluded. Blood alcohol concentration (BAC) was 
measured immediately on admission to the emergency department in all patients included in this study. 
Twenty patients with a mean BAC of 1.54 ± 0.10‰, and 20 patients without any BAC were included. Fifteen 
healthy volunteers (22 - 57 years of age, 7 female and 8 male) were included.

Blood samples were obtained after admission of the patient to the emergency department (ED) for 
routine BAC determination as well as for subsequent plasma storage for stimulatory experiments. Blood 
samples were obtained in pre-chilled serum tubes (S-Manovette® Z-Gel tubes, Sarstedt, Nürmbrecht, 
Germany) and kept on ice. After centrifuging at 2000 x g for 15 minutes at 4°C, the obtained sera were 
pooled. For the experiments with serum containing EtOH, the pooled samples were spiked. While on the one 
hand, EtOH was not added, on the other hand, EtOH was added to serum to reach an alcohol concentration 
of 1.5‰, before experimentation. These samples served as HV with positive BAC as reference for the TP 
with positive BAC and a mean alcohol concentration of 1.5‰, also. For experimentations A549 cells were 
cultured in media containing 20% of plasma.

Cell culture and isolation of neutrophils
A549 human lung epithelial cells (Cell Line Services, Heidelberg, Germany) were cultured at 37°C 

under 5% CO2 in RPMI-1640 medium (Seromed, Berlin, Germany) supplemented with 10% heat-inactivated 
fetal calf serum (FCS), 100 IU/ml penicillin and 100 µg/ml streptomycin (Gibco, Karlsruhe, Germany) and 
20 mM HEPES buffer (Sigma, Steinheim, Germany). Culture media were replaced each second or third day.

The isolation of polymorphonuclear leukocytes (PMN) from healthy volunteers was performed by 
density-gradient centrifugation (density: 1.113 ± 0.001 g/ml, Polymorphprep, Axis-Shield, Oslo, Norway) 
according to manufacturer`s instructions. Briefly, 4 ml Polymorphprep were carefully covered with 4 ml 
heparinized whole blood from HV and centrifuged for 30 minutes. Then, the PMN cell fraction was washed 
with phosphate buffered saline without Ca2+ and Mg2+ (Invitrogen). Supernatant was removed and PMN 
were cultured in RPMI 1640 with supplements as described above. PMN viability was determined by the 
trypan blue exclusion assay. Only cell cultures with a purity of >95% were utilized for experimental use.

Cell stimulation with IL-1β or sera from HV/TP (± BAC) and consecutive EtOH exposure
The concentrations of IL-1β as well as alcohol (EtOH) are based on previous work to allow better 

comparison of data [34-36]. A549 cells were stimulated with recombinant human IL-1β (1 ng/ml) (R&D 
Systems, Wiesbaden, Germany) or sera from TP or HV with positive or negative BAC for 24 h. 170 mM EtOH 
(corresponding to 1 vol vol−1 per cent or 7.9 mg EtOH mL−1, respectively) were added for 1 h afterwards in 
order to study the effects of an acute exposure to alcohol. The schematic timeline of the experimental design 
is shown in Fig. 1.
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Blocking and knockdown studies
After Stimulation with IL-1β for and 

before exposure to EtOH, A549 cells were in-
cubated overnight with 36 μg/ml the NEMO 
„binding domain“ (NBD) inhibitor IKK-NBD 
Peptide (Enzo Life Sciences GmbH, Lörrach, 
Germany). IKK-NBD specifically blocks the 
interaction of NEMO with the IκB kinase 
complex, thereby inhibiting the canonical 
NF-ĸB signaling. Control cells were incuba-
ted with the corresponding peptide control 
inhibitor IKK-NBD Control Peptide (Enzo) 
or cell culture medium alone.

