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ABSTRACT
Background  Endocannabinoids acting via cannabinoid 
receptor 1 (CB1R) can elicit increased intestinal 
permeability (a condition also called ‘leaky gut’). 
Alcohol binge can adversely affect digestive functions, 
including intestinal permeability; however, the underlying 
mechanisms remain incompletely understood. The current 
study aimed at examining whether CB1R is involved in 
alcohol binge-induced intestinal permeability.
Methods  We developed intestinal epithelial-specific 
CB1R knockout (CB1IEC−/−) mice and evaluated the in 
vivo contribution of gut CB1R in alcohol binge-induced 
intestinal permeability.
Results  Alcohol binge increased anandamide levels 
in the proximal small intestine in association with 
increased intestinal permeability. Radioligand binding 
and functional assays confirmed that the genetic deletion 
of intestinal epithelial CB1R did not alter the density 
or functionality of CB1R in the brain. Additionally, a 
peripheral CB1R antagonist, (S)-MRI-1891 (INV-202/
monlunabant), exhibited comparable binding affinity to 
CB1R in brain homogenates. An acute oral administration 
of (S)-MRI-1891 (3 mg/kg) reduced alcohol binge-
induced intestinal permeability in littermate control 
CB1f/f (CB1 floxed/floxed) mice but had no effect in 
CB1IEC−/− mice, underscoring the role of intestinal CB1R 
in this phenomenon. Mechanistically, we found that 
alcohol activated intestinal epithelial CB1R-ERK1/2 
pathway with subsequent downregulation of tight junction 
proteins and reduction in villi length. In addition, targeting 
intestinal CB1R and downstream ERK1/2 was able to 
reverse this process, with subsequent upregulation of 
tight junction proteins and increased villi length, thus 
improving gut barrier function. Despite the effects on 
intestinal permeability, deletion of intestinal CB1R did not 
significantly affect metabolic parameters and liver disease.
Conclusion  Our findings suggest that alcohol promotes 
leaky gut via the activation of gut epithelial CB1R and 
demonstrate that inhibition of CB1R with peripheral-
restricted selective CB1R antagonists can prevent alcohol 
binge-induced intestinal permeability.

INTRODUCTION
Alcohol is a leading cause of death, with more 
than three million deaths per year linked to 
alcohol misuse.1 Heavy alcohol consump-
tion can promote a plethora of diseases, 

including digestive diseases. According to a 
recent report of the World Health Organiza-
tion, digestive diseases caused by the alcohol-
related disorders have high rate of mortality.1 
Despite alcohol-associated gastrointestinal 
diseases (AGD) representing a major public 
health issue worldwide, there are no Food 
and Drug Administration-approved drugs for 
their treatment and their pathophysiology is 
not completely understood.

The risk of development of AGD is associated 
with the quantity of alcohol consumed and 
with the pattern of drinking.2 Binge drinking 
is defined as a pattern of drinking that results 
in blood alcohol concentration of 0.08 g/dL 
or more, which means five or more drinks 
for men and four or more drinks for women 
within 2 hours, or approximately 0.8–1.0 g/kg 
in a 70 kg subject.3 Binge drinking is a prin-
cipal risk factor for the development of AGD, 
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such as alcohol-associated bowel disease (ABD).4 Factors 
that contribute to ABD pathogenesis include increased 
intestinal permeability (a process also known as ‘leaky 
gut’),5 changes in the gut microbiome6 and dysfunctions 
of the intestinal immune system.7

The endocannabinoid system is known to modu-
late intestinal functions.8 9 Activation of the endocan-
nabinoids receptors in the intestine inhibits intestinal 
motility,10 modulates gut immunity,11 affects food intake12 
and regulates intestinal permeability.13 Interestingly, 
a recent study has shown that cannabinoid receptor 1 
(CB1R) regulates obesity-related intestinal permeability 
in mice.14 Another study suggests that inhibition of CB1R 
can reduce alcohol-induced translocation of lipopolysac-
charide (LPS).15 However, the mechanistic involvement 
of gut CB1R in alcohol-induced intestinal permeability 
has not been investigated.

Here we provide in vivo evidence of the role of intes-
tinal epithelial CB1R in alcohol-induced intestinal 
permeability. Genetic deletion or pharmacological inhi-
bition of intestinal CB1R reduced alcohol binge-induced 
intestinal permeability via a CB1R-ERK1/2 pathway. Our 
results shed light on the role of gut epithelial CB1R in 
alcohol-induced leaky gut and suggest that peripheral-
restricted CB1R antagonists may be used for the treat-
ment of alcohol binge-related intestinal permeability and 
its pathological consequences.

MATERIALS AND METHODS
Mice
Mice were housed in polycarbonate cages (four or 
fewer mice per cage) and maintained in a temperature-
controlled and light-controlled facility (12:12 light–
dark cycle) under standard food and water ad libitum. 
C57BL/6J (JAX:000664) and VillinCre (JAX:004586) 
mice were purchased from The Jackson Laboratory. CB1 
floxed/floxed (CB1f/f) mice were originally obtained 
from Dr Josephine M Egan (National Institute on Aging, 
National Institutes of Health).16 C57BL/6J mice were 
used for measurements of intestinal endocannabinoids. 
VillinCre mice were crossed with CB1f/f via several steps 
to generate intestinal epithelium-specific (CB1IEC−/−) 
deletion of CB1R and littermate control mice: VillinCre 
negative-CB1f/f (referred to as CB1f/f in the manuscript). 
We followed the ARRIVE (Animal Research: Reporting of 
In Vivo Experiments) guidelines for reporting preclinical 
animal studies.

