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Abstract

Alcohol consumption interferes with innate immunity. In vivo EtOH administration suppresses cytokine responses induced
through Toll-like receptor 4 (TLR4) and inhibits TLR4 signaling. Actually, EtOH exhibits a generalized suppressive effect on sig-
naling and cytokine responses induced by through most TLRs. However, the underlying mechanism remains unknown. RAW264.7
cells were treated with LPS or co-treated with EtOH or with lipid raft-disrupting drugs. TNF-a production, IRAK-1 activation, and
CD14 partition were evaluated. EtOH or nystatin, a lipid raft-disrupting drug, suppressed LPS-induced production of TNF-a. The
suppressive effect of EtOH on LPS-induced TNF-a production was additive with that of methyl-b-cyclodextrin (MCD), another
lipid raft-disrupting drug. EtOH interfered with IRAK-1 activation, an early TLR4 intracellular signaling event. Cell fractionation
analyses show that acute EtOH altered LPS-related partition of CD14, a critical component of the LPS receptor complex. These
results suggest a novel mechanism of EtOH action that involves interference with lipid raft clustering induced by LPS. This mem-
brane action of EtOH might be one of the mechanisms by which EtOH acts as a generalized suppressor for TLR signaling.
� 2005 Elsevier Inc. All rights reserved.
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Alcohol consumption interferes with innate immu-
nity. Acute EtOH has been found to cause suppression
of pro-inflammatory cytokines and inhibition of neutro-
phil chemotaxis and activation [1,2]. Rodents receiving
acute alcohol administration become more susceptible
to a wide range of pathogens [3–6]. Mammalian Toll-
like receptors (TLRs) are key innate immune receptors
responsible for recognizing pathogen-associated molecu-
lar patterns, which represent conserved molecular fea-
tures of a given microbial class. Bacterial LPS is the
natural ligand for TLR4. TLRs activate signaling path-
ways that are critical for triggering innate immune re-
sponses to microbial challenge [7,8]. Recent results
from a few laboratories (including ours) indicate that
in vivo EtOH administration suppresses cytokine re-
sponses induced through TLR4 [9–11] and inhibits
TLR4 signaling [12–14]. Actually, EtOH exhibits a
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generalized suppressive effect on signaling and cytokine
responses induced through most TLRs [9]. However, the
underlying mechanism remains unknown.

The suppression of innate immune responses by alco-
hol in rodent models is no doubt a systemic manifesta-
tion. There is evidence that the suppressive effect of
EtOH does not require cellular metabolism of EtOH
to acetaldehyde via alcohol dehydrogenase [15,16]. An
interaction of EtOH or acetaldehyde with circulating
corticosterone is not involved in EtOH-mediated atten-
uation of LPS-stimulated iNOS or TNF-a production
in the lung [15,16]. So, it is reasonable to focus on the
direct effect of EtOH on cells in vitro at physiological
concentrations, rather than investigate potential indirect
mechanisms.

Since the 1970s there have been many study results
suggesting a membrane site of action for alcohol and re-
lated drugs [17]. Acute EtOH increases membrane fluid-
ity [18–20] and influences the function of membrane
proteins in vitro [21–23]. Recently, a model of innate
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immune recognition of bacterial LPS has been pro-
posed, in which the ligation of CD14 by LPS and the
recruitment of multiple signaling molecules to lipid rafts
are the basis for cellular activation by LPS [24,25]. The
key question is whether EtOH suppresses TLR4 signal-
ing by subtle alterations of lipid rafts that affect parti-
tioning of important proteins (such as CD14) among
these membrane regions.

In this study, we demonstrate that acute EtOH alters
LPS-related partition of CD14 (a key component of the
TLR4 receptor complex) in lipid raft fractions. This
interferes with an early TLR4 intracellular signaling
event and suppresses LPS-induced TNF-a production
by the RAW264.7 murine macrophage cell line. This
effect is additive with the suppressive effect of methyl-
b-cyclodextrin (MCD), a lipid raft-disrupting drug,
suggesting a common mechanism of action.
Materials and methods

Materials. Cell culture media and supplements were purchased
from Gibco. Lipopolysaccharide from Escherichia coli (E. coli) sero-
type 0128:B12, protease inhibitor cocktail, HRP-conjugated cholera
toxin B subunit, methyl-b-cyclodextrin, and nystatin suspension were
purchased from Sigma. A mouse TNF ELISA kit was purchased from
BD Pharmingen. Rabbit Polyclonal anti-IRAK-1 (H-273), anti-CD14
(M-305), and horseradish peroxidase-conjugated goat anti-rabbit IgG
were obtained from Santa Cruz Biotechnology.

