
6

to have increased levels of plasma cytokines (Crews et al.), including pro-inflammatory 

cytokines such as TNF-! and IL-6 (Romeo et al., Yang et al.).  It is believed that after alcohol 

consumption, LPS is translocated from the gut into portal circulation, activating the many 

Kupffer cells (macrophage-like cells) in the liver (Asai et al.).  This leads to the production of 

pro-inflammatory cytokines that enter the bloodstream and travel to other organs, including the 

brain, to induce further inflammation (Fig. 5).  This alteration of cytokine levels may contribute 

to alcoholic pathologies such as liver disease, immune deficiency, and neurodegeneration 

(Yamashina et al., Crews et al.).   

 

Fig. 5  Alcohol permeabilizes the gut, allowing the release of LPS into circulation.  LPS activates the 

TLR4 signal transduction pathway, leading to inflammation in multiple tissues. 

(image courtesy of Yuri Blednov) 
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However, alcohol’s impact on the immune system is complex and not yet fully 

understood.  The purpose of this study was to better understand how the immune system reacts to 

LPS that is translocated from the gastrointestinal tract as a result of alcohol drinking.  While it 

has been shown that pretreatment with a binge dosage (5 g/kg) of alcohol leads to an enhanced 

inflammatory response to LPS (Qin et al.), it is not clear how chronic voluntary alcohol 

consumption affects the cytokine response to LPS.  While LPS is a potent immune system 

stimulator, it has been shown that repeated exposures to LPS (as we hypothesize would be 

experienced with chronic alcohol drinking) lead to a diminished immune response.  This 

phenomenon, termed “endotoxin tolerance” or “microbial tolerance”, is thought to be a 

protective mechanism that prevents excessive inflammation, which can lead to septic shock 

(Medvedev et al.). 

We hypothesized that endotoxin tolerance would develop from repeated exposures to 

LPS released from the gut as a result of chronic alcohol drinking.  Therefore, if given  an 

injection of LPS,  a mouse that has experienced chronic alcohol should already show tolerance, 

as a result of the prior exposure to the LPS translocated from the gut.  To study this, we first had 

to determine the normal immune responses to LPS.  We treated C57Bl/6 mice, an inbred strain of 

mice known to drink large quantities of ethanol (Rhodes et al.) with a single injection of LPS, 

which we expected to produce a large inflammatory response, as the body would see the 

pathogenic LPS as a sign of infection.  We evaluated the immune response by measuring the 

levels of IL-6, a representative pro-inflammatory cytokine, in the liver and in the brain, tissues 

known to experience inflammation in response to LPS (Crews et al.).  To determine the IL-6 

response to repeated exposures of LPS, mice were given 3 injections of LPS and the IL-6 levels 

were measured after the final injection.  We expected to see a blunted IL-6 response as compared 
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to the mice receiving only one LPS injection, as a result of endotoxin tolerance.  To determine 

the effect of chronic alcohol drinking on the IL-6 response to LPS, we subjected mice to the 

drinking-in-the-dark model of oral self-administration, a drinking model that has been shown to 

produce physiologically relevant blood ethanol concentration levels (Rhodes et al.).  We 

hypothesized that mice given an LPS injection at the end of the drinking course would 

experience a suppressed immune response, as a result of endotoxin tolerance.  We hope that the 

results of this study will help to elucidate alcohol’s impact on the immune system, and in doing 

so, lead to the better understanding and treatment of the diseases associated with alcohol 

consumption.   
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Materials and Methods 

Animals and Treatments 

Naïve C57Bl/6 female mice of at least 2 months of age were randomly assigned to groups 

(n=7 for experimental groups and n=5 for water control group).  Mice were singly caged and had 

ad libitum access to food and water.  Testing rooms were controlled for temperature and 

humidity and were on a 12:12 h light:dark cycle.  Animals were acclimated to a reverse light 

cycle (lights off 10am, light on 10pm) for at least 7 days prior to the start of testing.   

Mice were given either a single i.p. injection of LPS (1 mg/kg, from E.coli 0111:B4, 

Calbiochem 437627), a single i.p injection of saline, 3 i.p injections of LPS (1 mg/kg), or 3 i.p. 

injections of saline.  The repeated injections were given every 4 days to allow recovery from 

weight loss for LPS treated mice.  Mice were sacrificed by cervical dislocation 3 h after the 

single or final injection.  Liver and midbrain tissues were excised, frozen in liquid nitrogen, and 

stored at -80ºC.    

