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Abstract

Mortality is higher in septic patients with a history of alcohol use disorder than in septic patients 

without a history of chronic alcohol usage. We have previously described a model of chronic 

alcohol ingestion followed by sepsis from cecal ligation and puncture in which alcohol-fed septic 

mice have higher mortality than water-fed septic mice, associated with altered gut integrity and 

increased production of TNF and IFNγ by splenic CD4+ T cells without alterations in CD8+ T cell 

function. The purpose of this study was to determine whether this represents a common host 

response to the combination of alcohol and sepsis by creating a new model in which mice with 

chronic alcohol ingestion were subjected to a different model of sepsis. C57Bl/6 mice were 

randomized to receive either alcohol or water for 12 weeks and then subjected to Pseudomonas 
aeruginosa pneumonia. Mice were sacrificed either 24 hours after the onset of sepsis or followed 

for survival. Alcohol-fed septic mice had significantly higher 7-day mortality than water-fed septic 

mice (96% vs 58%). This was associated with a 5-fold increase in intestinal apoptosis in alcohol-

fed septic animals, accompanied by an increase in the pro-apoptotic protein Bax. Serum IL-6 

levels were higher and IL-2 levels were lower in alcohol-fed septic mice. In contrast, CD8+ T cell 

frequency was lower in alcohol-fed mice than water-fed septic mice, associated with increased 

production of IFNγ and TNF in stimulated splenocytes. No significant differences were noted in 

CD4+ T cells, lung injury or bacteremia. Mice with chronic alcohol ingestion thus have increased 
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mortality regardless of their septic insult, associated with changes in both the gut and the immune 

system.
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INTRODUCTION

Sepsis is life threatening organ dysfunction secondary to a dysregulated host response to 

infection (1). Sepsis is the leading cause of death among critically ill patients in the United 

States with at least 270,000 patients dying annually (2). While mortality from sepsis is high, 

not all patients have the same chance of developing the disease or dying from it, as patients 

with chronic co-morbidities are at significantly higher risk.

Alcohol use disorder represents a serious public health challenge. Alcohol use disorder 

affects nearly 33 million people in the United States, where the lifetime prevalence of 

alcohol abuse is estimated to be 18% (3;4). Notably, deaths from alcohol recently reached a 

35 year high (5).

An estimated 20-40% of patients admitted to the hospital have alcohol use disorder and up 

to one third of patients admitted to the intensive care unit (ICU) have this disease (6–8). 

Septic patients with alcohol use disorder have a higher mortality than septic patients without 

a similar medical history and have increased severity of multiple organ dysfunction (9;10). 

Notably, a recent study of diagnosis trajectories of 120,000 septic patients demonstrated that 

alcohol abuse carries a greater than 2-fold increased risk of death compared to patients 

without co-morbidities (11). Further, alcohol use disorder is associated with an increased 

risk of developing community acquired pneumonia and increased risk of mortality from 

pneumonia in trauma patients by complex mechanisms including impaired alveolar 

surfactant production, barrier integrity and macrophage function (12–15).

In an attempt to develop a pre-clinical model of long-term alcohol use followed by sepsis, 

we previously described a model of chronic alcohol ingestion followed by cecal ligation and 

puncture (CLP) (16;17). Mice with 12 weeks of alcohol ingestion (referred to as alcohol-fed 

hereafter) prior to CLP had a higher mortality than mice who drank water (referred to as 

water-fed hereafter) prior to CLP. This was associated with worsened gut integrity with 

increased intestinal epithelial apoptosis, decreased proliferation, and increased permeability. 

In addition, splenic CD4+ T cells isolated from alcohol-fed septic mice had a marked 

increase in both TNF and IFNγ production following ex vivo stimulation although no 

difference was noted in stimulated cytokine production in CD8+ T cells. In addition, serum 

cytokines were generally similar between alcohol-fed and water-fed septic mice although 

serum IL-6 was lower in alcohol-fed septic mice. Subsequent studies demonstrated that 

alcohol-fed septic mice had delayed T cell activation and effector function (18).

Despite a greater pre-clinical and clinical understanding of sepsis, outside of targeted 

antibiotic therapy, current management of sepsis at the bedside is non-specific, mainly 
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consisting of rapid fluid resuscitation and supportive therapy (19). The etiology of the failure 

of pre-clinical trials to translate to clinical therapy is assuredly multifactorial. However, one 

of the hypothesized reasons for this failure is that animal studies are performed in 

homogenous populations that were healthy prior to the onset of sepsis, whereas septic 

patients are heterogeneous by nature and typically have one or more co-morbidities prior to 

the onset of sepsis (20). Further, the type of co-morbidity and type of sepsis each have a 

profound impact on the dysregulated host response (21;22), and it cannot be assumed that a 

single model of either sepsis or a chronic co-morbidity is fully representative of the 

population at large. In light of existing knowledge on the impact of a) chronic alcohol in 

isolation, b) sepsis in isolation, and c) chronic alcohol followed by CLP, this study aimed to 

understand the interaction between alcohol and sepsis in the setting of a different model of 

sepsis than has previously been studied in the context of chronic alcohol ingestion. Notably, 

the pneumonia model of sepsis is clinically relevant since pneumonia is, the most common 

cause of sepsis, accounting for nearly half of all cases (23), and alcohol use has been shown 

to increase the risk of developing pneumonia in the community (24).