Additionally, A549 cells were transfec-
ted with small interfering RNA (siRNA) di-
rected against NIK (NIK siRNA 10 μM, Santa 
Cruz Biotechnology, Inc, Heidelberg, Ger-
many) with a siRNA/transfection reagent 
overnight according to the manufacturer`s 
instructions (Santa Cruz Biotechnology, 
Inc). Briefly, cells were transfected at a con-
fluency of 70-80%. Optimum transfection was achieved in RPMI1640 medium supplemented with a siRNA/
transfection reagent ratio of 1:1 (8 µl siRNA and 8 µl transfection reagent in 1 ml transfection medium). 
Nontreated cells and cells transfected with the control siRNA (10 µM, Santa Cruz Biotechnology, Inc.) served 
as controls. The transfection effciency was evaluated by qRT-PCR after RNA isolation, which were carried 
out as described before [37] using gene-specific primers for human Mitogen-activated protein kinase ki-
nase kinase 14 (NM_003954.4 UniGene# Hs.404183, Cat# PPH00332F) and human GAPDH (NM 002046, 
UniGene# Hs.592355, Cat# PPH00150E; SABiosciences, SuperArray, Frederick, MD, USA) as reference gene. 
After transfection of the cells, those were exposed to EtOH as indicated above.

In order to confirm the findings, the experiments with both IKK-NBD inhibitor and siRNA against NIK 
simultaneously were performed. Incubation times as indicated above were applied.

Quantification of IL-6 release
A549 cells were incubated as described above and at each time point culture supernatants were 

harvested. The concentrations of IL-6 were determined using Diaclone IL6 ELISA Set (Diaclone, France) 
according to manufacturer’s instuctions with Infinite M200 microplate reader (Tecan, Männedorf, 
Switzerland).

Monolayer adhesion assay
In order to analyze neutrophil adhesion to pre-treated A549 cells, cells were transferred into 24-well 

multiplates (Sarsted, Nümbrecht, Germany) in RPMI-1640 medium with supplements. When a confluency 
of ~80% was reached, A549 cells were stimulated with IL-1β or sera from TP or HV for 24 h and treated 
with 170 mM EtOH for one hour. Freshly isolated PMN were counted and adjusted to 5 x 104 vital cells / well, 
and then carefully added to the A549 monolayers. After an incubation for 15 min at 37°C under 5% CO2, 
non-adherent PMN were washed off 3x by using pre-warmed (37°C) RPMI-1640 medium. The remaining 
PMN were fixed using 1% glutaraldehyde. Adherent PMN were counted in five different fields of a defined 
size (5 x 0.25 mm2) by using a phase contrast microscope (x10 objective). The mean cellular adhesion rate 
was calculated as the ratio to unstimulated controls in percent. The assay was performed as described 
previously [35].

Nuclear extraction and TransAm Transcription factor ELISAs for p50 und p52
Nuclear fractions of pre-treated A549 human lung epithelial cells were obtained using the Nuclear 

Extract Kit (Active Motif, La Hulpe, Belgium) according to manufacturer’s instuctions. Obtained protein 
concentrations were colometrically determined after adding methylene blue using Infinite M200 microplate 
reader (Tecan, Männedorf, Switzerland).

Fig. 1. Schematic timeline of the experimental design. 
A549 lung epithelial cells were stimulated with either IL-
1β (1 ng/ml) or sera from trauma patients and healthy 
volunteers, respectively, for 24 h. Before exposure to alcohol 
(ethanol, EtOH), cells were incubated with the NEMO 
„binding domain“ (NBD) inhibitor IKK-NBD Peptide, or 
cells were transfected with small interfering RNA (siRNA) 
directed against NIK (NIK siRNA, overnight, ON). Then cells 
were exposed to EtOH (170 mM) for one hour. After the 
incubation, analyses were performed.

Figure 1 
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Nuclear extracts were stored at -80°C. For the experiments, nuclear fractions were analysed for 
activated p50 and p52 levels using the TransAm NF-ĸB Family Kit (Active Motif) and following manufacturer’s 
instuctions. The colorimetic change was measured using the Infinite M200 microplate reader in order to 
analyze nuclear levels of the activated NF-ĸB subunits. Positive controls, provided within the kit (Active 
Motif) with known RNA concentration were used to calculate the levels of activation, and were used as 
reference. Then, the activation rates were refered to the unstimulated control set as 100%.

