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Abstract
Impaired host defense after alcohol use is linked to altered cytokine production, however, acute
and chronic alcohol differently modulate monocyte/macrophage activation. We hypothesized that
in human monocytes, acute alcohol induces hyporesponsiveness to LPS, resulting in decreased
TNF-α, whereas chronic alcohol increases TNF-α by sensitization to LPS. We found that acute
alcohol increased IL-1R-associated kinase-monocyte (IRAK-M), a negative regulator of IRAK-1,
in human monocytes. This was associated with decreased IκBα kinase activity, NFκB DNA
binding, and NFκB-driven reporter activity after LPS stimulation. In contrast, chronic alcohol
decreased IRAK-M expression but increased IRAK-1 and IKK kinase activities, NFκB DNA
binding, and NFκB-reporter activity. Inhibition of IRAK-M in acute alcohol-exposed monocytes
using small interfering RNA restored the LPS-induced TNF-α production whereas over-
expression of IRAK-M in chronic alcohol macrophages prevented the increase in TNF-α
production. Addition of inhibitors of alcohol metabolism did not alter LPS signaling and TNF-α
production during chronic alcohol exposure. IRAK-1 activation induces MAPKs that play an
important role in TNF-α induction. We determined that acute alcohol decreased but chronic
alcohol increased activation of ERK in monocytes and ERK inhibitor, PD98059, prevented the
chronic alcohol-induced increase in TNF-α. In summary, inhibition of LPS-induced NFκB and
ERK activation by acute alcohol leads to hyporesponsiveness of monocytes to LPS due to
increased IRAK-M. In contrast, chronic alcohol sensitizes monocytes to LPS through decreased
IRAK-M expression and activation of NFκB and ERK kinases. Our data indicate that IRAK-M is
a central player in the opposite regulation of LPS signaling by different lengths of alcohol
exposure in monocytes.

Alcohol consumption has both beneficial and harmful effects based on the duration and
extent of alcohol exposure. Although moderate alcohol use may have beneficial effects on
the cardiovascular system, it also disrupts immune defenses against infections and increases
susceptibility to bacterial pneumonia, hepatitis C, and HIV infections (1–3). In contrast,
chronic alcohol drinking leads to organ injury and increased mortality (4, 5). The cellular
mechanisms leading to these diverse effects of acute and chronic use are not clearly defined.
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Defects in innate immune cells such as monocytes and macrophages could contribute to
alcohol-induced organ injury. Studies in animal and human models of acute and chronic
alcohol consumption have shown evidence for the modulation of macrophage function (3, 6,
7).

Monocytes respond to endotoxin via recognition by the TLR4 complex resulting in
production of inflammatory cytokines, particularly TNF-α. LPS binds to the CD14/TLR4
complex followed by activation of a cascade of down-stream signaling molecules including
activation of IL-1R-associated kinase-1 (IRAK-1)3 that activates the IκBα kinase (IKK)
complex and MAPK followed by dissociation of IκBα, nuclear translocation, and DNA
binding of NFκB to the promoter region of target genes such as adhesion molecules and
proinflammatory cytokines particularly, TNF-α, IL-1β, and IL-6 (8). Increased serum TNF-
α has been observed in patients with alcoholic hepatitis (9). The critical role of TNF-α in
alcoholic injury was elucidated by experiments that successfully used anti-TNF-α Abs to
prevent liver injury in alcoholic hepatitis and alcohol-fed rats (10, 11).

Our earlier studies have shown that acute alcohol exposure is associated with LPS-induced
anti-inflammatory effects in monocytic cells in humans both in vitro and in vivo (12–14).
This is in contrast to the effects of chronic alcohol on inflammatory cytokine gene
expression where TNF-α contributes to liver injury in humans and in mouse models (6, 15,
16). Hence, studying differences in regulation of LPS signaling by acute and chronic alcohol
exposure is pertinent to the innate immune cell contribution to development and progression
of alcoholic liver disease. In this study, we hypothesized that based on the length of
exposure, acute and chronic alcohol renders monocytes hyporesponsive to subsequent LPS
or sensitizes to LPS, respectively. To test our hypothesis, we developed a modified in vitro
system to study the effects of acute and chronic alcohol exposure on LPS signaling events
and TNF-α production in human monocytes (15). We report that acute alcohol increases
IL-1R-associated kinase-monocyte (IRAK-M), a negative regulator of LPS signaling and
leads to decreased downstream activation of the LPS signaling cascade culminating in
impaired NFκB DNA binding and transactivation and, finally, decreased TNF-α production.
In contrast, chronic alcohol switches the anti-inflammatory to a proinflammatory response
by decreasing IRAK-M and increasing IRAK-1 and IKK kinase activation followed by
enhanced NFκB DNA binding, transactivation, and ERK kinase activation and TNF-α
production.

Materials and Methods
Cell culture and reagents

Monocytes from human peripheral blood were isolated by selective adherence from Ficoll-
Hypaque-purified mononuclear cell preparations as previously described (14). Healthy
individuals aged 18 to 60, females and males with no previous alcohol abuse history who
consumed less than 6 drinks/week were recruited in the study. The study was reviewed and
approved by the Institutional Committee for Protection of Human Subjects in Research.

RAW 264.7 macrophages were purchased from American Type Culture Collection and
maintained in Dulbecco’s modified medium (Invitrogen Life Technologies) containing 10%
FBS (HyClone). PD98059 and 4-methylpyrazole and cyanamide were purchased from
Sigma-Aldrich. LPS (Echerichia coli strain 0111:B4) was from Difco and NFκB oligo
synthesized by Oligos.

