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Abstract: Excessive alcohol consumption increases the severity and worsens outcomes of pulmonary
infections, often due to oxidative stress and tissue damage. While the mechanism behind this
relationship is multifaceted, recent evidence suggests ethanol-induced changes to the gut microbiome
impact the gut–lung axis. To assess this, a chronic–binge ethanol feeding mouse model was used to
determine how ethanol altered the gut microbiome, small intestinal epithelial barrier, and immune
responses, as well as neutrophil abundance and oxidative stress in the lungs, and how supporting
gut health with tributyrin supplementation during chronic–binge ethanol exposure affected these
responses. We found that ethanol consumption altered gut bacterial taxa and metabolic processes,
distorted small intestinal immune responses, and induced both bacteria and endotoxin translocation
into the lymphatic and circulatory systems. These changes were associated with increased neutrophil
(Ly6G) presence and markers of oxidative stress, lipocalin-2 and myeloperoxidase, in the lungs.
Importantly, tributyrin supplementation during ethanol exposure rescued gut bacterial function
(p < 0.05), small intestinal barrier integrity, and immune responses, as well as reducing both Ly6G
mRNA (p < 0.05) and lipocalin-2 mRNA (p < 0.01) in the lungs. These data suggest ethanol-associated
disruption of gut homeostasis influenced the health of the lungs, and that therapeutics supporting
gut health may also support lung health.
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1. Introduction

The gut microbiome comprises trillions of microbes, and in the past several years there
has been an increasing appreciation regarding the important role the gut microbiome plays
in supporting health. While there is intra-individual variability (alpha-diversity) in mi-
crobiome composition amongst healthy individuals, distinct dissimilarity (beta-diversity)
between healthy individuals and those with various chronic diseases is noted [1]. At the
phylum level, about 90% of the gut microbiome composition of a healthy individual com-
prises the Bacteroidetes and Firmicutes phyla. The gut microbiome functionally supports
host health by aiding in the metabolism of nondigestible food components (e.g., fiber),
mitigating pathogen invasion, and modulating the immune system [2]. The gut microbiome
produces many beneficial metabolites for the host, including enzymes, vitamins, hormones,
and short-chain fatty acids (SCFA; e.g., acetate, propionate, and butyrate). Butyrate is
known to have many important biological functions, including supporting the integrity of
the gut barrier and immune function [3,4].
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Chronic heavy alcohol exposure is known to disrupt the gut microbiome’s composition
and function, increase intestinal permeability, and activate systemic inflammatory path-
ways [1]. Chronic alcohol exposure reduces the abundance of Bacteroidetes and Firmicutes
phyla, expands the Proteobacteria phylum, and lowers fecal SCFA levels, including that
of butyrate [5]. In our prior studies in which mice exposed to chronic and chronic–binge
ethanol were co-supplemented orally with tributyrin, a butyrate prodrug, or a butyrate-
targeting synbiotic, supplemented mice were protected from proximal colon epithelial
barrier disruption, as well as liver injury, inflammation, and oxidative stress, compared to
non-supplemented ethanol-exposed mice [6–9]. Tributyrin is a structured lipid with three
butyrate molecules esterified to the glycerol backbone. Upon oral ingestion, tributyrin is
digested by pancreatic lipase to free up three butyrate molecules which are then absorbed
throughout the intestine. The increased half-life of tributyrin compared to sodium butyrate
makes it more appealing as a potential therapeutic [6].

The role of the gut microbiome in the health of other organ systems is being increas-
ingly investigated. Among inter-organ relations, the gut–lung axis is less studied than
either the gut–liver or the gut–brain axis. Chronic excessive alcohol exposure disrupts the
body’s innate and adaptive immune system [10], and consequentially, individuals who
consume excessive alcohol are at higher risk of acute lung injury and lung infections [11].
Chronic excessive alcohol exposure disrupts alveolar epithelial barrier integrity, reduces
endogenous antioxidant levels (glutathione), and causes defects in alveolar macrophage
function [11]. The microbiota of the gut and the lung influence the local immune system;
however, there is also a potential for crosstalk between the gut and lungs. Impairment of
the intestinal epithelial barrier by overgrowth of potentially pathogenic bacteria (gut dys-
biosis) enables intact bacteria, bacterial fragments, or microbiome metabolites (e.g., SCFA)
to translocate from the gut lumen into systemic circulation. This can be accomplished
by entry of these components into the portal vein en route to the liver and then systemic
circulation, and/or entry of these components into the draining mesenteric lymphatic
system, thoracic duct, and then systemic circulation [12,13]. Eventually, both routes lead to
the pulmonary system.

Chronic heavy alcohol consumption is known to induce oxidative stress and impair the
gut mucosal barrier through its first metabolite acetaldehyde and induction of cytochrome
P450 enzyme CYP2E1 [14]. In addition to supporting the integrity of the gut barrier and
immunity, butyrate has been shown to have antioxidative effects [4]. There are limited
data regarding the effects of butyrate supplementation during chronic–binge ethanol
exposure on the small intestine and lung axis. Since we found tributyrin-supplemented
mice exposed to chronic–binge ethanol had decreased oxidative stress, inflammation, and
injury in the liver, here we tested our hypothesis that tributyrin supplementation during
chronic–binge ethanol exposure would reduce oxidative stress in the lungs. Our data show
that due to support of the gut microbiome, small intestinal epithelial barrier, and immune
responses during chronic–binge ethanol exposure, tributyrin-supplemented mice also had
less neutrophil abundance and oxidative stress in the lungs.

2. Materials and Methods
2.1. Chronic–Binge Ethanol Feeding Model

C57BL/6 female mice (10–11 weeks) were purchased from Jackson Laboratory (Bar
Harbor, ME, USA). Mice were randomized to receive a chronic–binge ethanol Lieber
DeCarli feeding model consisting of 10 days chronic ethanol (5% v/v) exposure and ±daily
supplementation with saline or 5 mM tributyrin by oral gavage. Control animals were
pair-fed an isocaloric diet with maltose dextrin substituted for ethanol ± 5 mM tributyrin
or saline supplementation by oral gavage daily. On the 11th day, mice were administered
an oral binge gavage of either 5 g/kg ethanol or maltose with either 2.5 mM tributyrin or
saline as previously randomized. There were four groups in total: pair-fed saline (PF-S),
pair-fed tributyrin (PF-TB), ethanol-fed saline (EF-S), and ethanol-fed tributyrin (EF-TB).
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Mice were anesthetized 6 h post-gavage, blood was collected from the inferior vena cava,
and tissue (small intestine, cecum, lung) was dissected and stored for future analyses.

2.2. Shotgun Metagenomics Sequencing, Bioinformatics, and Statistical Analysis

gDNA from cecal contents was extracted using a Zymo Research Quick DNA Feca/Soil
Microbiome MiniPrep Kit (Zymo Research, Irvine, CA, USA) following the manufacturer’s
instructions. gDNA was quantified using a Nanodrop ND1000 Spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE, USA).

Quality control of the metagenomic reads was conducted as described previously [15].
Briefly, raw reads were processed for low-quality-based filtering using the Trimmomatic
pipeline [16]. Host-derived reads were excluded by mapping the reads to the reference
human genome (version GRCh38.p14) using BBMap software (sourceforge.net/projects/
bbmap/ version 34.62). Quality trimmed reads were processed for taxonomic and func-
tional profiling using Metaphlan2 [17] and Humann2 [18], respectively. Differential feature
selection was performed using Fisher’s exact t-test. We assessed the statistical significance
(p < 0.05) throughout, and whenever necessary, we adjusted p-values for multiple com-
parisons according to the Benjamini and Hochberg method to control the False Discovery
Rate [19] while performing multiple testing on taxa and pathway abundances according to
sample types.