Endocannabinoids extraction and measurement
Endocannabinoids were extracted and quantified by 
liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) as previously described.17 Briefly, intestinal 
tissues were collected as follows: duodenum around 1 cm 
after the pylorus, jejunum around 3 cm after the liga-
ment of Treitz, terminal ileum 1 cm near the entry into 
the caecum and colon as the mid-distal part of the colon. 
Intestinal tissues were homogenised in 0.5 mL of ice-cold 

methanol/Tris buffer (50 mM, pH 8.0), 1:1, containing 
7 ng of [2H4]-arachidonoyl ethanolamide and [2H5]-2-
arachidonoylglycerol as internal standards. Homoge-
nates were extracted three times with CHCl3:methanol 
(2:1, vol/vol), dried under nitrogen and reconstituted 
with methanol after precipitating proteins with ice-cold 
acetone. LC-MS/MS was performed on an Agilent 6470 
triple quadrupole mass spectrometer (Agilent Technol-
ogies) coupled to an Agilent 1200 LC system. Levels of 
endocannabinoids in the samples were measured against 
standard curves using MassHunter Workstation LC/
QQQ Acquisition and MassHunter Workstation Quantita-
tive Analysis software (Agilent Technologies). Values are 
expressed as pmol or nmol/g wet tissue.

Preparation of brain membrane homogenates
Preparation of CB1f/f and CB1IEC−/− mouse brain tissue 
membrane homogenates was performed as previously 
described.18 19 Briefly, crude membrane fractions were 
prepared from the brain without the cerebellum. CB1f/f 
and CB1IEC−/− mouse brains were quickly removed from 
the euthanised mice and placed directly into ice-cold 
50 mM Tris-HCl buffer (pH 7.4). The collected tissue was 
then homogenised in 30 volumes of ice-cold buffer using 
a Braun Teflon glass homogeniser at the highest revo-
lutions per minute (rpm). The homogenate was centri-
fuged at 48 000× g for 20 min at 4°C and the resulting 
pellet was suspended in the same volume of a cold buffer 
and homogenised. Centrifugation was then repeated. 
The final pellets were resuspended in five volumes of 
50 mM Tris-HCl (pH 7.4) and stored at −80°C. Prior to 
the experiment, aliquots were thawed, homogenised with 
a Dounce homogeniser and the protein concentration 
determined by the Pierce BCA Protein Assay Kit (Ther-
moFisher). Samples were then diluted to obtain the 
appropriate amount for the assay.

Radioligand saturation binding assay
Saturation binding experiments were carried out at 30°C 
for 60 min in a 50 mM Tris-HCl (1 mM EDTA, 3 mM MgCl2, 
1 mg/mL bovine serum albumin (BSA)) binding buffer 
(pH 7.4) in silanised glass tubes in a total assay volume 
of 1 mL. The experiments were performed by measuring 
the specific binding of [3H]-CP55.940 (0.10–11.9 nM) to 
0.5 mg/mL brain membrane homogenates from CB1f/f 
and CB1IEC−/− mice to determine the equilibrium dissoci-
ation constant (Kd) and the maximal number of binding 
sites (Bmax). The specific binding was measured in the 
presence of 10 µM CP55,940.

Radioligand competition binding assay
Binding experiments were performed at 30°C for 60 min 
in a 50 mM Tris-HCl (1 mM EDTA, 3 mM MgCl2, 1 mg/
mL BSA) binding buffer (pH 7.4) in silanised glass tubes 
in a total assay volume of 1 mL that contained 0.5 mg/
mL of membrane protein. Competition binding exper-
iments were carried out by incubating cell membranes 
with 0.5 nM of [3H]-CP55.940 (Kd: 1.68 nM of CB1f/f and 
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1.7 nM of CB1IEC−/− mice) in the presence of increasing 
concentrations (10−12–10−6 M) of unlabelled ligands. 
Non-specific binding was determined in the presence of 
10 µM of CP55.940. The incubation was terminated by 
diluting the samples with an ice-cold wash buffer (50 mM 
Tris-HCl, pH 7.4, 1 mg/mL BSA), followed by repeated 
washing and rapid filtration through Whatman GF/B 
glass fibre filters (Whatman, Maidstone, England). Filtra-
tion was performed with a 24-well Brandel Cell Harvester 
(Gaithersburg, Maryland, USA). Filters were air-dried and 
immersed into Ultima Gold MV scintillation cocktail, and 
then radioactivity was measured with a Tri-Carb liquid 
scintillation analyser (Packard, PerkinElmer, Waltham, 
Massachusetts, USA).