Statistical analysis
GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA) was used to perform the statistical analyses. 

Normality distribution was assessed by Kolmogorov-Smirnov test with Dallal-Wilkinson-Lilliefor P value. 
Then, according to the normality distribution of each data set, one-way ANOVA followed by Tukey post-hoc 
was applied, unless otherwise stated. A p value below 0.05 was considered significant. Data are given as 
mean ± standard deviation (SD). All experiments were performed 4-5 times.

Results

IL-6 release after IL-1β stimulation or treatment with sera from HV or TP (± BAC) and 
subsequent EtOH exposure of A549 human lung epithelial cells
In order to analyse the influence of EtOH on the secretory potential of pro-inflammatory 

IL-6 by A549 cells, cells were stimulated with IL-1β and consecutively exposed to EtOH for one 
hour. IL-6 release from stimulated cells was significantly increased compared to unstimulated 
controls (39.8 ± 4.7 vs. 0.58 ± 0.8, p <0.05, Fig. 2A). Exposure to EtOH significantly decreased 
IL-6 release to 22.9 ± 5.4 compared with stimulated control (p <0.05, Fig. 2A).

In order to determine the pro-inflammatory state after severe trauma more accurately, 
A549 cells were stimulated with sera from TP, who were either positive or negative for 
alcohol upon admission to ED (± BAC). Treatment with sera from TP significantly enhanced 
IL-6 production in comparison to exposure to sera from HV (p <0.05, Fig. 2B). This effect 
was observed for sera with 
positive BAC as well as for sera 
with negative BAC. There were 
no significant differences in 
IL-6 release when comparing 
BAC-positive sera with BAC-
negative sera from HV as well as 
from TP. Consecutive treatment 
with EtOH did not change the 
serum-induced IL-6 release 
after stimulation with BAC-
positive sera from HV (Fig. 2B). 
No significant differences could 
be observed for EtOH exposure 
after stimulation with sera from 
TP as well as with BAC- sera 
from HV.

PMN adhesion to A549 cells 
upon EtOH exposure after IL-
1β stimulation or treatment 
with sera from HV or TP (± 
BAC)
In order to investigate the 

influence of alcohol on PMN 
adhesion capacity, A549 human 

Fig. 2. Effects of alcohol exposure on IL-6 release upon (A) IL-
1β stimulation, or (B) stimulation with sera from trauma patients 
(TP) or healthy volunteers (HV). A: A549 lung epithelial cells 
were stimulated with IL-1β (1 ng/ml) and then exposed to alcohol 
(ethanol, EtOH, 170 mM) for one hour. After the incubation 
period, supernatants were analyzed for IL-6 concentrations. B: 
Cells were stimulated sera from TP or HV, respectively, who were 
either positive or negative for alcohol (1.5‰, BAC and no BAC, 
respectively) for 24 h as described in material and methods. Then, 
cells were exposed to EtOH for one hour, and supernatants were 
analyzed for IL-6. A: n = 5, B: n = 4. The data are presented as 
mean ± SD. *: p <0.05 vs. all other groups; #: p <0.05 vs. all HV 
groups.

Figure 2 
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lung epithelial cells were exposed to EtOH after stimulation with either IL-1β or sera from 
HV and TP, respectively. PMN adherence was significantly enhanced after IL-1β stimulation 
compared with unstimulated control cells (132.3 ± 8.8 vs. 100%, p <0.05, Fig. 3A). Consecutive 
treatment with EtOH afterwards significantly diminished PMN adherence compared with 
stimulated cells (105.4 ± 14.5 vs. 132.3 ± 8.8%, p <0.05, Fig. 3A).