Differential abundance test benchmarking was performed using the DAtest pack-
age (https://github.com/Russel88/DAtest/wiki/usage#typical-workflow version 2.8.0).
Briefly, differentially abundant methods were compared with the False Discovery Rate
(FDR), Area Under the (Receiver Operator) Curve (AUC), empirical power (Power), and
the False Positive Rate (FPR). Based on the DAtest’s benchmarking, we selected LefSeq and
analysis of variance (ANOVA) as the methods of choice to perform differential abundance
analysis. We assessed the statistical significance (p < 0.05) throughout, and whenever
necessary, we adjusted p-values for multiple comparisons according to the Benjamini and
Hochberg method to control the False Discovery Rate [20]. Linear regression (parametric)
and Wilcoxon (non-parametric) tests were performed on genera and species abundances
against metadata variables using their base functions in R (version 4.1.2) [21].

2.3. Small Intestinal Isolation of Intraepithelial Lymphocytes, Lamina Propria Lymphocytes, and
Intestinal Epithelial Cells

The small intestinal tract from the pylorus to the distal ileum was dissected following
euthanasia. Single cells from intraepithelial lymphocytes (IELs), lamina propria lympho-
cytes (LPLs), and intestinal epithelial cells (IECs) were isolated and counted as described
previously by Qiu et al. [22]. IELs and LPLs were stimulated with phorbol 12-myristate
13-acetate (PMA, 10 ng/mL)/ionomycin (1 µM) (MilliporeSigma, Darmstadt, Germany)
for 4 h followed by 2 µM monensin (Calbiochem, San Diego, CA, USA) during the last 2 h
of stimulation. The IECs were flash frozen and stored at −80 ◦C for future analyses.

2.4. Isolation of Lung Immune Cells

Following euthanasia, the lungs were perfused with cold PBS and the left lobe was
dissected. A portion of the tissue was minced and then digested using a 1 mg/mL collage-
nase type 1 (Life Sciences Technologies, Grand Island, NY, USA) while incubating at 37 ◦C
in an orbital shaker at 225 rpm for 30 min. The suspension was then filtered using a 70 µM
strainer and immediately counted.

2.5. Flow Cytometry Analysis of IELs, LPLs, and Lung Immune Cells

Intestinal (IEL, LPL) and lung immune cells were washed and stained with either
LIVE/DEAD Fixable Blue Dead Cell Stain (Invitrogen, Carlsbad, CA, USA) or LIVE/DEAD
Fixable Near-IR Dead Cell Stain (Invitrogen, Carlsbad, CA, USA), respectively, and then
fixed and permeabilized (True-Nuclear Transcription Factor Buffer Set, Biolegend, San
Diego, CA, USA). Cells were washed and blocked to reduce nonspecific staining (FcR

https://github.com/Russel88/DAtest/wiki/usage#typical-workflow
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Blocking Reagent, Miltenyi Biotec, Gaithersburg, MD, USA). IELS and LPLs were stained
with fluorescence-conjugated antibodies with anti-CD45-APCFire 810, anti-CD11c-BV650,
anti-IL6-PerCPeFlour710, anti-CD3-FITC, anti-CD4-BUV805, and anti-CD8a-BUV615. Lung
immune cells were stained with fluorescence-conjugated antibodies with anti-CD45-AF700,
anti-SiglecF-BV421, anti-CD11b-BV605, and anti-Ly6G-PeCy7. Following staining, samples
were washed 3 times, and cells were acquired using a Sony ID 7000 Spectral Cell Analyzer
(San Jose, CA, USA). Analysis of the flow cytometry results was performed using FloJo ver.
10.8 (BD Life Sciences, Sparks, MD, USA).

2.6. Tissue RT-qPCR

Tissue was stored in RNAlater immediately after its dissection. Total RNA from the
lung was extracted using an RNeasy Plus Universal Mini Kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. RNA was quantified using a Nanodrop ND1000
Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA), and 2µg of total RNA was
reverse transcribed using SuperScript IV VILIO (Invitrogen, Carlsbad, CA, USA). QuantStudio 5
(Applied Biosciences, Waltham, MA, USA) was used for Real Time PCR (RT-qPCR) amplification
with a PowerUp SYBR Green Master Mix (Applied Biosciences, Waltham, MA, USA) and 1 µM
primers (Table 1). The Comparative Threshold (CT) method was used to determine relative
expression compared to the housekeeping gene glyceraldehyde 3-phosphate (GAPDH), and
data are presented as mean ± standard deviation.

Table 1. RT-qPCR primers.

Target Primer Sequence

Lymphocyte Antigen 6
Complex Locus G6D (Ly6G)

NM_001310438

Ly6G F TGC GTT GCT CTG GAG ATA GA

Ly6G R CAG AGT AGT GGG GCA GAT GG

Lipocalin 2
NM-008491

LCN2 F TGG CCC TGA GTG TCA TGT G
LCN2 R CTC TTG TAG CTC ATA GAT GGT GC

2.7. Western Blotting: Intestinal Epithelial Cells

Intestinal epithelial cells were suspended in lysis buffer (1% Triton X-100, 50 mM Tris-
HCl pH 7.4, 150 mM NaCl, 1 mM EDTA pH 8, 0.1% Na-deoxycholate, 0.1% SDS) containing
Pierce Protease and Phosphatase Inhibitor Mini Tablets (Thermo Fisher, Waltham, MA,
USA) at a concentration of 8 × 106 cells/100 µL, and lysates were prepared as previously re-
ported [8]. Membranes were probed with anti-Junctional Adhesion Molecule A 1 (JAMA-1),
anti-Zonula Occludens-1 (ZO-1), anti-PhosphoStat3 (pSTAT3), and anti-TotalStat3 (TSTAT3).
Anti-Heat Shock Cognate Protein 70 (HSC70) was used as a loading control. Protein expres-
sion was visualized with enhanced chemiluminescence, and intensity was measured via
densitometry using ImageJ software (National Institutes of Health (NIH), Bethesda, MD,
USA, ver. 1.54i).

2.8. Plasma Endotoxin Quantification Using Limulus Amoebocyte Lysate (LAL) Assay

Blood samples were collected, and plasma was separated using techniques to avoid
contamination using endotoxin-free materials. Glass tubes for sample dilutions were
incubated at 250 ◦C for 40 min to eliminate residual bacteria or endotoxin. Samples were
prepared as previously reported [23], and endotoxin concentration was measured using
the Limulus Amebocyte Lysate Assay Kinetic-QCL Kit (Lonza, Walkersville, MD, USA). A
standard curve was generated using Escherichia coli O55:B5 Endotoxin (Lonza, Walkersville,
MD, USA). Plates were read and endotoxin concentration was quantified using SpectraMax
Microplate Readers and SoftMax® Pro 7.1.2 GxP Software Molecular Devices (San Jose,
CA, USA).
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2.9. Cecal Secretory IgA (SIgA) Enzyme-Linked Immunoassay (ELISA)

Supernatants from cecal contents were prepared and diluted as previously described [24],
and IgA levels were assessed using a Mouse IgA uncoated ELISA Kit (Invitrogen, Waltham, MA,
USA) according to the manufacturer’s instructions. The ELISA plate was read using a BioTek
Synergy H1 Microplate Reader and BioTek Gen 5 software ver. 3.12 (Agilent Technologies, Santa
Clara, CA, USA).

2.10. Lipocalin 2 (LCN2) and Myeloperoxidase (MPO) ELISA in Lung Tissue

Lung tissue samples were suspended in lysis buffer as described in the Mouse MPO
ELISA Kit (HycultBiotech Inc, Wayne, PA, USA) at 10 mg/200 µL, and homogenized
using a Branson Digital Sonifier 450 (Branson Ultrasonics, Danbury, CT, USA). Samples
were then centrifuged at 1500× g at 4 ◦C for 15 min, and the supernatant was collected.
Samples were diluted 1:1000 and both MPO and LCN2 levels were assessed using either
a Mouse MPO ELISA Kit (HycultBiotech inc, Wayne, PA, USA) or a Quantkine ELISA
Mouse Lipocalin-2/NGAL Immunoassay Kit (R&D Systems, Minneapolis, MN, USA),
respectively, according to the manufacturer’s instructions. ELISA plates were read using
a BioTek Synergy H1 Microplate Reader and BioTek Gen 5 software ver. 3.12 (Agilent
Technologies, Santa Clara, CA, USA).