Cell culture and measurement of TNF-a. The RAW264.7 macro-
phage-like cell line was obtained from the American Type Culture
Collection and cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS) and penicillin–streptomycin at 37 �C
and 5% CO2. For experiments, RAW264.7 cells were seeded at 3 · 105/
ml in 24-well plates. After incubation for 16–24 h, cells were treated
with 100 ng/ml LPS (serotype 0128:B12, Sigma) with or without EtOH
at various concentrations from 0.05 to 0.4%(wt/vol). TNF-a levels in
cell culture medium were measured with the Mouse TNF ELISA kit
3 h after treatments, according to the manufacturer�s protocol.

Raft fractionation by sucrose density gradient centrifugation. Raft
fractions were prepared by sucrose density gradient centrifugation and
defined according to Ganglioside GM1 distribution essentially as de-
scribed previously [26]. RAW264.7 cells were grown to subconfluency
in a 150 mm dish and treated with LPS (100 ng/ml) or LPS plus EtOH
(0.4% wt/vol) in complete medium for 15 min. All the subsequent steps
were performed on ice. The monolayer was rinsed with phosphate-
buffered saline (PBS) and scraped with a rubber policeman in 4 ml
PBS. The cells were collected by centrifugation and lysed in 2 ml TNE/
Triton X-100 buffer (20 mM Tris–Cl [pH 7.4], 1 mM EDTA, 140 mM
NaCl, and 0.5% TX-100) with protease inhibitor (Sigma) for 30 min.
The lysates were homogenized by passage 10 times through a 25G 5/8
inch needle. After centrifugation at 800g for 10 min at 4 �C, equal
amounts of post-nuclear supernatants from different treatment groups
were brought to 40%(wt/vol) with sucrose by mixing with an equal
volume of 80% sucrose in TNE without TX-100. A discontinuous
sucrose density gradient was made in ultracentrifuge tubes by
sequential layering of 3 ml of 60% sucrose, 3.6 ml of the cell lysates
adjusted to 40% sucrose, 2 ml of 30% sucrose, 1.2 ml of 20% sucrose,
and 1 ml of 10% sucrose all in TNE buffer. The gradients were cen-
trifuged at 39,000 rpm at 4 �C for 18–21 h in an SW41 rotor (Beck-
man). Fractions of 1 ml each were collected from the bottom of the
tubes. The GM1 distribution pattern was detected with CTxB-HRP by
dot blot using a 2 ll sample from each fraction. Total proteins in each
fraction were concentrated by TCA precipitation for detecting CD14
by Western blot.

TCA precipitation. Trichloroacetic acid (TCA) solution was added
to each fraction to reach a final concentration of TCA equal to 10%.
The samples were vortexed briefly and incubated for over 30 min on
ice. After the proteins were precipitated, the samples were microcen-
trifuged for 15 min at 12,000g at 4 �C. Then the pellets were washed
with 1 ml of ice-cold acetone (kept in the freezer at �20 �C) and air-
dried. In the first experiment, the same volume of cell lysates from each
group was subjected to fractionation. In the second experiment, cell
lysates containing equal amounts of protein were subjected to frac-
tionation. After fractionation and TCA precipitation, air-dried sam-
ples were resuspended in equal volumes of sample loading buffer. An
equal volume from each sample was used for SDS–PAGE (see next
section). Because the two methods of sample preparation described
here yielded very similar results, the data from these two experiments
were pooled for analysis (see Results).

Western blots. A whole cell lysate was used for IRAK-1 analysis
and concentrated protein in sucrose gradient fractions was used for
CD14 analysis. Protein concentrations were determined using the
microplate version of the BCA protein assay (Pierce). Equal amounts
of protein (10–20 lg for detecting IRAK-1) were separated by 7.5%
SDS–PAGE gel and blotted onto a PVDF membrane (Bio-Rad).
Nonspecific binding sites were blocked with 5% non-fat milk in wash
buffer (20 mM Tris–HCl, pH 7.6, 0.05% Tween 20, and 150 mM
NaCl). The membrane was incubated with the primary antibody in
5% non-fat milk containing wash buffer overnight at 4 �C, followed
by incubation with the secondary antibody conjugated to the HRP at
room temperature for 1 h. The membrane was washed again and
proteins were visualized by using the ECL chemiluminescence
detection kit (Amersham). A BioRad Versa Doc 3000 imaging system
was used to obtain the digital images. The volume analysis (mean
intensity · area) of bands was determined using Quantity 1.1
software.

