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Probiotic-derived extracellular vesicles
alleviate AFB1-induced intestinal injury

by modulating the gut microbiota and AHR
activation
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Abstract

Background Aflatoxin B1 (AFB1) is a mycotoxin that widely found in the environment and mouldy foods. AFB1
initially targets the intestine, and AFB1-induced intestinal injury cannot be ignored. Lactobacillus amylovorus (LA), a
predominant species of Lactobacillus, plays a role in carbohydrate metabolism. Extracellular vesicles (EVs), small lipid
membrane vesicles, are widely involved in diverse cellular processes. However, the mechanism by which Lactobacillus
amylovorus-QC1H-derived EVs (LA.EVs) protect against AFB1-induced intestinal injury remains unclear.

Results In our study, a new strain named Lactobacillus amylovorus-QC1TH (LA-QCTH) was isolated from pig faeces.
Then, EVs derived from LA-QCTH were extracted via ultracentrifugation. Our results showed that LA.EVs significantly
alleviated AFB1-induced intestinal injury by inhibiting the production of proinflammatory cytokines, decreasing
intestinal permeability and increasing the expression of tight junction proteins. Moreover, 16 S rRNA analysis
revealed that LA.EVs modulated AFB1-induced gut dysbiosis in mice. However, LA EVs did not exert beneficial effects
in antibiotic-treated mice. LA.EVs treatment increased intestinal levels of indole-3-acetic acid (IAA) and activated
intestinal aryl hydrocarbon receptor (AHR)/interleukin-22 (IL-22) signalling in AFB1-exposed mice. Inhibition of
intestinal AHR signalling markedly weakened the protective effect of LAEVs in AFB1-exposed mice.

Conclusions LA.EVs alleviated AFB1-induced intestinal injury by modulating the gut microbiota, activating the
intestinal AHR/IL-22 signalling, reducing the inflammatory response and promoting intestinal barrier repair in mice.

Keywords Aflatoxin B1, Lactobacillus amylovorus, Extracellular vesicles, Gut microbiota, Aryl hydrocarbon receptor

*Correspondence:

Yunhuan Liu

liuyunhuan@njau.edu.cn

!College of Veterinary Medicine, Nanjing Agricultural University, Nanjing,
Jiangsu Province 210095, China

?Institute of Animal Nutritional Health, Nanjing Agricultural University,
Nanjing, Jiangsu, China

*MOE Joint International Research Laboratory of Animal Health and Food
Safety, College of Veterinary Medicine, Nanjing Agricultural University,
Nanjing, Jiangsu, China

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02979-3&domain=pdf&date_stamp=2024-11-10

Li et al. Journal of Nanobiotechnology (2024) 22:697

Background

Aflatoxin is a mycotoxin produced by Aspergillus flavus,
Aspergillus parasiticus, and Aspergillus nominus. The
most prevalent and toxic aflatoxin is aflatoxin B1(AFB1)
[1]. AFBL1 is listed as a class I carcinogen by the Interna-
tional Agency for Research on Cancer (IARC) in humans
[2, 3]. AFB1 exposure can lead to many health issues
through the food chain, including growth, gastrointes-
tinal and reproductive system diseases [4, 5]. The tar-
get organ for AFB1 is the liver. However, orally ingested
food first reaches the gastrointestinal tract [6]. Previous
research has shown that AFB1 exposure can destroy the
intestine by impairing the structure of the intestinal epi-
thelium, suppressing tight junction protein expression,
and increasing bacterial displacement [7, 8].

Lactobacillus amylovorus (LA), a lactic acid bacte-
rium, can hydrolyse lake powder [9]. LA is often used as
a silage fermentation additive in animal husbandry [10].
In the field of medicine, LA has been used to treat intes-
tinal diseases in humans [11]. LA offers potential thera-
peutic strategy to prevent intestinal disorders in piglets
and humans [12]. However, with the widespread use
of antibiotics, the activity of probiotics has weakened.
Recent research has shown that in both prokaryotes and
higher eukaryotes, the exchange of cell biological sig-
nals is mainly mediated by the secretion of extracellular
vesicles (EVs) [13]. EVs are nanosized vesicles that are
released by all life domains [14]. Bacteria-derived EVs
facilitate communication with host cells via pattern rec-
ognition receptors to activate signalling pathway [15]. It
has been reported that C. butyricum-derived EVs upreg-
ulates gut barrier-related proteins to protect against dex-
tran sodium sulfate (DSS)-induced colitis [16]. Increasing
evidence has demonstrated the importance of bacterial
EVs in intestinal homeostasis [17, 18]. However, whether
LA EVs can alleviate AFB1-induced intestinal injury is
unknown.

The gut microbiota (GM) is composed of bacteria, pro-
tozoa, archaea, fungi and viruses and plays crucial roles
in host health. Microbial disturbance leads to the occur-
rence of many intestinal disorders [19]. Previous research
reports that the reversal of GM dysbiosis is essential
for the effects of C. butyricum-derived EVs on ulcer-
ative colitis (UC) [16]. Not only does the gut microbiota
play the protective effect in host health, but also the gut
microbial metabolites [20]. Gut microbial metabolites
that are produced near the gut epithelium play important
roles in gut barrier function. Aryl hydrocarbon receptor
(AHR) has attracted increasing attention due to its role
in the regulation of inflammation, immunity, intestinal
barrier function, and intestinal microecology [21, 22].
Several studies have confirmed that inflammatory bowel
disease (IBD) and colitis can be alleviated by AHR ligands
through the activation of AHR [23, 24]. Notably, most
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microbial metabolites, including tryptophan metabo-
lites, short-chain fatty acids and phenolic metabolites, are
endogenous ligands of AHR present in the gastrointesti-
nal tract [21, 25]. In particular, the tryptophan metabolite
indole and its derivatives can regulate intestinal barrier
function through AHR [26]. Indole-3-acetic acid (IAA), a
tryptophan metabolite, can activate AHR to enhance the
gut barrier function [27].