3Abbreviations used in this paper: IRAK-1, IL-1R-associated kinase 1; IKK, IκBα kinase; siRNA, small interfering RNA.
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Alcohol exposure and cell stimulations
Monocytes or RAW 264.7 macrophages were stimulated with Escherichia coli-derived LPS
(100 ng/ml), 25 mM ethanol, and the combination of LPS and ethanol at the times indicated
in the figure legends. The 25 mM in vitro ethanol concentration approximates a 0.1g/dl
blood alcohol level, which is achieved in vivo after a dose of moderate drink and is a little
above the legal limit of blood alcohol concentration. Cell viability was not affected by
ethanol or LPS treatment. Monocytes and/or macrophages were plated in 6-well plates and
exposed to 25 mM alcohol over an extended period of up to 7 days. For short-term or acute
alcohol exposure, cells were exposed to 25 mM alcohol for 24 h or less followed by LPS
stimulation.

For prolonged alcohol exposure, cells exposed to 25 mM alcohol were placed in a Billups-
Rothenburg chamber with twice the alcohol concentration in the bottom of the chamber to
saturate the chamber and maintain the alcohol concentration in the wells for 7 days, as
described earlier by other groups (15). The alcohol concentration in each well was measured
using the Analox Alcohol Analyzer (Analox Instruments). The concentrations were
maintained to 25 mM ± 4.5 over the 7-day period (mM EtOH: Day 1: 24 ± 0.1; Day 2: 21.5
± 0.5; Day 3: 25 ± 0.1; Day 4: 22 ± 0.2; Day 5: 24 ± 0.7; Day 6: 22 ± 0.1; Day 7: 19.5 ±
0.5).

ELISA
TNF-α and IL-1β were estimated in cell-free supernatants using ELISA from BD
Pharmingen.

Silencing of IRAK-M by small interfering RNA (siRNA)
For knock-down of IRAK-M by siRNA, Raw 264.7 macrophages were transfected with
IRAK-M siRNA, and control siRNA (Applied Biosystems) using siPORT NeoFx
transfection agent (Applied Biosystems) according to the manufacturer’s instructions.
Transfection efficacy was determined by transfecting the cells with GAPDH siRNA. Forty-
eight hours after transfection, macrophages were then exposed to 25 mM alcohol for 24 h
followed by stimulation with LPS for 6 h. Total RNA extracts and whole cell lysates were
analyzed for IRAK-M by real-time PCR and Western blotting to confirm IRAK-M knock-
down and supernatants collected were analyzed for TNF-α by ELISA.

Overexpression of IRAK-M
For overexpression of IRAK-M, IRAK-M cDNA clone and control vector (pCMV6-XL-4)
were purchased from Origene. Raw macrophages exposed to alcohol for 7 days, were
transiently transfected with IRAK-M expression vector and control vector using
Lipofectamine and plus reagents (Invitrogen) according to the manufacturer’s instructions.
The transfected cells were either stimulated with LPS for 24 h to check the effect of
overexpression or for 6 h to determine the production of TNF-α in IRAK-M overexpressed
cells.

RNA analysis
RNA was extracted using the RNeasy Mini kit (Qiagen) according to the manufacturer’s
instructions, and on-column DNase digestion was performed using the RNase-Free DNase
Set (Qiagen). The RNA was quantified by spectrophotometric analysis and the quality of
RNA was routinely checked by measurement of OD (260/280 and 260/230 ratio) and by gel
electrophoresis. cDNA synthesis was performed by reverse transcription of RNA using the
Reverse Transcription System (Promega). Real-time quantitative PCR was performed using
the iCycler iQ Real-Time Detection System (Bio-Rad Laboratories) as described before
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(17). Human TNF-α primers were obtained from Maxim Biotech and human 18S primers
(Forward 5′GTA ACC CGT TGA ACC CCA TT 3′; Reverse 5′ CCA TCC AAT CGG TAG
TAG CG 3′) and IRAK-M primers (Forward 5′ AGA GCA GCT GTT CCT CCA AA 3′;
Reverse 5′ AAT TGA GCG TGG ATT TGG TC 3′) were synthesized by IDT.

FACS analysis of surface markers
Monocytes were incubated with saturating concentrations of fluorochrome-conjugated
mAbs at 4°C for 30 min, and then washed twice in PBS containing 2% FBS and fixed in 1%
paraformaldehyde. Data were collected using a FACScan II flow cytometer (BD
Biosciences), and data analysis was performed using FlowJo software (BD Biosciences).
The fluorochrome-conjugated mAbs against human cell surface proteins CD14, TLR2, and
TLR4 and their respective isotype controls were from Bio-Source International and BD
Pharmingen.

Preparation of nuclear and cytoplasmic extracts and electrophoretic gel mobility shift
assay

Nuclear and cytoplasmic extracts from cells with or without stimulation at 37°C were
performed by the method of Schatzle et al. (18) as described earlier (19).

A consensus double-stranded NFκB oligonucleotide (5′AGTTGAG GGGACTTTCGC3′)
was used and EMSA was performed (19).

Immunoblotting
Nuclear or cytoplasmic proteins (20 μg) were loaded onto each well, separated on 10%
SDS-polyacrylamide gel and electroblotted onto nitro-cellulose membranes. Nonspecific
binding was blocked by incubation of the membranes in TBS/1% nonfat dried milk/0.1%
Tween 20 followed by Abs indicated in the figure legends. The Abs against phospho and
total Erk, JNK, and p38 were purchased from Cell Signaling Technology and CYP2E1 and
IRAK-M was from Chemicon. The rabbit Ab against IκBα was from Santa Cruz
Biotechnology. β-actin and TATA-binding protein Abs were from Abcam. The Abs were
detected using HRP-conjugated secondary Abs (Santa Cruz Biotechnology) and
chemiluminescence assay reagents from Cell Signaling Technology.