Ligand-stimulated [35S]-GTPγS binding assay
The inhibitory potencies of the antagonists in G protein 
signalling were measured as described previously.19 
Briefly, the inhibitory potency of the antagonist was 
measured by their ability to concentration-dependently 
inhibit the stimulation of [35S]-GTPγS binding by 
300 nM CP-55,940 (Sigma-Aldrich), which generated 
CB1R-mediated increase in [35S]-GTPγS binding at 
~EC80 level. CB1f/f and CB1IEC−/− mouse brain homog-
enate (30 µg) was incubated with 0.05 nM [35S]-GTPγS 
(Revvity) and the indicated concentrations of ligands 
in TEM buffer (50 mM Tris-HCl, 0.2 mM ethylene glyc-
erol tetraacetic acid (EGTA) and 9 mM MgCl2, pH 7.4) 
containing 100 µM Guanosine 5’ triphosphate (GDP), 
150 mM NaCl and 0.1% (w/v) bovine serum albumin in 
a total volume of 1 mL for 60 min at 30°C. Non-specific 
binding was determined in the presence of 10 µM GTPγS, 
and at baseline it represented <10% of total binding. 
Agonist-stimulated [35S]-GTPγS binding was expressed as 
the per cent of increase over baseline. Bound and free 
[35S]-GTPγS levels were separated by vacuum filtration 
through Whatman GF/B filters using a Brandel M24 Cell 
Harvester (Gaithersburg, Maryland). Filters were washed 
with ice-cold buffer, and radioactivity was detected by 
scintillation spectrometry (LS6500; Beckman Coulter). 
Dose–response curves were generated in the presence 
of increasing concentrations of antagonists. Concentra-
tion–response relationships were analysed by fitting the 
data into the three-parameter model ‘log(agonist) vs 
response’ in GraphPad Prism.

Measurement of intestinal permeability in vivo
Intestinal permeability was assessed as previously 
described.20 Briefly, fluorescein isothiocyanate (FITC)-
dextran 4 kDa (Sigma) at a dose of 600 mg/kg was given 
by gavage to all the mice 4 hours before sacrifice and 
1 hour before the alcohol binge. FITC-dextran measure-
ments were performed in plasma by fluorometry. The 
plasma concentration of the FITC-dextran was deter-
mined using a fluorimeter with an excitation wavelength 
of 490 nm and an emission wavelength of 530 nm. Seri-
ally diluted FITC-dextran was used to establish a standard 

curve, and the plasma FITC-dextran concentrations were 
then calculated.

Pharmacological treatment
The peripheral-restricted selective CB1R receptor 
antagonist (S)-MRI-1891 was synthesised as previously 
described.21 The drug was delivered by oral gavage at 
the maximally effective dose of 3 mg/kg at 1.5 hours 
before the alcohol binge. According to our previous 
publication,21 in vivo upper gastrointestinal motility 
efficacy assay, the (S)-MRI-1891 compound demon-
strated a dose-dependent effect (0.3, 1 and 3 mg/kg), 
with the 3 mg/kg dose maximally antagonising CB1R 
agonist-induced inhibition of upper gastrointestinal 
motility. Furthermore, (S)-MRI-1891 at a 3 mg/kg 
dose increased upper gastrointestinal motility in the 
absence of a CB1R agonist, further confirming its in 
vivo CB1R inverse agonist activity. Importantly, (S)-
MRI-1891 did not induce anxiogenic behaviour at 
3 mg/kg or even at a high dose of 30 mg/kg during 
chronic treatment, in contrast to the brain-penetrant 
CB1R antagonist rimonabant, which induced signifi-
cant anxiety at a dose of 3 mg/kg.21 The mitogen acti-
vated protein kinase kinase 1/2 (MEK1/2) inhibitor 
U0126 (20 mg/kg; MedChemExpress) was delivered 
intraperitoneally 1.5 hours before the alcohol binge. 
Mice were sacrificed 3 hours later after the binge, 
and intestinal permeability in vivo as well as intestinal 
tissues were collected for further analysis.

Indirect measurement of metabolic parameters
Indirect metabolic rate measurements were conducted 
on an Oxymax Metabolic Cage System (Columbus 
Instruments) as previously described.22 The Oxymax 
System is a non-invasive set-up that directly measures 
respiratory exchange ratio (O2 and CO2), as well as 
mouse physical activity measured by infrared beams 
and detectors. Total energy expenditure (TEE) 
was calculated as volume of oxygen consumption 
(VO)2×(3.815+1.232×RQ), where RQ is the respira-
tory quotient (the ratio of volume of carbon dioxide 
(VCO)2 to VO2). Net oxidation rates of fat and carbo-
hydrates were calculated as previously described23: 
fat oxidation=1.69×(VO2–VCO2); carbohydrate oxida-
tion=4.57×VCO2–3.23×VO2. Values were normalised 
with respect to the body weight and adjusted to an 
effective metabolic body size (0.75 kg).

Statistical analysis
Data were analysed using GraphPad Prism V.9 
(GraphPad Software) and presented as mean±SEM 
unless otherwise indicated. Normality was evalu-
ated using Kolmogorov-Smirnov, followed by t-test 
or Wilcoxon test as appropriate. Data from multiple 
groups were analysed with one-way analysis of vari-
ance, followed by Tukey’s post-hoc test. A p value 
<0.05 was considered statistically significant.
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All other materials and methods are listed in online 
supplemental material.

