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Background:Alcoholmisuse, binge drinking pattern, and gender-specific e�ects
in the middle-aged population has been clearly underestimated. In the present
study, we focused on understanding gender-specific e�ects of alcohol exposure
on the gut-liver axis and the role of gutmicrobiota inmodulating gender-specific
responses to alcohol consumption.

Methods: Fifty-two-week-old female and male C57BL/6 mice were fasted for
12h, and then administered a single oral dose of ethanol (EtOH) (6 g/kg). Controls
were given a single dose of PBS. Animals were sacrificed 8h later. Alternatively,
fecal microbiota transplantation (FMT) was performed in 52-week-old male
mice from female donors of the same age. Permeability of the large intestine
(colon), gut microbiota, liver injury, and inflammation was thoroughly evaluated
in all groups.

Results: Middle-agedmale mice exposed to EtOH showed a significant increase
in gut permeability in the large intestine, evaluated by FITC-dextran assay and
ZO-1, OCCLUDIN and MUCIN-2 immuno-staining, compared to PBS-treated
animals, whilst femalemice of the same age also increased their gut permeability,
but displayed a partially maintained intestinal barrier integrity. Moreover, there
was a significant up-regulation of TLRs and markers of hepatocellular injury,
cell death (AST, TUNEL-positive cells) and lipid accumulation (ORO) in male
mice after EtOH exposure. Interestingly, FMT from female donors to male
mice reduced gut leakiness, modified gut microbiota composition, ameliorated
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liver injury and inflammation, TLR activation and the senescence phenotype of
middle-aged mice.

Conclusion: Our findings highlighted the relevance of gender in middle-aged
individuals who are exposed to alcohol in the gut-liver axis. Moreover, our study
revealed that gender-specific microbiota transplantation might be a plausible
therapy in the management of alcohol-related disorders during aging.

KEYWORDS

alcohol and gender, gut-liver axis, fecal microbiota transplantation, steatosis,

senescence

Introduction

Alcohol misuse is causing important morbidity and mortality

worldwide (1). Globally, it causes 3.8% mortality and 4.6% of

disability-adjusted life-years lost (2). Unfortunately, heavy drinking

is increasing worldwide, and therapeutic management needs to be

developed in order to fight this plague. According to the 2019

National Survey on Drug Use and Health, about 66 million, or

about 24% of people in the United States ages 12 and older reported

binge drinking (3). Binge drinking is typically defined by the

National Institute on Alcohol Abuse and Alcoholism (NIAAA) as

four of more drinks in adult women, or five or more drinks in adult

men in a period of 2 h; with values of blood alcohol concentration

(BAC) to 0.08% or higher (3).

Binge drinking became a common practice between young

adults in developing countries; however, rates have been decreasing

in the last decade, meanwhile the prevalence is increasing among

older adults, with a past month prevalence- rate of 17.5% in

middle-aged adults (4, 5). While the effects of binge drinking have

been recently studied in young adults, the effects in middle-aged

populations remain elusive (3). The high frequency of this practice

and the lack of awareness in terms of the pathophysiological effects

triggered by this form of alcohol misuse make it necessary to study.

Remarkably, alcohol disrupts the gut-liver axis, including

alterations in the gut permeability [changes in tight junctions (TJs)

and mucus barrier], gut microbiome dysbiosis (disturbances in

the composition of the microbiome producing a disbalance of

pathogenic and commensal organisms), and antimicrobial peptide

production (increases microbial exposure to these peptides and

development of a proinflammatory environment in the liver) (6–

8). Current data indicate that besides the direct toxic effect of

alcohol on liver parenchymal cells, abnormal gut microbiota, loss

Abbreviations: ABx, high-dose of an antibiotics cocktail; ArLD, alcohol-

related liver disease; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; BAC, blood alcohol concentration; BW, body weight;

EDTA, ethylenediaminetetraacetic acid; EtOH, ethanol; FMT, fecal microbiota

transplantation; H&E, hematoxylin and eosin; LPS, lipopolysaccharide; LW,

liver weight; NIAAA, National Institute on Alcohol Abuse and Alcoholism;

ORO, oil red O; PBS, phosphate-bu�ered saline; PFA, paraformaldehyde;

SA-β-gal, senescence-associated β galactosidase; SEM, standard deviation

of the mean; SIRT1, sirtuin1; TJs, tight junctions; TLR, toll-like receptor; WT,

wildtype; ZO-1, zonula occludens-1.

of intestinal barrier function, and the resultant activation of toll-

like receptors (TLRs) on liver immune cells contribute to the

pathogenesis of alcohol-related liver disease (ArLD). Notably, the

contribution of an altered gut microbiota to ArLD begins before

any indication of liver disease (9). Emerging evidence showed that

gut microbiota composition is critical to maintain homeostasis of

the gut-liver axis, and as part of this bidirectional communication

the liver shapes intestinal microbial communities (9).