METHODS

Animals

Six week old male and female C57BL/6 mice were purchased from a commercial vendor 

(Jackson Laboratories, Bar Harbor, ME). Animals were allowed to acclimatize for one week 

prior to being randomized to receive water or alcohol ad libidum (details on alcohol feeding 

below) for 12 weeks. After 12 weeks, mice were again randomized to receive sham 

operation or intratracheal injection of P. aeruginosa (details on pneumonia below). Animals 

were sacrificed at 24 hours or were followed 7 days for survival after induction of 

pneumonia. Experiments were performed in accordance with the National Institutes of 

Health Guidelines for the Use of Laboratory Animals and were approved by the Institutional 

Animal Care and Use Committee at Emory University School of Medicine (Protocol 

DAR-2002473-090316BN). To minimize animal suffering, all animals were given a single 

dose of buprenex (0.1mg/kg, McKesson Medical, San Francisco, CA) prior to sham surgery 

or pneumonia. All animals were evaluated twice a day to determine if they were moribund, 

and if they were, they were sacrificed immediately.

Chronic alcohol ingestion model

Mice were equally randomized to receive either alcohol or water. Mice in the alcohol group 

were given alcohol by increasing the concentration from 0% to 20% (volume/volume) over 

the course of two weeks (5% v/v for 5 days, 10% v/v for 5 days, 15% v/v for 5 days) and 

then received 20% v/v for an additional ten weeks. This model is intended to mimic 

moderate chronic alcohol intake based upon alcohol levels, and we have previously shown 

that at the conclusion of 12 weeks of drinking either alcohol or water, mice had similar liver 

histology, gut integrity and renal function (16;17). In addition, body weights were similar 

between mice at the conclusion of 12 weeks of drinking either alcohol or water 

(Supplementary figure 1A). At the conclusion of 12 weeks of alcohol ingestion, mice (n=16) 

had a blood alcohol concentration of 28 mg/dl.
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P. aeruginosa pneumonia

Animals were approximately 19 weeks old at the time of pneumonia induction or sham 

surgery (purchased at six weeks, one week acclimatization, 12 weeks alcohol or water 

feeding). Animals randomized to the pneumonia group received an intratracheal injection of 

P. aeruginosa, the most common cause of Gram negative nosocomial pneumonia. Under 

isoflurane anesthesia, a 1 cm. midline neck incision was created. After separation of the 

strap muscles, the trachea was identified and 40uL of P. aeruginosa (Strain ATCC 27853, 

Manassas, VA) diluted in PBS (2 × 108 CFU/mL) was injected via a 28-gauge syringe (25). 

After installation of bacteria, the animals were held vertically for 10 seconds to improve 

bacterial delivery to the lungs. Animals undergoing sham surgery underwent the identical 

procedure, except they received sterile saline instead of bacteria. The neck was then closed 

in layers. All animals received 1mL subcutaneous normal saline for fluid resuscitation post-

operatively to account for insensible losses. Following recovery from anesthesia, mice 

received ad libidum water regardless of whether they had previously been randomized to 

receive alcohol or water to mimic the clinical scenario in which all patients are given 

hydration in the ICU, but are not given alcohol, regardless of their prior history of alcohol 

intake.

Western blots

Segments of jejunum were snap-frozen in liquid nitrogen at time of sacrifice and stored at 

−80°C. These segments were subsequently weighed and added to 5× volume-to-weight ice-

cold lysis buffer (50 mM Tris HCl; 10 mM EDTA; 100 mM NaCl; 0.5% Triton X-100, 10% 

SDS) that also contained a protease inhibitor cocktail (Complete Mini, EDTA-free, Roche, 

Indianapolis, IN) for tissue homogenization and protein extraction. After homogenization 

and 30 minutes incubating on ice, homogenates were centrifuged at 10,600 × g for 10 

minutes at 4°C. Sample supernatant total protein concentration was determined using the 

Pierce 660 nm protein assay (Thermo Scientific, Rockford, IL). Comparative protein 

analysis was performed using 40 μg of protein which was added to an equal volume of 

Laemmli buffer and then boiled for 5 minutes. Protein was separated by SDS-PAGE on a 

4-15% gradient stain-free gel (BioRad, Hercules, CA) at 120V for 75 minutes. Stain free gel 

technology adds an ultraviolet (UV) tag to all the tryptophan residues in the protein and 

allows for visualization of the protein on the gel after UV activation without requiring 

staining of the gel itself (26). The stain-free gel was activated for 5 minutes and protein was 

transferred to PVDF membranes using a semi-wet method via a Transblot Turbo (BioRad) at 

25V for 10 minutes. After transfer, membranes were blocked in 5% non-fat milk in TBS 

with 0.1% Tween-20 for 1 hour at room temperature. Membranes were then incubated 

overnight at 4°C with rabbit anti-caspase 3 (1:1000), rabbit anti-Bax (1: 1000), rabbit anti-

Bcl-2 (1:1000), rabbit anti-Bid (1:1000), rabbit anti-PUMA (1:1000, all from Cell Signaling 

Technologies, Danvers, MA), rabbit anti-TNFR-1 (1:200) or rabbit anti-Fas-L (1:200, Santa 

Cruz Technologies, Santa Cruz, CA). In the morning after washing in TBS 0.1% Tween-20, 

membranes were incubated for 1 hour at room temperature in anti-rabbit antibody linked to 

horseradish peroxidase (1: 1000, Cell Signaling). Proteins were detected with a 

chemiluminescent system (GE Healthcare, Buckinghamshire, UK) and visualized with a 

charged coupled device (ChemiDoc Touch, BioRad). Resulting bands were analyzed using 

intensity quantification software (ImageLab 5.2, BioRad). Linear dynamic detection range 
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with stain-free technology was used for lane protein normalization and comparisons (27). 