Stimulating A549 cells with sera from TP significantly increased PMN adhesion to A549 
cells compared with stimulating cells with sera from HV (60.7 ± 9.7 vs. 36.2 ± 3.8 cells per 
high power field, p <0.05, Fig. 3B). Comparable data were found for sera with positive as well 
as with negative BAC, although the effect was more distinct by using sera with negative BAC. 
Moreover, the difference in increased PMN adhesion rates in the experiments applying BAC-
negative sera was significant as compared with applying BAC-positive sera in TP. Subsequent 
exposure to EtOH after stimulation with sera significantly decreased PMN adhesion rates in 
experiments applying HV sera as well as TP sera for stimulation of A549 cells. Summarized, 
EtOH present in the sera from intoxicated TP is associated with decreasing adhesion capacity 
of PMN to lung epithelial cells.

Influence of EtOH exposure of IL-1β stimulated A549 cells on nuclear p50 and p52 levels 
with or without previous inhibition of specific NF-ĸB pathways
In order to differentiate, which pathway of NF-ĸB signaling is influenced by EtOH, nuclear 

levels of activated p50 as a keystone of the canonical, and of activated p52 as important 
element of the non-canonical NF-ĸB pathway, were analyzed upon IL-1β and consecutive 
EtOH exposure.

First, the impact of an isolated EtOH application was evaluated (Fig. 4A). EtOH treatment 
of A549 cells significantly increased nuclear p50 levels compared to untreated cells (305.2 ± 
96.6 vs. 100%, p <0.05, Fig. 4A). Nuclear levels of p52 remained unaltered by EtOH treatment 
of the cells in this experiment.

Stimulation with IL-1β significantly increased nuclear levels of p50 as compared with 
unstimulated controls. Subsequent treatment with EtOH significantly diminished IL-1β-
induced nuclear p50 levels (34.9 ± 23.7, p <0.05, Fig. 4B). Stimulation with IL-1β significantly 
increased nuclear levels of p52 as compared with unstimulated controls (371.9 ± 93.8 vs. 
100%, p <0.05, Fig. 4B). Subsequent treatment with EtOH did not alter IL-1β-induced nuclear 
p52 levels (330.0 ± 50.0 Fig. 4B).

To further investigate the specific impact of EtOH on NF-ĸB regulation, inhibition of 
the canonical (IKK-NBD) or the non-canonical (siRNA for NIK) pathway was performed. For 

Fig. 3. Effects of alohol 
exposure on the adhe-
siveness of neutrophils to 
A549 cells upon (A) IL-1β 
stimulation, or (B) stimula-
tion with sera from trauma 
patients (TP) or healthy 
volunteers (HV). A: A549 
lung epithelial cells were 
stimulated with IL-1β (1 
ng/ml) and then exposed 
to alcohol (ethanol, EtOH, 
170 mM) for one hour. Iso-
lated human neutrophils 
were added and the adhesion capacity was determined. n = 5, *: p <0.05. B: Cells were stimulated sera from 
TP or HV, respectively, who were either positive or negative for alcohol (1.5‰, BAC and no BAC, respec-
tively) for 24 h as described in material and methods. Then, cells were exposed to EtOH for one hour and 
isolated human neutrophils were added, and the adhesion capacity was determined. The data are presented 
as mean ± SD. n = 5, *: p <0.05; #: p <0.05 vs. all.

Figure 3 
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this experiment all cells were stimulated with IL-1β in order to induced p50 as well as p52 
activation as shown in Fig. 4B.

Inhibiting the canonical pathway of NF-ĸB signaling by adding the specific IKK-NBD 
inhibitor resulted in significantly lower p50 levels upon IL-1β stimulation (88.3 ± 10.4 vs. 
179.8 ± 26.4, p <0.05, Fig. 5A). Additional exposure to EtOH further diminished the p50 
activation as compared to IKK-NBD-inhibited cells, which were not exposed to EtOH (8.5 
± 8.2, p <0.05, Fig. 5A). Inhibiting the canonical pathway of NF-ĸB signaling by adding the 
specific IKK-NBD inhibitor did not change the IL-1β-induced p52 activation (279.5 ± 66.3 vs. 
291.4 ± 50.6, Fig. 5A). Additional exposure to EtOH did neither change the p52 activation as 
compared to IKK-NBD-inhibited cells, which were not exposed to EtOH (287.7 ± 17.4, Fig. 
5A).

