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Abstract
Binge ethanol (EtOH) consumption suppresses inflammatory responses and resistance to infection,
but paradoxically it is associated with increased levels of acute phase proteins (which are indicators
of inflammation) and an increased risk of inflammation mediated pathologies such as cardiovascular
disease and cirrhosis of the liver. The latter effect may be mediated by increased translocation of
bacteria leading to activation of toll-like receptor 4 (TLR4). In this study, the dose-response and time
course of the effects of EtOH alone or EtOH in conjunction with a TLR 4 agonist (LPS) were
evaluated in mice. Ethanol alone at a dosage of 6 g/kg induced an acute phase response (as indicated
by ELISA for serum amyloid A and serum amyloid P) that was maximal 24 hr after dosing. Lower
dosages of EtOH did not have this effect but did suppressed the acute phase response to LPS and the
production of IL-6 up to 3 hr after dosing. EtOH at 6 g/kg did not induce an acute phase response in
C3H/HeJ (TLR4 mutant) mice, indicating that this response is mediated through TLR4. These results
provide a resolution for the apparently paradoxical pro- and anti-inflammatory actions of EtOH with
regard to acute phase responses.

Keywords
ethanol; cardiovascular disease; inflammation; acute phase response; animal model

Introduction
Results from a number of studies indicate that consumption of moderate amounts of ethanol
decrease the risk of heart disease (Stewart 2002;Imhof & Koenig 2003;de Lange et al. 2004).
The beneficial effects of moderate ethanol consumption may result from ethanol's effect on
inflammation. Ethanol alters concentrations of acute phase proteins in human subjects, and
these are among the most stable and predictive inflammatory markers with regard to
cardiovascular disease (Imhof et al. 2001). Non-drinkers and heavy drinkers have elevated
levels of C-reactive protein (CRP, a major acute phase protein in humans) as compared to
moderate drinkers (Imhof et al. 2001;Stewart 2002;Volpato et al. 2004). The pattern of drinking
may be as important as the amount, and binge drinking is associated with an increased risk of
cardiovascular disease (Britton & McKee 2000). Although it may seem that this is merely a
matter of suppression of inflammation by ethanol at low dosages and enhancement at high
dosages, the situation is more complex. For example, many experimental studies in animals
(Kolls et al. 1995;Vinson et al. 1998) and a few in human subjects (Gluckman & MacGregor
1978) indicate that binge EtOH consumption is anti-inflammatory for at least a few hours after
high dosages. However, excessive consumption of EtOH by humans is associated with
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increased risk of conditions that are basically inflammatory in nature such as cirrhosis of the
liver and cardiovascular disease. Resolving this apparent paradox was the major goal of this
study.

Acute phase proteins can be induced by the binding of certain foreign ligands to toll-like
receptors (TLRs) (Michelsen et al. 2004). TLRs are transmembrane receptors that normally
bind to microbial components such as lipopolysaccharide (LPS) and subsequently activate a
signaling pathways that lead to production of cytokines, some of which can induce an acute
phase response (Michelsen et al. 2004). In particular, TLR4, which recognizes LPS, is closely
associated with cardiovascular disease (Arroyo-Espliguero et al. 2004;Michelsen et al. 2004).
Therefore, it was of interest to determine the role, if any, for TLR4 (and hence for LPS) in any
increases in acute phase proteins that may be associated with ethanol consumption.

One cytokine (IL-6) and two acute phase proteins (serum amyloid A and serum amyloid P,
SAA and SAP) were selected for evaluation in this study. Activation of acute phase responses
by a variety of stimuli (including LPS) is mediated largely by stimulation of the production of
IL-6 (though other pro-inflammatory cytokines are upregulated to compensate in its absence),
which then stimulates hepatocytes to produce acute phase proteins and release them into the
circulation (Fattori et al. 1994). SAA is a representative acute phase protein that is conserved
between human and mouse. Mouse SAP is a structural analog of and has considerable sequence
homology with human CRP, and these two proteins are quantitatively the major acute phase
proteins in mice and humans, respectively (Bottazzi et al. 2006).