2.11. Plating of Peyer’s Patches on Enterococcosel Agar

Following small intestine dissection, Peyer’s patches were isolated using aseptic
techniques and washed with sterile PBS. Peyer’s patches were suspended in sterile 0.17%
Triton in PBS and lysed using a 1.5 mL microcentrifuge tube pestle. Samples were then
serially diluted and plated on BBL Enterococcosel agar (BD Life Sciences, Sparks, MD,
USA). Plates were then incubated aerobically at 37 ◦C for 48 h and CFUs were counted.

2.12. Statistical Analysis

GraphPad Prism® 10 ver. 10.1.2 (San Diego, CA, USA) was used for statistical analysis,
and data are shown as the mean ± standard error of the mean. Two-tailed t-tests were used
to identify statistical significance between treatment groups, and a p ≤ 0.05 was used as the
threshold for statistical significance.

3. Results
3.1. Ethanol Exposure and Tributyrin Supplementation Alter the Gut Microbiome and Its
Functional Pathways

Chronic alcohol consumption modifies gut microbial populations and metabolite pro-
duction, impairs the intestinal barrier, and compromises immunity [25,26]. To characterize
the microbiota and assess for changes to the mouse gut microbiome caused by chronic–
binge ethanol treatment, we performed shotgun sequencing of bacterial gDNA isolated
from cecal contents.

Measurement of diversity and evenness of bacterial species were shown to be de-
creased in ethanol-fed mice compared to pair-fed mice with both saline and tributyrin
supplementation (Figure 1A; Simpson indexes p < 0.041 and p < 0.038, respectively). In
comparing the Simpson index of each ethanol-treated group, mice supplemented with
tributyrin had significantly lower diversity and evenness compared to mice supplemented
with saline (Simpson index p = 0.021; Figure 1A). To quantify the dissimilarity between
groups (beta-diversity), Bray–Curtis analysis was performed and Venn diagram and princi-
pal coordinate analysis (PCoA) plots were drawn. Depicted in the Venn diagram, a total
of 107 species were shared across all groups; however, each mouse group had significant
species based on treatment and supplementation, with the EF-S group having the highest
number of unique species (n = 10), followed by PF-S (n = 9), PF-TB (n = 7), and EF-TB
(n = 4) (Figure 1B; p < 0.05). PCoA analysis shows formation of three distinct clusters with
significant dissimilarity between ethanol (green) and pair-fed (orange) groups (Figure 1C;
p = 0.001). Relative abundance analysis identified bacterial species that drive diversity
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across treatment groups. Bacteroides thetaiotaomicron, a gut commensal, was the most preva-
lent species and was seemingly elevated with ethanol exposure, with the ethanol–tributyrin
group exhibiting the highest abundance (Figure 1D). Both pair-fed groups also showed a
higher abundance of several unknown species (GGB7968 SGB41545, GGB28851 SGB41518,
and GGB79854 SGB41664; Figure 1D) compared to ethanol-fed mice. Five species, two of
which are unknown, showed significant differences in relative abundance across the four
treatment groups. Erysipelotrichaceae bacterium NYU-BL-F16 was induced with tributyrin
supplementation (p < 0.05), Lachnospiraceae bacterium 28-4 was significantly increased in the
EF-S vs. PF-S groups (p < 0.05) and lowered in the EF-TB group, and tributyrin lowered
Muribaculum intestinalie in both pair- and ethanol-fed mice (p < 0.05) (Figure 1E).
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Figure 1. Effects of chronic–binge ethanol exposure ± tributyrin on the mouse gut bacteria taxonomy.
(A) Alpha-diversity of cecal microbiome calculated using Simpson diversity index. (B) Venn diagram
demonstrating species taxa separation and overlap among treatment groups. (C) Principal coordinate
analysis plots generated using Bray–Curtis dissimilarity with PERMANOVA analysis. Ellipses are
used to visually highlight differences between ethanol (green) and control (orange) diets and do not
represent statistical analysis. (D) Stacked graph showing the relative abundance of top taxa at species
level present in cecal contents. (E) Relative abundance of species showing significant differences
between treatment groups with LEfSe statistical analysis. PF-S: control diet + saline gavage; EF-S:
ethanol diet + saline gavage; PF-TB: control diet + tributyrin gavage; EF-TB: ethanol diet + tributyrin
gavage; * p ≤ 0.05.

Shotgun sequencing of cecal bacteria also revealed gene changes to metabolic path-
ways of bacteria induced by chronic–binge ethanol exposure. The Simpson alpha-diversity
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index of gene pathways was reduced in the EF-TB group compared to all other groups
(Figure 2A). To quantify the functional dissimilarity between groups (beta-diversity), Bray–
Curtis analysis was performed and Venn diagram and principal coordinate analysis (PCoA)
plots were drawn. The cecal bacterial gDNA in the EF-TB group displayed the most unique
metabolic pathways (n = 16), as well as a large overlap of 27 pathways shared with both PF
groups, but distinct from the EF-S group, suggesting tributyrin supplementation during
ethanol exposure restored these pathways to those of PF mice (Figure 2B). PCoA plots of
Bray–Curtis dissimilarity (Figure 2C) revealed distinct gene clustering between each group,
demonstrating each exposure and/or supplementation altered the function of bacteria in a
unique manner. Specifically, the EF-TB group clustered separately from the other groups
(Figure 2C; orange crosses highlighted in ellipse). Assessment of the relative abundance
of the top ten metabolic pathways showed they were all reduced in the EF-S group, and
this trend was recovered with tributyrin supplementation. Several pathways are involved
in the mitigation of oxidative damage, such as Coenzyme A (CoA) production [27] (CoA
and phosphopentathonate biosynthesis), tetrapyrrole biosynthesis [28–30], S-adenosyl-l-
methionine (SAM) salvage [30], and L-arginine biosynthesis [31,32] (Figure 2D). Pathways
for peptidoglycan synthesis and modification, such as uridine monophosphate (UMP)
biosynthesis I, II, and III, uridine diphosphate N-acetylmuramyl pentapeptide synthesis,
and glycolysis, were also disturbed in the same manner (Figure 2D).
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Figure 2. Tributyrin supplementation mitigates ethanol’s effects on gut microbiome function.
(A) Alpha-diversity of cecal microbiome metabolic pathways calculated using Simpson diversity
index. (B) Venn diagram demonstrating cecal bacteria metabolic pathway overlap between treatment
groups. (C) Principal coordinate analysis plots generated using Bray–Curtis dissimilarity with PER-
MANOVA analyses. Orange-colored ellipse visually highlights the separation of the EF-TB group
but does not represent statistical analysis. (D) Relative abundance graphs of cecal bacteria metabolic
pathways showing significant differences between treatment groups with ANOVA testing. PF-S:
control diet + saline; EF-S: ethanol diet + saline; PF-TB: control diet + tributyrin; EF-TB: ethanol
diet + tributyrin; * p ≤ 0.05.

3.2. Ethanol Affects Intestinal Epithelial Immune Responses

Disruptions to the gut microbiome in mice by chronic alcohol consumption and
antibiotic treatment have been reported to decrease secretory IgA (SIgA) levels in cecal
contents [24] and feces [33], respectively. SIgA serves as the first line of immune defense in
protecting the intestinal epithelium from enteric toxins and pathogens. SIgA is synthesized
by B cells upon antigen presentation by dendritic cells, and is secreted into the intestinal
lumen to prevent microbes from penetrating the mucosal barrier and interfacing with
intestinal epithelial cells [34,35]. We found that mice exposed to chronic–binge ethanol
and saline displayed significantly reduced cecal SIgA levels relative to pair-fed saline
mice, and tributyrin supplementation mitigated this but not significantly (Figure 3A;
p = 0.006) A deficiency in this first-line mucosal immune defense allows for luminal bacteria
to translocate across the epithelial barrier. Peyer’s patches are part of the gut-associated
lymphoid tissue (GALT) and contain many dendritic cells, macrophages, and lymphocytes
that help maintain a balanced gut microbiota and keep pathogens at bay. We found
significantly increased Enterococci in the Peyer’s patches of EF-S mice, which was resolved
with tributyrin co-supplementation so that EF-TB group counts were similar to those of
pair-fed mice (Figure 3B).
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Figure 3. Ethanol exposure depletion of cecal SIgA and induction of bacterial translocation into
the lymphatic and circulatory systems. ** denotes a significant decrease in the EF-S group vs. PF-S.
(A) Concentration of SIgA in mouse cecal contents presented as fold of the control (PF-S). (B) En-
terococci bacterial growth in small intestinal Peyer’s patches. (C) Plasma endotoxin concentration.
Fold of the control (PF-S). Treatment groups include 6–8 mice. PF-S: control diet + saline; EF-S:
ethanol diet + saline; PF-TB: control diet + tributyrin; EF-TB: ethanol diet + tributyrin; * p < 0.05;
** p < 0.01.