In the present study, we aimed to thoroughly examine the

effects underlying the pathophysiology of alcohol intoxication in

middle-aged female and male mice, evaluating the role of gender-

specific gut microbiota and its influence on the gut-liver axis.

Materials and methods

Animal model of acute EtOH intoxication

C57BL/6J background from ENVIGO (Valencia, Spain) were

bred and maintained in the animal facility of the Complutense

School of Medicine in a temperature and humidity-controlled

room with 12-h light/dark cycles and allowed food and water

ad libitum. For our study, we used 52-week-old female and

male mice; 52-week-old female mice are reproductively senescent

(10). Animal studies were approved by the Conserjería de Medio

Ambiente, Administración Local y Ordenación del Territorio

(PROEX 125.1/20 and 264.2/23).

Acute administration of EtOH was done by oral gavage. In

summary, wildtype (WT) mice (n = 4–11 per experiment) were

fasted at night for 12 h. In the morning, they were fed with one oral

dose of 30% EtOH (gavage of 6 g/kg body weight) with a gavage

needle (Kent Scientific, Torrington CT) (11). As controls, we used

phosphate-buffered saline (PBS) gavage. All animals were sacrificed

with isoflurane (SOLVET, Segovia, Spain) 8 h after the challenge.

Antibiotics treatment and fecal microbiota
transplantation

Fifty-two weeks-old male mice were treated with a high-dose

of an antibiotics cocktail (ABx) before FMT (day 1). ABx was

prepared in sterile H2O at the following concentration: ampicillin

(1 mg/ml), vancomycin (5 mg/ml), streptomycin (10 mg/ml), and
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metronidazole (10 mg/ml). this antibiotics cocktail combines b-

lactam (ampicillin), glycopeptide (vancomycin), aminoglycoside

(streptomycin) and nitroimidazole (metronidazole) antibiotics and

was proved sufficient to decrease mouse gut microbial load within

hours (12), targeting against the full spectrum of bacteria including

both gram positive (ampicillin and vancomycin) and gram negative

(ampicillin and neomycin) strains. All antibiotics were obtained

from Gregorio Marañón University Hospital, Madrid (Spain).

Antibiotics cocktails were freshly prepared on the day of treatment

and was administered by one-time oral gavage (250 µl each mouse)

on Day 0 after the collection of fecal samples.

Fecal pellets were collected from 52 weeks-old mice from all

groups of mice before the ABx administration (Day 0). Stool from

52 weeks-old female mice were pooled, mixed and homogenized

in PBS at concentration at 1 g feces/10mL PBS (13, 14). Mixture

was centrifuged at 500 rpm for 5min at 4◦C and supernatants

were collected and used for FMT. Each 52 weeks-old male mice

received 150 µL of the supernatant by oral gavage once a day

continuously for 3 days (Days 2–4). Acute intoxication of 30%

EtOH (gavage of 6 g/kg body weight) was administrated, and mice

were sacrificed as previously mentioned 15 days after the FMT and

at the age of 52 weeks-old (Day 19). EtOH gavage was performed

as mentioned before (12). Stool from 52 weeks-old male mice was

collected during and 16 days after FMT to further studies to analyze

changes in gut microbiota.

Histological and morphological analyses

Livers and colon from mice were harvested and after fixation

with 4% PFA were embedded in paraffin for further histological

evaluation. Hematoxylin and Eosin (H&E) and Oil Red O

(ORO) staining were performed on liver and colon sections

and liver sections, respectively as previously described (15, 16).

Photomicrographs of stained sections were randomly taken in

a 20X and 40X magnification in an optical microscope (Nikon

Eclipse Ci, Tokyo, Japan) and Oil Red-O-positive areas were

quantified using free NIH Image/J software (National Institutes of

Health, Bethesda, MD, USA) as previously described (17).

Biochemical measurements

Blood from the portal vein of each mouse was collected and

sent to the University Hospital RWTH of Aachen, Germany and to

Gregorio Marañon Research Institute (iISGM) in Madrid, Spain.

Aspartate aminotransferase (AST) and alanine aminotransferase

(ALT) were measured according to the standard procedures of

the Central Laboratory Facility of the University Hospital RWTH

of Aachen and Gregorio Marañon Research Institute as index

of liver damage. Serum triglycerides were measured in samples

in a collaboration with University Hospital RWTH of Aachen,

Germany. For the evaluation of the intrahepatic triglyceride

content, liver samples were homogenized in a specific Tris buffer

(10mM Tris, 2mM EDTA, 0.25M sucrose, and pH 7.5) and

successively processed according to the manufacturer’s instructions

of a commercial colorimetric kit (10724600, Human Diagnostics).