NFκB reporter assay
The NFκB-dependent reporter plasmid p(κB)5-Luc, a gift from Dr. N. Mackman (Scripps
Research Institute, La Jolla, CA) contains five tandem copies of the NFκB site from the
human TNF-α gene. RAW264.7 macrophages either exposed to alcohol for 4 days or
control macrophages were transfected with the reporter plasmids 5×NFκB-firefly luciferase
and Renilla-Luciferase as control (Promega) using the transfection agent FuGENE 6 (Roche
Applied Science) as reported earlier (20). After 24 h of incubation, control cells were treated
with 25 mM alcohol in the presence or absence of LPS (100 ng/ml) or chronic alcohol
exposed macrophages were exposed to LPS for 8 h and luciferase activity assessed with
Dual Glo Luciferase Assay reagent (Promega) according to the manufacturer’s instructions.
NFκB transcriptional activity as detected by firefly luciferase activity was normalized with
the Renilla luciferase activity. The relative light units represent an average of triplicate
samples.

Kinase assay
The IKK or IRAK-1 assay was performed as described previously (20). In brief, IKKβ and
IRAK-1 from the cytoplasmic extract (500 μg) was precipitated with respective Abs in the
lysis buffer (20mM Tris-HCl (pH 7.6), 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 1% Triton
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X-100) followed by treatment with 50 μl of anti-rabbit IgG beads (eBioscience) and assayed
in kinase assay buffer containing 20 mM HEPES (pH 7.6), 10 mM MgCl2, 1 mM DTT, 5
μCi [γ32P] ATP (NEN Life Science Products), 10 μM unlabeled ATP, and 0.5 μg of
substrate (For IKKβ kinase: GST-IκBα (Santa Cruz Biotechnology); For IRAK-1 kinase:
MBP (myelin basic protein) (Santa Cruz Biotechnology).

Statistical analysis
The Wilcoxon nonparametric analysis was used in the Statview (SAS Institute) program on
a Mac G4 computer (Apple) to analyze TNF-α levels in human monocytes. For all other
studies, the one-tailed t test was used. A p < 0.05 was considered significant in all studies.

Results
Opposite effects of acute and chronic alcohol exposure on TNF-α expression in human
monocytes

Circulating monocytes play an important role in acute alcohol induced immunosuppression
and chronic alcohol-related liver injury due to their response to increased endotoxin (LPS)
during infections and in the serum of alcoholic hepatitis patients (9). In this study, we
investigated the effects of acute (short-term) and chronic (prolonged) alcohol exposure of
human monocytes using an in vitro system developed to maintain physiologically relevant
(25 mM) alcohol concentrations over a period of 7 days in culture. Fig. 1A shows that acute
alcohol exposure (1–2 days) decreases LPS-induced TNF-α production. However, extended
exposure to alcohol for 4 –7 days (chronic) resulted in significantly increased LPS-induced
TNF-α production in human monocytes. Changes in TNF-α protein levels correlated with
TNF-α mRNA levels wherein initial alcohol exposure for 3 h to 1 day decreased LPS-
induced TNF-α mRNA and 4 –7 days of alcohol exposure exhibited increased LPS-induced
TNF-α mRNA (Fig. 1B) in human monocytes. These results indicate that alcohol exposure
of monocytes induces hyporesponsiveness to LPS in the initial phase (acute) whereas
prolonged (chronic) alcohol exposure sensitizes monocytes to LPS-induced cytokine
production regulated at the transcriptional and translational level.

Acute alcohol induces IRAK-M while chronic alcohol decreases IRAK-M to regulate down-
stream LPS signaling

Various studies have explored the role of CD14 and TLR4, receptors of LPS, in chronic
alcohol-induced sensitization to LPS-induced liver injury (21, 22) as well as in acute alcohol
induced immune functions (4, 17). Because acute alcohol exposure of human monocytes
reduces, whereas chronic alcohol exposure augments, LPS-induced TNF-α production, next
we determined whether alcohol exposure of human monocytes for 1 day or 7 days had any
effect on CD14 and TLR4 expression. Fig. 2A shows that acute (1 day) and chronic alcohol
(7 days) exposure did not alter surface expression of CD14 and TLR4 as analyzed by flow
cytometry, suggesting that acute and chronic alcohol mediated changes in TNF-α production
is independent of surface receptor expression on human monocytes.

Engagement of the LPS receptor enhances activation of various adaptor proteins such as
MyD88, IRAK-4, and IRAK-1 to the CD14-TLR4 complex (8). Subsequently, IRAK-1
becomes phosphorylated and then interacts with TRAF6 leading to activation of IKK kinase
(23). Because we observed that acute and chronic alcohol exposure does not affect CD14 or
TLR4 expression, we sought to determine whether any intracellular membrane-proximal
signaling molecules were affected during alcohol exposure of human monocytes. In contrast
to decreased LPS-induced IRAK-1 kinase activity by acute alcohol observed in our previous
study (17), in this study we found that chronic alcohol augmented LPS-induced IRAK-1
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kinase activity (Fig. 2B), indicating that acute and chronic alcohol exposure differently
modulates IRAK-1 kinase activity.