Transfecting A549 cells with the specific siRNA against NIK resulted in significantly 
lower gene expression rates of NIK compared cells, which were transfected with control 
siRNA (53.6 ± 18.73 vs. 99.80 ± 1.5, p <0.05, n = 5, data not shown; Mann-Whitney U test). 
Inhibiting the non-canonical pathway of NF-ĸB signaling by adding the specific siRNA against 
NIK did not markedly change the p50 activation upon IL-1β stimulation (154.0 ± 28.1 vs. 
156.5 ± 27.1, p <0.05, Fig. 5B). Additional exposure to EtOH diminished significantly the 
p50 activation as compared to siRNA-inhibited cells, which were not exposed to EtOH (77.7 
± 27.4, p <0.05, Fig. 5B). Inhibiting the non-canonical pathway of NF-ĸB signaling by siRNA 
against NIK significantly reduced the IL-1β-induced p52 activation compared with the IL-
1β not inhibited cells (58.4 ± 20.0 vs. 301.4 ± 42.9, p <0.05, Fig. 5B). Additional exposure to 
EtOH did not change the p52 activation as compared to siRNA-inhibited cells, which were 
not exposed to EtOH (76.7 ± 13.6, Fig. 5B).

Inhibiting both, the canonical and the non-canonical pathway of NF-ĸB signaling 
by adding the specific IKK-NBD inhibitor and specific siRNA against NIK, simultaneously, 
resulted in significantly lower p50 levels as well as p52 upon IL-1β stimulation (p <0.05, Fig. 
5C).

Discussion

In the present study, we aimed at investigating the mechanism underlying alcohol´s 
influence on specific NF-ĸB signaling during the inflammatory response of human lung 
epithelial cells. Stimulating cells with either IL-1β or sera from trauma patients induced 
a strong release of IL-6 as well as increased PMN adhesion to epithelial cells. Consecutive 

Fig. 4. Effects of alcohol 
exposure on p50 und 
p52 (A) and upon IL-
1β stimulation (B). 
A549 lung epithelial 
cells were stimulated 
with IL-1β (1 ng/ml) 
and then exposed to 
alcohol (ethanol, EtOH, 
170 mM) for one hour. 
After the incubation 
period, nuclear protein 
fractions were analyzed 
for p50 und p52 NF-ĸB 
activation as described in material and methods. In A, A549 were not stimulated with IL-1β, but exposed 
to EtOH. The data are presented as mean ± SD. n = 5, *: p <0.05; #: p <0.05 vs. unstimulated control group in 
p52 experiments.

Figure 4 
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treatment with alcohol markedly 
decreased both, IL-6 release and PMN 
adherence. Regarding NF-ĸB signaling, 
IL-1β induced a significant activation 
of both, the canonical (p50) and non-
canonical (p65) pathway. Stratification 
of alcohol`s impact has shown that 
alcohol was able to significantly reduce 
p50, representing the canonical, but not 
p52 activation, representing the non-
canonical pathway of NF-ĸB signaling. 
Suppressing the canonical pathway by 
using a specific IKK-NBD inhibitor has 
synergistically with alcohol further 
reduced p50 activation, while p52 
remained unaltered. On the other hand, 
specific inhibition of the non-canonical 
pathway by siRNA was not further 
changed by alcohol. Summarized, the 
anti-inflammatory effects of the acute 
alcohol use are apparently mediated via 
decreasing nuclear levels of activated 
p50 subunit involving the canonical NF-
ĸB signaling pathway in this model (Fig. 
6).

In the acute period following severe 
trauma, levels of pro-inflammatory 
cytokines including IL-6, IL-1β and 
others are increased above normal levels 
during the SIRS [13, 14]. Importantly, 
as critical players in the biological 
host-defense response to trauma, PMN 
become activated and are involved in 
the pathogenesis of infectious post-
injury complications [38]. Moreover, 
trauma related acute lung injury involves 
rapid infiltration of immune cells 
with enzymatic degradation of matrix 
proteins, e.g. plasmin, causing loss of 
lung barrier function [39]. Therefore, in 
the present study, human lung epithelial 
cells were chosen as a model for the acute 
induced inflammation. In order to better 
reproduce the inflammatory state after 
severe trauma, in our cell culture model 
sera from TP with or without positive 
BAC were used for stimulation as well.