Data are presented as relative protein expression compared to the water-fed sham group 

which was given a value of 1.

Crypt proliferation

Mice received an intraperitoneal injection of 5-bromo-2′deoxyuridine (BrdU, 5 mg/mL 

diluted in normal saline; Sigma-Aldrich, St. Louis, MO) 90 minutes prior to sacrifice to 

label cells in S-phase. Whole intestinal tissue was harvested at sacrifice and paraffin-

embedded. Sections were serially deparaffinized and rehydrated, incubated in hydrogen 

peroxide, exposed to Antigen Decloaker and boiled. Sections were then blocked for 30 

minutes with Protein Block (Dako, Carpinteria, CA) and incubated in a humidified container 

with rat monoclonal anti-BrdU (1:500; Accurate Chemical & Scientific, Westbury, NY) 

overnight at 4° C. Slides were then incubated at room temperature with goat anti-rat 

secondary antibody (1:500; Accurate Chemical & Scientific) for 30 minutes and then 

incubated with streptavidin-horseradish peroxidase (1:500; Dako) for 30 minutes. Samples 

were developed with diaminobenzidine, followed by hematoxylin counterstaining. S-phase 

cells were quantified in jejunal crypts of 100 contiguous well-oriented crypt-villus units.

Intestinal permeability

Five hours prior to sacrifice, animals received an oral gavage of 0.5mL of 22 mg/mL 

fluorescein isothiocyanate conjugated dextran (FD-4, molecular mass 4400D, Sigma-

Aldrich). Whole blood collected at sacrifice was centrifuged at 10,600 × g at 4°C for 10 

minutes. An aliquot of plasma was diluted equally with PBS and the concentration of FD-4 

was determined using fluorospectrometry (Synergy HT, BioTek, Winooski, VT) at an 

excitation wavelength of 485nm and emission wavelength of 528 nm. All samples were run 

in duplicate.

Lung assays

Myeloperoxidase (MPO) activity was measured on snap frozen lung sections. Each sample 

was weighed and mechanically homogenized. Working substrate buffer containing o-

dianisidine (0.167 mg/mL, Sigma) and 3% H2O2 was added to each sample. After addition 

of buffer, absorbance at 460 nm was measured every 30 seconds for each sample over 6 

minutes (Synergy HT, Bio-Tek). MPO activity was calculated as ΔOD/minute (U) per mg of 

lung tissue.

A separate cohort of animals had lung tissue sectioned and stained for H&E. Qualitative 

histopathologic assessment of lung injury was performed by an examiner blinded to sample 

identity.

BAL and blood cultures

Bronchoalveolar lavage (BAL) fluid was obtained by cannulating the trachea with a 22-

gauge catheter, and lavaging the lungs with 1 ml of PBS. Whole blood was collected via 

cardiac puncture into EDTA-lined tubes at the time of sacrifice. Samples were plated and 

serially diluted on sheep’s blood agar plates and incubated at 37°C in 5% CO2. After 24 

hours, colony counts were measured.
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Liver injury

Aspartate aminotransferase (AST) and Alanine aminotransferase (ALT) were measured on a 

Beckman AU480 chemistry auto-analyzer (Beckman Diagnostics, LaBrea, CA) according to 

manufacturer instructions.

Serum cytokines

Whole blood was centrifuged at 10,600 × g for 10 minutes. Plasma cytokine concentrations 

were determined using a multi-plex magnetic bead cytokine assay kit (Bio-Rad) according to 

manufacturer protocol.

Phenotypic flow cytometric analysis

Spleens were harvested and single-cell suspensions were prepared from each animal. 

Samples were stained with anti-CD3 (17A2, Biolegend, San Diego, CA), anti-CD4 (RM4.5, 

BD Bioscience), anti-CD8 (MCD0830, Invitrogen, Waltham, MA), anti-Gr-1 (RB6.8C5, BD 

Pharmingen, San Jose, CA), anti-B220 (RM2630, Invitrogen), anti-CD19 (CD5, Biolegend), 

anti-CD11b (M1-79, Biolegend), anti-CD11c-PE (HL3, eBioscience, Waltham, MA), anti-

MHCII (M5/114.15.2, eBiosciences), anti-F4/80 (BM8, Biolegend), anti-CD25 (PC61, 

Biolegend), anti-FoxP3 (FJK-16S, eBioscience), anti-CD44 (IM7, Biolegend), and anti-

CD62L (MEL-14, eBioscience). Similar techniques were used for flow cytometry on lung 

tissue. Samples were run on an LSR II flow cytometer (BD Biosciences) and analyzed using 

FlowJo software version10.0.7 (TreeStar, Ashland, OR).

Intracellular cytokine staining

Single cell splenocyte suspensions were incubated in RPMI 1640 culture medium and 

stimulated ex vivo for four hours with phorbol 12-myristate 13-acetate (PMA, 30ng/mL) and 

ionomycin (400ng/mL) with Brefeldin-A (10ug/mL) at 37°C. After stimulation, cells were 

stained for the follow extracellular and intracellular markers: anti-CD4 (RM4.5, BD 

Biosciences), anti-CD8 (MCD0830, Invitrogen), anti-TNF (MP6-XT22, BioLegend), anti-

IFNγ (XMG1.2, BD Pharmingen), and anti-IL-2 (5336636, BD Pharmingen). Data were 

analyzed with FlowJo software.

Immune cell apoptosis

Single cell splenic suspensions were processed according to the manufacturer’s instructions 

(BioLegend) for staining of Annexin V (B206041) and 7-AAD (B204597). Cells were also 

stained for all the phenotypic markers described above.