Quantitative real-time PCR

Total RNA was purified from liver tissue using Trizol reagent

(Invitrogen, Karlsruhe, Germany). Total RNA (1 µg) was used to

synthesize cDNA using Super Script first Strand Synthesis System

(Invitrogen, Karlsruhe, Germany) and was resuspended in 100µl of

RNAse-free water (Sigma, St. Louis, MO, USA). Quantitative real-

time PCR was performed using SYBR Green Reagent (Invitrogen,

Karlsruhe, Germany) by the Genomics and Proteomics Facility

(School of Biology, UCM). Relative gene expression was calculated

using the 2−11Ct quantification formula normalizing each gene

with the expression of GAPDH, using as an internal standard (18).

Primer sequences can be provided upon request.

Immunofluorescence and TUNEL assay

Liver and colon samples from each mouse were preserved

in cassettes in Tissue-Teck (Sakura Finetek U.S.A, Torrance,

CA) at −80◦C. ZO-1, MUCIN-2, OCCLUDIN, F4/80, CD11b,

β-GALACTOSIDASE and TUNEL tests were performed by

standard procedures following the manufacturer’s protocol (Roche,

Rotkreuz, Switzerland).

Analysis of intestinal permeability in vivo

Intestinal permeability was determined by measuring the

appearance in blood of the marker isothiocyanate conjugated

dextran (TdB Consultancy AB Uppsala, Sweden). Isothiocyanate

conjugated dextran (FITC-dextran, molecular mass 4.0 kDa)

(TdBCons, Uppsala, Sweden) was dissolved in PBS at a

concentration of 200 mg/ml and administrated to 12 h fasted mice

(10 ml/kg body weight) using a gavage needle (Kent Scientific).

After 4 h, mice were sacrificed by an overdose of isoflurane (Solvet)

inhalation. Concentration of FITC was determined in serum

by fluorometry with an excitation of 485 nm and an emission

wavelength of 528 nm using serially diluted FITC-dextran (0,

125, 250, 500, 1,000, 2,000, 4,000, 6,000, 8,000, 10,000 ng/ml)

as standards.

Microbiota analysis

Murine fecal samples were collected for bacterial DNA

extraction using the centrifugal affinity column system in the

PureLinkTM Microbiome DNA Purification Kit (Invitrogen),

according to the manufacturer’s instructions. Quantity and purity

of the extracted genomic DNA were evaluated with a Thermo

Scientific NanoDrop and stored at −20◦C until used. For long-

read sequencing of 16S rRNA gene, 10 ng of total genomic DNA

were subjected to library construction using the 16S barcoding

kit (SQK-16S024) according to Oxford Nanopore Technologies

(ONT) protocol. Specifically, bacterial DNA was amplified using

barcoded universal 16S primers (27F and 1492R) supplied by

ONT with 5
′

-tags that facilitate the ligase-free attachment of rapid

sequencing adapters required during nanopore library preparation.
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The barcoded libraries were loaded and sequenced on MinION

flow cells (FLO-MIN106D R9.4.1; ONT) using the MinION-Mk1C

instrument (ONT). After 24 h, a total of 398,221 nanopore reads

in two pooled runs were obtained for the 11 individual samples of

this study, with a median long-read length of 1.59 kb, consistent

with the expected 16S rRNA size. Data acquisition, real-time

analysis, base-calling, and data transmission of FASTQ files was

operated using the MinKNOW (v22.10.7) operating software on

the MinION-Mk1C sequencing device. The cloud-based EPI2ME

Fastq 16S (v2023.04.21) algorithm was used for analytical workflow

of 16S rRNA FASTQ files, including alignment and classification

of reads into operational taxonomic units (OUT) to the species

level, according to the NCBI 16S rRNA reference sequence database

(containing over 26,000 curated type strain sequences of 16S rRNA

from bacteria and archaea).

Read counts for mitochondria and chloroplast, as well as

taxa with <5 observations in at least 10% of samples were

filtered for downstream analysis using the Phyloseq R package

(v1.38.0) (19), which was also used to calculate observed-OTUs

and Shannon indexes for alpha diversity estimation. Finally, the

MicrobiotaProcess R package (v1.15.0) (20) was used for generating

rarefaction curves and further visualization of microbiota

abundance and distribution across experimental groups.

Statistical analysis

All statistical analyses consisted of One-Way ANOVA followed

by Tukey post-hoc test using GraphPad Prism version 8.0.2 software

(San Diego, CA). A p< 0.05 was considered statistically significant.

Grubbs’ Test to quantify outliers was performed using GraphPad.

Data were expressed as mean± standard error of the mean (SEM).

Results

Intestinal colonic permeability tends to be
more resilient in middle-aged female mice,
but not in same age male mice after acute
EtOH gavage

In order to study the gender-dependent effects in the gut-liver

axis after acute EtOH intoxication in vivo, 52-week-old female and

male C57/BL6J mice were administered EtOH by gavage (6 g/kg)

and we examined gut architecture and permeability. Interestingly,

H&E staining of the large intestine showed that EtOH intoxication

caused alterations in intestinal epithelium (changes in crypts) of

52-week-old male mice (Figure 1A); however, no relevant findings

were observed in 52-week-old EtOH-fed female mice and PBS-

gavaged mice (Figure 1A).