Sera from alcohol intoxicated 
trauma patients have shown a PMN 
modulating effect by reducing their 
adhesion to A549 cells. However, while 
the sera were stimulatory with regard 
to the PMN adhesion, they were not 
markedly altering the IL-6 secretory 

Fig. 5. Effects of alcohol exposure on p50 und p52 upon 
(A) inhibition with the NEMO „binding domain“ (NBD) 
inhibitor IKK-NBD, (B) transfection with small interfe-
ring RNA (siRNA) directed against NIK (NIK siRNA), or 
(C) both, IKK-NBD and siRNA application. A549 lung 
epithelial cells were stimulated with IL-1β (1 ng/ml). 
Then, either IKK-NBD or siRNA NIK were applied. Af-
terwards, cells were exposed to alcohol (ethanol, EtOH, 
170 mM) for one hour, and nuclear protein fractions 
were analyzed for p50 und p52 NF-ĸB activation as de-
scribed in material and methods. The data are presen-
ted as mean ± SD. A: n = 4, B-C: n = 5, *: p <0.05.

Figure 5 
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potential of A549 cells. Here, the stimulatory and pro-inflammatory state upon trauma 
has been confirmed as in line with several clinical studies reporting elevated levels of pro-
inflammatory cytokines after traumatic injury. Serum levels of IL-6 and IL-8 were shown 
to be significantly higher in patients suffering from blunt trauma in comparison to healthy 
controls [40]. Gebhard et al. as well as Mimasaka et al. found elevated levels of IL-6 as well as 
IL-8 in trauma patients, which correlated with injury severity [14, 41].

Summarized, several experimental and clinical studies demonstrated beneficial effects 
of alcohol, which were associated with lower rates of pneumonia after TBI or even improved 
mortality rates after trauma or haemorrhagic shock [9, 11, 16]. Importantly, conflictive 
data have highlighted that alcohol use was not associated with the increased incidence of 
infectious post-injury complications or mortality, or even alcohol increased the risk for 
development of in-hospital complications [42, 43]. The authors correlate their findings to 
possible anti-inflammatory characteristic of alcohol, since in numerous studies, alcohol was 
reported to significantly impact the immune response by suppressing the pro-inflammatory 
response. Our data confirm the anti-inflammatory influence of an alcohol use. Acute exposure 
to alcohol significantly diminished both, IL-1β induced IL-6 release and PMN adhesion to 
lung epithelial A549 cells. Regarding the specificity of the applied inflammatory stimulus, 
previously, we have demonstrated alcohols` anti-inflammatory effects in A549 cells, which 
were stimulated with LPS from E. coli [34]. Although, we did not evaluate the underlying 
mechanisms in that preliminary study, we have observed significant anti-inflammatory 
potential of EtOH, when applied in the same dose and equal incubation period, which were 
used in the underlying study. In the referred study, LPS stimulation resulted in increased 
release of IL-8 and TGF-beta as well as enhanced neutrophil adhesion to treated A549 cells. 
EtOH has lowered IL-8 and neutrophil adhesion. Furthermore, after incubation of phorbol-
12-myristate-13-acetate (PMA)-stimulated A549 cells, EtOH (170 mM) significantly reduced 
IL-6 release compared to untreated PMA-stimulated cells (data not shown). Therefore, EtOH 

Fig. 6. Alcohol (ethanol, EtOH) inhibits the canonical NF-ĸB activation. IL-1β induces both the activation of 
canonical and non-canonical NF-ĸB signaling. Upon inhibition with the NEMO „binding domain“ (NBD) inhi-
bitor IKK-NBD Peptide, degradation of the I𝜅B-𝛂 complex and subsequent p50  activation is prevented. Upon 
transfection with small interfering RNA (siRNA) directed against NIK (NIK siRNA), degradation of the IKK-𝛂 
complex and subsequent p52 activation is prevented. EtOH inhibits the activation of p50, and therefore the 
canonical NF-ĸB signaling.