Experimental studies of the relationships between ethanol consumption and acute phase
responses in humans are severely limited by ethical considerations, and epidemiological studies
have inherent limitations with regard to clearly establishing cause-effect relationships and
detailed mechanisms. Therefore, it is surprising that the effects of ethanol and the role of
ethanol-mediated increases in circulating LPS in the induction or suppression of acute phase
responses have been examined in very few studies in an animal model (as indicated by lack of
references identified in PubMed using the search terms: rats or mice, acute phase or serum
amyloid A or P, and ethanol). Results reported here with a mouse model were consistent with
results of human epidemiological studies, indicating that high dosages of ethanol induce an
acute phase response that peaks at 24 hr, after the initial suppression of inflammation. However,
low dosages do not induce an acute phase response but do inhibit acute phase responses induced
by other stimuli.

Methods
Mice and treatments

Female B6C3F1 mice were obtained from Charles River Labs through the National Cancer
Institute's Animal Program. Female mice for evaluation of the role of TLR4 were C3H/OuJ
(wild type TLR4) and C3H/HeJ (mutant, hyporesponsive TLR4) were obtained from Jackson
Labs (Hopkins et al. 1996). All mice were used at 8-12 weeks of age, and they were housed
under specific pathogen free conditions in an AAALAC accredited facility. All animal
procedures were done in accord with the NIH Guide and with LSU Health Sciences Center
policies.

Mice were given ethanol as a 32% solution in tissue culture grade water (Sigma Chemical Co.)
by oral gavage. This mouse model for binge drinking has been used for several years in this
laboratory (Han et al. 1993;Han & Pruett 1995;Carson & Pruett 1996;Weiss et al. 1996;Wu &
Pruett 1997;Collier & Pruett 2000). The peak blood ethanol concentration induced by various
dosages of ethanol in this model have been determined: 6 g/kg, 0.5%; 5 g/kg, 0.4%; 4 g/kg,
0.2%; 3 g/kg, 0.15%; 2 g/kg, 0.1% (Carson & Pruett 1996). However, it should be noted that
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ethanol is cleared 2-3 times faster in mice than in humans (Carson & Pruett 1996). Therefore,
the total exposure (expressed as area under the concentration vs. time curve) for mice will be
less than for humans at an equivalent peak blood level. Consequently, a higher peak level must
be attained in mice than in humans to provide equivalent total exposure. Even the upper range
of blood levels in this mouse model (0.4-0.5%) is not rare in human beings (Urso et al.
1981). In some experiments, some groups of mice were given LPS (from Escherichia coli
0128:B5 from Sigma Chemical Co.) at 25 μg/mouse, intravenously. At the end of each
experiment, mice were anesthetized and bled to obtain serum, which was then analyzed for
IL-6 or acute phase proteins.

ELISA for IL-6, Serum Amyloid A protein (SAA), and Serum Amyloid P protein (SAP)
The serum concentration of IL-6 and SAA was determined using ELISA kits from BD
Pharmingen and Biosource International, respectively, exactly according to manufacurer's
instructions.