Cytokine blockade

A separate group of septic animals received anti-mouse IFNγ antibody (100uL of 1mg/mL 

solution, clone XMG1.2, BioXcell, West Lebanon, NH), anti-mouse TNF antibody (250uL 

of 1mg/mL solution, clone XT3.11, BioXcell) or isotype control. Anti-IFNγ and isotype 

control were given at the time of pneumonia induction whereas anti-TNF was given at 12 

hours after pneumonia induction based upon published literature on kinetics of production of 

each cytokine (28;29). Animals were then followed 7 days for survival.
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Statistics

Survival studies were analyzed using the log-rank test. Two-way comparisons were tested 

for normality using the D’Agostino-Pearson omnibus normality test. Data with a normal 

distribution were compared using the Students t-test, and data that did not have a normal 

distribution were compared using the Mann Whitney test. Multi-group comparisons were 

analyzed with one-way ANOVA, followed by Tukey post-test. All data were analyzed using 

Prism 6.0 (GraphPad San Diego, CA) and are presented as mean ± SEM. A p value of <0.05 

was considered to be statistically significant throughout.

RESULTS

Mice were first randomized to receive either 12 weeks of ad libitum chronic alcohol 

ingestion or water ingestion. Mice were then randomized again to receive either sepsis via P. 
aeruginosa or sham surgery. This resulted in four groups: a) water-fed sham, b) alcohol-fed 

sham, c) water-fed septic, and d) alcohol-fed septic. Animals were then followed for survival 

or were sacrificed at a single timepoint (24 hours) after either sham surgery or pneumonia.

Effect of chronic alcohol and sepsis on mortality

Mice that were alcohol-fed prior to the onset of sepsis had a significantly higher mortality 

following sepsis than mice that were water-fed prior to the onset of sepsis (96% vs 58%, Fig. 

1).

Effect of chronic alcohol and sepsis on intestinal integrity

Jejunal levels of the apoptotic executioner active caspase 3 were similar in water-fed sham, 

alcohol-fed sham mice and water-fed septic mice (Fig. 2A). In contrast, active caspase 3 

levels were 5.6-fold higher in alcohol-fed septic mice than water-fed septic mice (Fig 2A). 

To delineate the specific pathways contributing to this increase in intestinal apoptosis, 

multiple mitochondrial and receptor-mediated apoptosis pathway proteins were investigated. 

Within the mitochondrial pathway, levels of the pro-apoptotic protein Bax were 6.3-fold 

higher in alcohol-fed septic mice compared to the water-fed septic mice (Fig. 2B). In 

contrast, mitochondrial pathway proteins Bcl-2, Bid, and PUMA were not statistically 

significant different between mice, regardless of whether they received alcohol or were 

septic (Fig 2C–E). Similarly no differences were detected in the receptor mediated pathway 

proteins Fas-L and TNFR-1 (Fig 2F, G).

Alcohol in isolation increased crypt proliferation as the number of BrdU positive cells was 

higher in alcohol-fed sham mice than water-fed sham mice (Fig. 2H). In contrast, sepsis in 

isolation decreased proliferation as the number of BrdU positive cells was lower in water-fed 

septic mice than water-fed sham mice and was also lower in alcohol-fed septic mice than 

alcohol-fed sham mice. Despite alcohol-fed sham mice having higher proliferation than 

water-fed sham mice, there was no difference in the number of BrdU positive cells between 

water-fed septic mice and alcohol-fed septic mice. (Fig. 2H). Neither alcohol nor sepsis (or 

the combination) altered intestinal permeability, although there was a trend toward increased 

permeability in alcohol-fed septic mice (Fig. 2I). Additionally, there was no statistically 
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significant difference in markers of liver injury (AST and ALT) between water-fed septic 

mice and alcohol-fed septic mice (Supplemental figure 1B, C).

Effect of chronic alcohol and sepsis on lung injury and bacteremia

Alcohol, in isolation had no impact on lung neutrophil activation as measured by lung MPO 

(Fig. 3A). In contrast, sepsis from a pulmonary source led to a marked increase in lung 

neutrophil activation as MPO levels were significantly higher in water-fed septic mice than 

water-fed sham mice. There was not a synergistic effect of alcohol to lung injury as lung 

MPO levels were similar between water-fed septic mice and alcohol-fed septic mice. 

Histologic images of lung sections were consistent with these results, with greater 

inflammation and septal wall thickening in septic mice, independent of chronic alcohol 

ingestion (Fig 3B). Similar levels of bacteria were detectable in BAL fluid in water-fed 

septic mice and alcohol-fed septic mice (Fig. 3C). Flow cytometry of lung showed similar 

numbers of CD4+ T cells, CD8+ T cells, neutrophils, macrophages and dendritic cells in 

water-fed septic mice and alcohol-fed septic mice (Supplementary figure 2).

Blood cultures were sterile in sham mice, regardless of whether they drank water or alcohol 

(Fig. 3D). Pneumonia induced bacteremia 24 hours after the onset of sepsis, but this was 

independent of chronic alcohol ingestion as bacterial load was similar between water-fed 

septic mice and alcohol-fed septic mice.

Effect of chronic alcohol and sepsis on serum cytokines

IL-6 levels were higher in alcohol-fed septic mice compared to water-fed septic mice (Fig. 

4A). In contrast, IL-2 levels were lower in alcohol-fed septic mice compared to water-fed 

septic mice (Fig. 4B). No differences were noted in the serum concentration of IL-1β, IL-10, 

IL-13, G-CSF, IFNγ, MCP-1 or TNF between the groups (Fig 4C–I).