Since ethanol provoked gut dysbiosis and increased the presence of bacteria in the
Peyer’s patches, we assessed plasma endotoxin levels as a measurement of impaired
intestinal barrier and a resulting systemic proinflammatory effect. Plasma endotoxin was
elevated in the EF-S group, and tributyrin supplementation normalized plasma endotoxin
to levels similar to those in the pair-fed groups (Figure 3C; p = 0.013).

3.3. Tributyrin Supplementation Bolsters Immune and Barrier Functions Both at the Intestinal
Epithelium and within the Lamina Propria

Proinflammatory mediators traveling from the intestinal lumen into systemic circula-
tion must first penetrate the epithelial barrier and circumvent immune responses in both
the intestinal epithelium and lamina propria. As butyrate is known to support the intestinal
barrier and its immune responses, we assessed for IEL dendritic cells and found an eleva-
tion in IEL host defense via increased percentage of CD11c+IL-6+ dendritic cells in EF-TB
compared to EF-S mice (Figure 4A). This response coincided with increased pSTAT3 in the
EF-TB group vs. the PF-TB group, and a trend towards an increase from the EF-S group
(Figure 4B). IL-6 at low levels has been shown to promote the phosphorylation of Stat3
in epithelial cells, which then promotes repair of the mucosal barrier by inducing B-cell
differentiation needed for IgA production [36]. JAMA-1 and ZO-1 are two of many proteins
that comprise the intestinal epithelial barrier complex. JAMA-1 spans the paracellular
space and helps to seal the gap between epithelial cells, and ZO-1 serves as an anchor
protein to multiple other junctional proteins, and when either protein is diminished the
epithelial barrier’s integrity may be compromised. We found an induction of JAMA-1 in
the small intestinal IEC of EF-TB mice, but there were no differences in ZO-1 expression
between groups (Figure 4C,D).

If intestinal epithelial defenses are breached, bacteria or bacterial byproducts can
traverse through the lamina propria and its immune repertoire prior to entering circulation.
Assessing for T cells within the lamina propria, we found an elevated percentage of
CD3+CD4+ T helper/inducer cells (Figure 5A) and a reduced percentage of CD3+CD8a+

cytotoxic/suppressor T cells (Figure 5B) in the EF-TB group compared to the EF-S group.
This resulted in an overall increased CD4:CD8 ratio in EF-TB mice compared to EF-S mice
(Figure 5C), which is congruent with healthy immunity.
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Figure 4. Tributyrin supplementation bolsters both the epithelial barrier and immunity. (A) %CD11c+IL-
6+ cells isolated from IELs. Gating strategy for flow analysis is described in Figure S1. (B) Ratio of
PhosphoStat3 to TotalStat-3 expression in IECs isolated from the small intestine. (C) JAMA protein
expression in IECs isolated from the small intestine. (D) ZO-1 protein expression in IECs isolated from
the small intestine. Treatment groups contain 5–8 replicates. PF-S: control diet + saline; EF-S: ethanol
diet + saline; PF-TB: control diet + tributyrin; EF-TB: ethanol diet + tributyrin; * p < 0.05.
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Figure 5. Percentage of CD4+ and CD8a+ T-cells in the lamina propria of the small intestine. (A) %
CD3+CD4+ cells isolated from LPLs. (B) % CD3+CD8a+ cells isolated from LPLs. (C) Ratio of CD3+CD4+

to CD3+CD8a+ cells isolated from LPLs. Gating strategy for flow analysis is described in Figure S2.
Treatment groups contain 7–8 replicates. PF-S: control diet + saline; EF-S: ethanol diet + saline; PF-TB:
control diet + tributyrin; EF-TB: ethanol diet + tributyrin; * p < 0.05.

3.4. Tributyrin Supplementation Mitigates Ethanol-Induced Neutrophil Presence and Markers of
Oxidative Stress in the Lungs

Bacteria or bacterial antigens in systemic circulation, arising from either the gut
lymphatic system or vasculature, have been shown to induce immune cell infiltration and
proinflammatory responses in outlying organ systems such as the hepatic, pulmonary, and
nervous systems [12,13,37]. Since we found chronic–binge ethanol exposure altered the
gut microbiome and impaired the gut barrier and immune responses which resulted in
more bacteria in the Peyer’s patches and endotoxin in circulation, we assessed how these
changes affected the lungs. We hypothesized that tributyrin’s protection of these effects
in the gut would also impart a protective effect against immune infiltration and oxidative
stress in the lungs.
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We found an accumulation of the percentage of Ly6G+CD11b+ neutrophils in the EF-S
mice compared to the PF-S mice by flow cytometry (Figure 6A; p = 0.048). Lung tissue
Ly6G mRNA expression was also increased in EF-S mice, and tributyrin supplementation
reduced this effect (Figure 6B; p = 0.0001). As activation of neutrophils can induce oxidative
stress, we assessed for two markers, MPO and LCN2.
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Figure 6. Neutrophil presence in the lungs. (A) % Ly6G+CD11b+ cells (neutrophils) isolated from lung
homogenate. (B) Ly6G mRNA expression in lung tissue. Fold changes relative to PF-S group. Gating
strategy for flow cytometry is described in Figure S3. Treatment groups contain 4–8 replicates. PF-S:
control diet + saline gavage; EF-S: 5% ethanol diet + saline gavage; PF-TB: control diet + tributyrin
gavage; EF-TB: 5% ethanol diet + tributyrin gavage; * p < 0.05; *** p < 0.0001.

Activated neutrophils can induce oxidative stress responses. As neutrophils in lungs
were elevated with chronic–binge ethanol exposure, we tested for markers of oxidative
stress. MPO catalyzes the production of powerful pro-oxidant species capable of damaging
surrounding tissue [38]. We found that the MPO protein level was elevated in lung tissue in
EF-S compared to PF-S mice (Figure 7A; p = 0.0466). LCN2 sequesters bacterial siderophores
to starve them of iron and is involved in mediation of oxidative stress [39–41]. LCN2 mRNA
and protein expression were induced in EF-S mice, and tributyrin supplementation reduced
the mRNA expression of LCN2 in ethanol-exposed mice (Figure 7B,C).
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Figure 7. Markers of oxidative stress, MPO and LCN2, in lung. (A) MPO protein levels in lung
tissue via ELISA. (B) LCN2 mRNA expression via qRT-PCR in lung tissue. Fold change is relative
to PF-S. (C) LCN2 protein levels in lung tissue via ELISA. Treatment groups contain 7–8 replicates.
PF-S: control diet + saline; EF-S:ethanol diet + saline; PF-TB: control diet + tributyrin; EF-TB: ethanol
diet + tributyrin; * p <0.05; ** p < 0.01.
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4. Discussion

Here, we show that mice exposed to chronic–binge ethanol have alterations in gut
microbiome composition and function, decreased intestinal barrier defenses, skewed im-
mune defenses, and increased bacteria and endotoxin in the GALT and systemic circulation,
respectively, and this coincided with increased neutrophil presence and oxidative stress
response in the lungs. Importantly, supplementation with tributyrin not only supported gut
health disrupted by ethanol, but it also rescued the negative effects of ethanol in the lungs.