IRAK-1 kinase activity is regulated by a negative regulator of LPS signaling, IRAK-M,
expressed in monocytes and demonstrated to play a critical role in hyporesponsiveness and
sensitization to LPS (24 –26). IRAK-M acts by inhibiting dissociation of MyD88 and
IRAK-1 to turn off down-stream signaling (24). Thus, we hypothesized that acute and
chronic alcohol differently regulates IRAK-M in human monocytes to influence IRAK-1
kinase activity. Fig. 2C shows that IRAK-M mRNA was induced after LPS stimulation for 6
h in human monocytes. Although LPS-induced IRAK-M mRNA was increased by acute
alcohol, chronic alcohol significantly decreased IRAK-M mRNA at baseline and in response
to LPS stimulation (Fig. 2C). IRAK-M protein expression followed a similar pattern
wherein acute alcohol increased and chronic alcohol exposure decreased IRAK-M levels in
the cytoplasm of human monocytes (Fig. 2D). Thus, it is likely that acute alcohol exposure
up-regulates IRAK-M and thereby inhibits IRAK-1 kinase activity whereas chronic alcohol-
mediated down-regulation of IRAK-M could permit persistent activation of IRAK-1 kinase.

To confirm the regulatory role of IRAK-M in acute and chronic alcohol-exposed monocytic
cells, we either inhibited the IRAK-M using siRNA after acute alcohol exposure or
overexpressed IRAK-M in chronic alcohol exposed macrophages. Fig. 3A shows that in
acute alcohol-exposed macrophages with 70% knockdown of IRAK-M mRNA (upper
panel) and protein (middle panel), significant restoration of LPS-induced TNF-α levels
occurred. These data indicate that IRAK-M contributes to the reduction in LPS-induced
TNF-α production during acute alcohol exposure. In contrast, efficient overexpression of
IRAK-M indicated by western blot analysis (upper panel) in chronic alcohol exposed
macrophages prevented up-regulation of LPS-induced TNF-α levels (Fig. 3B; lower panel)
suggesting an important role for IRAK-M in increased proinflammatory responses during
chronic alcohol exposure.

Acute and chronic alcohol exposure affect IKK activation and ERK MAP activation
Signals emanating from the IRAK-1 activation lead to activation of the inhibitor of κB
kinase (IKK) complex that mediates phosphorylation of IκBα and activation of NFκB (23).
Because we observed that acute and chronic alcohol regulates IRAK-1 activation inversely,
we next evaluated whether the acute and chronic alcohol exposure of human monocytes
regulates down-stream IKK kinase activity. Fig. 4 shows that while acute alcohol exposure
decreased IKK-β kinase activity, chronic alcohol increased IKK-β kinase activity. These
results are in agreement with decreased activation of proximal IRAK-1 in acute alcohol
treated cells and enhanced IRAK-1 activation after chronic alcohol exposure in monocytes.

In addition to the IKK kinase activation, LPS-induced IRAK-1 activation triggers cascades
of intracellular signaling events including the MAPK such as the ERK, the JNK, and the p38
kinase (27). In this study, we determined the effect of acute and chronic alcohol exposure on
activation of MAPKs: ERK, JNK, and p38. Using Western blotting and phospho-specific
MAPK Abs we observed that acute alcohol exposure decreased LPS-induced phospho-ERK
kinase levels whereas chronic alcohol exposure significantly increased LPS-induced
phospho-ERK kinase activity without any change in total ERK levels (Fig. 5, A and B).
Furthermore, a minimal increase in LPS-induced phospho-p38 MAPK was noted in
monocytes exposed to acute alcohol whereas chronic alcohol exposure did not have any
effect on LPS-induced phospho-p38 MAPK (Fig. 5A). The JNK MAPK was not
significantly affected by alcohol exposure in human monocytes. Importantly, inhibition of
the ERK MAPK, using a specific inhibitor PD98059, in chronic alcohol exposed monocytes
resulted in inhibition of chronic alcohol induced increase in LPS-induced TNF-α production
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(Fig. 5C) indicating an important role for ERK MAPK in inflammatory cytokine production
after chronic alcohol exposure in human monocytes.

Differential regulation of IκB-NFκB activation by acute vs chronic alcohol exposure in
monocytes

NFκB activation is a major regulator of LPS-induced inflammatory cascade signaling. LPS
induced IKK kinase activation culminates in rapid degradation of cytoplasmic IκBα (8).
LPS stimulation of human monocytes revealed decreased IκBα in the cytoplasmic extracts
suggesting that NFκB activation was accompanied by IκBα degradation (Fig. 6). As shown
previously by our group (19, 20), our results in this study confirm that IκBα levels remained
low in LPS plus acute alcohol exposed monocytes even though IKK kinase activity was
reduced in these cells (Fig. 4). Interestingly, chronic alcohol exposure for 4 –7 days
followed by LPS stimulation resulted in decreased IκBα levels in the cytoplasm, indicating
that IKK kinase activation may induce IκBα degradation in chronic alcohol-exposed
monocytes. These results suggest that while acute alcohol-induced IκBα degradation could
be independent of IKK kinase, chronic alcohol-induced IκBα degradation is dependent on
IKK kinase activity.

LPS-induced IκBα degradation results in NFκB translocation, DNA binding, and
transactivation of target genes such as TNF-α (8). When acute alcohol was combined with
LPS, LPS-induced NFκB binding activity was significantly decreased in monocytes exposed
to alcohol for 1 h (Fig. 7A). However, chronic alcohol exposure of monocytes (4 –7 days)
resulted in a significant increase in LPS-induced NFκB activation (Fig. 6A). These results
indicate that the opposite effects of acute and chronic alcohol on IRAK-1 and IKK kinase
activation extend to differences in NFκB DNA binding activity in human monocytes.