Effect of chronic alcohol and sepsis on CD4+ T cells

There was no difference in splenic weights between water-fed septic mice and alcohol-fed 

septic mice (Supplementary figure 1D). Splenic CD4+ T cell frequency was similar in water-

fed and alcohol-fed sham animals. Sepsis induced a decrease in CD4+ T cell frequency as 

percentage of CD4+ T cells was lower in water-fed septic animals than water-fed sham 

animals. However, this was independent of alcohol as there was no difference between in the 

frequency of CD4+ T cells between water-fed septic mice and alcohol-fed septic mice 

(Figure 5A, D).

CD4+ T cell subsets were next evaluated. The frequency of CD44+ CD62L+ central memory 

cells was similar between water-fed sham mice and alcohol-fed sham mice. Sepsis decreased 

CD4+ T central memory cells as frequencies were lower in water-fed septic mice than water-

fed sham mice as well as alcohol-fed septic mice compared to alcohol-fed sham mice. 

However, this was independent of alcohol as no differences were detected between the two 

septic groups (Fig 5B, E). Frequencies of CD4+ CD44+ CD62L− T effector memory cells 

were similar in all four groups of mice (Fig 5C, E). In addition, no differences were noted in 

TNF, IFNγ or IL-2 production when splenic CD4+ lymphocytes were stimulated ex vivo for 

cytokine production (Fig 5 F–H).
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Effect of chronic alcohol and sepsis on CD8+ T cells

Alcohol in isolation decreased splenic CD8+ T cell frequency, which was lower in alcohol-

fed sham mice than water-fed sham mice. Sepsis alone had a similar effect as CD8+ T cell 

frequency was lower in water-fed septic mice than water-fed sham mice. In addition, 

alcohol-fed septic mice had lower CD8+ T cell frequency than water-fed septic mice (Fig 

6A, Fig. 5D).

CD8+ T cell subsets were next evaluated. The frequency of CD44+ CD62L+ central memory 

cells was similar between water-fed sham mice and alcohol-fed sham mice. Sepsis decreased 

CD8+ T central memory cells as frequencies were lower in water-fed septic mice than water-

fed sham mice as well as alcohol-fed septic mice compared to alcohol-fed sham mice. 

However, this was independent of alcohol as no differences were detected between the two 

septic groups (Fig 6B, D). Frequencies of CD8+ CD44+ CD62L− T effector memory cells 

were similar in all four groups of mice (Fig 6C, D). Stimulated CD8+ T cells demonstrated 

an increase in TNF production in alcohol-fed septic mice compared to water-fed septic 

controls (Fig 6E). IFNγ production was decreased in water-fed septic animals compared to 

water-fed sham injected animals, and IFNγ production was increased in alcohol-fed septic 

mice compared to the water-fed septic mice (Fig 6F). Both alcohol in isolation and sepsis in 

isolation decreased IL-2 production from stimulated CD8+ T cells as levels in both alcohol-

fed sham mice and water-fed septic mice were lower than water-fed sham mice. However, 

the combination of alcohol and sepsis was not synergistic as alcohol-fed septic mice were 

not different from either alcohol-fed sham mice or water-fed septic mice (Fig 6G). Since 

TNF and IFNγ production were both higher in stimulated CD8+ T cells of septic alcohol-fed 

animals, each was individually blocked using systemic monoclonal antibodies directed 

against each. Survival was similar in alcohol-fed septic mice regardless of whether they 

received anti-TNF, anti-IFNγ or vehicle (Fig. 6H).

Effect of chronic alcohol and sepsis on frequency of other immune cells

Neither alcohol alone nor sepsis alone altered frequency of CD4+ Foxp3+ regulatory T cells 

(Treg) as levels were similar between water-fed sham mice, alcohol-fed sham mice and 

water-fed septic mice. Treg frequency was higher in alcohol-fed septic mice than alcohol-fed 

sham mice but was not different than water-fed septic mice (Fig 7A). Sepsis decreased the 

frequency of splenic B cells in both water-fed and alcohol-fed mice, but this was 

independent of alcohol as B cell frequency was similar between water-fed and alcohol-fed 

sham mice and water-fed and alcohol-fed septic mice (Fig 7B). No statistically significant 

differences were detected between water-fed septic mice and alcohol-fed septic mice in 

dendritic cells, macrophages or neutrophils (Fig. 7 C–E).

Effect of chronic alcohol and sepsis on immune cell apoptosis

Apoptosis was similar in CD4+ T cells between water-fed and alcohol-fed septic mice (Fig 

8A, C). Apoptosis was higher in central memory CD4+ T cells but was unchanged in 

effector memory CD4+ T cells (Fig. 8D–F). In contrast, apoptosis was slightly lower in 

CD8+ T cells from alcohol-fed septic mice compared to water-fed septic mice (Fig. 8B, C) 

but no differences were noted in either central memory or effector memory CD8+ T cells 

(Fig. 8G–I). Dendritic cell apoptosis was similar between water-fed septic mice and alcohol-
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fed septic mice (Fig. 8J), and there was increased neutrophil apoptosis in alcohol-fed septic 

mice (Fig. 8K).