Since acute EtOH exposure could modulate gut permeability,

we used the FITC-dextran method to determine intestinal

permeability. Fifty-two-week-old female mice displayed

significantly increased gut permeability, whereas same age

male mice displayed exacerbated levels of FITC-dextran, compared

to PBS-treated mice and even compared to EtOH-fed female

(Figure 1B).

Intestinal permeability is associated with the integrity of the

intestinal epithelial barrier. Intestinal epithelial tight junctions

(TJs) acts as a gate, serving as a structural barrier against

paracellular permeation of luminal antigens (21). TJs are composed

of thin protein complexes, including zonula occludes-1 (ZO-

1) and OCCLUDIN, that completely encircle the apex of the

cell and make contact with TJs of adjacent cells, forming a

continuous paracellular seal (22). Earlier we reported that acute

EtOH intoxication disrupt TJs (23), thus we next evaluated

whether changes in intestinal TJs, that result in leaky gut, occurred

during experimental acute EtOH injury in 52-week-old female and

male mice. Interestingly, the expression of ZO-1 is slightly but

significantly decreased in the large intestine of 52-week-old female

mice after EtOH intoxication, compared with PBS-gavaged female

mice (Figures 1C, D). Interestingly, same age male mice show

a dramatic decreased expression of ZO-1, compared with PBS-

treated male mice (Figures 1C, D). Concomitant with these results,

OCCLUDIN expression was significantly reduced in both groups

of mice after EtOH intoxication, compared with PBS-treated mice

(Supplementary Figures 1A, B).

The mucosa is covered by a thick layer of mucus that acts as a

protective barrier against harmful substances, including bacteria.

The major protein component of the intestinal mucous layer is

MUCIN-2, which is secreted by Goblet cells and acts as the firs

barrier that prevents direct contact between intestinal bacteria and

colonic epithelial cells (24). Immunofluorescent staining revealed

significantly lower expression of MUCIN-2 in the large intestine of

EtOH-treated 52-week-old male mice compared with PBS-treated

mice and statistically significant compared with same age female

mice treated with ETOH (Figures 1E, F). Taken together, these

results suggest that 52-week-old male mice displayed increased

gut permeability, decreased number of TJs, and less mucous

protection compared to female mice of the same age. However,

female mice also exhibited gut disturbances, yet appeared to

possess a more resilient gut physiology following experimental

acute EtOH exposure.

Fifty-two-week-old female mice display
less liver damage after EtOH intoxication
than male mice of the same age

Intestinal barrier dysfunction during EtOH exposure

contributes to the development of liver injury (25). Since

experimental acute EtOH exposure impaired intestinal barrier

integrity, we subsequently investigated the effects in the liver.

No macroscopic differences were found after acute EtOH

intoxication in 52-week-old mice (Supplementary Figure 2A),

albeit significant difference between female and male mice after

EtOH in liver weight (LW) vs. body weight ratio (LW/BW) was

found (Supplementary Figure 2B). Histological examination of

livers by H&E staining revealed disorganized structure of the

hepatic lobules in mice after acute EtOH exposure. The cytoplasm

was translucent, exhibiting some extent of hepatocellular necrosis,

and visible microsteatosis, especially in 52-week-old male mice.

PBS-treated mice showed normal lobular architecture with

sinusoidal hepatic cords and typical liver (Figure 2A).
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FIGURE 1

Intestinal barrier in large intestine of 52-week-old female C57BL/6 mice is partially maintained after acute ethanol exposure compared to same age
male mice. (A) H&E staining of large intestine in 52-week-old female and male C57BL/6 mice treated with EtOH (6 g/kg) performed in para�n liver
sections. Crypt of Lieberkuhn is indicated by arrows. (B) Intestine permeability to FITC-dextran in female and male mice treated with EtOH/PBS
gavage, represented as mg/mL serum (n = 3–4). (C) ZO-1 staining in large intestine of 52 weeks-old female and male mice after acute EtOH
intoxication and (D) each quantification. (E) Mucin-2 immunofluorescence staining of 52 weeks-old C57BL/6 female and male mice treated with
EtOH (6 g/kg) or PBS large intestine cryosections and (F) each quantification. (n = 7). Scale bars: 100µm. *P < 0.05, ***P < 0.001, #P < 0.05. ns, no
statistical di�erence.
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FIGURE 2

Fifty-two weeks-old female mice challenged with EtOH has less lipid accumulation in liver than same age male mice. (A) H&E staining in
52-week-old female and male C57BL/6 mice treated with EtOH (6 g/kg) performed in para�n liver sections. (B) ALT levels measured in serum of
52-week-old female and male mice after EtOH or PBS (U/L) (n = 7–9). (C) ORO staining performed in liver cryosection of 52 weeks-old female and
male mice liver treated with EtOH (6 g/kg) or PBS and (D) each quantification. (E) Quantification of triglyceride content in liver (mg TG/mg liver) in
liver of 52 weeks-old female and male mice after an EtOH/PBS oral gavage. (F) Serum triglycerides (mg/dL) (n = 5–7). Scale bars: 100µm. *P < 0.05,
**P < 0.01. ns, no statistical di�erence.
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FIGURE 3