An ELISA was used that takes advantage of the affinity of SAP for trinitrophenol (TNP)
(Serban & Rordorf-Adam 1986). The wells of flat bottom 96 well microtiter plates were coated
with a solution of keyhole limpet hemocyanin-TNP (Biosearch Technologies, Catalog No.
T-5060-5) at 10 μg/ml in 0.1 M sodium carbonate buffer, pH 9.6. Samples were diluted in a
buffer containing calcium (necessary for binding of SAP to TNP) (1.42 g of Tris hydroxymethyl
aminomethane hydrochloride (Fisher Scientific Cat. No. BP153-1), 0.109 g of tris
hydroxymethyl aminomethane (Fisher Scientific Cat. No. BP154-1), 8.49 g NaCl, and 0.74 g
of calcium chloride per liter). The standard was purified mouse SAP (Calbiochem, Cat. No.
565193), and standards and samples were diluted in the sample buffer and diluted appropriately
before being added to the coated plate. Wells were washed 4 times between each reagent using
sample buffer with 0.2% bovine serum albumin (Sigma Chemical Co.). This buffer was also
used for antibodies. After one hour of incubation with standards and samples, plates were
washed and sheep anti-mouse SAP antibody (Alpha Diagnostic International, Cat. No. SAP14-
S) diluted 1/10000 was added to all wells (except blanks). After a 1 hr incubation and 4 washes,
a peroxidase conjugated anti-sheep Ig at 1/5000 was added to the wells. After 1 hr of incubation
and 4 washes, Tetramethylbenzidine (TMB) substrate (Sigma Prod. No. T8665) was added to
the wells. After color developed, 50 μl of stop solution (2 N H2SO4) was added to each well.
This method was based on a previously published procedure (Serban & Rordorf-Adam
1986).

Statistical evaluation of results
In experiments in which more than two groups needed to be compared, analysis of variance
followed by Newman-Keul's post hoc test was used to compare each group to every other
group. This was done using Prism 4.0 software (GraphPad, San Diego, CA), and the test for
the normality of the data implemented by Prism did not indicate significant deviations from
normality in the data shown here. Experiments in which 2 groups were compared were analyzed
by a two-tailed, unpaired Student's t test (also using Prism 4.0).

Results
EtOH at 6 g/kg induces the production of SAA in a time-dependent manner

As shown in Figure 1, EtOH by gavage at 6 g/kg caused a significant increase in SAA measured
beginning as early as 3 hr after dosing, peak levels are noted at 24 hr, and values had returned
to normal by 48 hr. On the basis of this result, 24 hr was selected as the time for analysis of
SAA and SAP in subsequent experiments. Basal levels of SAA shown here are comparable to
those reported by others (1-5 μg/ml) (Lindhorst et al. 1997).
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EtOH at 6 g/kg but not at 3 g/kg induces the production of SAA and SAP
Results shown in Figure 2 indicate that EtOH at 6 g/kg significantly increased SAA and SAP
levels measured 24 hr after EtOH administration. However, EtOH at 3 g/kg did not have this
effect, suggesting that the induction of an acute phase response by EtOH is dose-dependent.
In a previous study, we reported that a 32% solution of EtOH at 7 g/kg caused obvious
hemorrhaging and necrosis over broad areas of the stomach and duodenum in mice. EtOH at
6 g/kg (the concentration used in this study as well) caused only minor and sporadic
hemorrhage, and lower dosages caused no detectable histological changes (Carson & Pruett
1996). However, this may be sufficient to allow LPS or other microbial components into the
circulation and induce an acute phase response.

The SAA response to EtOH at 6 g/kg is mediated through toll-like receptor 4 (TLR4)
Results shown in Figure 3 indicate that C3H/OuJ mice, which have a functional wild-type
TLR4, responded to EtOH at 6 g/kg with a substantial increase in the concentration of SAA
measured 24 hr after EtOH treatment. In contrast, C3H/HeJ mice, which have a mutant
hyporesponsive TLR4, did not respond with a significant increase in SAA under the same
conditions. These results indicate that TLR4 is important in the acute phase response induced
by EtOH administration. The major ligand for TLR4 is bacterial lipopolysaccharide (LPS)
(Hirschfeld et al. 2000), so these results suggest a role for LPS, which has previously been
implicated in liver diseases associated with EtOH consumption (Bode & Bode 2005). However,
there is evidence that other ligands can also act through TLR4, so the role of LPS cannot be
considered definitively established. The concentration of SAA was greater in C3H/OuJ mice
than in previous experiments with C3H/HeN × C57Bl/6 mice (Figures 1 and 2). Although the
cause of this difference is not certain, strain differences in the acute phase response to LPS
have been reported (Mortensen et al. 1983).