Statistical analysis. Differences between the means of groups were
analyzed by one-way ANOVA followed by LSD post hoc test. Most of
the analyses were performed with SPSS 11.0 software. Gaussian dis-
tribution analysis was done by Prism 4.0 software.
Results

EtOH has similar effects on LPS-induced production

of TNF-a as two known lipid raft-disrupting drugs

RAW264.7 cells, initially derived from Balb/c mice
infected with Abelson leukemia virus, are extremely sen-
sitive to LPS [27]. Many of the responses of activated
macrophages to LPS have been observed in cultured
RAW264.7 cells [28]. As shown in Fig. 1A, LPS induced
a dramatic increase of TNF-a production by RAW264.7
cells 2 or 4 h after treatment. Either EtOH or nystatin, a
lipid raft-disrupting drug, can suppress induction of
TNF-a production, and this is more prominent at 4 h
after treatment. The results shown in Fig. 1B indicate
that another lipid raft disrupting drug, methyl-b-cyclo-
dextrin (MCD), also suppressed LPS-induced TNF-a
production. When EtOH and MC were both included
in cultures, the effects were concentration-dependent
and approximately additive (Fig. 1C) until near maxi-
mal levels of suppression were attained at the higher
concentrations of both compounds. Additive effects of



Fig. 1. Suppressive effect of nystatin, methyl-b-cyclodextrin (MCD),
EtOH, and combinations of EtOH and MCD on LPS-induced produc-
tion of TNF-a by RAW264.7 cells. (A) After 16–24 h of incubation of
RAW264.7 cells, EtOH (0.4% wt/vol), nystatin (60 lg/ml), and LPS
(100 ng/ml) were added directly to the culture medium at time 0. Cell
culture medium taken at 2 and 4 h was analyzed using an ELISA kit for
TNF-a. Results shown are means ± SEM (n = 4 wells/group). Values
significantly different from the LPS group are indicated by ** (P < 0.01).
(B) EtOH andMCDwere added directly to the culturemedium at time 0
and the cell culture medium was taken at 3 h for TNF-a measurement
using an ELISA kit for TNF-a. Values significantly different from the
LPS group are indicated by * (P < 0.05) or ** (P < 0.01). (C) Inhibitory
rate (%) of LPS-induced TNF-a production by EtOH and/or MCD,
based on results of (B). Concentrations of EtOH: (a) 0.05%(wt/vol);
(b) 0.1%; (c) 0.2%; and (d) 0.4%. Concentrations of MCD: (a) 1 mM;
(b) 2.5 mM; (c) 5 mM; and (d) 10 mM. Concentrations of EtOH plus
MCD: (a) 0.05%(wt/vol) + 1 mM; (b) 0.1% + 2.5 mM; (c) 0.2% + 5
mM; and (d) 0.4% + 10 mM.
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this type are consistent with a common mechanism of
action for ethanol and MCD in this system.

Acute EtOH inhibits LPS-induced IRAK-1 activation

To determine if there is a correlation between
altered signaling with suppressed TNF-a production in
RAW264.7 cells, IRAK-1 degradation was evaluated.
IRAK-1 is normally phosphorylated just after ligand-
induced interaction of the adapter molecules with the
TLRs [29], and this contributes to subsequent signaling
events. The hyper-phosphorylation of IRAK-1 triggers
its ubiquitination and degradation, which is an excellent
indicator of activation of early events in TLR4 signaling
[29,30]. Data shown in Fig. 2 demonstrate that IRAK-1
is constitutively expressed in untreated RAW264.7 cells
and acute EtOH at 0.4%(wt/vol) partially prevents the
LPS-induced IRAK-1 degradation. Alteration of degra-
dation of IRAK-1 suggests that EtOH affects an early
step in TLR signaling. We have previously reported sim-
ilar results for acute EtOH in vivo in mice [31].