DISCUSSION

Chronic alcohol ingestion followed by pneumonia-induced sepsis led to higher mortality in 

mice than drinking water prior to the onset of pneumonia-induced sepsis. While both alcohol 

alone and sepsis alone impacted numerous organs, the combination of alcohol and sepsis led 

to synergistic abnormalities in a subset of cells that were greater than could be predicted by 

either variable is isolation. Parameters that were disproportionately altered by alcohol/sepsis 

may represent potential mechanisms explaining why mortality is higher in alcohol/sepsis 

than water/sepsis. In this context, increased mortality in alcohol-fed septic mice was 

associated with increased gut apoptosis (accompanied by elevated Bax levels), elevated IL-6 

levels, decreased IL-2 levels, and lower CD8+ T cell frequency with decreased apoptosis and 

increased TNF and IFNγ production in stimulated CD8+ T cells. In contrast, intestinal 

proliferation, intestinal permeability, lung MPO levels, systemic bacterial burden, CD4+ T 

cells (frequency including subsets and cytokine production), and frequency of other immune 

cells (Treg, B cells, dendritic cells, macrophages or neutrophils) were not different between 

alcohol-fed septic mice and water-fed septic mice.

These results should be interpreted in the context of previous studies of alcohol and sepsis. 

We have previously published on a model of alcohol followed by sepsis using the identical 

chronic ingestion protocol used herein followed by CLP (16–18). Those studies showed a 

similar increase in mortality to that demonstrated by alcohol followed by pneumonia. In 

addition, alcohol-fed mice subjected to CLP had worsened gut integrity (increased intestinal 

apoptosis, increased permeability, decreased proliferation) and changes in splenic CD4+ T 

cells with increased TNF and IFNγ production following ex vivo stimulation. In contrast, no 

difference was noted in stimulated cytokine production in CD8+ T cells, and serum 

cytokines were generally similar between alcohol-fed septic and water-fed septic mice 

(although serum IL-6 was lower in the former) as was liver histology. An additional study of 

alcohol and sepsis by Barros et al. examined male Wistar rats who received four weeks of 

alcohol (5% v/v for the first week, 10% v/v for the other three weeks) followed by 

intraperitoneal injection of feces (30). This study demonstrated a similar marked increase in 

mortality in alcohol-fed septic rats, associated with decreased IL-6 and TNF, decreased 

glucose and increased creatinine (gut and immune endpoints were not examined) between 

rats that drank alcohol alone compared to rats that drank alcohol and then were made septic 

(sepsis alone vs. alcohol plus sepsis was not described). In contrast, no differences were 

detected in IL-4 or IL-13 levels. The same group also examined female Wistar rats using a 

similar model (31) and found similar mortality differences. This was associated with 

increased TNF, decreased IL-6 and MIF, increased AST between alcohol-fed septic rats and 

water-fed septic rats. In contrast, there was no difference in serum levels of IL-10, TGF-β or 

IL-13.

It is difficult to find a common thread that ties the current results to all prior studies of 

alcohol followed by sepsis due to differences in alcohol model, sepsis model, gender and 

endpoints examined. However, there are some inferences that can be drawn. Our prior work 
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– which approximates the current study most closely– demonstrated that the gut and the 

immune system are both altered by the combination of alcohol and sepsis, moreso than 

would be predicted by examining either variable in isolation. Similarly, cytokine alterations 

have been found in all studies with the combination of alcohol and sepsis. Notably, some of 

these findings are similar in alcohol/CLP and alcohol/pneumonia such as increased gut 

epithelial apoptosis. However, the specifics appear to be dependent, at least in part, on the 

specifics of the sepsis model used (and either the alcohol protocol used or species used). For 

instance, alcohol/CLP predominantly affects CD4+ T cells whereas alcohol/pneumonia 

predominantly affects CD8+ T cells. Finally, the exact opposite effect is seen with serum 

IL-6 which is decreased in alcohol/CLP and alcohol/feces injection but increased in alcohol/

pneumonia. This suggests that the host response to alcohol and sepsis has some common 

elements and some model-specific elements. This is important since the concept of a 

common host response in sepsis is controversial (32;33). Further, it is important to notice 

that septic hosts respond differently in the setting of different co-morbidities, such that mice 

with chronic alcohol ingestion prior to sepsis respond differently than aged ones or those 

with cancer (21;22;34).

Gut epithelial apoptosis is increased following both alcohol in isolation and sepsis in 

isolation, but the combination leads to a synergistic increase in intestinal cell death 

regardless of the model of sepsis. This suggests that gut epithelial apoptosis is potentially 

important in the pathophysiology of mortality from the combination of alcohol and sepsis, 

which is supported by the observation that administration of systemic epidermal growth 

factor (which improves gut integrity including decreasing apoptosis) improves survival in 

alcohol-fed mice subjected to CLP (17). This is also consistent with the observation that the 

combination of alcohol and hypoxia/reoxygenation induces apoptosis in gut epithelial cells 

in vitro (35). The mechanisms through which alcohol and sepsis induce apoptosis appear 

distinct, at least in part, from sepsis in isolation. P. aeruginosa pneumonia-induced sepsis is 

associated with increased Bcl-2 in the mitochondrial pathway without changes in Bax, Bid, 

or Bcl-xL. Similarly, the same model is associated with increased TNF-R1 and decreased 

Fas in the receptor-mediated pathway without changes in Fas-L FADD, pFADD or TRADD 

expression (36). While alcohol increases gut apoptosis in vitro, the mechanisms behind this 

have yet to be defined (37). In contrast, the combination of alcohol and sepsis induces an 

upregulation of Bax in the mitochondrial pathway without changes in Bcl-2, Bid, or PUMA 

and without changes in Fas-L or TNFR-1 in the receptor-mediated pathway. Of note, the link 

between Bax and alcohol is limited, although Bax is associated with neuronal apoptosis 

following acute alcohol ingestion in infant mice, and alcohol increases Bax expression in 

Jurkat cells, associated with increased apoptosis (38;39).