EtOH dose-responsively inhibits LPS-induced IL-6 production and production of acute phase
proteins at 3 hr after administration

Results shown in Figure 4 indicate that EtOH at 3-6 g/kg significantly suppresses the IL-6
response to LPS (25 μg/mouse) as well as the acute phase response (indicated by SAA and
SAP) 3 hr after LPS administration. The trend was generally dose-responsive, but there was
less inhibition at 6 g/kg than at the next lower dosage. This may reflect simultaneous inhibition
of response and induction of response as noted in Figure 1 at 3 hr in mice treated with EtOH
only at 6 g/kg. Inhibition of LPS-induced IL-6 production by EtOH was observed at 2 hr (Figure
4, lower panel) and 3 hr (Figure 4, upper panel), but not at later times (Figure 4, lower panel).
The concentration of IL-6 was almost undetectable by 8 hr. Thus, the inhibition of production
of the cytokine that is primarily involved in induction of the acute phase response is short-
lived, whereas the effects of EtOH alone on the acute phase response peaks much later (Figure
1). We did not evaluate the effects of EtOH on LPS-induced SAA production at later time
points, because we wanted to evaluate IL-6 as well as SAA levels, and LPS-induced IL-6
production decreases to background levels by 8 hr after dosing, with a peak at 2 hr. Because
SAA and SAP are induced primarily by IL-6, we wanted to focus on these early time points.
The results are consistent with the idea that EtOH inhibits SAA and SAP production in part
by inhibiting IL-6 production.

Discussion
As noted in the Introduction, there have been very few previous reports of the effects of ethanol
on acute phase responses in mice or rats. However, one study does indicate that the rate of
synthesis of acute phase proteins, but not the concentration of these proteins in blood is
suppressed by ethanol in a rat model using turpentine to induce the acute phase response
(Nadkarni & Pestonjamasp 1985). These results are difficult to compare with the results in the
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present study because none of the same acute phase proteins were examined in the two studies.
To our knowledge the present report is the first report of the effects of EtOH on an LPS-induced
acute phase response.

Previous studies in rodent models have demonstrated that acute EtOH administration generally
suppresses inflammatory responses associated with resistance to infection (D'Souza et al.
1995;Greenberg et al. 1995;Mason et al. 1997). However, it has also been reported that EtOH
consumption is associated with increases in inflammatory processes associated with liver
disease (Bode & Bode 2005) and cardiovascular disease (Britton & McKee 2000). The results
presented in the present study indicate that both of these effects can occur in response to the
same treatment (EtOH at 6 g/kg). For example, EtOH at 6 g/kg activates an acute phase response
6-24 hr after administration in a manner that is TLR4-dependent. Although other ligands may
be involved, it is likely that the major ligand involved in this activation is LPS. This would be
consistent with previous reports indicating increased LPS in the circulation following EtOH
consumption (Bode & Bode 2005). A comparison of results in Figures 1 and 4 indicates that
EtOH alone and LPS alone at 3 hr after administration yield 486 and ∼65,000 ng/ml of SAA
in the serum, respectively. Both of these responses are highly significant compared to untreated
controls, but this difference suggests that the amount of LPS exposure due to increased
intestinal permeability after acute ethanol, is much less than the amount administered in Figure
4. This is not surprising, because 25 μg is a substantial dose for of LPS for mice. Thus, our
working hypothesis is that ethanol causes minor tissue damage in the upper gastrointestinal
tract (Carson & Pruett 1996) which allows LPS from resident bacteria access to the circulation,
leading to production of cytokines such as IL-6 that stimulate production of acute phase
proteins in the liver.