Transcription of proinflammatory cytokine genes is controlled by binding of specific
transcription factors in the promoter of target genes. NFκB, a pivotal transcription factor
binds in the promoter region of the TNF-α gene and initiates transcription (18). Because we
found modulation of NFκB binding activity, we wanted to evaluate whether alcohol affects
NFκB promoter-driven transcriptional activity. Transient transfection of the NFκB-driven
luciferase reporter in control RAW 264.7 cells or cells exposed to alcohol for 4 days, a time-
point showing enhanced NFκB binding in human monocytes, was chosen. Fig. 7B shows
that LPS stimulation significantly induced NFκB-mediated luciferase reporter activity.
Furthermore, as reported earlier (20), exposure of 25 mM alcohol for up to 24 h or 1 day
followed by LPS resulted in a significant reduction of the NFκB-mediated luciferase
reporter activity. However, transfection of chronic alcohol-exposed RAW 264.7 cells
showed a significant increase in LPS-induced NFκB-mediated luciferase activity (Fig. 7B).
These results propose that acute and chronic alcohol exposure modulates NFκB binding
activity as well as transactivation suggesting a pivotal role for NFκB in regulating TNF-α
expression during alcohol exposure.

Alcohol metabolizing enzymes such as CYP2E1 play an important role in oxidative stress
related liver injury (29) and is directly involved in production of reactive oxygen species.
Human monocyte-derived macrophages induce CYP2E1 in response to alcohol treatment at
a level lower than the liver cells but similar to other extrahepatic tissues (30). Reactive
oxygen species generation due to CYP2E1 has been shown to directly affect NFκB
activation, and this could influence inflammatory cytokine gene expression (31). Because
chronic alcohol induces NFκB activation, using 4-methyl pyrazole, a pharmacological
inhibitor of CYP2E1 and cyanamide, an aldehyde dehydrogenase inhibitor we determined
whether alcohol metabolism was involved in this effect. Fig. 7C shows that chronic alcohol
exposure over a period of 7 days moderately induced CYP2E1 in human monocytes.
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Inhibition of alcohol metabolizing enzymes using 4-methyl pyrazole and cyanamide
however, did not affect chronic alcohol-induced NFκB DNA binding activity (Fig. 7D) and
LPS-induced TNF-α levels (Fig. 7E), suggesting that although chronic alcohol induces
CYP2E1 in human monocytes, the effect of alcohol on NFκB regulation is CYP2E1
independent.

Discussion
Studies on acute alcohol-induced immunosuppression leading to increased susceptibility to
infections and chronic alcohol-mediated liver disease have indicated a key role for innate
immune cells. In vivo studies in mouse models have shown that while chronic alcohol
increases sensitivity of macrophages to LPS (7), acute alcohol in human peripheral blood
monocytes decreases LPS-mediated proinflammatory cytokines (14). The precise
intracellular signaling molecules involved in reversing the acute immunosuppressive effects
of alcohol to a hyperinflammatory state are not well understood. In this study, for the first
time using human peripheral blood monocytes, we demonstrate the signaling molecules
involved in acute alcohol-induced hyporesponsiveness to LPS and chronic alcohol-mediated
sensitivity of monocytes to subsequent LPS stimulation. Our results show that the primary
target of alcohol is IRAK-M, a negative modulator of LPS signaling, that is involved in the
opposite effects of acute and chronic alcohol on the LPS-induced signaling pathway (Fig. 8).
Acute alcohol exposure of monocytes appears to induce hyporesponsiveness to LPS by
increasing IRAK-M levels. However, chronic alcohol exposure decreases IRAK-M levels
resulting in sensitization to subsequent LPS stimulation. IRAK-M thus serves as a molecular
switch to convert an acute alcohol-induced anti-inflammatory phenotype to chronic alcohol-
induced hyperinflammatory phenotype. Our results revealed that mechanisms involved in
acute alcohol-induced LPS hyporesponsiveness involve decreased IRAK-1 and IKK kinase
activity, decreased MAPK-ERK activation, and reduced NFκB activation independent of
IκBα degradation. In contrast, reduced IRAK-M after chronic alcohol exposure of
monocytes was associated with increased IRAK-1 and IKK kinase activity, increased
MAPK-ERK activity, and IκBα-dependent NFκB activity (Fig. 7). These effects of acute or
chronic alcohol exposure were found to be independent of CD14 and TLR4 surface
expression, indicating that alcohol exclusively alters intracellular signaling molecules to
exert its effect on proinflammatory cytokine expression.

The influence of acute and chronic alcohol exposure on innate immune cells from peripheral
blood monocytes to tissue macrophages originating from spleen, lungs, and liver can be
diverse. Earlier studies have shown that sterilization of the gut with antibiotics abrogated the
in vivo effects of acute alcohol on Kupffer cells, indicating that circulating endotoxin played
a key role in the effects of alcohol (32). Furthermore, in vivo acute alcohol exposure of
murine Kupffer cells show decreased responsiveness to LPS, and this has been related to
decreased IRAK expression, reduced NFκB activity (33), and decreased intracellular Ca2+

concentration (32). Subsequent studies also revealed that acute in vivo ethanol exposure of
Kupffer cells increased CD14 expression through a mechanism dependent on AP-1
activation (34). In addition, splenic and alveolar macrophages exposed to a single dose of in
vivo alcohol followed by ex vivo stimulation of LPS showed a significant decrease in
proinflammatory responses and impaired phagocytic function, likely due to inhibition of
pattern recognition receptors and down-stream MAPK (36). In our studies, acute alcohol did
not affect surface expression of LPS receptors, CD14, and TLR4, whereas LPS-mediated
signaling was altered in peripheral blood human monocytes.