AHR, a ligand-activated multifunctional transcrip-
tion factor [28], is expressed in various tissues and cells.
Furthermore, there is evidence that AHR plays a key role
in driving the production of interleukin-22 (IL-22) and
regulating the development of Group 3 innate lymphoid
cells (ILC3s) to control intestinal inflammation [29, 30].
And IL-22 can repair the intestinal barrier by increas-
ing the expression of intestinal tight junction proteins
and antimicrobial peptides [27]. Therefore, the activation
of this pathway may be a novel alternative treatment for
AFB1-induced intestinal injury.

In this study, we found that LA.EVs alleviated AFB1-
induced intestinal injury by modulating the gut micro-
biota, increasing intestinal IAA levels and subsequently
activating intestinal AHR/IL-22 signalling. This study
provides new directions and targets for the treatment of
AFB1-induced intestinal injury.

Materials and methods

Enrichment and isolation of Lactobacillus amylovorus-
QC17H (LA-QC1H)

Several faeces samples (pigs) were collected from a local
city (Nanjing, Jiangsu Province, China). Samples (0.3 g)
were mixed with 3 mL of sterilized saline water. Then,
100 pL of the above suspensions was mixed with 900 pL
of sterilized saline water to form gradient dilutions. Mix-
tures of 10°, 10° and 107 were coated on DeMan, Rogosa
and Sharpe (MRS) agar media and incubated at 37 °C for
48 h. Colonies of different shapes and sizes were chosen
for streaking and purification. Milky white, prominent,
and gram-positive strains were selected for identification
and stored at -80 °C.

16 S rDNA sequencing

Genomic DNA was extracted using a bacterial genomic
DNA extraction kit. The amplified products were subse-
quently sequenced by Sangon Biotech (Shanghai, China).
Sequences showing more than 97% similarity to the 16 S
rDNA gene of the isolated strains were identified, and
phylogenetic trees were constructed.

LA culture and LA.EVs isolation

The strain was cultured in MRS broth at 37 °C for 48 h.
Then, the bacterial solution was centrifuged at 10,000xg
for 20 min after the bacterial cultures were pelleted. The
obtained supernatants were filtered (0.22 um) to remove



Li et al. Journal of Nanobiotechnology (2024) 22:697

parental bacterial debris and other impurities. To gener-
ate crude EVs, the supernatant was further concentrated
to 1/8, ultracentrifuged at 4 °C (5000xg, 25 min), and
washed with PBS twice. The purified EVs were obtained
by filtering (0.22 pm) again after ultracentrifugation at
160,000xg at 4 °C for 2 h.

Transmission electron microscopy (TEM)

Fifteen microlitres of EVs solution was dripped on a cop-
per grid for 1 min, and then 2% uranyl acetate (15 pL) was
applied to the grid for 1 min to conduct negative stain-
ing. Imaging was performed under a HITACHI HT7800
transmission electron microscope when the grids were
completely dry.

Nanoparticle tracking analysis (NTA)

The sample was diluted in 1x PBS. When the number of
exosome particles displayed in the instrument detection
interface was between 50 and 400, the instrument started
working automatically. The collected data for each sam-
ple were analysed with ZetaView.

Animals and experimental design

The study was approved by Nanjing Agricultural Univer-
sity under the Laboratory Animal Care Ethics Committee
for Animal Experiments (NJAU. No 20210624093) before
the study was initiated. Six to seven weeks old C57BL/6]
male mice from GemPharmatech Co., Ltd. (Jiangsu,
China) were randomly divided into different groups. All
mice were fed a standard pellet diet and deionized water
freely at a suitable temperature, humidity, and a 12 h
light-dark cycle. AFB1 (Sigma) was dissolved in DMSO to
prepare a stock solution of AFB1. Then, the AFBI stan-
dard stock solution was diluted with olive oil as the work-
ing solution. The experimental design was as follows.

Experiment |

After acclimatization for one week, fifteen mice were ran-
domly divided into the following groups (#=5): the con-
trol group (CON), AFB1 group (AFB1), and AFB1+LA.
EVs group (AFB1+LA.EVs). AFB1 was orally adminis-
tered to mice at 0.75 mg/kg BW once daily for 4 weeks.
LA.EVs were administered to mice daily by gavage of 200
uL (25 pg protein content) for 4 weeks.

Experiment Il

To explore the effect of gut microbes in the process of
LA EVs treatment, twenty mice were randomly assigned
to the following groups (n=5): CON, AFB1, AFB1+LA.
EVs and AFB1+LA.EVs+antibiotics (ABX) (AFB1+LA.
EVs+ABX). AFB1 was orally administered to the mice
at 0.75 mg/kg body weight (BW) once daily for 4 weeks.
LA.EVs were administered to mice daily by gavage
of 200 pL (25 pg protein content) for 4 weeks. Mice in
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AFB1+LA.EVs+ABX group were treated a cocktail of
10 mg of antibiotics (ampicillin, vancomycin, metronida-
zole, and neomycin) by oral gavage daily for seven days.
Then fecal samples from mice were collected, homoge-
nized, plated on Luria-Bertani agar and cultured at 37 °C
for 2 d to confirm efficient depletions. On the eighth day,
antibiotics (1 g/L for ampicillin, metronidazole, and neo-
mycin and 500 mg/L for vancomycin) were added to the
drinking water. And the antibiotics were maintained in
the drinking water until the end of the entire experiment
[31].