Figure 6 
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exerts significant and relevant anti-inflammatory potential. With regard to other cell types, 
IL-8-reducing influence of EtOH in IL-1β-stimulated human Chang liver (CL) cells and in 
another pulmonary cell line, A427, after their stimulation with IL-1β has been observed as 
well (data not shown). Taken together, an acute exposure of various cellular entities to EtOH 
upon their inflammatory stimulation in vitro results in anti-inflammatory effects. Goral et al. 
reported decreased IL-6 synthesis in macrophages of mice, who received a single dose alcohol 
beforehand [44]. Exposing monocytes to acute alcohol (25-100 mM) impaired TNF-α, IL-6 
and IL-1β production but elevated IL-10 levels in vitro [17, 45]. Additionally, clinical studies 
revealed acute alcohol use to decrease post-traumatic cytokine levels in trauma patients [8, 
16].

Further analyses of the mechanistical pathways are in line with the data from others, 
that alcohols` mode of action has been linked to the deactivation of the transcription factor 
NF-ĸB, which is triggering the systemic and local propagation of inflammation [19, 27]. In 
addition, we could demonstrate that IL-1β increased both, p50 as well as p52 activation in 
human lung epithelial cells. Consecutive exposure of the stimulated cells to alcohol reduced 
p50 activation, while p52 activation remained unaltered. Specific inhibition of either the 
canonical (p50) or the non-canonical (p52) NF-ĸB signaling uncovered that alcohol reduces 
specifically the canonical NF-ĸB signaling in this model. The general impact on the NF-ĸB 
suppression is supported by other studies. For example, alcohol was demonstrated to prevent 
LPS-induced nuclear translocation of p65 and p50 in human monocytes [46]. Also, acute 
exposure to alcohol for one hour resulted in decreased phosphorylation of p65 in human 
blood monocytes [47]. Regarding the specific NF-ĸB signaling, Mandrekar et al. exposed 
human blood monocytes to 25 mM EtOH for one hour, as comparable to our setting, and 
found significantly elevated nuclear p50-levels matching decreased cytoplasmic p50-levels 
[19]. Mandrekar et al. have reported before, that in vitro acute EtOH treatment of monocytes 
in the absence of bacterial stimulus increased NF-κB binding [19]. Moreover, in the presence 
of a bacterial stimulus, such as LPS, acute EtOH exposure of monocytes decreased NF-κB 
DNA binding, which was responsible for transactivation of target genes [46]. Summarized, 
our data indicate at possibly similar mechanisms in lung epithelial cells. While p50 activation 
was increased by acute exposure of those cells to ethanol in the absence of an inflammatory 
stimulus, in the presence of IL-1β, ethanol decreased specifically p50 activation. Taken 
together, acute exposure to EtOH may differentially affect the NF-κB regulatory subunits, 
depending on the inflammatory state of the cell. The underlying mechanisms are yet to be 
investigated. Mandrekar´s group assumed that alcohol rather leads to the formation of p50/
p50 homodimers. Since the p50/p50 homodimer has been described to exert inhibiting 
effects on NF-ĸB regulated gene expression, this might be in line with alcohol´s assumed 
immune-suppressive properties. However, both mechanisms, p50/p50 upregulation on the 
one hand, and p65/p50 downregulation on the other hand, might be involved in alcohol´s 
inhibiting effect on NF-ĸB controlled gene expression. Balancing between these mechanisms 
might be dose-dependent. While Mandrekar used 25 mM, we use alcohol in a dose of 170 mM, 
which is a significantly higher dose. Dose dependent effects of alcohol have been reported 
previously by others and our own group [35, 48]. In an in vitro study involving A549 cells, 
our group found alcohol to dose-dependently (85 mM and 170 mM) affect IL-8 release after 
IL-6 stimulation [35].