In addition to down-regulation of LPS receptors, negative regulators of LPS signaling play
an important role in LPS hyporesponsiveness (37). Negative regulators such as IRAK-M,
SOCS-1, A20, and Tollip affect LPS signaling at different levels (37) and are important in
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LPS hyporesponsiveness and sensitization. Although IRAK-M and SOCS-1 directly inhibit
LPS-induced IRAK-1 kinase activity, Tollip affects IL-1 receptor-associated IRAK-1 kinase
and A20 directly inhibits IKK kinase and NFκB activation (37). Recent studies have shown
that up-regulation of IRAK-M is essential for hyporesponsiveness to a second endotoxin
stimulus in Kupffer cells (26). In this study, we show that acute exposure of human
monocytes to alcohol for up to 1 day results in increased IRAK-M mRNA and protein
levels. Previous studies from our laboratory have shown that acute in vivo and in vitro
alcohol induces SOCS-1 expression to affect proinflammatory cytokine signaling (38).
Increased IRAK-M levels were accompanied by decreased LPS-induced IRAK-1 (17) and
IKK kinase activity and decreased NFκB binding along with IκBα degradation. Acute
alcohol exposure not only decreased NFκB DNA binding but also reduced its transactivation
potential. This is in agreement with previous data showing that acute alcohol promotes DNA
binding of the NF-κB p50/p50 homodimer that has minimal transactivational capacity (39).
NFκB dimers are released from their complex with IκB proteins followed by their
translocation to the nucleus. Although acute alcohol reduced NFκB binding activity with
ongoing IκBα degradation, IRAK-1 and IKK kinase activity were suppressed by acute
alcohol in monocytes. Our earlier results also show that acute alcohol exposure affects
NFκB p65 phosphorylation via modulation of IKK kinase to result in altered NFκB binding
and TNF-α expression (20) in human monocytes. Conflicting reports show either a down-
regulation or no change in ERK, JNK, and p38 MAPK activity during LPS
hyporesponsiveness in macrophages (40, 41). In our experiments, acute alcohol selectively
reduced ERK MAPK levels with no significant effect on JNK and p38 MAPK. Our results
overall indicate that, similar to the in vivo effects of acute alcohol on Kupffer cells (32),
short-term alcohol exposure induces an “LPS hyporesponsive” state in human blood
monocytes resulting in suppressed TNF-α production. Additionally, acute alcohol exposure
could lead to LPS hyporesponsiveness in human peripheral blood monocytes limiting
inflammation and favoring an increased susceptibility to infections similar to that described
in septic shock patients (42).

In contrast to acute alcohol, chronic alcohol exposure of human monocytes induced
sensitization to LPS resulting in increased TNF-α expression. Exposure of monocytes to
alcohol from 4 to 7 days shows a gradual increase in NFκB activation as well as TNF-α
production. These results are consistent with the hypothesis that prolonged alcohol sensitizes
to LPS as has been proposed in alcoholic liver disease wherein alcohol-induced increase in
gut-derived endotoxin results in increased proinflammatory cytokine induction (43). Several
studies have shown that Kupffer cells treated with chronic alcohol in vitro or in vivo were
highly sensitive to LPS and showed increased TNF-α production (44). Chronic alcohol-
induced sensitization in Kupffer cells to LPS has been attributed to increased IRAK kinase
expression and activity and in part due to increased CD14 expression (33). Our studies
demonstrated that chronic alcohol exposure of human monocytes decreases IRAK-M
expression and increases IRAK-1 kinase activity without changes in CD14 and TLR4
expression. This is consistent with studies where monocytes from patients with advanced
cirrhosis showed that up-regulation of TNF-α production was due to increased IRAK kinase,
increased NFκB activity, and less IκBα protein levels, a lack of IRAK-M induction, and
decreased TLR4 expression (45). Previous studies in monocytes have shown that IFN-γ and
granulocyte/monocyte CSF can prevent or reverse decreased responses to LPS by inhibition
of IRAK kinase degradation and promoting its association to MyD88 without any effect on
IRAK kinase activity (46). Considering that chronic alcohol exposure of human monocytes
resulted in increased IRAK-1 kinase activity and up-regulation of IKK kinase activity
leading to augmentation of LPS-induced NFκB binding and TNF-α expression in our
experiments, it cannot be ruled out that chronic alcohol increases IFN-γ production by
circulating T and NK cells in vivo to influence this hyperactivity of monocytes and
increased inflammation. This possibility awaits further investigation. However, in our
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experiments, chronic alcohol alone exhibited inhibition of IRAK-M at the mRNA and
protein level in monocytes even in the absence of other cell types. Recent studies show that
using a human monocytic cell line Mono Mac 6 cells, chronic alcohol increased activation
of the TNF-α promoter and its production and this was dependent on activation of the TRIF-
IRF3 pathway (47). Whereas chronic alcohol-induced NFκB activation observed in our
studies could occur via the MyD88-IRAK-1 pathway, a role for its activation via the TRIF-
IRF3-TBK-1 pathway cannot be ruled out.

Unlike monocytes and Kupffer cells, chronic alcohol ingestion decreased TNF-α production
(48) in alveolar macrophages that was related to oxidative stress, decreased glutathione
availability, and decreased GM-CSF receptors (35). Because GM-CSF has been shown to
result in loss of TLR tolerance, it is tempting to speculate that the persistent TNF-α
hyporesponsiveness of alveolar macrophages after chronic alcohol use could be related to
the decreased GM-CSFR signaling (35).