Analysis of the cecal microbiome showed that ethanol consumption significantly de-
creased species alpha-diversity (intra-individual variability), and this was further decreased
with tributyrin supplementation. Significant dissimilarity (beta-diversity) between groups
was also noted, driven by specific taxa. A portion of the microbiome was unidentified, and
several unknown species of the Firmicutes phylum seemingly drove the marker of diversity
assessed. Taxa clustering emerged based on both diet and treatment, indicating that while
both factors are capable of shifting microbial composition, several species changed based
on ethanol consumption alone. Bacteria belonging to the Lachnospiraceae family are known
SCFA producers. The species elevated in both ethanol-exposed groups, Lachnospiraceae
bacterium 28–4, has been predicted to possess pathways involved in butyrate synthesis [42].
Tributyrin supplementation decreased bacterial diversity and evenness, which is likely due
to its alteration of specific taxa. One taxon induced by tributyrin was B. thetaiotaomicron,
one of the most abundant commensal microbes that is involved with the metabolism of
complex carbohydrates and maturation of the host immune system [43]. Erysipelotrichaceae
bacterium NYU-BL-F16 also expanded with tributyrin supplementation [44]. While poorly
characterized, its presence has been associated with a reduction in host metabolic pathways
involved in diet-induced obesity [44]. In both the pair- and ethanol-fed groups, tributyrin
supplementation decreased the relative abundance of Muribaculum intestinale (MI). This
taxon produces a cardiolipin known to initiate an innate immune response and production
of proinflammatory cytokines such as TNF-a, IL-6, and IL-23 [45]. Overall, tributyrin sup-
plementation during ethanol exposure expanded gut microbiome species that contribute to
the production of SCFA and support of the immune system compared to the results in mice
only exposed to ethanol, and this may have contributed to maintenance of the immune
effects noted in the hosts’ cells.

Shotgun metagenomic sequencing provides information regarding the function of
the bacteria through identification of gene pathways. Ethanol exposure restricted several
metabolic pathways of the cecal bacteria. Importantly, all top reduced pathways by ethanol
exposure were recovered with tributyrin supplementation. Several altered metabolic
pathways are noteworthy for their role in mediating immunity and mitigating oxidative
stress. Coenzyme A and its precursor pantothenate mitigate reactive oxygen species
through the formation of disulfide bonds between the thiol functional group and sulfur-
containing residues of various proteins [27]. L-arginine is involved in the production of
nitric oxide, and disruption in L-arginine metabolism is associated with immune-mediated
or infectious diseases [31,32]. Tetrapyrroles form the basis of a variety of metal chelating
compounds that display antioxidant properties [28,29,46] and are regulated by S-adenosyl-
l-methionine (SAM) enzymes [30]. Additionally, SAM and SAM enzymes regulate several
processes involved with oxidative stress management, such as the production of glutathione
and regulation of tetrapyrrole synthesis [30,47,48]. Taken together, the loss in each of these
individual pathways with ethanol exposure alone indicates an impairment of the bacteria
in mitigating oxidative damage in their local environment. Such damage not only affects
microbial health but can also contribute to oxidative stress, leading to inflammation, tissue
damage, and altered immune responses [49,50]. Interestingly, a loss occurred in pathways
involved in the synthesis of peptidoglycan, a primary component of the gram-positive
bacteria cell wall. Moreover, it was gram-positive bacteria (Enterococci) that were cultured
from the Peyer’s patches of EF-S mice. Peptidoglycan recognition by host immune cells is
necessary to mount an immune response, and reduction and alteration to peptidoglycan
structures have been suggested to allow these bacteria to circumvent such responses and
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contribute to their pathogenesis [51,52]. Taken together, tributyrin supplementation rescued
specific gut microbiome taxa and their functions needed to combat the negative effects
ethanol imposes on immunity and oxidative stress.

The changes induced in gut microbiome taxa and function by ethanol impacted
immune functions in both the small intestine and lungs. Firstly, there was a depletion in
cecal SIgA in the EF-S group. SIgA is found at low levels under normal conditions but
is up-regulated upon presentation of antigen by dendritic cells to B cells. SIgA binds to
bacteria, entrapping them so they are unable to interact with or penetrate the intestinal
epithelium [34,35]. Bound bacteria can also be transported by M cells into Peyer’s patches in
the small intestine or lymphatic follicles in the colon as a mechanism to initiate an immune
response [33–35,53]. Ethanol-induced loss of SIgA opens a route for bacteria or antigen to
reach the intestinal epithelium and translocate into systemic circulation. Indeed, plasma
endotoxin concentration was elevated in the EF-S group, but this was normalized with
tributyrin supplementation. While the portal vein is typically thought of as the primary
route for pathogens or their associated molecular patterns originating from the gut to
enter circulation, the lymphatic tissue that drains the gut has also been implicated as an
alternative pathway [13,54]. Bacteria, endotoxin, or activated immune components that
collect in lymphatic tissue in both the small and large intestines drain into the mesenteric
lymph nodes and reach the thoracic duct. The contents of the thoracic duct then enter
primary circulation via the subclavian vein. Taken together, compromise in gut luminal
IgA could be an initial entryway for bacteria or bacterial endotoxins to reach the lungs.

Heavy alcohol consumption has been widely observed to impact pulmonary immunity
and infections. Our results corroborate prior work from Arteel et. al., who have shown
that the Lieber DeCarli chronic–binge model induces neutrophil accumulation in both
bronchoalveolar lavage fluid and lung tissue, leading to a mild inflammatory response [55].
We also found increased LCN2 and MPO proteins, released by neutrophils in response to
bacteria and their proinflammatory compounds. We posit disrupted intestinal homeostasis
by ethanol and skewed oxidative stress defenses in both the gut microbiome and host cells,
and impaired mucosal barrier and immune function open a path for bacteria and endotoxins
to enter the lung to drive an immune response characterized by the accumulation of
neutrophils and release of MPO and LCN2. Under normal conditions, such a response is
necessary for host defense, but with persistent presence of these proteins, oxidative tissue
damage in the lungs and ultimately pathology could result. For instance, the release of MPO
and the resulting enzymatic products displays potent bactericidal properties, but this effect
is not exclusive to pathogens and, if prolonged, can damage host tissue [38,56]. Lipocalin
2 is produced by neutrophils in response to the presence of bacteria and endotoxins
and sequesters bacterial siderophores, depriving them of iron necessary for their growth.
Through this ability to capture and stockpile iron, LCN2 has been shown to both induce
and protect against oxidative stress depending on the context [39].

As a potential therapeutic to restore and bolster gut immune and barrier function
disrupted by ethanol exposure, tributyrin co-supplementation was shown to support
the gut–lung axis. Tributyrin supplementation resolved the expansion of Muribaculum
intestinali and recovered bacterial metabolic pathways important for the regulation of
oxidative stress in the small intestine. Additionally, enhancement of both the mucosal
and epithelial barriers and immune responses in both the epithelium and lamina propria
occurred. Such protection reduced both bacterial presence in Peyer’s patches and endotoxin
in circulation, and in turn lowered neutrophil populations and MPO and LCN2 in the lung.
Taken together, these data support our hypothesis that neutrophil activation in the lung
is linked with ethanol-induced disturbances to the small intestine. These studies do have
limitations in that they are associative findings and not cause and effect, necessitating futher
studies. Also, we utilized a pre-clinical mouse model that replicates hepatic phenomena
as human alcoholic hepatitis, with controlled environments and co-supplementation of
tributyrin with ethanol exposure. Whether tributyrin protection would occur as a treatment
in humans with alcoholic hepatitis and pulmonary compromise is uncertain.
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5. Conclusions

Chronic–binge ethanol exposure disrupts the gut–lung axis. While the association
between alcohol consumption and oxidative damage in the lungs is well documented,
this work supports the notion that these processes are driven by ethanol-induced damage
to the gut microbiome’s composition and function, the small intestine mucosal barrier,
and immunity. Importantly, tributyrin supplementation supported intestinal immune and
barrier function, as well as reducing neutrophils and oxidative stress-related proteins in the
lungs. These findings highlight the unique ability of intestinal health to influence the lung.
Further investigations into how the gut–lung crosstalk occurs for future novel treatments
of alcohol-related pulmonary conditions are warranted.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/antiox13040472/s1: Figure S1. Gating strategy for CD11c+IL-6+ cells; Figure S2.
Gating strategy for CD3+CD4+ and CD3+CD8a+ cells; Figure S3. Gating strategy for Ly6G+CD11b+ cells.