However, we also noted that the same dosage of EtOH can inhibit the acute phase response
induced by exogenous LPS when evaluated 3 hr after treatment. Also, the cytokine most often
implicated in the induction of acute phase responses (IL-6) is only inhibited by EtOH for 3 hr,
with no inhibition evident at 4 hr (Figure 4). This would seem to at least partially resolve the
paradox that has been discussed for many years that excessive consumption of EtOH both
suppresses inflammation in some situations and contributes to inflammation in others. In
particular, it is interesting that the peak appearance of acute phase proteins occurs at 24 hr,
well after EtOH would have been cleared (Carson & Pruett 1996). Thus, suppression of
inflammation may predominate at lower dosages of EtOH, which do not induce an acute phase
response, and increased inflammation or acute phase responses may predominate following
higher dosages, but only after the EtOH is cleared. The duration of suppression (3 hr) is much
less than the duration of the acute phase response (beginning at 6 hr and ending by 48 hr), so
it would be expected that the net effect of high dosages of EtOH over a long period of exposure
is to increase rather than decrease acute phase responses and inflammation.

Most studies involving EtOH and LPS in rodents have involved relatively long term exposures
with EtOH in the drinking water or in a liquid diet preparation. The maximum EtOH
concentration in these studies is about 20%. These studies are clearly relevant with regard to
alcohol-dependent persons who do not primarily drink distilled beverages (with an EtOH
content greater than 20%). However, there are many more binge drinkers than alcohol-
dependent chronic drinkers (Wechsler et al. 2000), and many of these individuals drink distilled
beverages (which have a high percentage of EtOH). Thus, a model is needed to reflect both
the gastrointestinal damage associated with drinking EtOH at high concentrations and the
suppressed inflammatory response that has been characterized in humans. The model described
here seems to fill this need.
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Figure 1.
Effects of EtOH at 6 g/kg on the Acute Phase Protein SAA in mice. EtOH treated mice were
given 32 % EtOH solution by oral gavage at 6 g/kg. Vehicle treated mice received a volume
of water by oral gavage corresponding to a 6 g/kg dose of 32 % EtOH solution. The naive
group received no treatment. At the time points indicated, the mice were bled, and the SAA
concentrations were determined by ELISA. The results shown are means ± SEM for groups of
5 mice each. These results were obtained in two separate experiments (30 min, 1 hr and 2 hr;
6 hr, 24 hr, and 48 hr).
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Figure 2.
Effects of EtOH at 3 g/kg and 6 g/kg on SAA and SAP. EtOH treated mice were given 32 %
EtOH solution by oral gavage at 3 or 6 g/kg. Vehicle treated mice received a volume of water
by oral gavage corresponding to a 6 g/kg dose of 32 % EtOH solution. The naive group received
no treatment. Mice were bled 24 hr after EtOH administration, and SAA and SAP
concentrations were determined by ELISA. The results shown are means ± SEM for groups of
5 mice each.
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Figure 3.
Role of TLR4 in the acute phase response to EtOH. EtOH treated mice were given 32 % EtOH
solution by oral gavage at 5 g/kg. Vehicle treated mice received a volume of water by oral
gavage corresponding to a 5 g/kg dose of 32 % EtOH solution. At 24 hr, the mice were bled,
and the SAA concentrations were determined by ELISA. The results shown are means ± SEM
and the group size for the vehicle groups was 3 and the group size for the EtOH groups was 7.
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Figure 4.
EtOH dose-responsively inhibits SAA production in response to LPS (25 μg/mouse, iv) at 3
hr (in the upper panels), and the duration of the suppression of IL-6 is relatively brief (lower
panel). Mice were treated with EtOH (using a 32 % EtOH solution by oral gavage) to achieve
the indicated dosages. Vehicle treated mice received a volume of water by oral gavage
corresponding to a 6 g/kg dose of 32 % EtOH solution. The naive group received no treatment.
The mice were bled, and the SAA and IL-6 concentrations were determined by ELISA. The
results shown are means ± SEM for groups of 5 mice each.

Pruett and Pruett Page 11

Alcohol. Author manuscript; available in PMC 2007 January 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