Although the role of MAPK regulation in LPS hyporesponsiveness of monocytes and
macrophages have been established (38, 39), there are no studies indicating a role for ERK,
JNK, and p38 MAPK in increased sensitization to LPS. In this study, we show that prior
chronic alcohol exposure for 7 days selectively increases subsequent LPS-induced ERK
MAPK activation that contributes to the increased LPS-induced TNF-α production after
chronic alcohol treatment. This was suggested by the observation that a specific ERK kinase
inhibitor could prevent the chronic alcohol-induced increase in TNF-α production. Similar
to chronic alcohol-exposed Kupffer cells (49), these studies indicate an important role for
ERK MAPK kinases in addition to increased NFκB activity in chronic alcohol exposed
human monocytes. We also found that chronic alcohol exposure does not affect p38 and
JNK MAPK. It appears that reduced IRAK-M plays a pivotal role in down-stream activation
of IRAK-1 kinase and subsequent activation of IKK and ERK-MAPK in chronic alcohol
induced TNF-α production in human monocytes. The precise mechanisms of IRAK-M
reduction by chronic alcohol exposure of human monocytes will be explored in future
studies.

Although alcohol itself has direct effects on cell function and signaling molecules, products
of its metabolism have also been implicated in immunomodulatory effects (29, 50). In our
experiments, CYP2E1, a major metabolizing enzyme of alcohol in macrophages was slightly
up-regulated by chronic and not by acute alcohol treatment. Interestingly, alterations in
NFκB binding activity and TNF-α production were independent of CYP2E1 activation,
suggesting that the modulatory effects of alcohol on LPS signaling were direct and not due
to its metabolites.