Author Contributions: Conceptualization, G.A.M.C.; methodology, A.S., D.S., Y.H. and G.A.M.C.; vali-
dation, A.S., D.S., Y.H. and G.A.M.C.; formal analysis, N.S. and G.A.M.C.; investigation, A.S., D.S., Y.H.
and G.A.M.C.; visualization, N.S.; software, N.S.; resources, N.S. and G.A.M.C.; writing—original draft
preparation, A.S.; writing—review and editing, G.A.M.C.; supervision, G.A.M.C.; funding acquisition,
G.A.M.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NIH R01 grant # R01AA028043 (Cresci) NIH/NIAAA; NIH
T32 trainee grant 5T32HL155005-03 (Santilli) NIH/NHLBI; and Sony ID7000 support from NIH
grant S10OD02520.

Institutional Review Board Statement: All mouse procedures and experiments were approved by
the Cleveland Clinic Institutional Animal Care and Use Committee (protocol #2428).

Data Availability Statement: Data supporting the reported results can be requested by writing to the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Jew, M.H.; Hsu, C.L. Alcohol, the Gut Microbiome, and Liver Disease. J. Gastroenterol. Hepatol. 2023, 38, 1205–1210. [CrossRef]

[PubMed]
2. Adak, A.; Khan, M.R. An Insight into Gut Microbiota and Its Functionalities. Cell. Mol. Life Sci. 2019, 76, 473–493. [CrossRef]

[PubMed]
3. Liu, H.; Wang, J.; He, T.; Becker, S.; Zhang, G.; Li, D.; Ma, X. Butyrate a double edged sword for health? Adv. Nutr. 2018, 9, 21–29.

[CrossRef] [PubMed]
4. Liu, P.; Wang, Y.; Yang, G.; Zhang, Q.; Meng, L.; Xin, Y.; Jiang, X. The Role of Short-Chain Fatty Acids in Intestinal Barrier Function,

Inflammation, Oxidative Stress, and Colonic Carcinogenesis. Pharmacol. Res. 2021, 165, 105420. [CrossRef] [PubMed]
5. Smirnova, E.; Puri, P.; Muthiah, M.D.; Daitya, K.; Brown, R.; Chalasani, N.; Liangpunsakul, S.; Shah, V.H.; Gelow, K.;

Siddiqui, M.S.; et al. Fecal Microbiome Distinguishes Alcohol Consumption from Alcoholic Hepatitis but Does Not Discriminate
Disease Severity. Hepatology 2020, 72, 271–286. [CrossRef]

6. Cresci, G.A.; Bush, K.; Nagy, L.E. Tributyrin Supplementation Protects Mice from Acute Ethanol-Induced Gut Injury. Alcohol. Clin.
Exp. Res. 2014, 38, 1489–1501. [CrossRef]

7. Cresci, G.A.; Glueck, B.; McMullen, M.R.; Xin, W.; Allende, D.; Nagy, L.E. Prophylactic Tributyrin Treatment Mitigates Chronic-
Binge Ethanol-Induced Intestinal Barrier and Liver Injury. J. Gastroenterol. Hepatol. 2017, 32, 1587–1597. [CrossRef] [PubMed]

8. Roychowdhury, S.; Glueck, B.; Han, Y.; Mohammad, M.A.; Cresci, G.A.M. A Designer Synbiotic Attenuates Chronic-Binge
Ethanol-Induced Gut-Liver Injury in Mice. Nutrients 2019, 11, 97. [CrossRef]

9. Han, Y.; Glueck, B.; Shapiro, D.; Miller, A.; Roychowdhury, S.; Cresci, G.A.M. Dietary Synbiotic Supplementation Protects Barrier
Integrity of Hepatocytes and Liver Sinusoidal Endothelium in a Mouse Model of Chronic-Binge Ethanol Exposure. Nutrients
2020, 12, 373. [CrossRef]

10. Sarkar, D.; Katherine Jung, M.; Joe Wang, H.; Sarkar, D.K. Alcohol and the Immune System. Alcohol Res. 2015, 37, 153–155.
11. Simet, S.M.; Sisson, J.H. Alcohol’s Effects on Lung Health Immunity. Alcohol Res. 2015, 37, 199–208. [PubMed]
12. Ma, Y.; Yang, X.; Chatterjee, V.; Wu, M.H.; Yuan, S.Y. The Gut–Lung Axis in Systemic Inflammation Role of Mesenteric Lymph as

a Conduit. Am. J. Respir. Cell Mol. Biol. 2021, 64, 19–28. [CrossRef] [PubMed]
13. Enaud, R.; Prevel, R.; Ciarlo, E.; Beaufils, F.; Wieërs, G.; Guery, B.; Delhaes, L. The Gut-Lung Axis in Health and Respiratory

Diseases: A Place for Inter-Organ and Inter-Kingdom Crosstalks. Front. Cell Infect. Microbiol. 2020, 10, 9. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/antiox13040472/s1
https://www.mdpi.com/article/10.3390/antiox13040472/s1
https://doi.org/10.1111/jgh.16199
https://www.ncbi.nlm.nih.gov/pubmed/37096652
https://doi.org/10.1007/s00018-018-2943-4
https://www.ncbi.nlm.nih.gov/pubmed/30317530
https://doi.org/10.1093/advances/nmx009
https://www.ncbi.nlm.nih.gov/pubmed/29438462
https://doi.org/10.1016/j.phrs.2021.105420
https://www.ncbi.nlm.nih.gov/pubmed/33434620
https://doi.org/10.1002/hep.31178
https://doi.org/10.1111/acer.12428
https://doi.org/10.1111/jgh.13731
https://www.ncbi.nlm.nih.gov/pubmed/28087985
https://doi.org/10.3390/nu11010097
https://doi.org/10.3390/nu12020373
https://www.ncbi.nlm.nih.gov/pubmed/26695745
https://doi.org/10.1165/rcmb.2020-0196TR
https://www.ncbi.nlm.nih.gov/pubmed/32877613
https://doi.org/10.3389/fcimb.2020.00009
https://www.ncbi.nlm.nih.gov/pubmed/32140452


Antioxidants 2024, 13, 472 18 of 19

14. Forsyth, C.B.; Farhadi, A.; Jakate, S.M.; Tang, Y.; Shaikh, M.; Keshavarzian, A. Lactobacillus GG Treatment Ameliorates Alcohol-
Induced Intestinal Oxidative Stress, Gut Leakiness, and Liver Injury in a Rat Model of Alcoholic Steatohepatitis. Alcohol 2009, 43,
163–172. [CrossRef] [PubMed]

15. Sangwan, N.; Zarraonaindia, I.; Hampton-Marcell, J.T.; Ssegane, H.; Eshoo, T.W.; Rijal, G.; Negri, M.C.; Gilbert, J.A. Differential
Functional Constraints Cause Strain-Level Endemism in Polynucleobacter Populations. mSystems 2016, 1, 00003-16. [CrossRef]
[PubMed]

16. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30,
2114–2120. [CrossRef] [PubMed]

17. Segata, N.; Waldron, L.; Ballarini, A.; Narasimhan, V.; Jousson, O.; Huttenhower, C. Metagenomic Microbial Community Profiling
Using Unique Clade-Specific Marker Genes. Nat. Methods 2012, 9, 811–814. [CrossRef]

18. Franzosa, E.A.; McIver, L.J.; Rahnavard, G.; Thompson, L.R.; Schirmer, M.; Weingart, G.; Lipson, K.S.; Knight, R.; Caporaso, J.G.;
Segata, N.; et al. Species-Level Functional Profiling of Metagenomes and Metatranscriptomes. Nat. Methods 2018, 15, 962–968.
[CrossRef] [PubMed]

19. Benjamini, Y. Discovering the False Discovery Rate. J. R. Statist. Soc. B 2010, 72, 405–416. [CrossRef]
20. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.