Acute EtOH alters the LPS-induced distribution pattern

of CD14-containing fractions

Because the ligation of CD14 by LPS and the recruit-
ment of multiple signaling molecules within the lipid
rafts are the basis for cellular activation by LPS
[24,25], the distribution of CD14 in lipid raft fractions
was investigated. CD14 is a 55-kDa glycosyl phosphati-
dylinositol-linked protein [32], which resides constitu-
tively within rafts [33–35]. As seen from Fig. 3A, lipid
rafts are mainly in fractions 9 and 10 and, to a lesser
Fig. 2. Acute EtOH inhibits LPS-induced IRAK-1 activation.
RAW264.7 cells were treated with LPS (100 ng/ml) with or without
EtOH (0.4% wt/vol) for 30 min and whole cell lysates were prepared
for IRAK-1 analysis using Western blot. (A) Western blot. (B) The
bands were compared quantitatively by the Quantity One software
package (Bio-Rad). The volume of each band (Y axis) refers to the
mean value of the intensity times the area. Differences between the
group means were analyzed by one-way ANOVA followed by LSD
post hoc test using SPSS 11.0 software. Statistically significant
differences are indicated by * (P < 0.05).



Fig. 3. Acute EtOH alters the LPS-induced distribution pattern of
lipid raft fractions containing CD14. GM1 ganglioside distribution in
gradient fractions was detected with CTxB-HRP (Sigma) by dot blot
using a 2 ll sample from each fraction (A). RAW264.7 cells were
treated with LPS (100 ng/ml) with or without EtOH (0.4% wt/vol) for
15 min. Equal amounts of protein samples from different treatment
groups were subjected to discontinuous sucrose density gradient
centrifugation. Raft fractions of the lysates defined according to the
GM1 distribution pattern (as seen in A) were concentrated by TCA
precipitation and the same proportion of protein sample in each
fraction was taken for detection of CD14 using Western blot (B). (C–
E) Mean ± SEM for densitometry analysis of the CD14 band in each
fraction of two independent experiments done using the Quantity One
software package (Bio-Rad). (F) Gaussian analysis of the distribution
pattern of fractions of each treatment done by Prism 4.0 software. The
95% confidence intervals for these distributions demonstrate that the
distribution for the LPS group is significantly different from that for
the naı̈ve group, but the distribution for the LSP plus EtOH group is
not significantly different from naı̈ve.
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extent, fractions 8 and 11, according to the dot blot sig-
nal intensity of the lipid raft marker, ganglioside GM1.
Subconfluent RAW264.7 cells were left untreated (Naı̈ve
group), treated with LPS (100 ng/ml) (LPS group), or
treated with EtOH (0.4% wt/vol) along with LPS
(LPS + EtOH) for 15 min. The cold lysate was subjected
to discontinuous sucrose density gradient centrifuga-
tion. GM1 distribution patterns were the same among
groups, which indicates that EtOH does not affect the
buoyancy of lipid rafts in general (data not shown). Raft
fractions defined according to the GM1 distribution pat-
terns were concentrated by TCA precipitation for detec-
tion of CD14 (Fig. 3B). Without any treatment, CD14
appears mostly in fraction 9. LPS induces the peak
CD14 signal shift to fraction 10 while EtOH prevents
this shift. Gaussian distribution analysis showed that
the distribution patterns of CD14 in fractions of Naı̈ve
group and LPS plus EtOH group are overlapping while
the LPS treatment alone causes an obvious shift of the
distribution pattern of CD14 in fractions. Apparently,
EtOH blunted LPS-induced redistribution of CD14
from less buoyant lipid raft fractions to more buoyant
lipid raft fractions, which is correlated with the suppres-
sive effects of EtOH on LPS-induced IRAK-1 activation
and TNF-a production.
Discussion

Alcohol consumption has long been recognized as a
risk factor for infections. Previous study results in our
laboratory and other laboratories have clearly demon-
strated that acute EtOH (EtOH) interferes with the in-
nate immune response. One important cellular
mechanism responsible for the impairment of innate
immunity by acute alcohol treatment is suppression of
TNF-a production by mononuclear phagocytes [36–
41]. The suppressive effect of EtOH found from this in
vitro study is similar to the suppressive effect of acute
EtOH administration on cytokine responses induced
by TLR ligands in vivo [10,31,42].