In summary, our studies indicate that alcohol-mediated regulation of IRAK-M, a negative
regulator of LPS signaling expressed in monocytes, may be responsible for the switch from
a LPS hyporesponsiveness after acute alcohol exposure to reprogramming to increased TNF-
α gene expression after chronic alcohol exposure. Thus, it is evident from these studies that
the length of alcohol exposure and the resulting immune phenotype of peripheral blood
monocytes could set the stage for increased susceptibility to infections or contribution to
alcoholic liver injury.
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FIGURE 1.
Acute alcohol decreases but chronic alcohol treatment of human monocytes increases LPS-
induced TNF-α production. A, Human monocytes were exposed to 25 mM alcohol (Et) from
1 to 7 days followed by LPS (100 ng/ml) treatment for 18 h and detection of TNF-α in the
cell-free supernatants by ELISA. Mean values of TNF-α (pg/ml/106 cells) ± SE from a total
of ten individuals are shown (compared with LPS; *, p < 0.001). B, LPS (100 ng/ml)
treatment for 3 h and TNF-α mRNA determination by real-time PCR using specific TNF-α
primers as described in Materials and Methods. The bar graph represents fold induction of
mRNA ± SE (compared with LPS; *, p < 0.01; **, p < 0.001; n = 6).
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FIGURE 2.
Alcohol alters IRAK-M and IRAK-1 levels without any effect on CD14 and TLR4
expression. A, Human monocytes were either exposed to 25 mM alcohol (Et) for 1 day
(acute) or 7 days (chronic), stained with CD14 and TLR4 Abs, and analyzed by flow
cytometry. Iso-type IgG Abs were used as negative controls. B, Human monocytes were
exposed to 25 mM alcohol for 7 days (Chr) followed by LPS (100 ng/ml) for 15 min.
Immunoprecipitation (IP) of the cytoplasmic extracts with IRAK-1 Ab in lysis buffer was
conducted as described in Materials and Methods. The kinase assay was performed with
MBP (myelin basic protein) as substrate. The proteins were separated on SDS-PAGE and
the gel depicts the 32P-phosphorylated MBP. Equal protein in the IP samples was
determined by immunoblotting (WB) with IRAK-1 Abs. The bar graph below represents the
cpm incorporated in the substrate as measured by scintillation counter. (compared with unst;
*, p < 0.01; compared with LPS; **, p < 0.05; n = 4). C, Human monocytes were exposed to
25 mM alcohol (Et) for 1 day (Ac) or 7 days (Chr) followed by LPS (100 ng/ml) treatment
for 6 h and IRAK-M mRNA determination by real-time PCR using specific IRAK-M
primers as described in Materials and Methods. The bar graph represents fold induction of
mRNA ± SE (compared with unst; *, p < 0.01; compared with LPS; **, p < 0.02; n = 4). D,
Monocytes were exposed to 25 mM alcohol (Et) for 1 day (Ac) or 7 days (Chr) followed by
LPS (100 ng/ml) treatment for 24 h and IRAK-M protein levels determined by
immunoblotting using anti-IRAK-M Abs as described in Materials and Methods. Equal
loading of protein is demonstrated using an internal control anti-β-actin Ab.
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FIGURE 3.
IRAK-M expression regulates TNF-α during alcohol exposure. A, Raw macrophages
(control cells) were transfected with control siRNA (scr) and IRAK-M-specific siRNA and
after 48 h exposed to 25 mM alcohol followed by LPS for 6 h. Total RNA extracts were
analyzed for IRAK-M mRNA by real time PCR and bar graph (upper panel) represented as
percentage of IRAK-M gene expression (compared with control; *, p < 0.009). Whole cell
lysates in the presence or absence of LPS for 6 h were analyzed for IRAK-M protein by
Western blot analysis (middle panel) and supernatants analyzed for TNF-α production by
ELISA (lower panel). Mean values of TNF-α (pg/ml/106 cells) ± SE from three experiments
are shown (compared with control siRNA; #, p < 0.007; **, p < 0.01). B, Raw 264.7
macrophages were exposed to chronic alcohol for 7 days, transfected with either control
vector or IRAK-M overexpression vector (Origene) for 36 h and treated without (inset
graph) or with LPS for 6 h. Whole cell lysates were subject to Western blotting using anti-
IRAK-M (upper panel) Ab and supernatents were analyzed for TNF-α by ELISA (lower
panel). Mean values of TNF-α (pg/ml/106 cells) ± SE from a three experiments are shown
(compared with vector control; *, p < 0.01; **, p < 0.001).
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FIGURE 4.
Acute alcohol decreases whereas chronic alcohol increases LPS-induced IKK kinase activity
in human monocytes. Human monocytes were exposed to alcohol (Et) for 1 day (Ac) or 7
days (Chr) followed by stimulation with LPS (100 ng/ml) for 15 min. IP of the cytoplasmic
extracts with IKKβ Abs in lysis buffer was followed by kinase assays using the GST-IκBα
as substrate as described in Materials and Methods. The proteins were separated on SDS-
PAGE and the gels depict the 32P-phosphorylated GST-IκBα. Equal protein loading in the
input samples was determined by immunoblotting with β-actin Ab. The bar graph represents
the cpm incorporated in the substrate as measured by scintillation counter. (compared with
unst; *, p < 0.05; compared with LPS; #, p < 0.05; **, p < 0.01; n = 3).
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FIGURE 5.
Inhibition of MAPK-ERK activation by acute alcohol whereas chronic alcohol increases
phospho-ERK levels in monocytes. Monocytes were exposed to 25 mM alcohol (Et) for 1
day (Ac) or 7 days (Chr) followed by LPS (100 ng/ml) treatment for 15 min. A, Total and
phospho-ERK, phospho-p38 and phospho-JNK protein levels determined by
immunoblotting using anti-specific phospho-antibodies as described in Materials and
Methods. B, Mean density units ± SE of the phospho-ERK bands from a total of six
individuals is shown. (compared with LPS; *, p < 0.05; #, p < 0.02, n = 6). C, Monocytes
were exposed to 25 mM alcohol (Et) for 7 days (Chr) followed by incubation with ERK
inhibitor (PD98059, 50 μM) for 4 h and stimulation with LPS (100 ng/ml) for 18 h. Cell-free
supernatants were collected and assayed for TNF-α in an ELISA. The data are represented
as mean ± SE (compared with LPS; **, p < 0.001; compared with Chr Et plus LPS; *, p <
0.02, n = 6).
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FIGURE 6.
Alcohol exposure, acute and chronic, promotes LPS-induced IκBα degradation in
monocytes. Monocytes were exposed to alcohol for 1 (Ac), 4, and 7 days followed by
simulation with LPS (100 ng/ml) for 60 min. Cytoplasmic extracts were prepared and
immunoblotted with total IκBα Ab. The bar graph represents mean density units ± SE from
a total of six individuals (compared with LPS; *, p < 0.02, n = 6).
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FIGURE 7.
Opposite effects of acute and chronic alcohol exposure on NFκB binding activity is
independent of alcohol metabolism in human monocytes. A, Monocytes were exposed to
alcohol for 1 (Ac), 4, and 7 days followed by simulation with LPS (100 ng/ml) for 60 min.
NFκB was detected in the nuclear extracts by EMSA using a 32P-labeled double-stranded
NFκB oli-gonucleotide. The bar graph shows mean density ± SE of a total of six individuals
(compared with LPS; *, p < 0.01). B, RAW 264.7 macrophages were exposed to alcohol (Et)
for 1 (ac) or 4 days (chr) and then transiently transfected with NFκB reporter gene
constructs carrying five tandem copies of the NFκB binding site in front of the firefly
luciferase gene and the Renilla luciferase construct. At 24 h after transfection, cells were
treated with LPS (100 ng/ml) for 8 h. Cells were then lysed to determine firefly luciferase
activity and normalized to the Renilla luciferase activity. The bar graph represents fold
activation of the luciferase gene as compared with the unstimulated control of a total of three
experiments. (compared with LPS; *, p < 0.01; **, p < 0.02, n = 3). C, Monocytes were
exposed to 25 mM alcohol (Et) for 1 to 7 days and CYP2E1 protein levels determined by
immunoblotting using anti-CYP2E1 Abs as described in Materials and Methods. The bar
graph represents mean density ± SE of a total of six individuals. D, Monocytes were
exposed to alcohol for 7 days along with 4-methyl-prazole or cyanamide followed by
stimulation with LPS (100 ng/ml) for 60 min. NFκB was detected in the nuclear extracts by
EMSA using a 32P-labeled double-stranded NFκB oligonucleotide. The bar graph shows
mean density ± SE of a total of six individuals (compared with unst; *, p < 0.001; compared

Mandrekar et al. Page 20

J Immunol. Author manuscript; available in PMC 2013 December 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with LPS; **, p < 0.001). E, Monocytes were exposed to 25 mM alcohol (Et) for 7 days
(Chr) along with 4-methyl-prazole or cyanamide followed by stimulation with LPS (100 ng/
ml) for 18 h. Cell-free supernatants were collected and assayed for TNF-α in an ELISA. The
data are represented as mean ± SE (compared with LPS; *, p < 0.001, n = 6).
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FIGURE 8.
Alcohol, based on the length of exposure, alters IRAK-M to differently regulate LPS
signaling in human monocytes. Acute alcohol exposure induces whereas chronic alcohol
decreases IRAK-M in human monocytes to either reduce or augment activity of down-
stream LPS signaling molecules IRAK-1, IKK, ERK, and NFκB, and finally TNF-α
production, respectively.
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