RESULTS
Measurement of gut endocannabinoids
The intestine fulfils several functions according to the 
site of intestinal tract.24 We first evaluated endocanna-
binoids levels at different sites of the intestinal tract by 
LC-MS/MS (figure  1A). Our results showed very high 
levels of the endocannabinoid anandamide (AEA) in the 
duodenum of C57BL/6 mice compared with those in 
other parts of the small intestines. Moreover, very high 
levels of 2-arachidonoylglycerol (2-AG) were found in 
the proximal small intestine (duodenum and jejunum) 
(figure 1B).

Generation of intestinal-specific CB1R knockout mice
To study the functional role of intestinal endocannabi-
noids and their CB1R, we generated CB1IEC−/− knockout 
mice by crossing CB1f/f mice with VillinCre mice via 
several steps (figure 1C). We next aimed at validating our 
genetic strategy by quantitative PCR (qPCR) and pharma-
cologically characterising CB1R in the brain where it is 
expressed at very high levels. We first used qPCR quan-
tification of Cnr1, the gene encoding CB1R, in isolated 
intestinal epithelial cells and in whole duodenal extracts 
and confirmed knockout of CB1R in epithelial cells and 
reduced duodenal CB1R expression (around 50%) in 
CB1IEC−/− mice compared with CB1f/f mice (figure 1D). 
We next pharmacologically validated our genetic strategy. 
The maximum binding capacity (receptor density, Bmax) 
of the specific CB1/CB2R radioligand [3H]-CP55,940 and 
the binding affinity (Ki) of (S)-MRI-1891 were determined 
using saturation and competitive binding assays on brain 
membrane homogenates from CB1f/f and CB1IEC−/− mice. 
In saturation binding experiments, the specific binding 
of [3H]-CP55,940 was found to be saturable and exhib-
ited high affinity in the nanomolar range across brain 
tissue homogenates (figure  1E). In radioligand compe-
tition binding assays, a selective peripheral CB1R antag-
onist, (S)-MRI-1891, effectively displaces the radioligand 
[3H]-CP55.940 from the binding site, demonstrating high 
binding affinity in the nanomolar range on CB1f/f and 
CB1IEC−/− mice membrane homogenates. These findings 
are consistent with previously reported binding affinity 
results for (S)-MRI-1891.21 No differences were observed 
in the inhibitory constant (Ki) values of (S)-MRI-1891 
between CB1f/f and CB1IEC−/− mouse intestinal membrane 
homogenates (figure  1F). CB1R-mediated G protein 
activity was assessed using [35S]-GTPγS binding assays to 
evaluate the functional antagonism of (S)-MRI-1891 on 
membrane homogenates from CB1f/f and CB1IEC−/− mice. 
On both membranes, the inhibitory potency of (S)-MRI-
1891 was very similar in the presence of 300 nM of the 
CB1R agonist CP55,940 (figure 1G). These data support 
the fact that our genetic strategy did not affect central 
CB1R functionality, while reducing gene expression of 

intestinal CB1R in CB1IEC−/− mice by knocking it out only 
in epithelial cells.

Genetic deletion of intestinal CB1R ameliorates alcohol-
induced and HFD-induced intestinal permeability
The endocannabinoid system acts as a regulator of many 
functions in the body, including intestinal permeability.8 
Endocannabinoids are rapidly synthesised on demand, 
like in disease conditions, to activate cascade signalling 
via cannabinoid receptors.25 Alcohol and high-fat diet 
(HFD) have been related to increased intestinal perme-
ability.26 Interestingly, pharmacological inhibition of 
CB1R ameliorates leaky gut and translocation of LPS. We 
therefore aimed at evaluating the role of intestinal CB1R 
in alcohol-induced and HFD-induced gut permeability 
using our mouse model of alcohol binge.27 We first tested 
whether intestinal CB1R is implicated in alcohol-induced 
intestinal permeability by measuring in vivo permeability 
with the FITC-dextran 4 kDa probe in mice treated with 
the ethanol binge dose of 5 g/kg (mice metabolise alcohol 
5-fold to 5.5-fold faster than humans).28 We selected the 
dose of alcohol being administered in our binge model 
at 5 g/kg as previously described and the control groups 
received isocaloric dose of maltose (9 g/kg) (figure 2A). 
Remarkably, we revealed a significant improvement 
in intestinal permeability in male and female alcohol-
treated CB1IEC−/− mice as compared with littermate CB1f/f 
wild-type mice (figure 2B).

A recent study by Cuddihey et al suggests that intestinal 
CB1R can also regulate HFD-induced leaky gut.14 We 
therefore tested this hypothesis by feeding CB1IEC−/− male 
mice and littermate CB1f/f with HFD for 2 weeks to study 
the direct acute effects of the diet on intestinal permea-
bility while avoiding the metabolic consequences of long-
term HFD feeding, as previously described.14 Our results 
revealed a decrease in HFD-induced intestinal perme-
ability in CB1IEC−/− mice as compared with CB1f/f mice 
(figure 2C).

Given the involvement of CB1R in alcohol-induced 
intestinal permeability, we next evaluated whether 
alcohol binge alters endocannabinoids levels (figure 2D). 
Remarkably, we found increased levels of AEA, but not 
2-AG, in the proximal small intestine in the mice post-
alcohol binge (figure 2E).

Together, these results indicate that intestinal CB1R 
is implicated in alcohol-induced and HFD-induced 
increased intestinal permeability.