The effects reported here occurred at relevant EtOH
concentrations. The experiment on the distribution of
CD14 in lipid rafts involved the highest concentration
of EtOH (0.4%), primarily because of the limited sensi-
tivity of the methodology, which can only detect rela-
tively large differences in density, due to the 10%
interval in the discontinuous sucrose gradient. This con-
centration of EtOH is clearly high with regard to human
blood levels, but it is not rare [43]. The other results sug-
gest that the effects noted are dose-responsive, with sig-
nificant changes at much lower EtOH concentrations.
The use of RAW264.7 cells allowed consistent and
reproducible populations, which are necessary for lipid
raft studies. These cells have been very widely used as
a model system to understand a wide variety of macro-
phage functions at the molecular level. In addition,
EtOH has been reported to suppress LPS-induced cyto-
kine production by a wide variety of macrophage types
in vivo and in vitro, and by RAW264.7 and other mac-
rophage-like cell lines [12–14,16,38,40]. This suggests
that this particular effect of EtOH is not dependent on
the type of macrophage and that it occurs similarly in
normal macrophages and in macrophage-like tumor
cells.

It is generally accepted that rafts can be both positive
and negative regulators, probably by means of control-
ling physical recruitment or sequestration of proteins in-
volved in activating and suppressing signaling [44].
There is ligand-specific receptor clustering in lipid rafts
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upon LPS stimulation of monocytes. Our study found
that acute EtOH actually alters the LPS-induced lipid
raft partition pattern of CD14 in RAW264.7 cells as
analyzed by Gaussian distribution. CD14 of naı̈ve group
and LPS plus EtOH group have similar Gaussian distri-
bution pattern while that of LPS group is substantially
different (as indicated by the 95% confidence intervals).
It is becoming apparent that lipid rafts are heteroge-
neous both in terms of their protein and their lipid con-
tent [35,45]. It is probable that LPS-induced receptor
clusters are heterogeneous in nature due to the recruit-
ment of co-receptors as well as the interacting lipids sur-
rounding those molecules. The different buoyant density
reflects the heterogeneous nature of CD14 containing
fractions. From this point of view, EtOH may interfere
with receptor clustering, which causes the alteration of
CD14 partitioning in the process of LPS recognition.
Alternatively, EtOH may cause subtle changes in the li-
pid portion of rafts, causing changes in clustering or
sequestration of proteins within rafts.

Early in the 1970s, McCreery found a close correla-
tion between membrane solubility and intoxicating
potency for a variety of alcohols and other intoxicant-
anesthetics, indicating a membrane site of action for
alcohol and related drugs [17]. Later studies demon-
strated that acute EtOH increases membrane fluidity
[18–20]. In this study, we provide the first biochemical
evidence that acute EtOH alters the LPS-induced distri-
bution pattern of CD14 in lipid raft fractions. However,
the results also indicate that rafts are not grossly altered
by EtOH, and the nature of the subtle changes that
affect CD14 distribution is not clear.

If this effect of EtOH contributes to the inhibition of
signaling and TNF-a production, it would be expected
that other lipid raft disrupting drugs would have similar
effects. In this study, we used two commonly used lipid
raft-disrupting drug, nystatin, a polyene antibiotic [46],
and MCD. They are sterol binding reagents and have
their effect by sequestering and depleting membrane
cholesterol, which is crucial for formation and mainte-
nance of Triton X-100-resistant membrane domains
[47]. Both agents suppress LPS-induced TNF-a produc-
tion. EtOH and MCD have linear concentration-depen-
dent inhibitory effects on LPS-induced TNF-a, and
these effects are approximately additive. This suggests
similar modes of action. These results do not definitively
establish that EtOH-induced alteration of distribution
of CD14 into lipid rafts is responsible for disrupted sig-
naling and cytokine production, but the results are con-
sistent with this possibility. The finding of similar effects
of two structurally distinct drugs known to act by dis-
rupting lipid rafts and of additive effects of EtOH and
one of these drugs strengthens this possibility. The idea
that EtOH acts at a very early stage of LPS signaling is
also supported by our observation that IRAK-1 degra-
dation is decreased (Fig. 2).
The results of the present study do not necessary pre-
clude other mechanisms of action that have been pro-
posed by others. For example, Zhao et al. [16]
demonstrated that EtOH suppresses LPS-induced TNF
secretion by inhibiting interactions between TNF and
its converting enzyme. The regulation of inflammatory
cytokine production is very complex. TNF-a induced
by LPS is controlled at transcriptional, post-transcrip-
tional, and post-translational levels [48]. Alteration of li-
pid rafts could conceivably affect most of these levels of
regulation by altering cell surface-mediated events.
However, it is also possible that additional distinct
mechanisms exist that are not related to alterations in li-
pid rafts. Further studies are needed to address this
issue.
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