Experiment lll

To explore the protective mechanism of LA.EVs on
AFBl-induced intestinal inflammatory injury, twenty
mice were randomly assigned to the following groups
(n=5): CON, AFB1, AFB1+LA.EVs and AFB1+LA.
EVs+CH223191 (AHR antagonist, Med Chem Express,
NJ, USA) groups. AFB1 was orally administered to mice
at 0.75 mg/kg BW once daily for 4 weeks. LA.EVs were
administered to mice daily by gavage of 200 pL (25 pg
protein content) for 4 weeks. CH223191 was adminis-
tered to mice by intraperitoneal injection of 10 mg/kg
BW once daily for 4 weeks.

On the 29th day, all mice were euthanized by CO, inha-
lation after weighing and then obtained the blood [32],
and the supernatant was collected after centrifugation
at 3000 rpm for 20 min. A portion of the ileum was har-
vested for haematoxylin-eosin (H&E) staining, and the
remaining portion was placed at - 80 °C.

H&E staining

Ileum tissue samples were placed in 4% paraformalde-
hyde, fully fixed for 24 h, and then dehydrated with 70%,
80%, 90%, 95%, and 100% alcohol. Subsequently, the sam-
ples were soaked in xylene until they were cleared, and
embedded in paraffin. The ileum tissues were then cut
into 5 pm sections using a rotary microtome (Leica, Ger-
many). After the sections were dried, they were stained
with haematoxylin and eosin to assess tissue structure.
The sections were observed using an optical microscope
and photographed. The villus length was measured using
Image] software.

Intestinal permeability assay

Mice were fasted for 4 h after FITC-dextran 4 kDa (FD-
4) (Sigma-Aldrich, MO, USA) was administered orally
(400 mg/kg). Then, the blood samples were harvested
for isolation of serum. 10 uL of serum was used for FD-4
concentration measurement using a HITACHI F-7000
fluorimeter.
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Immunofluorescence analysis

Zonula occludens-1 (ZO-1) and AHR protein expres-
sion in the ileum was analysed by immunofluorescence
colocalization. Mouse ileum sections were incubated
with anti-ZO-1 and anti-AHR antibodies at 4 °C over-
night, followed by incubation with secondary antibodies.
4',6-Diamidin-2-phenylindol (DAPI) was used to coun-
terstain the nuclei for 10 min. Fluorescence images were
obtained by an LSM710 immunofluorescence micro-
scope (Carl Zeiss, Jena, Germany).

Real-time PCR

Total RNA from ileum tissues (0.02 g) was isolated using
TRIzol Reagent (Accurate Biotechnology Co., Ltd.,
Hunan, China) following the manufacturer’s instruc-
tions. An A260/A280 ratio of RNA between 1.8 and 2.0
indicated acceptable quality and integrity. The relative
expression of target genes was calculated through the
272ACt approach and compared with that of GAPDH. All
primers were synthesized by Sangon Biotech (Shanghai,
China) and are listed in Table S1.

Western blotting

The ileum was dissolved in radioimmunoprecipita-
tion assay (RIPA) lysis buffer supplemented with phenyl
methyl sulphonyl fluoride (PMSF) to extract protein, and
the protein concentration was quantified with a bicincho-
ninic acid (BCA) assay kit. Protein extracts were mixed
with loading buffer (1: 4) and fully denatured in a metallic
bath (95°C, 10 min). Total protein (30-50 pg) was added
to the gels, and the separated protein was transferred
to 0.45 pum polyvinylidene difluoride membranes (Mil-
lipore, MA, USA). The membranes were immersed in
5% bovine serum albumin (BSA) for 1.5 h at room tem-
perature, wished with 1x TBST three times for six min-
utes each time on the shaking table, and then incubated
with the primary antibody overnight at 4 °C. Finally, the
membranes were incubated with the secondary antibody
for 1 h at room temperature and washed with 1x TBST
for three times on the shaking table. A Bio-Rad chemical
imaging system was used to observe the protein bands.
The expression levels of the indicated proteins were
quantified digitally and normalized to the relative expres-
sion of GAPDH.

16 S rRNA gene sequencing

Approximately 0.5 g of faecal sample was selected for
DNA extraction. The primers that bind to the hypervari-
able region V3-V4 (341F: 5-ACTCCTACGGGAGGCAG
CAG-3’; 806R: 5-GGACTACHVGGGTWTCTAAT-3)
were chosen for PCR amplification of faecal bacterial
DNA samples. The amplicons were purified through the
magnetic bead of Agencourt AMPure XP, and a Qubit 4
fluorometer was used for quantitation.
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Enzyme-linked immunosorbent assay (ELISA)

Total protein was separated from the intestine (0.1-
0.25 g) using 500 pL cold RIPA buffer. Then, the samples
were subjected to ultrasonic processing. Finally, the intes-
tinal protein was obtained by centrifugation (10,000 x g,
4 °C, 10 min). IAA and IL-22 levels in 100 pL of ileum
tissue supernatant were measured using a commercial
ELISA kit (Cloud-Clone, Wuhan, China).

Statistical analysis

The results are expressed as the mean+SEM. Significant
differences were analysed via one-way analysis of vari-
ance (ANOVA) and least significant difference (LSD)
tests. p<0.05 was considered to indicate statistical
significance.

Results

Isolation and identification of LA-QC1H

As shown in Fig. 1A, the purified colonies were mostly
white or milky white with round, neat edges, approxi-
mately 2-3 mm in diameter, and a moist and smooth sur-
face. Light microscopy revealed that the isolated strains
were gram-positive, long rod-shaped, not arranged in
chains, and existed individually (Fig. 1B).