Villus differentiation mechanistically links inhibition of CB1R-
ERK1/2 pathway and alcohol-induced intestinal permeability
Changes in villus differentiation and/or intestinal 
damage can cause increased intestinal permeability.29 We 
therefore tested whether reduction in intestinal perme-
ability was linked to one of these processes. Remarkably, 
duodenal histology and morphometric analyses showed 
that alcohol binge induced a reduction in villous length 
in CB1f/f mice. Alcohol-treated CB1IEC−/− mice had 
significantly longer villi compared with alcohol-treated 
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Figure 1  Measurement of gut endocannabinoids and generation of intestinal-specific CB1R KO mice. Different parts of the 
intestine were collected in C57BL/6 J mice (n=4). Endocannabinoids were extracted and quantified by LC-MS/MS (created 
with Biorender.com) (A). Analysis of endocannabinoids in different segments of the intestine (B). Schematic of the crossing 
strategy between VillinCre and CB1f/f mice to obtain intestinal-specific CB1R KO mice (CB1IEC−/−) (C). Duodenal gene expression 
of CB1R in CB1f/f and CB1IEC−/− mice (D). Saturation binding of the tritiated antagonist [3H]-CP55,940 to wild-type CB1f/f and 
CB1IEC−/− mice brain membrane homogenate. Error bars represent SEM for three separate experiments, each performed in 
duplicate. The fitted Kd and Bmax values are in the table below (E). CB1R binding affinity of the cannabinoid peripheral antagonist 
(S)-MRI-1891 in [3H]-CP55.940 competition binding assays to wild-type CB1f/f and CB1IEC−/− mice brain membrane homogenate. 
Figures represent the specific binding of the radioligand in percentage in the presence of increasing concentrations (10−12–10−6 
M) of the indicated ligand. Each experiment was performed in duplicate. Data are expressed as percentage of mean specific 
binding±SEM (n=3) (F). [35S]-GTPγS signal properties: inhibition of CB1R agonist (CP55,940)-induced [35S]-GTPγS binding 
by CB1R antagonist (S)-MRI-1891 using wild-type CB1f/f and CB1IEC−/− mice brain membrane homogenate. Values represent 
mean±SEM from three independent experiments. Below, binding affinity (Ki) and [35S]-GTPγS signal property IC50 of cannabinoid 
receptor antagonist (S)-MRI-1891 mice brain homogenate (G). Values represent mean±SEM; *p<0.05, **p<0.01, ***p<0.001. 
AEA, endocannabinoid anandamide; 2-AG, 2-arachidonoylglycerol; Bmax, maximal number of binding sites; CB1f/f, CB1 
floxed/floxed; CB1IEC−/−, intestinal epithelial-specific CB1R; CB1R, cannabinoid receptor 1; IC50, inhibitory concentration; Kd, 
dissociation constant; KO, knockout; LC-MS/MS, liquid chromatography-tandem mass spectrometry; mRNA, messenger RNA.
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Figure 2  Intestinal CB1R and intestinal permeability. Schematic of the experimental protocol used to evaluate intestinal 
permeability in vivo. Mice were gavaged with the fluorescent probe FITC-dextran 4 kDa and binged with alcohol 5 g/kg 1 hour 
later. Control groups were treated with an isocaloric maltose solution of 9 g/kg (not shown in this representative schematic). 
Three hours later, blood was collected and centrifuged and fluorescence was measured in the plasma (created with Biorender.
com) (A). Measurement of alcohol-induced intestinal permeability in male and female CB1f/f and CB1IEC−/− mice (n=3/group 
maltose, n=7–9/group ethanol in male, n=9–10/group female mice) (B). CB1f/f and CB1IEC−/− mice were randomly subjected to 
ND (n=4–8) and 60% HFD (n=7–10/group) for 2 weeks. After fasting overnight, mice were gavaged with FITC-dextran 4 kDa 
and intestinal permeability was measured (C). Different parts of the intestine were collected in C57BL/6 J mice (n=4/group) 
binged with alcohol versus control group. Endocannabinoids were extracted and quantified by LC-MS/MS (created with 
Biorender.com) (D). Analysis of endocannabinoids levels in alcohol-treated mice versus controls in the proximal small intestine 
(E). Values represent mean±SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. AEA, endocannabinoid anandamide; 2-AG, 
2-arachidonoylglycerol; CB1f/f, CB1 floxed/floxed; CB1IEC−/−, intestinal epithelial-specific CB1R; CB1R, cannabinoid receptor 
1; EtOH, ethanol; FITC, fluorescein isothicoyanate; HFD, high-fat diet; LC-MS/MS, liquid chromatography-tandem mass 
spectrometry; ND, normal chow diet.
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Figure 3  Differentiation, tight junctions and CB1R in alcohol-induced intestinal permeability. Hematoxylin & Eosin staining 
in CB1f/f and CB1IEC−/− mice treated with maltose or with ethanol (A). Morphometric analysis of villi length in the four groups 
of mice (n=3 to 5/group) (B). Serum iFABP, a marker of intestinal epithelial damage, in CB1f/f and CB1IEC−/− mice treated with 
maltose or with ethanol (n=3–7/group) (C). Immunohistochemistry staining of p-ERK1/2 in ethanol-treated CB1f/f and CB1IEC−/− 
mice (D). Duodenal gene expression of tight junctions ocln and cldn15 (n=3–4/group) (E). Mice were treated with vehicle or 
with the MEK1/2 inhibitor U0126 (n=5–7/group). Intestinal permeability was measured in vivo with the FITC-dextran 4 kDa 
method (figure created with Biorender.com). Duodenum was collected and stained with p-ERK1/2 antibody (F). Values represent 
mean±SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. CB1f/f, CB1 floxed/floxed; CB1IEC−/−, intestinal epithelial-specific 
CB1R; CB1R, cannabinoid receptor 1; cldn15, claudin 15; EtOH, ethanol; FITC, fluorescein isothicoyanate; iFABP, intestinal 
fatty acid binding protein; MEK, mitogen activated protein kinase kinase; mRNA, messenger RNA; ocln, occludin; pERK1/2, 
phosphorlated mitogen-activated protein kinase 1/2.
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littermate CB1f/f mice (figure 3A,B). By contrast, alcohol 
binge did not induce intestinal enterocyte damage 
(figure 3C), similar to what has been observed in human 
ABD.4 CB1R signals to p-ERK1/2 activation, which 
has been implicated in the regulation of tight junction 
proteins and intestinal permeability.30 Thus, we measured 
ERK1/2 activation and found that duodenal villi of 