Fecal microbiota transplantation (FMT) from 52-week-old female donors reduces gut permeability in male mice of the same age after EtOH
intoxication. (A) H&E staining of large intestine of 52-week-old female, male and male + FMT mice after EtOH oral gavage. (B) ZO-1
immunofluorescence staining in 52-week-old female, male, and male + FMT mice after EtOH gavage in large intestine cryosections (C) and each
quantification. (D) Occludin immunofluorescence staining in large intestine cryosections of 52 weeks-old female, male, and male + FMT mice after
EtOH (6 g/kg) oral gavage and (E) each quantification. (n = 4). Scale bars: 100µm. (F) MUCIN-2 immunofluorescence staining was performed in large
intestine of 52 weeks-old female, male, and male + FMT mice after EtOH oral gavage and (G) each quantification (n = 4–7). Scale bars: 100µm. *P <

0.05, **P < 0.01, ***P < 0.001. ns, no statistical di�erence.
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Next, serum markers of liver damage were evaluated. ALT

levels were slightly but significantly increased in 52-week-old

male EtOH-treated mice, compared with EtOH-treated female or

vehicle-treated mice (Figure 2B). Heavy alcohol exposure triggers

hepatocyte cell death (26); thus, we studied cell death in the

liver using TUNEL assay. The percentage of TUNEL-positive cells

increased after acute EtOH exposure in 52-week-old male livers.

A tendency toward increased cell death was observed in EtOH-fed

female mice but no significance was found compared with same age

male mice or PBS-treated animals (Supplementary Figures 2C, D).

Ethanol is metabolized in the liver by hepatocytes, the products

derived from the metabolism of the EtOH leads to liver injury

and hepatic steatosis (27–29). The staining of neutral lipids with

ORO staining indicated a significant increase in lipid accumulation

in livers of 52-week-old male mice challenged with EtOH

compared to PBS-treated ones. Interestingly, same age female

displayed no differences in lipid accumulation as observed by ORO

staining (Figures 2C, D). In agreement with these observations,

quantification of hepatic triglycerides showed a significant

increase only in 52-week-old male mice after EtOH (Figure 2E),

whereas serum triglycerides showed no differences between the

experimental groups after EtOH intoxication (Figure 2F). In

summary, our data suggested that, although middle-age female

mice female experienced liver alterations after alcohol exposure,

52-week-old male mice were more susceptible to EtOH-induced

hepatocellular injury and lipid accumulation.

Fecal microbiota transplant from
52-week-old female mice donors
prevented EtOH-induced gut dysfunction
in middle-age male mice

To further investigate the role of the gut microbiota in

the protection of the gut-liver axis after EtOH intoxication, we

performed FMT in 52-week-old male mice. Fecal microbiota from

healthy 52-week-old female donors was transferred by oral gavage

during 3 days into same age male mice, which had been previously

treated with an ABx cocktail the day before. Then, acute EtOH

intoxication was performed by oral gavage (6 g/kg), 15 days after

FMT as previously mentioned (11) (Supplementary Figure 3A).

Interestingly, 52-week-old male mice after FMT + EtOH

displayed improved intestinal barrier integrity similar to same

age female mice. In fact, light microscopy examination of the

large intestine of 52-week-old male + FMT mice revealed no

relevant findings after EtOH intoxication (Figure 3A). Next, we

evaluated gut permeability. We hypothesized that FMT to male

mice would restore gut permeability to an extent similar to

that observed in same age female mice. Interestingly, ZO-1

staining and quantification revealed significantly increased ZO-

1 expression in TJs of 52-week-old male mice transplanted with

female fecal microbiota and treated with EtOH, compared with

non-transplanted male mice (Figures 3B, C). Concomitantly, FMT

in 52-week-old male mice significantly elevated OCCLUDIN

expression in the large intestine after EtOH exposure, compared

with non-transplanted male mice and to the same levels as

in same age female mice, treated with EtOH (Figures 3D, E).

Moreover, immunofluorescent staining of MUCIN-2 in large

intestine revealed similar values in 52-week-old male + FMT

and female mice after EtOH, whereas, non-transplanted EtOH-

fed male mice displayed a reduction in the mucus layer, as

previously mentioned (Figures 3F, G). Altogether, gut microbiota

from middle-aged female mice was capable of improved gut

permeability function of same age male mice after EtOH exposure.

Fecal microbiota transplantation in 52
weeks-old male mice after EtOH
intoxication reduced hepatocellular injury
and lipid accumulation

Disruption of the gut permeability leads to microbiota

translocation and liver damage. Macroscopic and microscopic

examination of livers revealed no relevant findings in 52-week-old

male mice + FMT after EtOH, compared with non-transplanted

male mice (Supplementary Figure 3B; Figure 4A). Interestingly,

serum markers of liver damage, such as AST and ALT, showed

a tendency toward decreased levels in 52-week-old male mice +

FMT after EtOH, with values similar to same age female animals

(Figures 4B, C).