Alcohol drinking mice followed a drinking-in-the-dark (DID) model of alcohol self-

administration based on the paradigm described by Rhodes et al.  Briefly, starting 3 h after lights 

shut off, mice were allowed free access to water and 20% ethanol (vol/vol) for a 3 h period.  On 

the 18
th

 day of DID, mice were given a single i.p. injection of LPS (1 mg/kg) upon completion of 

the 3 h drinking period.  Mice were sacrificed by cervical dislocation 3 h after injection.  Liver 

and midbrain tissues were excised, frozen in liquid nitrogen, and stored at -80ºC until further 

study.     

 

Protein Isolation and Quantification 
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Tissue samples were homogenized in lysis buffer containing a protease inhibitor cocktail 

(Sigma P8340).  Samples were centrifuged at 10 RPM for 10 min at 4ºC to obtain cleared 

lysates.  Protein concentrations were determined using the Bio-Rad RC DC Protein Assay (500-

0116), measured on a Beckman Coulter DTX 880 Multimode Detector at 650 nm.  Data were 

corrected for dilution.  Equal amounts of protein per sample were separated by gel 

electrophoresis on 4-15% gradient polyacrylamide gels and then stained with Coomassie blue 

stain in order to verify protein quality and concentration.      

    

IL-6 Detection 

Il-6 levels were determined using an enzyme-linked immunosorbent assay (ELISA) kit 

(BD Biosciences 550950), measured on a Beckman Coulter DTX 880 Multimode Detector at 

450 nm.  50 µg total midbrain protein and 35 µg total liver protein were loaded per sample per 

well.    

 

Statistical Analysis 

Results are reported as the mean ± S.E.M.  Graphpad Prism software was used for 

statistical analysis.  
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Results 

 

Three hours after i.p. injection of LPS (1 mg/mL) to naïve mice, IL-6 levels in the 

midbrain were significantly (P < 0.0001 – Student’s t-test) elevated as compared to untreated 

control mice and mice given saline injections (Fig 6).  Midbrain IL-6 levels were found to be 353 

± 13 pg IL-6/mg total protein for the untreated group (n = 5), 436 ± 12 pg IL-6/mg total protein 

for the group given one injection of saline (n = 7), and 711 ± 44 pg IL-6/mg total protein for the 

group treated with a single injection of LPS (n = 7).  The liver IL-6 levels were found to be not 

significantly different for the different groups (Fig 7).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6  IL-6 levels in the midbrain (given as pg IL-6/mg total protein) after no treatment, 

one injection of saline, or one injection of LPS (as described in “Materials and 

Methods”).  Values are means ± SEM (n = 5 for water control group and n = 7 for 

experimental groups). ***P < 0.0001 LPS injection vs. saline injection control by 

Student’s t-test. 
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Naïve mice were given 3 intraperitoneal injections of saline or LPS (1 mg/kg) as 

described in “Materials and Methods.”  Those receiving injections of LPS were observed to 

respond with lethargy, diarrhea, reduced food and water intake, and loss of body weight (Fig. 8), 

but symptoms abated by the next injection.  Three hours after the final injection, midbrain IL-6 

levels were determined to be 398 ± 13 pg IL-6/mg total protein for the group given 3 LPS 

injections (n = 7) and 372 ± 13 pg IL-6/mg total protein for the group treated with 3 saline 

injections (n = 7).  These values are not significantly different when compared using the 
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Fig. 7  IL-6 levels in the liver (given as pg IL-6/mg total protein) after no treatment, one 

injection of saline, one injection of LPS, 3 injections of saline, or 3 injections of LPS (as 

described in “Materials and Methods”).  Values are means ± SEM (n = 5 for water 

control group and n = 7 for experimental groups).  Comparisons by Student’s t-test were 

not significant. 
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Student’s t-test.  However, the amount of IL-6 in the midbrain for the group receiving 3 LPS 

injections was significantly decreased (P<0.0001) as compared with the group treated with a 

single LPS injection (Fig. 9).  