alcohol-treated CB1IEC−/− mice showed no expression of 
epithelial p-ERK1/2, in contrast to its high expression in 
CB1f/f mice (figure  3D). Moreover, gene expression of 
tight junction proteins occludin (ocln) and claudin 15 
(cldn15) was markedly reduced in CB1f/f mice, while such 
reduction was restored to control levels in alcohol-treated 
CB1IEC−/− mice (figure 3E) in association with disrupted 

Figure 4  Pharmacological in vivo proof of the role of CB1R in alcohol-induced intestinal permeability. Mice (n=6–8/group) were 
treated orally by gavage with the peripheral-restricted CB1R selective antagonist (S)-MRI-1891 at the effective dose of 3 mg/
kg. Intestinal permeability was assessed in vivo in ethanol-treated mice with the FITC-dextran 4 kDa method (figure created with 
Biorender.com) (A). Measurement of intestinal permeability in vehicle (Veh) and (S)-MRI-1891-treated CB1f/f and CB1IEC−/− mice 
(B). Duodenum tissues were collected, RNA extracted and gene expression of tight junctions-related genes ocln, cldn2, cldn3, 
cldn7 and cldn15 evaluated by RT-qPCR in CB1f/f (C) and CB1IEC−/− mice (D). Duodenal expression of p-ERK1/2 in vehicle and 
(S)-MRI-1891-treated CB1f/f and CB1IEC−/− mice (E). Values represent mean±SEM; *p<0.05, **p<0.01. CB1f/f, CB1 floxed/floxed; 
CB1IEC−/−, intestinal epithelial-specific CB1R; CB1R, cannabinoid receptor 1; cldn, claudin; FITC, fluorescein isothiocyanate; 
mRNA, messenger RNA; ocln, occludin; pERK1/2, phosphorlated mitogen-activated protein kinase 1/2; RT-qPCR, quantitative 
reverse transcription PCR.
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tight junction protein ZO-1 in alcohol-treated CB1f/f 
but not in CB1IEC−/− mice (online supplemental figure 
1). These data suggest a link between CB1 signalling, 
p-ERK1/2 activation and regulation of tight junctions/
intestinal permeability after alcohol binge. To mecha-
nistically prove the role of p-ERK1/2 in alcohol-induced 
intestinal permeability in vivo, we treated wild-type mice 
with an MEK1/2 (upstream of p-ERK1/2) inhibitor, 
U0126, and measured intestinal permeability in vivo. Our 
results showed a significant reduction in intestinal perme-
ability in mice treated with U0126 as compared with the 
vehicle (figure 3F), further supporting the implication of 
p-ERK1/2 in alcohol-induced leaky gut.

Pharmacological inhibition of intestinal CB1R restores 
intestinal barrier function
Our genetic approach supports the role of intestinal 
CB1R in the regulation of alcohol binge-induced intes-
tinal permeability. To strengthen this hypothesis, we 
used peripheral-restricted selective CB1R antagonist 

(S)-MRI-1891 (figure 4A). We selected the effective dose 
of 3 mg/kg, which fully antagonises CB1R in vivo.21 Oral 
administration of (S)-MRI-1891 restored gut barrier func-
tion in CB1f/f control mice, in which intestinal CB1R is 
present, but did not change intestinal permeability in 
vivo in CB1IEC−/− mice, in which intestinal CB1R is absent 
(figure 4B). In accordance with the results of intestinal 
permeability, the treatment with (S)-MRI-1891 increased 
duodenal gene expression of tight junctions ocln, cldn3, 
cldn7 and cldn15 in CB1f/f mice (figure  4C) and did 
not change the expression of these genes in CB1IEC−/− 
(figure 4D), concomitantly with reduced p-ERK1/2 expres-
sion in CB1f/f mice treated with (S)-MRI-1891 (figure 4E), 
confirming the role of intestinal CB1R-ERK1/2 pathway 
in alcohol-induced intestinal permeability. One should 
note that, unlike intestinal epithelial-specific deletion 
of CB1R, (S)-MRI-1891 would also target other periph-
eral CB1R, including those in hepatocytes31 and Kupffer 
cells,32 chronic blockade of which may improve metabolic 
dysfunction-associated steatotic liver disease (MASLD) 