Regarding a possible clinical approach, NF-ĸB as well as its inhibition have been under 
investigation in several inflammatory diseases. Torices et al. found a TLR10 missense 
(I437T) to be associated with a more severe course of inflammatory disease in patients with 
rheumatoid arthritis (RA) [49]. This effect is so far interesting, since this TLR10 variant lacked 
the inhibitory capacity of NF-ĸB signalling, as shown by increased transcriptional activity of 
NF-kB compared to wild-type [49]. In macrophages, which play an important role in the RA 
pathogenesis, NF-kB subunits p50 and p65 were present in the majority of cells in patients 
suffering from RA, supporting the concept of NF-ĸB promoting rheumatoid synovialitis via 
macrophage-derived cytokines [50, 51]. Here, IL-1β application induced a translocation of the 
p65, p50, and c-rel NF-ĸB subunits into the nucleus [52]. Similarly, in patients suffering from 

D
ow

nl
oa

de
d 

by
: 

U
ni

v.
-B

ib
lio

th
ek

 F
ra

nk
fu

rt
   

   
   

   
   

   
   

   
   

  
14

1.
2.

14
0.

12
7 

- 
11

/1
5/

20
17

 8
:2

1:
53

 A
M

http://dx.doi.org/10.1159%2F000480313


Cell Physiol Biochem 2017;43:17-30
DOI: 10.1159/000480313
Published online: August 24, 2017 27

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Mörs et al.: Ethanol Inhibits Canonical NF-kB Pathway

chronic kidney disease, increased muscle inflammation has been associated with increased 
NF-ĸB expression [53]. Summarized, these findings clearly indicate at the therapeutical 
relevance of both, the pro-inflammatory IL-1β as well as NF-kB inhibition in inflammatory 
conditions. Patients undergoing trauma exert a pro-inflammatory response, which has been 
linked to detrimental outcome [13]. With regard to alcohol, several clinical studies report 
beneficial effects of an acute alcohol use prior traumatic brain injury (TBI). Even more, lower 
mortality rates in TBI patients with low and moderate blood alcohol concentrations (BAC) 
were reported [54, 55]. Interestingly, positive BAC has been associated with lower leukocyte 
counts as well as systemic IL-6 levels in severe TBI or in major trauma patients [8, 16]. 
However, contradictory data showing deteriorating effects of an alcohol intoxication also on 
patients´ outcome have been reported as well [43, 56, 57]. Nonetheless, the therapeutic use 
of alcohol is surely to be assessed critically because of its well-described side effects, notably 
regarding the central nervous system, e.g. neuronal loss [58]. Yet, the side effects have been 
usually described for a prolonged exposure to high dose of alcohol, neglecting that a low 
dose in an acute setting of acute inflammation may provide anti-inflammatory benefits. To 
avoid the discussion on alcohol application, due to known pathological mechanisms, new 
targets, as described in this study as well, may be therapeutically used. As one of those, ethyl 
pyruvate (EP) has shown a comparable mode of action as alcohol, and is currently being 
investigated in vitro as well as in vivo in models of acute inflammation [35, 36].

Further studies are warranted involving longer exposure times to alcohol in order to 
uncover the effects of its prolonged use. Additionally, only one dose of alcohol was used here. 
Since dose-dependent effects of alcohol have been described above, different doses should 
be implemented in further studies.

Conclusion

Summing up, we have demonstrated a decrease of pro-inflammatory IL-6 release 
from human lung epithelial A549 cells upon their stimulation with IL-1β and following 
acute exposure to alcohol. Furthermore, stimulating cells with sera from trauma patients 
increased PMN adhesion to epithelial cells, and the consecutive treatment with alcohol 
markedly decreased this effect. With regard to the specific mechanism, IL-1β induced a strong 
activation of both, canonical (p50) and non-canonical (p65) pathway. Nonetheless, due to 
diminishing p50, representing the canonical, but not altering p52 activation, representing 
the non-canonical NF-ĸB signaling, alcohol`s mode of action for its anti-inflammatory effects 
is apparently mediated via decreasing the canonical NF-ĸB signaling pathway in our model.
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