The identity of the isolated strain was then determined
using 16 S rDNA sequencing. Based on the constructed
phylogenetic tree, the homology of QC1H with Lactoba-
cillus amylovorus was 100%, and QC1H is a member of
the Lactobacillus family (Fig. 1C).

Isolation and characterization of LA.EVs

LA.EVs were obtained from the culture supernatants
of Lactobacillus amylovorus by using gradient cen-
trifugation and ultracentrifugation (Fig. 1D). To assess
the characterization of LA.EVs, transmission electron
microscopy (TEM) and nanoparticle tracking analysis
(NTA) analysis were used for LA.EVs samples. As shown
in Fig. 1E, the TEM images revealed a closed spherical
membrane structure. The sizes of the EVs ranged from
170 to 310 nm, as shown by NTA analysis in Fig. 1F.
These results demonstrated that LA.EVs were extracted
and obtained successfully.

LA.EVs ameliorated AFB1-induced inflammatory intestinal

injury in mice

To investigate the intervention effect of LA.EVs, AFB1
and LA.EVs were administered to mice through orally
gavage once daily for 28 days (Fig. 2A). The intesti-
nal tract is a barrier to prevent pathogeny from passing
into other tissues. Therefore, intestinal pathology and
related gene expression analyses were performed. Fig-
ure 2B showed the body weight changes in the different
groups. The average weights of the AFB1 group were
always lower than the those of the control group, and the
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Fig. 1 Characterization of LA and LA.EVs. (A) Colony morphology of Lactobacillus amylovorus-QCTH (LA-QC1H) on MRS agar medium. (B) Gram staining

results of LA-QC1

H. (C) Phylogenetic tree of LA-QC1H inferred from the 16 S rDNA gene sequences. (D) A schematic illustration of the isolation method for

LAEVs. (E) Transmission electron microscopy images of isolated EVs. The scale bar is 200 nm. (F) The particle size of LA.EVs was measured by nanoparticle

tracking analysis (NTA)

LA.EVs group showed the same increasing trend as the
CON group. Figure 2C and D showed that the intesti-
nal length was markedly shorter in the AFB1 group than
in the CON group, but was significantly reversed to the

normal level in the AFB1+LA.EVs group. H&E staining
images of the ileum in the different groups were shown
in Fig. 2E and F. The structure of the intestinal epithelium
in the CON group was relatively intact, and there was no
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Fig. 2 Effects of LA.EVs treatment on inflammatory intestinal injury in AFB1-exposed mice. (A) Experimental design. (B) Body weight change. (C) Typical
photos of intestines in the three groups. (D) Corresponding intestinal length was measured. (E, F) Representative image of H&E staining of ileum sections
(scale bar =100 um) and statistical analysis of the villus height/crypt depth ratio. (G) Relative mRNA levels of tight junction proteins and muc-2 were
measured in the ileum by gRT-PCR. (H) IL-13, IL-6, and TNF-a mRNA abundances in the ileum were measured by real-time PCR analysis. (I, J) Representa-
tive immunofluorescence staining of ZO-1 antibody in the ileum (scale bar =100 um). (K, L) Relative protein abundances of ZO-1 in the intestine. (M)
Intestinal permeability was measured by serum FD-4 concentration (n=5). Values are expressed as the mean + SEM. *p < 0.05, **p < 0.01, ns, the difference

is not significant

obvious inflammation. However, in the AFB1 group, the
structure of the intestinal epithelium was incomplete,
and the intestinal villi were disrupted. Compared to the
AFB1 group, the AFB1+LA.EVs group had complete and
longer intestinal villi and shallower crypt depth. In addi-
tion, the ratio of villus height to crypt depth was not sig-
nificant different between the LA.EVs group and CON
group. The observations of intestinal length and H&E
staining indicated that AFB1 caused intestinal injury
and LA.EVs could improve intestinal morphology dam-
aged by AFB1. Altered tight junctions can weaken barrier
function and epithelial integrity. Compared with those
in the CON group, the mRNA expression levels of tight
junction proteins (ZO-1, Occludin and Claudin-1) and
mucus were significantly lower in the AFB1 group. Con-
versely, the mRNA expression of tight junction proteins
was markedly increased by the LA.EVs treatment, and
the levels were not significantly differ from those in the
CON group(Fig. 2G). The LA.EVs treatment also allevi-
ated the AFBl-induced inflammation, and the results
of intestinal proinflammatory cytokine (IL-1f, IL-6
and TNF-a) secretion are shown in Fig. 2H. The results
showed that the mRNA expression of proinflammatory
cytokines was significantly increased in the AFB1 group
compared to the CON group, and markedly reversed to
the level of CON group in LA.EVs group. In addition,
a high serum fluorescence intensity of FD-4 indicates
increased intestinal permeability. We found that the level
of FD-4 in the AFB1 group was significantly greater than
that in the CON group, and these changes were markedly
reversed in the LA.EVs group (Fig. 2M). And the level of
FD-4 in the AFB1+LA.EVs group was lower than that
in the CON group. The results of immunofluorescence
staining (Fig. 2I and J) and protein expression of ZO-1
(Fig. 2K and L) showed that LA.EVs treatment markedly
alleviated the decrease in ZO-1 in the AFB1 group, and
the level of ZO-1 of the AFB1+LA.EVs group was sig-
nificantly decreased compared to the CON group. Thus,
the above results suggested that LA.EVs had a protective
function in alleviating AFB1-induced intestinal injury in
mice.