Additionally, lipid accumulation in liver was significantly

reduced in 52-week-old male mice + FMT after EtOH. ORO

staining showed a decrease in the total neutral lipids – quantified

by % area – in the liver of 52-week-old EtOH-fed male + FMT

mice (Figures 4D, E). In agreement with these results, hepatic

triglyceride content in the liver measurement was significantly

decreased in 52-week-old EtOH-fed male + FMT mice, compared

with non-transplanted male mice (Figure 4F), albeit no differences

were found in serum triglycerides in any of the experimental groups

(Figure 4G). In summary, this set of data evidenced a role for FMT

from middle-aged female donors in order to reduce hepatocellular

injury and lipid accumulation as a result of EtOH intoxication in

same age male mice.

Fecal microbiota transplantation in
52-week-old male mice after EtOH
intoxication ameliorated TLR cascade
activation, immune cell infiltration, and
activation of senescence

We first evaluated immune cells infiltration into livers of

our experimental groups. Therefore, we performed F4/80 and

CD11b immunofluorescent staining which revealed a significant

decrease in the percentage of F4/80- (Figures 5A, B) and CD11b-

(Figures 5C, D) positive cells in 52-week-old male + FMT mice

after EtOH, compared with non-transplanted male mice of the

same age.

A decrease in the gut permeability reduces bacterial

translocation and subsequently causes a decrease in the

activation of Toll-like receptors (TLRs). Moreover, TLR4 triggers

inflammation in alcohol-related liver disease (30). Thus, we first

analyzed the mRNA transcripts of the TLR cascade. Tlr4, and Tlr2
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FIGURE 4

Fifty-two-week-old EtOH-fed male mice after fecal microbiota transplantation (FMT) display a protection against liver damage and lipid
accumulation. (A) H&E staining of liver of 52-week-old female, male, and male + FMT mice after EtOH oral gavage. (B) Serum levels of markers of
liver damage, aspartate aminotransferase (AST) and (C) alanine aminotransferase (ALT), in 52 weeks-old female, male, and male + FMT mice after
EtOH (6 g/kg) oral gavage. (D) ORO staining in liver cryosections of female, male, and male + FMT mice after EtOH gavage and (E) each
quantification. (F) Quantification of triglyceride content in liver (mg TG/mg liver) of 52-week-old female, male, and male + FMT mice after an EtOH
oral gavage. (G) Serum triglycerides (mg/dL) (n = 4–11). Scale bars: 100µm. *P < 0.05, **P < 0.01, ***P < 0.001. ns, no statistical di�erence.
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FIGURE 5

Fecal microbiota transplantation (FMT) reduces bacterial translocation, infiltration of immune cells and senescence after EtOH challenge in male
mice. (A) F4/80 immunofluorescence staining in liver cryosections of 52-week-old female, male, and male + FMT mice after EtOH intoxication and
(B) each quantification; and (C) CD11b immunofluorescence staining in liver and (D) each quantification. (E) Tlr4, (F) Tlr2 and (G) Tlr9 mRNA relative
expression to Gapdh in liver of 52 weeks-old female, male, and male + FMT after EtOH gavage (H) β-galactosidase immunofluorescent staining
performed in liver cryosections of female, male, and male + FMT mice after EtOH oral gavage and (I) each quantification (% of positive cells) (n =

3–4). Scale bars: 100µm. *P < 0.05, **p < 0.01, ***p < 0.001. ns, no statistical di�erence.
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mRNA expression revealed a significant reduction in 52-week-old

EtOH-fed male + FMT mice, compared with non-transplanted

male mice of the same age (Figures 5E, F), with no significant

changes in mRNA transcripts levels for Tlr9 in 52-week-old

EtOH-fed male+ FMT mice (Figure 5G).

Inflammation and aging are closely linked with the activation

of senescence-associated β-galactosidase (SA-β-GAL), which is

associated to a senescent phenotype, contributing to cell cycle arrest

and tissue disfunction (31). Therefore, we subsequently analyzed

the expression of SA-β-GAL in our experimental groups. The

percentage of SA-β-GAL-positive cells was significantly reduced

in both 52-week-old female, and male + FMT mice after EtOH

intoxication, compared to EtOH-fed male mice of the same age

(Figures 5H, I). Altogether, FMT from 52-week-old female donors

diminished bacterial translocation, immune cell infiltration and a

senescence phenotype in the liver of same age male mice.