 

 

 

 

 

 

 

 

 

 

 

 

Naïve mice were subjected to 18 days of chronic voluntary alcohol consumption 

following the DID protocol as described in “Materials and Methods.”  During this drinking 

period, ethanol consumption and preference increased, as seen in Fig. 10.  On the 18
th
 day, mice 

were given a single LPS injection.  Three hours after injection, midbrain IL-6 levels were 

measured to be 543 ± 47 pg IL-6/mg total protein (n = 7).  This is a significant (P < 0.05) 

decrease as compared (by unpaired t test) to the group receiving a single LPS injection (Fig. 11). 

Change in body weight for mice receiving
repeated LPS injections
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Fig. 8  Change in body weight (grams) for the group receiving 3 injections of LPS.  

Body weight decreased after LPS injection and then recovered. Values are means ± 

SEM, n = 7.  
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Fig. 9  IL-6 levels in the midbrain (given as pg IL-6/mg total protein) after one injection 

of saline, one injection of LPS, 3 injections of saline, or 3 injections of LPS (as 

described in “Materials and Methods”).  Values are means ± SEM (n = 7). ***P < 

0.0001 single LPS injection vs. 3xLPS injections by Student’s t-test. 
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Fig. 10  Ethanol consumption and ethanol preference (given as 2 day averages) 

increase during the 18 day DID period.  
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Fig. 11  IL-6 levels in the midbrain (given as pg IL-6/mg total protein) after one 

injection of saline, one injection of LPS, or one injection of LPS following 18 days of 

DID (as described in “Materials and Methods”).  Values are means ± SEM (n = 7). *P = 

0.0221 single LPS injection vs. 18d DID + single LPS injection by Student’s t-test. 
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Discussion 

 

The translocation of endotoxin from the gut is implicated in many alcoholic pathologies 

(Crews et al., Tang et al.), but it had not yet been shown that chronic voluntary intake of alcohol 

induces LPS release and produces an immune response.  In this study, we aimed to determine if 

the IL-6 response to LPS is changed by experience with chronic alcohol.  It was found that a 

single injection of LPS produced a significant increase in IL-6 in the midbrain 3 hours later but 

not in the liver.  As it has been shown previously that LPS does induce inflammation in the liver 

(Qin et al.), we suspect that our time point missed the inflammation.  We measured IL-6 levels at 

3 hours after injection, but it is possible that the liver cytokines levels had increased and then 

returned to basal levels by then.  Qin et al. showed that LPS induces pro-inflammatory cytokine 

production in the liver within 1 hour, so perhaps we were too late.  The IL-6 response seen in the 

midbrain verifies that the inflammation response is present in the brain, though our study could 

not conclude whether this was a downstream effect of an inflammatory response in the liver or if 

LPS directly activated TLR4 receptors in the brain.   

Repeated LPS injections did not induce an IL-6 response in the midbrain 3 hours after the 

final injection.  The mice had developed tolerance to the multiple exposures of LPS.  18 days of 

voluntary alcohol consumption induced some tolerance to LPS in the midbrain, though not to the 

extent that repeated injections of LPS at 1 mg/kg produced.  This may be as a result of the time 

point used.  We chose to measure IL-6 levels 3 hours after injection because Pruett and Pruett 

saw alcohol-induced suppression of LPS for up to 3 hours after injection.  However, this study 

was done in rats, and mice have faster metabolisms than rats, so 3 hours after injection may not 

have been the optimal time point to see tolerance in mice.  It is also possible that 18 days of 
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chronic drinking was not a long enough period to develop complete tolerance.  Future studies 

optimizing the time point and drinking duration would benefit studies in this area.  

In this study, we showed that chronic voluntary consumption of alcohol leads to the 

development of tolerance to LPS.  This suggests that LPS was released from the gut as a result of 

alcohol drinking and altered the cytokine system such that it had a reduced capacity to respond to 

subsequent LPS challenges.  This alteration in the immune system could impact the body in 

many ways, including its ability to respond to infections and also the motivation to drink.  In the 

future, we would like to determine if the induction of tolerance to LPS increases drinking 

behavior.  While this study has helped to better understand the interaction of alcohol and the 

immune system, more research is necessary to further clarify this relationship and its impact.  
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