Figure 5  Intestinal CB1R in ALD and MASLD. CB1f/f and CB1IEC−/− mice (n=8/group) were subjected to the chronic-plus-binge 
(10d+1B) model. Serum ALT was measured as a marker of liver damage (A). CB1f/f and CB1IEC−/− mice (n=4–6/group) aged 6–8 
weeks old were randomly fed with a ND or HFD for 14 weeks. Liver weight and ALT (B) as well as longitudinal body weight 
(BW) and ipGTT, OGTT and ITT (C) were measured. Representative staining of IBA1+ (macrophages) and S100A9+ (neutrophils) 
cells in livers from CB1f/f and CB1IEC−/− mice subjected to the 10d+1B model (D, E). Values represent mean±SEM; ****p<0.0001. 
ALD, alcohol-associated liver disease; ALT, alanine aminotransferase; CB1f/f, CB1 floxed/floxed; CB1IEC−/−, intestinal epithelial-
specific CB1R; CB1R, cannabinoid receptor 1; EtOH, ethanol; HFD, high-fat diet; ipGTT, intraperitoneal glucose tolerance test; 
ITT, insulin tolerance test; MASLD, metabolic dysfunction-associated steatotic liver disease; ND, normal chow diet; OGTT, oral 
glucose tolerance test.

https://dx.doi.org/10.1136/egastro-2024-100173
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by reducing hepatic triglyceride levels and improving 
hepatic insulin resistance, respectively.

Intestinal CB1R does not affect metabolic parameters nor 
improve ALD and MASLD
Many intestinal G protein-coupled receptors have been 
linked to body metabolism and utilisation of energy from 
carbohydrates and lipids.33 Intestinal endocannabinoids 
and the CB1R are involved in the modulation of feeding 
behaviours.34 However, it is not known whether intestinal 
CB1R plays a role in body metabolism. To test this, mice 
were placed in metabolic cages and metabolic parame-
ters (eg, RQ, TEE, fat and carbohydrate oxidation) were 
measured by indirect calorimetry. Our results revealed 
similar metabolic profiles in CB1IEC−/− mice and wild-
type littermate CB1f/f control mice (online supplemental 
figure 2), ruling out the role of gut CB1R in whole body 
metabolism.

The gut–liver axis has been linked to the develop-
ment of both alcohol-associated liver disease (ALD) and 
MASLD.35 36 As shown above, CB1IEC−/− mice had reduced 
alcohol-related and HFD-related leaky gut. We therefore 
tested whether reduction in intestinal permeability via 
genetic deletion of intestinal CB1R translated into less 
severe ALD and MASLD. The role of intestinal CB1R 
on ALD development was examined in the chronic-plus-
binge model. Littermate CB1f/f and CB1IEC−/− mice were 

acclimatised with a control liquid diet for 5 days and then 
fed with an ethanol diet for 10 days. On the 11th day, 
mice were treated by gavage with ethanol 5 g/kg and 
sacrificed 9 hours later.37 Our results showed that alcohol-
treated CB1IEC−/−, despite reduced intestinal permea-
bility, had similar liver damage as compared with CB1f/f 
mice (figure 5A).

We next tested whether intestinal CB1R regulates the 
development of MASLD. Littermate CB1f/f and CB1IEC−/− 
male mice 6–8 weeks old were randomly divided into 
normal diet (regular chow diet) and 60% HFD for 14 weeks 
and body weight was checked weekly. Our results showed 
similar liver weight in HFD-fed CB1f/f and CB1IEC−/− mice 
and in mice fed with normal diet (figure 5B), as well as 
similar body weight gain (figure 5C). We next measured 
intraperitoneal and oral glucose tolerance tests as well 
as insulin tolerance tests. We found no significant differ-
ences between CB1f/f and CB1IEC−/− mice fed with either 
HFD or normal diet, with clear differences between HFD 
and normal diet independent of the genotype (figure 5C). 
Similarly, there was no amelioration in liver damage in 
HFD-fed CB1IEC−/− mice as compared with CB1f/f mice 
(figure 5B). In addition, genetic deletion did not affect 
alcohol-induced liver inflammation (figure 5D).

Overall, our findings revealed that, although intes-
tinal CB1 regulates alcohol-induced and HFD-induced 

Figure 6  A schematic of the role of intestinal CB1R in alcohol-induced leaky gut. Alcohol binge increases intestinal 
permeability by activating intestinal epithelial CB1R-ERK1/2 signalling with subsequently reduced differentiation and 
downregulation of tight junctions (left). Genetic or pharmacological inhibition of intestinal CB1R-ERK1/2 signalling restored 
normal intestinal permeability and epithelial differentiation (right). Figure created with Biorender.com. CB1R, cannabinoid 
receptor 1; ERK1, mitogen-activated protein kinase 1/2.

https://dx.doi.org/10.1136/egastro-2024-100173
https://dx.doi.org/10.1136/egastro-2024-100173
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intestinal permeability, this effect has no significant influ-
ence on ALD and MASLD pathogenesis.