Reconstitution of female-like gut
microbiota in male mice treated with EtOH
following FMT

To characterize changes in gut microbiota during FMT and

EtOH treatments, we collected feces from age-matched female

donors (n = 4), FMT male receptors (n = 3), and non-FMT male

mice (n = 4) at the end of EtOH treatments. To evaluate changes

in bacterial diversity among these three groups, we performed

nanopore-based sequencing of full-length 16S amplicon libraries

from DNA samples of these feces. The richness of gut microbiota

was estimated by the rarefaction curves, which showed similar

patterns across samples (Figure 6A). To study alpha diversity

in the different EtOH-treated groups, the Shannon index and

the observed-OTUs index were calculated. As expected from the

antibiotic treatment prior to FMT, the observed-OTUs index was

significantly lower in the FMT group, while the relative abundance

of OTUs (evenness) was comparable across groups as reflected

by the Shannon index (Figure 6B). We then focused on the

relative abundance of the top 10 bacterial species identified, which

clustered closer female and male + FMT samples according to

their predominant Verrucomicrobia, Firmicutes, and Bacteroidetes

phyla (Figure 6C) and revealed a more similar gut microbiota

composition at species level between donor female and male

+ FMT groups compared to baseline male group (Figure 6D).

Altogether, these results suggest that FMT has the potential to

restore the microbiota composition of male mice into a female-

like gut microecosystem more protective to EtOH intoxication

(Figure 6E).

Discussion

Earlier we showed the alterations in the gut-liver axis in

response to experimental acute alcohol injury in young rodents

(23). Interestingly, changes in the intestinal epithelial barrier

associated with increased permeability and modifications in gut

microbiota were evident. Importantly, young female mice were

more prone to hepatic injury in response to binge drinking,

specifically in markers of steatosis and inflammation (23).

In the present study, we focused on extending the current

understanding of the effects of ethanol on the gut-liver axis in

mature animals. Evidence of impaired intestinal function in aged

mice and primates (32, 33), and increase in gut disorders in the aged

population has been earlier reported (34).

In this study, we used our previously published model of

ethanol intoxication in mature adult mice of 52 weeks of age, and

evaluated gut and liver damage, with the hope of understanding

EtOH effects on middle-aged population. Our data showed that

mature adult male mice displayed increased gut permeability

and decreased number of TJs as well as less mucous protection

compared with same age female mice, after experimental acute

EtOH exposure. Concomitant with our results but obtained in

elderly mice, it has been reported that EtOH exposure in aged mice

promoted leakage of FITC-dextran into the blood (35), showing

intestinal barrier affectation, which in normal conditions is upheld,

in part, by TJs proteins such as ZO-1 and occludins (36). It is

tempting to speculate that as aging advances, intestinal permeability

is higher, and alcohol exerts a more harmful effect in the gut-liver

axis. In agreement with this hypothesis, increased gut permeability

has been observed in aged mice (33, 37) and older adults (38). To

elucidate whether intestinal barrier disruption had a detrimental

impact on the liver, we subsequently studied hepatic injury and

inflammation. Our results showed that middle-aged male mice

are more susceptible to EtOH-induced hepatocellular injury and

hepatic lipid accumulation than same age female mice. Of note, our

model of acute exposure to EtOH in middle-aged animals confirms

previous literature in which chronic exposure to high levels of

ethanol leads to hepatic inflammation (6, 39) and aging (35).

Apart from inflammation and hepatocellular injury, aging

has been linked with multiple pathophysiological mechanisms,

including innate immune responses and alterations in ethanol

metabolism (40). Importantly, middle-aged mice were more

susceptible to greater liver fibrosis after long-term chronic plus

multiple binges (via downregulation of SIRT1) (40).

Alcohol causes dysbiosis thereby disrupting intestinal barrier

function, promoting the translocation of microbial LPS into the

portal circulation and liver (41). Indeed, it has been demonstrated

that alterations in the GVB as decrease in the expression of

the adherens junction (AJ) and TJ proteins, and the increase

of plasmalemma vesicle-associated protein-1 (PV-1) (42) which

is a transmembrane protein associated to the diaphragm of the

fenestrated endothelium, is correlated with bacteria dissemination.

For instance, Salmonella can penetrate the GVB and not only

increase ALT levels but also endothelial leakage (43, 44).

Therefore, we hypothesized that fecal microbiota

transplantation (FMT) from mature female donors- less

susceptible to EtOH intoxication- could attenuate the gut-liver axis

impairment observed in same age male mice. Interestingly, our

data evidenced that gut microbiota from middle-aged female mice

was capable of partially restoring gut permeability, hepatocellular

injury and lipid accumulation in same age male mice after

EtOH exposure. FMT has been suggested for the management

of alcohol-related liver disease (ArLD) by acting on its primary

insult, gut dysbiosis. Elegant studies with rodents have suggested
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FIGURE 6