LA.EVs altered the diversity and composition of the gut
microbiota in AFB1-exposed mice

To investigate the changes in the gut microbiota com-
position, we performed 16 S rRNA gene sequencing
on the faecal samples of the mice. Alpha diversity was

assessed according to the Shannon and Simpson indi-
ces, as shown in Fig. 3A and B. The results of Shannon
index (Fig. 3A) showed that AFB1 mice had markedly
decreased microbial community diversity than the CON
mice, and AFB1+LA.EVs mice had an increased tend
compared to the AFB1 mice. The Simpson index value is
negatively correlated with the alpha diversity. The Simp-
son index (Fig. 3B) revealed that there was a lower com-
munity diversity in AFB1 mice than that in CON mice,
and AFB1+LA.EVs mice had higher community diver-
sity than that in AFB1 mice. But there were no differ-
ences in alpha diversity were detected. Beta diversity was
measured using principal coordinates analysis (PCoA)
(Fig. 3C) and non-metric multidimensional scaling
(NMDS) (Fig. 3D), to identify differences in gut micro-
biota composition among the three groups. The results
revealed that each group clustered separately, suggesting
that both treatment (AFB1 and AFB1+LA.EVs) changed
the compositions of the gut microbiota. The evolution-
ary branching tree (Fig. S1A) also showed the diversity
of species abundance. In addition, we compared the gut
microbiota variations at different classification levels. At
the phylum level, Bacteroidetes and Firmicutes were the
most dominant taxa (Fig. 3E). The relative abundance
of Bacteroidetes was markedly lower in the AFB1 group
than in the CON group, but the relative abundance
of Firmicutes was significantly increased. The LA.EVs
treatment had a significantly increased relative abun-
dance of Bacteroidetes, and there was no significant dif-
ference of Bacteroidetes in the control group (Fig. 3F).
LA.EVs treatment markedly decreased relative abun-
dance of Firmicutes, and the abundances of Firmicutes
was significantly decreased in the AFB1+LA.EVs group
compared with the CON group (Fig. 3G). Moreover, the
Firmicutes/Bacteroidetes ratio in the AFB1 group was
significantly greater than that in the CON group, while
the LA.EVs treatment markedly reversed these effects.
And this ratio was lower in the AFB1+LA.EVs group
than that in the CON group (Fig. 3H). At the order level,
the enriched taxa primarily included Bacteroidales and
Clostridiales (Fig. 3I). The relative abundance of Bac-
teroidales decreased significantly in the AFB1 group.
Interestingly, the LA.EVs treatment significantly reversed
these changes to the same extent as those in the CON
group (Fig. 3]). However, there was no significant dif-
ference in Clostridiales abundance among the three
groups (Fig. 3K). At the genus level, a heatmap revealed
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the species composition (Fig. S2A), and the increase in
Bacteroides abundance was reversed in the AFB1+LA.
EVs group (Fig. S1B). At the genus level, the enriched
taxa primarily included Barnesiella and Clostridium_
XI1Va (Fig. 3L). The relative abundance of Barnesiella,

significantly decreased in AFB1-exposed mice, but mark-
edly increased and returned to the CON level in the
LA.EVs group (Fig. 3M). In addition, the abundance
of Clostridium_XIVa significantly increased in AFB1-
exposed mice, but markedly decreased in AFB1+LA.EVs
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mice (Fig. 3N). And there was no significant difference in
the abundance of Clostridium_XIVa. between the LA.EVs
group and CON group. To explore the functional impacts
of the gut microbiota compositions among the three
groups, we performed Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway and Clusters of Orthologous
Groups of Proteins (COQG) analyses. KEGG analysis (Fig.
S3A and B) revealed that many bacteria were involved in
carbohydrate, amino acid, cofactor and vitamin metabo-
lism. The COG data (Fig. S4A and B) revealed that many
bacteria were involved in translation, ribosomal structure
and vitamins, amino acid transport and metabolism, car-
bohydrate transport and metabolism. In summary, these
findings suggested that AFB1-induced intestinal micro-
biota dysbiosis was effectively reversed by LA.EVs treat-
ments to a certain extent.

LA.EVs activated intestinal AHR/IL-22 signalling in AFB1-
exposed mice

Previous research had shown that Barmsiella mainly
played a role in tryptophan metabolism, and produce
indole and its derivatives, then activate AHR and further
encourage intestinal homeostasis by inducing IL-22 [33].
Combined with the changes in the abundance of Barn-
siella in the 16 S rRNA results and the pathway predic-
tion results, we can conclude that the activation of AHR
signaling pathway may be a potential mechanism for
LA.EVs to alleviate intestinal injury induced by AFBI.
To further investigate the mechanism by which LA.EVs
exerted protective effects on AFBl-exposed mice, the
levels of IAA, endogenous ligand of AHR, were deter-
mined. Our study showed that the intestinal IAA level
of LA.EVs treatment was markedly increased compared
to those of the AFBl-exposed mice, and there was no
significant difference compared to the CON group
(Fig. 4A). As TAA is an endogenous ligand of the AHR
receptor, we analyze the expression of AHR. Moreover,
the mRNA expression levels of cytochrome P450 fam-
ily 1 subfamily A member 1 (CYP1A1) and IL-22, which
are two transcriptional targets of AHR, were analyze.
The results showed that AHR, CYP1A1, and IL-22 gene
expressions were markedly decreased in AFB1-exposed
mice, but significantly increased in the LA.EVs group
compared to AFBlgroup (Fig. 4B-D). The mRNA expres-
sion of AHR and IL-22 in the LA.EVs group were not
significantly different from that in the CON group. But
the mRNA expression of CYP1A1 in the AFB1+LA.EVs
group was significantly decreased compared to the CON
group. Reg3g and Reg3b, antimicrobial peptide secreted
by IL-22, can effectively resist the invasion of external
pathogens. The results showed that the mRNA expres-
sion levels of Reg3g and Reg3b in the AFB1 group were
significantly lower than those in the CON group, while
were significantly upregulated in the LA.EVs group
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(Fig. 4E and F). Meanwhile, the LA.EVs treatment mark-
edly increased the protein level of intestinal IL-22 in
AFB1-exposed mice (Fig. 4G). As shown in Fig. 4H and
I, the distribution of intestinal AHR protein was signifi-
cantly decreased after AFB1 treatment, but was markedly
increased in the AFB1+LA.EVs group. And compared
with the CON group, the distribution of intestinal AHR
protein was significantly decreased in the AFB1+LA.EVs
group. Moreover, intestinal AHR protein expression was
measured by Western blotting. Figure 4] and K showed
that AHR protein expression was significantly decreased
in the AFB1 group. However, compared with that in the
AFB1 group, AHR protein expression was significantly
increased in the LA.EVs group, and there was no sig-
nificant difference between the LA.EVs group and CON
group. These findings suggested that AHR/IL-22 signal-
ling may be the potential mechanism for LA.EVs pre-
vented AFB1-induced inflammatory intestinal injury.