Statist. Soc. B 1995, 57, 289–300. [CrossRef]
21. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2021; Available online: https://www.R-project.org/ (accessed on 3 November 2023).
22. Qiu, Z.; Sheridan, B.S. Isolating Lymphocytes from the Mouse Small Intestinal Immune System. J. Vis. Exp. 2018, 2018, e57281.
23. Siddiqui, M.T.; Han, Y.; Shapiro, D.; West, G.; Fiocchi, C.; Cresci, G.A.M. The Postbiotic Butyrate Mitigates Gut Mucosal Disruption

Caused by Acute Ethanol Exposure. Int. J. Mol. Sci. 2024, 25, 1665. [CrossRef] [PubMed]
24. Shapiro, D.; Kapourchali, F.R.; Santilli, A.; Han, Y.; Cresci, G.A.M. Targeting the Gut Microbiota and Host Immunity with a

Bacilli-Species Probiotic during Antibiotic Exposure in Mice. Microorganisms 2022, 10, 1178. [CrossRef] [PubMed]
25. Calleja-Conde, J.; Echeverry-Alzate, V.; Bühler, K.M.; Durán-González, P.; Morales-García, J.Á.; Segovia-Rodríguez, L.; Rodríguez

de Fonseca, F.; Giné, E.; López-Moreno, J.A. The Immune System through the Lens of Alcohol Intake and Gut Microbiota. Int. J.
Mol. Sci. 2021, 22, 7485. [CrossRef] [PubMed]

26. Bishehsari, F.; Magno, E.; Swanson, G.; Desai, V.; Voigt, R.M.; Forsyth, C.B.; Keshavarzian, A. Alcohol and Gut-Derived
Inflammation. Alcohol Res. 2017, 38, 163–171.

27. Gout, I. Coenzyme A: A Protective Thiol in Bacterial Antioxidant Defence. Biochem. Soc. Trans. 2019, 47, 469–476. [CrossRef]
[PubMed]

28. Perez-Ortiz, G.; Sidda, J.D.; Peate, J.; Ciccarelli, D.; Ding, Y.; Barry, S.M. Production of Copropophyrin III, Biliverdin and Bilirubin
by the Rufomycin Producer, Streptomyces Atratus. Front. Microbiol. 2023, 14, 1092166. [CrossRef]

29. Wilks, A.; Ikeda-Saito, M. Heme Utilization by Pathogenic Bacteria: Not All Pathways Lead to Biliverdin. Acc. Chem. Res. 2014,
47, 2291–2298. [CrossRef] [PubMed]

30. Layer, G.; Jahn, M.; Moser, J.; Jahn, D. Radical SAM Enzymes Involved in Tetrapyrrole Biosynthesis and Insertion. ACS Bio. Med.
Chem. Au 2022, 2, 196–204. [CrossRef]

31. Li, J.Y.; Guo, Y.C.; Zhou, H.F.; Yue, T.T.; Wang, F.X.; Sun, F.; Wang, W.Z. Arginine Metabolism Regulates the Pathogenesis of
Inflammatory Bowel Disease. Nutr. Rev. 2023, 81, 578–586. [CrossRef]

32. Nüse, B.; Holland, T.; Rauh, M.; Gerlach, R.G.; Mattner, J. L-Arginine Metabolism as Pivotal Interface of Mutual Host–Microbe
Interactions in the Gut. Gut Microbes 2023, 15, 2222961. [CrossRef] [PubMed]

33. López, M.C. Chronic Alcohol Consumption Regulates the Expression of Poly Immunoglobulin Receptor (PIgR) and Secretory IgA
in the Gut. Toxicol. Appl. Pharmacol. 2017, 333, 84–91. [CrossRef] [PubMed]

34. Mantis, N.J.; Rol, N.; Corthésy, B. Secretory IgA’s Complex Roles in Immunity and Mucosal Homeostasis in the Gut. Mucosal.
Immunol. 2011, 4, 603–611. [CrossRef] [PubMed]

35. Pietrzak, B.; Tomela, K.; Olejnik-Schmidt, A.; Mackiewicz, A.; Schmidt, M. Secretory Iga in Intestinal Mucosal Secretions as an
Adaptive Barrier against Microbial Cells. Int. J. Mol. Sci. 2020, 21, 9254. [CrossRef] [PubMed]

36. Guo, Y.; Wang, B.; Wang, T.; Gao, L.; Yang, Z.J.; Wang, F.F.; Shang, H.W.; Hua, R.; Xu, J.D. Biological Characteristics of Il-6 and
Related Intestinal Diseases. Int. J. Biol. Sci. 2020, 17, 204–219. [CrossRef] [PubMed]

37. Feng, Q.; Chen, W.D.; Wang, Y.D. Gut Microbiota: An Integral Moderator in Health and Disease. Front. Microbiol. 2018, 9, 151.
[CrossRef] [PubMed]

38. Davies, M.J.; Hawkins, C.L. The Role of Myeloperoxidase in Biomolecule Modification, Chronic Inflammation, and Disease.
Antioxid. Redox Signal 2020, 32, 957–981. [CrossRef]

39. An, H.S.; Yoo, J.W.; Jeong, J.H.; Heo, M.; Hwang, S.H.; Jang, H.M.; Jeong, E.A.; Lee, J.; Shin, H.J.; Kim, K.E.; et al. Lipocalin-2
Promotes Acute Lung Inflammation and Oxidative Stress by Enhancing Macrophage Iron Accumulation. Int. J. Biol. Sci. 2023, 19,
1163–1177. [CrossRef] [PubMed]

40. Shin, H.J.; Jeong, E.A.; Lee, J.Y.; An, H.S.; Jang, H.M.; Ahn, Y.J.; Lee, J.; Kim, K.E.; Roh, G.S. Lipocalin-2 Deficiency Reduces Oxida-
tive Stress and Neuroinflammation and Results in Attenuation of Kainic Acid-Induced Hippocampal Cell Death. Antioxidants
2021, 10, 100. [CrossRef]

https://doi.org/10.1016/j.alcohol.2008.12.009
https://www.ncbi.nlm.nih.gov/pubmed/19251117
https://doi.org/10.1128/mSystems.00003-16
https://www.ncbi.nlm.nih.gov/pubmed/27822527
https://doi.org/10.1093/bioinformatics/btu170
https://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1038/nmeth.2066
https://doi.org/10.1038/s41592-018-0176-y
https://www.ncbi.nlm.nih.gov/pubmed/30377376
https://doi.org/10.1111/j.1467-9868.2010.00746.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://www.R-project.org/
https://doi.org/10.3390/ijms25031665
https://www.ncbi.nlm.nih.gov/pubmed/38338944
https://doi.org/10.3390/microorganisms10061178
https://www.ncbi.nlm.nih.gov/pubmed/35744696
https://doi.org/10.3390/ijms22147485
https://www.ncbi.nlm.nih.gov/pubmed/34299105
https://doi.org/10.1042/BST20180415
https://www.ncbi.nlm.nih.gov/pubmed/30783014
https://doi.org/10.3389/fmicb.2023.1092166
https://doi.org/10.1021/ar500028n
https://www.ncbi.nlm.nih.gov/pubmed/24873177
https://doi.org/10.1021/acsbiomedchemau.1c00061
https://doi.org/10.1093/nutrit/nuac070
https://doi.org/10.1080/19490976.2023.2222961
https://www.ncbi.nlm.nih.gov/pubmed/37358082
https://doi.org/10.1016/j.taap.2017.08.013
https://www.ncbi.nlm.nih.gov/pubmed/28843478
https://doi.org/10.1038/mi.2011.41
https://www.ncbi.nlm.nih.gov/pubmed/21975936
https://doi.org/10.3390/ijms21239254
https://www.ncbi.nlm.nih.gov/pubmed/33291586
https://doi.org/10.7150/ijbs.51362
https://www.ncbi.nlm.nih.gov/pubmed/33390844
https://doi.org/10.3389/fmicb.2018.00151
https://www.ncbi.nlm.nih.gov/pubmed/29515527
https://doi.org/10.1089/ars.2020.8030
https://doi.org/10.7150/ijbs.79915
https://www.ncbi.nlm.nih.gov/pubmed/36923935
https://doi.org/10.3390/antiox10010100