The majority of the immune alterations in alcohol-fed mice followed by pneumonia-induced 

sepsis occurred in the CD8+ T cell compartment. CD8+ T cell numbers are decreased in both 

alcohol alone and sepsis alone (40;41). Notably, the combination of alcohol and pneumonia 

led to lower CD8+ T cell frequency with decreased apoptosis and increased TNF and IFNγ 
production in stimulated CD8+ T cells. In theory, decreased apoptosis might be expected to 

lead to an increase in CD8+ T cell frequency, although sepsis-induced changes in CD4+ T 

cell apoptosis (independent of alcohol) could change CD8+ T cell frequency by a relative 

change in absolute numbers. The findings that the combination of alcohol and sepsis led to 
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increased stimulated TNF and IFNγ production in CD8+ T cells was surprising, since 

cytokine production is generally felt to be beneficial in survival from sepsis. However, the 

importance of these findings is unclear given our finding that survival was similar in alcohol-

fed septic mice regardless of whether they received anti-TNF, anti-IFNγ or vehicle.

This study has a number of limitations. All animals not followed for survival were sacrificed 

at a single timepoint (24 hours). As such, we cannot conclude that variables that were not 

different between alcohol-fed septic mice and water-fed septic mice were unimportant in 

mediating mortality in alcohol/sepsis without a more comprehensive timecourse. Since 

sepsis is a dynamic disease, we emphasize that measuring multiple parameters at only a 

single timepoint following pneumonia limits conclusions that can be drawn from our study. 

Further, while numerous parameters were higher or lower in alcohol-fed septic mice than 

water-fed septic mice, association is not the same as causation, and we cannot conclude that 

any parameters that were different are mechanistically responsible for difference in 

mortality. Although we do not know the cause of the increased morality in alcohol/sepsis, 

we speculate that it may, in fact, relate to the differences identified between water/septic 

mice and alcohol/septic mice. Specifically, increased gut epithelial apoptosis has been shown 

to be mechanistically associated with mortality in mouse models of both CLP and 

pneumonia, since preventing sepsis-induced gut apoptosis via overexpression of the anti-

apoptotic protein Bcl-2 improves survival in both models of sepsis. The mechanism through 

which increased gut apoptosis changes survival is not entirely understood but is associated 

with increased permeability through the unrestricted pathway (as opposed to the leak 

pathway which is measured by FD4) as well as changing the host inflammatory response 

and the host microbiome. It is also possible that a more altered inflammatory response as 

evidenced by elevated serum IL-6 levels is responsible for the elevated mortality in alcohol/

sepsis mice. It is also certainly possible that the altered immune response seen with 

decreased CD8+ T cell frequency and increased production of IFNγ and TNF in stimulated 

splenocytes played a significant role although the absence of changes in bacterial burden and 

the IFNγ and TNF blocking experiments make this less likely. Another limitation is that a 

few of the multiple parameters examined gave different results for either alcohol in isolation 

or sepsis in isolation than published literature (for instance, gut apoptosis was not elevated 

following pneumonia in isolation) (42) which could make interpreting the combination of 

alcohol and sepsis more difficult. Finally, some of the endpoints shown to be different in a 

rat model of shorter term alcohol followed by a different model of sepsis (30;31) were not 

examined in this study, so we are unable to draw any conclusions as to their importance.

Despite these limitations, this study demonstrates that chronic alcohol ingestion followed by 

sepsis increases mortality. Similar to a model of chronic alcohol ingestion followed by CLP, 

the gut and immune system appear to be disproportionately affected. The relative 

contributions of alcohol, sepsis and model of sepsis appear to be nuanced, as there appears 

to be a partially generic host response that is catalyzed by the combination of alcohol and 

sepsis and a more individualized host response that is differentially impacted by different 

models of sepsis. Future studies are required to determine the mechanisms responsible for 

increased mortality in alcohol/sepsis and how generalizable these may be.
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FIG. 1. Effect of alcohol and sepsis on survival
Alcohol-fed septic mice had significantly higher 7-day mortality than water-fed septic mice 

(p<0.0001, n=24-25/group).
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FIG. 2. Effect of alcohol and sepsis on intestinal apoptosis
While active caspase 3 levels were similar in water-fed sham mice, alcohol-fed sham mice 

and water-fed septic mice, active caspase 3 levels were significantly higher in alcohol-fed 

septic mice than water-fed septic mice (A, p=0.039, n=5-7/groups). Levels of the pro-

apoptotic protein Bax were also higher in alcohol-fed septic mice than water-fed septic mice 

(B, p=0.038, n=5/group). In contrast, there were no differences in protein levels of Bcl-2, 

Bid, PUMA, Fas-L, or TNFR-1 (C-G, p=0.71, p>0.99, p=0.91, p=0.82, p>0.99 respectively, 

n=5-8/group). Alcohol, in isolation, increased intestinal proliferation (H, p=0.02) while 

sepsis, in isolation, decreased intestinal proliferation (H, p=0.048). However, there was no 

synergistic effect as alcohol-fed septic mice had similar intestinal proliferation as water-fed 
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septic mice (H, p=0.99, n=5-8/group). Permeability was not different between alcohol-fed 

septic mice and water-fed septic mice (I, p=0.61, n=12-15/group).
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FIG. 3. Effect of alcohol and sepsis on lung injury and bacteremia
Water-fed septic mice had significantly higher lung MPO activity than water-fed sham mice 

(A, p<0.0001), and alcohol-fed septic mice had significantly higher lung MPO activity than 

alcohol-fed sham mice (A, p=0.0002). However, there was no difference in lung MPO 

activity between alcohol-fed septic mice and water-fed septic mice (A, p=0.77, n=5-8/

group). Representative histomicrographs are shown, magnification 100× (B). BAL cultures 

had similar amounts of bacterial detectable between water-fed septic mice and alcohol-fed 

septic mice (C, p=0.19, n=5-6/group). Blood cultures were sterile in sham animals, 

regardless of whether they drank alcohol. Systemic bacterial burden was similar between 

alcohol-fed septic mice and water-fed septic mice (D, p>0.99, n=6-10/group).
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FIG. 4. Effect of alcohol and sepsis on systemic cytokines
IL-6 levels were higher in alcohol-fed septic mice than water-fed septic mice (A, p=0.0015). 