LA.EVs failed to relieve AFB1-induced inflammatory
intestinal injury in antibiotic-treated mice

To further evaluate the role of the gut microbiota in
the alleviation of intestinal injury by LA.EVs in AFB1-
exposed mice, depleted the gut microbiota by using an
ABX blend (Fig. 5A). Oral gavage antibiotic solution for
seven days and fecal coating were performed to confirm
that all gut microbes had been removed, and drinking the
mixed antibiotic solution throughout the experiment was
used to maintain the absence of gut microbiota. Com-
pared to the AFB1+LA.EVs treated mice, the AFB1+LA.
EVs+ ABX mice showed shorter intestinal villi and deeper
crypt depths (Fig. 5B and C). In addition, the ileum
ZO-1 protein level in the AFB1+LA.EVs+ABX group
was significantly decreased compared to AFB1+LA.
EVs group, which was subjected to immunofluorescence
analysis (Fig. 5B and D). The content of serum FD-4 in
AFB1+LA.EVs+ABX group mice was higher than that
in AFB1+LA.EVs group mice (Fig. 5E), indicating that
antibiotic treatment significantly increased intestinal
permeability. Moreover, compared to AFB1+LA.EVs-
treated mice, antibiotic-treated mice had lower mRNA
expression levels of ileum tight junction proteins and
muc-2 (Fig. 5F). The ileum mRNA expression levels of
proinflammatory cytokines were significantly increased
in the AFB1+LA.EVs+ABX group compared with the
AFB1+LA.EVs group (Fig. 5G). According to the previ-
ous results, it was found that LA.EVs could alleviate the
intestinal damage caused by AFB1 exposure in normal
mice. Interestingly, the effect of LA.EVs on the intesti-
nal damage caused by AFB1 disappeared after clearance
of gut microbiota. These results showed that LA.EVs
exerted protective effects on AFBl-induced inflamma-
tory intestinal injury through the gut microbiota. How-
ever, the use of a mixture of antibiotics will clear all the
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gut microbiota in the intestine, and further studies are
needed to investigate which specific microbiota changes
play a major role in alleviating the intestinal injury
induced by AFB1.

LA.EVs failed to activate intestinal AHR/IL-22 signalling in
antibiotic treated mice

To determine the mechanism of gut microbiota in the
protective effects of LA.EVs, AHR/IL-22 signalling is
also verified. Compared with AFB1+LA.EVs group, the
expressions of AHR signalling pathway-related genes
(AHR, IL-22, and CYP1Al) (Fig. 6A-C) and protein
(AHR) (Fig. 6G and H) in the intestine were signifi-
cantly decreased in antibiotic-treated mice. The elimina-
tion of the gut microbiota also weakened the protective
effect of LA.EVs, as Reg3g and Reg3b mRNA expression
decreased (Fig. 6D and E). Moreover, Fig. 6F showed
that the ileum IL-22 protein level in antibiotic-treated
mice was significantly lower than that in AFB1+LA.
EVs-treated mice. These results suggested that LA.EVs
exerted a protective effect on AFBl-induced inflamma-
tory intestinal injury through intestinal microbiota-medi-
ated AHR/IL-22 signalling.

LA.EVs ameliorated AFB1-induced inflammatory intestinal

injury by activating intestinal AHR/IL-22 signalling in mice

To further examine whether the protective effects of
LA.EVs on intestinal injury are activated by intestinal
AHR signalling, we treated AFBl-exposed mice with
the AHR antagonist CH223191 (Fig. 7A). As shown in
Fig. S5A-E, CH223191 treatment significantly decreased
the mRNA expression levels of AHR, CYP1Al, IL-22,
Reg3g and Reg3b in the AFB1+LA.EVs mice. More-
over, the ileum protein level of IL-22 was significantly
decreased in the AFB1+LA.EVs+CH group compared
with the AFB1+LA.EVs group (Fig. S5 F). The ileum
AHR protein distribution in the AFB1+LA.EVs+CH
group was decreased compared to that in the AFB1+LA.
EVs group (Fig. S5G and H). These results indicated that
AHR signalling was significantly inhibited. After ensur-
ing that AHR signal was suppressed, intestinal patho-
logical changes and intestinal damage were evaluated in
the CH223191 group of mice. H&E-stained images of
the AFB1+LA EVs+CH group indicated that the ileum
structure was severely destroyed compared to that of
the AFB1+LA.EVs group (Fig. 7B and C). Figure 7B
and D showed that the ileum ZO-1 protein abundance
in CH223191-treated mice was significantly decreased.
Moreover, CH223191 treatment significantly increased
intestinal permeability, as indicated by the fluorescence
intensity of FD-4 (Fig. 7E). The mRNA expression of tight
junction proteins and muc-2 in the AFB1+LA.EVs+CH
group was decreased compared to that in the AFB1+LA.
EVs group (Fig. 7F). As shown in Fig. 7G, the mRNA
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expression levels of IL-1p, IL-6, and TNF-a were signifi-
cantly increased in the AFB1+LA.EVs+CH group com-
pared to the AFB1+LA.EVs group. Taken together, these
results confirmed that the protective effects of LA.EVs on
AFB1-induced inflammatory intestinal injury by the acti-
vation of intestinal AHR/IL-22 signalling. However, the
role of AHR cannot be fully demonstrated with just one
AHR inhibitor. Inhibitors with various characteristics
and intestinal-specific AHR knockout mice model were
needed to further confirm the requirement of AHR in the
action of LA .EVs in intestinal damage induced by AFBI.