Antioxidants 2024, 13, 472 19 of 19

41. Xiao, X.; Yeoh, B.S.; Vijay-Kumar, M. Lipocalin 2: An Emerging Player in Iron Homeostasis and Inflammation. Annu. Rev. Nutr.
2017, 37, 103–130. [CrossRef]

42. Li, Z.; Zhou, E.; Liu, C.; Wicks, H.; Yildiz, S.; Razack, F.; Ying, Z.; Kooijman, S.; Koonen, D.P.Y.; Heijink, M.; et al. Dietary Butyrate
Ameliorates Metabolic Health Associated with Selective Proliferation of Gut Lachnospiraceae Bacterium 28-4. JCI Insight 2023,
8, e166655. [CrossRef] [PubMed]

43. Martens, E.C.; Chiang, H.C.; Gordon, J.I. Mucosal Glycan Foraging Enhances Fitness and Transmission of a Saccharolytic Human
Gut Bacterial Symbiont. Cell Host Microbe 2008, 4, 447–457. [CrossRef] [PubMed]

44. Cox, L.M.; Blaser, M.J. Probiotic Compositions for Improving Metabolism and Immunity. US Patent 10,653,728 B2, 19 May 2020.
45. Bang, S.; Shin, Y.H.; Ma, X.; Park, S.M.; Graham, D.B.; Xavier, R.J.; Clardy, J. A Cardiolipin from Muribaculum Intestinale Induces

Antigen-Specific Cytokine Responses. J. Am. Chem. Soc. 2023, 145, 23422–23426. [CrossRef] [PubMed]
46. Frankenberg, N.; Moser, J.; Jahn, D. Bacterial Heme Biosynthesis and Its Biotechnological Application. Appl. Microbiol. Biotechnol.

2003, 63, 115–127. [CrossRef] [PubMed]
47. Pascale, R.M.; Simile, M.M.; Calvisi, D.F.; Feo, C.F.; Feo, F. S-Adenosylmethionine: From the Discovery of Its Inhibition of

Tumorigenesis to Its Use as a Therapeutic Agent. Cells 2022, 11, 409. [CrossRef] [PubMed]
48. Li, Q.; Cui, J.; Fang, C.; Liu, M.; Min, G.; Li, L. S-Adenosylmethionine Attenuates Oxidative Stress and Neuroinflammation

Induced by Amyloid-β Through Modulation of Glutathione Metabolism. J. Alzheimer’s Dis. 2017, 58, 549–558. [CrossRef]
49. Shandilya, S.; Kumar, S.; Kumar Jha, N.; Kumar Kesari, K.; Ruokolainen, J. Interplay of Gut Microbiota and Oxidative Stress:

Perspective on Neurodegeneration and Neuroprotection. J. Adv. Res. 2022, 38, 223–244. [CrossRef] [PubMed]
50. Kunst, C.; Schmid, S.; Michalski, M.; Tümen, D.; Buttenschön, J.; Müller, M.; Gülow, K. The Influence of Gut Microbiota on

Oxidative Stress and the Immune System. Biomedicines 2023, 11, 1388. [CrossRef] [PubMed]
51. Bastos, P.A.D.; Wheeler, R.; Boneca, I.G. Uptake, Recognition and Responses to Peptidoglycan in the Mammalian Host. FEMS

Microbiol. Rev. 2021, 45, fuaa044. [CrossRef]
52. Wolf, A.J.; Underhill, D.M. Peptidoglycan Recognition by the Innate Immune System. Nat. Rev. Immunol. 2018, 18, 243–254.

[CrossRef]
53. Tezuka, H.; Ohteki, T. Regulation of IgA Production by Intestinal Dendritic Cells and Related Cells. Front. Immunol. 2019, 10, 1891.

[CrossRef] [PubMed]
54. Ni, S.; Yuan, X.; Cao, Q.; Chen, Y.; Peng, X.; Lin, J.; Li, Y.; Ma, W.; Gao, S.; Chen, D. Gut Microbiota Regulate Migration of

Lymphocytes from Gut to Lung. Microb. Pathog. 2023, 183, 106311. [CrossRef] [PubMed]
55. Poole, L.G.; Beier, J.I.; Torres-Gonzales, E.; Schlueter, C.F.; Hudson, S.V.; Artis, A.; Warner, N.L.; Nguyen-Ho, C.T.; Dolin, C.E.;

Ritzenthaler, J.D.; et al. Chronic + Binge Alcohol Exposure Promotes Inflammation and Alters Airway Mechanics in the Lung.
Alcohol 2019, 80, 53–63. [CrossRef] [PubMed]

56. Hawkins, C.L.; Davies, M.J. Role of Myeloperoxidase and Oxidant Formation in the Extracellular Environment in Inflammation-
Induced Tissue Damage. Free Radic. Biol. Med. 2021, 172, 633–651. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1146/annurev-nutr-071816-064559
https://doi.org/10.1172/jci.insight.166655
https://www.ncbi.nlm.nih.gov/pubmed/36810253
https://doi.org/10.1016/j.chom.2008.09.007
https://www.ncbi.nlm.nih.gov/pubmed/18996345
https://doi.org/10.1021/jacs.3c09734
https://www.ncbi.nlm.nih.gov/pubmed/37871232
https://doi.org/10.1007/s00253-003-1432-2
https://www.ncbi.nlm.nih.gov/pubmed/13680202
https://doi.org/10.3390/cells11030409
https://www.ncbi.nlm.nih.gov/pubmed/35159219
https://doi.org/10.3233/JAD-170177
https://doi.org/10.1016/j.jare.2021.09.005
https://www.ncbi.nlm.nih.gov/pubmed/35572407
https://doi.org/10.3390/biomedicines11051388
https://www.ncbi.nlm.nih.gov/pubmed/37239059
https://doi.org/10.1093/femsre/fuaa044
https://doi.org/10.1038/nri.2017.136
https://doi.org/10.3389/fimmu.2019.01891
https://www.ncbi.nlm.nih.gov/pubmed/31456802
https://doi.org/10.1016/j.micpath.2023.106311
https://www.ncbi.nlm.nih.gov/pubmed/37625662
https://doi.org/10.1016/j.alcohol.2018.10.008
https://www.ncbi.nlm.nih.gov/pubmed/30445135
https://doi.org/10.1016/j.freeradbiomed.2021.07.007
https://www.ncbi.nlm.nih.gov/pubmed/34246778

	Introduction 
	Materials and Methods 
	Chronic–Binge Ethanol Feeding Model 
	Shotgun Metagenomics Sequencing, Bioinformatics, and Statistical Analysis 
	Small Intestinal Isolation of Intraepithelial Lymphocytes, Lamina Propria Lymphocytes, and Intestinal Epithelial Cells 
	Isolation of Lung Immune Cells 
	Flow Cytometry Analysis of IELs, LPLs, and Lung Immune Cells 
	Tissue RT-qPCR 
	Western Blotting: Intestinal Epithelial Cells 
	Plasma Endotoxin Quantification Using Limulus Amoebocyte Lysate (LAL) Assay 
	Cecal Secretory IgA (SIgA) Enzyme-Linked Immunoassay (ELISA) 
	Lipocalin 2 (LCN2) and Myeloperoxidase (MPO) ELISA in Lung Tissue 
	Plating of Peyer’s Patches on Enterococcosel Agar 
	Statistical Analysis 

	Results 
	Ethanol Exposure and Tributyrin Supplementation Alter the Gut Microbiome and Its Functional Pathways 
	Ethanol Affects Intestinal Epithelial Immune Responses 
	Tributyrin Supplementation Bolsters Immune and Barrier Functions Both at the Intestinal Epithelium and within the Lamina Propria 
	Tributyrin Supplementation Mitigates Ethanol-Induced Neutrophil Presence and Markers of Oxidative Stress in the Lungs 

	Discussion 
	Conclusions 
	References