DISCUSSION
In this study, we have highlighted the role of gut CB1R 
in alcohol binge-induced intestinal permeability. Genetic 
deletion of intestinal epithelial CB1R and pharmacolog-
ical inhibition of CB1R using the peripherally restricted 
CB1R antagonist (S)-MRI-1891 restored gut barrier func-
tion by inducing tight junction proteins and villus differ-
entiation (figure 6). Our findings support the potential 
use of peripheral-restricted CB1R antagonists for the 
treatment of alcohol-induced leaky gut.

Our data revealed that alcohol binge activated CB1R 
signalling and led to reduced differentiation, downregu-
lation of tight junctions and increased intestinal perme-
ability. Deletion of intestinal CB1R completely prevented 
activation of ERK1/2 in the villi. Inhibiting ERK1/2 with 
the MEK1/2 inhibitor U0126 similarly improved gut 
barrier function. It is known that ERK1/2 is activated by a 
plethora of receptors. We were therefore surprised to see 
the complete abolishment of villus ERK1/2 activation in 
CB1IEC−/− mice. Despite low CB1R expression, we found 
that acute oral treatment with peripherally restricted 
CB1R antagonist (S)-MRI-1891 restored normal intes-
tinal permeability in CB1f/f mice possibly by increasing 
gene expression of tight junction proteins. In addi-
tion, (S)-MRI-1891 did not have any effect on intestinal 
permeability in intestinal-specific CB1R knockout mice 
(CB1IEC−/−), further proving that the effect seen for this 
antagonist was due to CB1R in the intestinal epithelium. 
The use of peripherally restricted CB1R antagonists was 
crucial to avoid central effects seen with antagonists that 
cross the blood–brain barrier, like rimonabant.38

The endocannabinoid system has been linked to 
different intestinal functions, such as gut motility, intes-
tinal immunity, secretion of fluids and intestinal perme-
ability.8 9 CB2R receptors are only expressed in immune 
cells,39 while CB1R is known to be highly expressed in the 
enteric nervous system.40 Our data showed that deletion 
of intestinal epithelial CB1R accounts for around 50% of 
intestinal CB1R messenger RNA (mRNA), likely because 
the enteric nervous system accounts for the remaining 
half. Some reports suggest that epithelial CB1R expres-
sion is low, but is activated in several diseases, including 
inflammatory bowel disease and obesity.14 41 42 In the 
current study, we confirmed that despite its low level of 
expression, intestinal epithelial CB1R signalling is clearly 
detectable. It is not entirely clear whether epithelial 
CB1R is expressed in the apical or basolateral membrane. 
A recent study showed that activation and inhibition of 
CB1R in vitro rely on the exposure of the compounds 
to the basolateral membrane.43 The selectivity of the 
knockout was validated by the absence of change in CB1R 
expression or ligand binding in the brain. Moreover, our 
quantitative reverse transcription PCR (RT-qPCR) analysis 

clearly demonstrated specific deletion of CB1R mRNA in 
intestinal epithelial cells from CB1IEC−/− mice.

Despite the positive effects on alcohol-induced and 
HFD-induced intestinal permeability, intestinal CB1R 
deficiency did not have significant effects on the devel-
opment of both ALD and MASLD. Different pathways 
are implicated in the pathogenesis of steatotic liver 
diseases,44–46 and leaky gut represents only one of these 
pathways. Moreover, we have recently demonstrated that 
paracellular intestinal permeability is not a prerequi-
site for microbial translocation to occur in patients with 
ALD.47 Reduction of immune cells and defective gut 
immunosurveillance appear to be more critical processes 
in gut barrier dysfunction during ALD and MASLD than 
paracellular intestinal permeability alone.4 45 In addi-
tion, changes in the microbiome and systemic inflam-
mation also contribute to both ALD and MASLD.35 36 It 
is therefore not surprising to us that selective targeting 
of CB1R in the intestine is not enough to improve liver 
function and metabolic parameters in ALD and MASLD, 
in which a multitarget approach is probably the best treat-
ment option. Previous studies have shown that CB1R is 
expressed in cholecystokinin (CCK)-producing enteroen-
docrine cells as well as in K cells in the proximal small gut.42 
Our approach deletes CB1R in all intestinal epithelial 
cells, including K cells and CCK-producing cells. Despite 
the absence of epithelial CB1R in CB1IEC−/− mice, these 
animals gained similar body weight and had comparable 
glucose tolerance and insulin resistance with both chow 
diet and HFD compared with littermate control CB1f/f. 
Many gut peptides as well as other organs contribute to 
the development of obesity and MASLD. It is therefore 
possible that deleting CB1R in some enteroendocrine 
cells is not enough to interfere with the complex MASLD 
pathogenesis.

In conclusion, our findings expand our understanding 
of the role of gut CB1R in the acute regulation of alcohol 
binge-induced intestinal permeability. We revealed that 
alcohol activates CB1R signalling with subsequent down-
regulation of tight junctions, thus leading to increased 
intestinal permeability. Genetic deletion of intestinal 
CB1R as well as pharmacological treatment with the 
peripherally restricted CB1R antagonist (S)-MRI-1891 
were able to reverse this process, resulting in improved 
gut barrier function. Peripheral CB1R antagonism may 
be considered a novel therapeutic modality for treating 
leaky gut and its pathological consequences.
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