IL-2 levels were lower in alcohol-fed septic mice than water-fed septic mice (B, p=0.019). 

No differences were note in IL-1β, IL-10, IL-13, G-CSF, IFNγ, MCP-1 and TNF between 

alcohol-fed septic mice and water-fed septic mice (C-I, p=0.65, p=0.11, p=0.69, p=0.39, 

p=0.64, p=0.07, p=0.69, n=8-12 all groups except n=5-7 for MCP-1 and n=4 for alcohol-

septic mice for IL-13).
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FIG. 5. Effect of alcohol and sepsis on CD4+ T cells
While sepsis in isolation decreased frequency of CD4+ T cells (p=0.03), there was no 

difference in CD4+ T cell frequency between alcohol-fed septic mice and water-fed septic 

mice (A, p=0.89). Representative flow cytometry plot for CD4+ T cells is shown (D). Sepsis, 

in isolation also decreased frequency of central memory CD4+ T cells in both water-fed 

(p=0.008) and alcohol-fed mice (p=0.005), but there was no difference in central memory 

CD4+ T cell frequency between alcohol-fed septic mice and water-fed septic mice (B, 

p=0.39). Effector memory CD4+ T cell frequency was similar in all groups (C, p=0.33 

comparing alcohol-septic to water-septic). Representative flow cytometry plot for both 

central memory and effector memory CD4+ T cells is shown (E). Stimulated cytokine 

production from CD4+ T cells was similar between alcohol-fed septic mice and water-fed 

septic mice for TNF (F, p>0.99), IFNγ (G, p=0.052), and IL-2 (H, p=0.84), n=8-11/group 

for all panels.
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FIG. 6. Effect of alcohol and sepsis on CD8+ T cells
Both alcohol in isolation (p<0.0001) and sepsis in isolation decreased frequency of CD8+ T 

cells (p=0.048). Further, CD8+ T cell frequency was lower in alcohol-fed septic mice than 

water-fed septic mice (A, p=0.012). Representative flow cytometry plot for CD8+ T cells is 

shown in figure 5D. Sepsis in isolation also decreased frequency of central memory CD8+ T 

cells in both water-fed (p=0.002) and alcohol-fed mice (p=0.004), but there was no 

difference in central memory CD8+ T cell frequency between alcohol-fed septic mice and 

water-fed septic mice (B, p=0.41). Effector memory CD8+ T cell frequency was similar in 

all groups (C, p=0.99 comparing alcohol-septic to water-septic). Representative flow 

cytometry plot for both central memory and effector memory CD8+ T cells is shown (D). 

Stimulated cytokine production from CD8+ T cells showed increased TNF (E, p<0.0001) 

and IFNγ (F, p=0.02) in alcohol-septic mice compared to water-septic mice without a 

change in IL-2 (G, p=0.98), n=8-11/group for all panels. Neither anti-TNF nor anti-IFNγ 
altered mortality following alcohol ingestion and sepsis compared to isotype control (H, 

p=0.49 and p=0.66 respectively). n=8-11/group for all panels except survival where 

n=14-18/group.
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FIG. 7. Effect of alcohol and sepsis on other immune cells
Treg frequency was similar between alcohol-fed and water-fed septic mice (A, p>0.99). 

Sepsis decreased B cell frequency in both water-fed (p<0.0001) and alcohol-fed mice 

(p<0.0001), but there was no difference in B cell frequency between alcohol-fed septic mice 

and water-fed septic mice (B, p=0.87). Frequencies of dendritic cells (C, p=0.11), 

macrophages (D, p=0.42) and neutrophils (E, p= 0.99) were similar between alcohol-fed 

septic mice and water-fed septic mice. n=8-11/group for all panels.
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FIG. 8. Effect of alcohol and sepsis on immune cell apoptosis
No difference was noted in apoptosis in of CD4+ T cells between alcohol-fed septic mice 

and water-fed septic mice (A, p=0.56). In contrast, apoptosis was lower in CD8+ T cells of 

alcohol-fed septic mice (B, p=0.049). Representative flow cytometry plot is shown for CD4+ 

T cells and CD8+ T cells (C). Apoptosis was higher in central memory CD4+ T cells (D, 

p=0.001) in alcohol-fed septic mice but was not different in effector memory CD4+ T cells 

(E, p=0.37). Representative flow cytometry plot is shown (F). Apoptosis was not different in 

either central memory CD8+ T cells (G, p=0.63) or effector memory CD8+ T cells (H, 

p=0.08) in alcohol-fed septic mice and water-fed septic mice. Representative flow cytometry 

plot for is shown (I). Apoptosis was similar in dendritic cells in alcohol-fed septic mice (J, 

p=0.51) but was increased in neutrophils (K, p=0.002), n=10-11 mice/group for all panels.
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