Characterization of changes in gut microbiota in FMT-male mice treated with EtOH. (A) Rarefaction curves after 24h of nanopore-based long-read
sequencing of bacterial 16S rRNA in feces from female, male, and male + FMT mice following EtOH treatment. (B) Alpha diversity as measured by
Observed-OTUs and Shannon indexes across groups. (C) Hierarchical cluster analysis according to the distribution of phyla within the top 10 more
abundant OTUs in each sample. (D) Sankey diagram showing the inferred relationship between groups by relative abundance (%) of top 10 classified
OTUs at species level. (E) Proposed model for gender-specific pathophysiology of alcohol intoxication and the influence of female fecal microbiota
transplantation (FMT) on the gut-liver axis of male recipient mice. *p < 0.05.

that ArLD-related liver injury is transferrable and also treatable

by adopting FMT from suitable donors (45). Other publications

have shown that FMT between young and aged mice replaced the

recipient microbiota composition with a composition resembling

the donor, enriched for particular bacterial species, and altered

the metabolic potential of the resulting gut microbial composition

(46). In agreement with our results, microbes from female donors

were established more successfully in the male gastrointestinal

tract (47). The gut microbiome is age and sex-specific, affecting

inflammation and metabolism in a sex-dependent manner
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(48). It has been proposed that aging-associated changes in

the composition, diversity, and function of gut microbiota

increases gut permeability and activates immune responses (49).

Moreover, studies revealed that 52 week-old female and male

mice show sex differences in intestinal microbiota which could

impact morbility and mortality during aging (48). The sexually

dimorphic microbiome is called microgenderome (50). Altogether,

this set of data evidenced a role for FMT for managing alcohol

related disorders in mature adults. Among the bacterial species

that showed increased representation in male mice after FMT,

Parabacteroides goldsteinii stands out, due to its described anti-

obesity role, which includes reducing obesity, inducing increased

adipose tissue thermogenesis, enhancing intestinal integrity,

and reducing levels of inflammation and insulin resistance in

mice (51). Another bacterium, Bacteroides acidifaciens, also

increased in males after FMT and has been associated with the

amelioration of liver injury induced by concanavalin-A t via the

reduction of hepatocyte apoptosis (52). Bacteroides acidifaciens

also contributes to acetate production, which protects against

the development of non-alcoholic steatohepatitis (NASH) (53).

Additionally, Kineothrix alysoides, which also showed increased

presence in male mice after FMT, demonstrated in a mice model

for Metabolic Dysfunction-Associated Steatotic Liver Disease

(MASLD) that animals treated with Kineothrix alysoides exhibited

a reduction in hepatocyte ballooning and fat deposition in the

livers of mice fed a high fructose-high fat (HFHF) diet. Moreover,

the lipid droplet size in the epididymal fat of HFHF-fed mice

with Kineothrix alysoides also decreased. These findings indicated

that Kineothrix alysoides might have the potential to limit fat

accumulation caused by the HFHF diet in the liver (54). All these

changes in gut microbiota could explain, at least in part, the

positive effects that FMT from middle-age female mice donors

exerts over middle-age male mice recipients after a protocol of

binge drinking.

In our study, we focused on middle age, since it is a very

important stage of the life span and strongly impacts health in

late life. In fact, the quantity and frequency of binge drinking,

has implications for the health and wellbeing of middle-aged

adults both concurrently and prospectively. There is a strong

need to determine the relationship between alcohol use and

health, as well as how factors such as endogenous and exogenous

hormones interact with alcohol to influence health in pre- and

post-menopausal women.

For an equivalent alcohol intake, women tend to exhibit higher

blood alcohol levels than men, despite a faster rate of ethanol

elimination. However, the gender disparities in blood alcohol

levels following oral intake were not observed after intravenous

administration of the dose (55). This gender discrepancy has been

linked to lower gastric alcohol dehydrogenase (ADH) activity in

women compared to men (56). Interestingly, in individuals over 50

years of age, the Km of gastric ADH activity decreases with age only

in men, not in women. Consequently, gender-related differences in

first-pass metabolism tend to equalize or even reverse in the elderly,

possibly due to gastric mucosal atrophy, which is more prevalent

in men than women (56, 57). Further examination of gastric ADH

activity in middle-aged female and male mice before and after

FMT would provide valuable insights into how gut microbiota may

influence alcohol metabolism. Moreover, our experimental work

may shed light on potential mechanisms involved in the apparently

diverse health effects of binge drinking. The aging phenotype

is strongly associated with a state of systemic inflammation,

called age-related inflammation (also referred to as inflammaging).

Although not all studies report the same direction of change, most

studies examining TLR expression in aging mice suggest advanced

age leads to a reduction in murine and human TLR expression

(58). However, our study was conducted in middled-aged animals

of 52 weeks of age and not in 18–24-month-old mice—specifically

considered old mice. Therefore, EtOH increased TLR-expression

which was ameliorated by FMT. Activation of TLR4 promotes

the production of various inflammatory mediators, including a

senescence-associated phenotype, clearly reverted after FMT.

In summary, our study reports, for the first time, gender-

specific effects of EtOH exposure in mature adult mice in the

gastrointestinal system and propose FMT as a novel therapeutic

avenue for the reversal of gut leakage, hepatocellular injury and

steatosis during aging.
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