Discussion

Aflatoxin contamination has become a widespread and
unavoidable public health concern [34], and AFBI-
induced hepatotoxicity has attracted considerable atten-
tion [35]. However, excessive intake or susceptibility to
AFB1 exposure can occur in tissues other than the liver.
The intestinal tract, which is the first barrier to aflatoxin
exposure, is likely a target organ for AFB1. Previous
research have shown that AFB1 can be metabolized into
toxic metabolites through cytochromes P450 enzymes
in the digestive tract, therefore, AFBl-induced intes-
tinal injury cannot be ignored [36]. Some studies have
revealed that AFB1 exposure decreased the expression
of tight junction proteins and caused intestinal inflam-
mation in vivo [37-39]. In addition, AFB1 inhibits cell
viability and the expression of intestinal tight junction
proteins in vitro [40, 41]. In this study, we found that
AFB1 exposure induced intestinal injury by reducing the
body weight, length, and villus height/crypt ratio of the
ileum in mice. Moreover, AFB1 exposure increased the
secretion of proinflammatory cytokines and enhanced
intestinal permeability.

EVs, a kind of membrane vesicle secreted by most
living organisms on earth, play a critical role in bacte-
ria-host interactions [42]. EVs carry a wide variety of
bioactive materials including proteins, lipids, polysac-
charides and RNAs, and are believed to influence bac-
terial and host cell functions, thereby influencing host
metabolism and the immune response. Recent studies
have also revealed that EVs secreted by bacteria played
an important role in the interaction between the host and
the human microbiome [43]. Bacteria-derived EVs have
been used as effective tools for drug delivery and disease
diagnosis due to their low cost and ease of isolation and
manipulation [44]. Lactobacillus amylovorus is a primary
species of Lactobacillus in the small intestine of mam-
mals, including pigs, rats, and rhesus macaques [45, 46].
Emerging evidence have revealed the beneficial effect
of L. amylovorus SLZX20-1 both in vitro and in vivo. L.
amylovorus SLZX20-1 markedly activated the expres-
sion of host defence peptides (HDPs) in IPEC-]J2 cells.
Moreover, it significantly improved the jejunum and
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Fig. 6 Effects of LAEVs treatment of the ileum AHR/IL-22 signalling in antibiotic-treated mice. (A-E) AHR, CYP1A1, IL-22, Reg3g and Reg3b mRNA abun-

dances in the intestine were measured by real-time PCR analysis. (F) lleum

IL-22 levels were measured by ELISA. (G, H) Representative image of AHR IF

staining in the ileum (scale bar =100 um) (n=5). Values are expressed as the mean +SEM. *p < 0.05, **p < 0.01, ns, the difference is not significant

ileum and changed the composition of gut microbes in
mice [47]. Liang et al. reported that C. butyricum-derived
EVs administration could alleviate colon inflammation
[16]. However, whether LA.EVs treatment can amelio-
rate AFB1-induced intestinal injury remains unknown.

In this study, we extracted and obtained LA.EVs from the
culture supernatants of LA, and TEM images showed a
bilayered, closed and nanosized membrane structure.
Additionally, we observed that LA.EVs had protective
effects on AFB1-induced inflammatory intestinal injury.
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However, due to the limitations of extracellular vesicles
stability and storage conditions, further explorations are
needed to optimize the use of LA.EVs.

The gastrointestinal tract is the largest surface of the
body exposed to the exoteric environment, it performs
food digestion and acts as a key line of defence. Many
diseases are accompanied by intestinal damage, includ-
ing inflammatory bowel diseases, chronic liver diseases,
cardiovascular diseases and chronic kidney disease [48].
Intestinal tract is a barrier to prevent harmful substances
from passing into other tissues. The invasion of external
pathogens can damage and shorten the intestines. AFB1
exposure can affect intestinal nutrient absorption, dam-
age intestinal morphology and intestinal barrier integrity
[49, 50]. Moreover, it has been found that inflammatory
infiltration can shorten the length of the intestine [51]. In
our study, we showed that AFB1 exposure could induced
weight loss, increased intestinal inflammatory factors,
and decreased intestinal barrier function in mice. The
intestinal barrier is an important line of defence that
maintains the homeostasis of intestinal microenviron-
ments [52]. The epithelial cell layer is the core of the
intestinal barrier. Intestinal epithelial cells are tightly
connected through a cross complex composed of tight
junctions, adherence junctions and basolateral desmo-
somes [53]. Disruption of the gut barrier has been cor-
related with a decrease in the production of mucus and
antimicrobial peptides and a decrease in tight junctions
[54]. Research has shown that AFB1 can destroy the
intestines of livestock and poultry by polluting their food
and eventually affecting the function [55]. Our study also
revealed that AFB1 exposure caused intestinal injury by
decreasing the mRNA and protein expression of tight
junction proteins and muc-2 (Fig. 2). Interestingly, it have
been reported that L. amylovorus DSM 16698T and its
cell-free supernatant can alleviate ETEC K88-induced
intestinal injury by inhibiting TLR4 signalling [12]. Our
study demonstrated the protective effect of LA.EVs in
AFB1-induced intestinal injury. The results showed that
the LA.EVs treatment alleviated AFBl-induced intes-
tinal injury by decreasing intestinal permeability and
the mRNA expression of inflammatory cytokines, and
increasing the expression of tight junction proteins.

Previous research has shown that normal faeces can
effectively restore the intestinal barrier and rescue coli-
tis through recovering the intestinal microbiota [18]. The
gut microbiota plays a vital role in host food metabo-
lism, nutrient absorption, and mucosal barrier integrity
[56]. However, whether the protective effects of LA.EVs
on AFBIl-induced intestinal injury are connected to the
gut microbiota is unclear. In 16 S rRNA gene sequenc-
ing, a-diversity refers to the diversity within a specific
region or ecosystem and is a comprehensive indicator
of richness and evenness. The p-diversity refers to the
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species diversity between different environmental com-
munities. The p-diversity, together with «-diversity,
constitutes the overall diversity or the biological het-
erogeneity of a given environmental community [57]. In
our study, we explored species similarity or differences
of microbial communities in beta diversity, including
PCoA and NMDS. The result showed that the samples of
CON group and AFB1 group were obviously separated,
which indicated that the gut microbiota of CON and
AFBlgroup had obvious variation. After the treatment
of LA.EVs, the distribution of gut microbiota tended to
migrate to the CON group. Although there was no sig-
nificant difference in a-diversity, there was a signifi-
cant difference in B-diversity. The above results can still
indicate that LA.EVs had a certain regulatory effect on
the composition of gut microbiota community in AFB1
mice. Our study revealed that the composition of the
gut microbiota changed and that the Firmicutes/Bacte-
roidetes ratio decreased in the LA.EVs group compared
to the AFB1 group. Consistent with our findings, some
studies have reported that AFB1 exposure increases the
ratio and induces oxidative stress and inflammation [58,
59]. However, after EV administration, we found that
the abundance of Verrucomicrobia (Fig. 3E and I) and
Akkermansia (Fig. 3L), was even more from the control
group. Previous research had reported that Akkerman-
sia muciniphila (Akk) alleviated C. rodentium induced-
colitis through upregulating the expressions of Reg3y
and IL-22 to enhanced mucus barrier and anti-microbial
responses [60]. Akk contributes to the repair of intesti-
nal barrier. Akk is a member of Verrucomicrobia, which
is considered the “next generation of probiotics” [61]. In
our study, Akk was increased in both the AFB1 group
and AFB1+LA.EVs group, but there was no significant
difference between the AFB1 group and the CON group.
The reason for the increase of Akk in AFB1 group may be
in response to resist the intestinal injury caused by exog-
enous AFBI stimulation. Furthermore, we established an
antibiotic treatment group to the role of the microbiota
in the process by which LA.EVs alleviated AFB1-induced
inflammatory intestinal injury. The results showed that
the protective effects of LA.EVs against AFB1-induced
intestinal injury were eliminated in antibiotic-treated
mice. Therefore, we demonstrated that LA.EVs modu-
lated the gut microbiota to alleviate AFB1-induced intes-
tinal injury.

Based on the analysis of 16 S rRNA results, obvious
changes can be observed in Bacteroides spp. The dys-
biosis of the intestinal microbiota could influence the
production of indole through dietary tryptophan [62].
Bacteroides spp. is the major producer of indole [33],
As the endogenous AHR ligands, indole and its deriva-
tives could enhance intestinal epithelial barrier functions
by increasing the expression of genes involved in the
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maintenance of epithelial cell structure and function [26,
63, 641.

Intestinal health is regulated by many metabolic
nuclear receptors that are extensively expressed in the
intestine [65, 66]. AHR activation have been shown to
improve inflammatory bowel disease [67] and metabolic
syndrome [68]. Specifically, AHR signalling can alleviate
the function of the intestinal barrier by increasing the
expression of IL-22 [29, 69] and antimicrobial proteins.
Moreover, IL-22 can repair and reconstruct the intes-
tinal barrier by improving the expression of intestinal
tight junction proteins, antimicrobial peptides and mucin
[27]. A previous study shows that Lactobacillus spp. can
regulate IL-22 mucosal homeostasis via indole aldehyde-
mediated activation of AHR, eventually protecting mice
against mucosal candidiasis [69]. These results suggested
that AHR activation is an effective method for maintain-
ing mucosal homeostasis.

Consistently, our study revealed that LA.EVs protect
against AFB1-induced intestinal injury by restoring the
gut microbiota and metabolites. The low mRNA expres-
sion of AHR, CYP1A1l, and IL-22 in AFB1-exposed mice,
was identical to the mRNA expression of the produced
mucus and antimicrobial peptides (Reg3g and Reg3b).
Conversely, the expression of these genes and protein sig-
nificantly increased in the LA .EVs group.

Subsequently, we sought to clarify whether the ben-
eficial effects of LA.EVs on AFBl-induced intestinal
injury were mediated by the intestinal AHR pathway. The
AHR inhibitor, CH223191, was used to treat AFB1+LA.
EVs mice. Interestingly, the level of intestinal inflam-
matory cytokines was markedly increased, as well as
intestinal permeability, and the mRNA and protein
expression of tight junction proteins and mucus were sig-
nificantly decreased in the CH group compared with the
AFB1+LA.EVs group. The above results indicated that
the protective effects of LA.EVs on intestinal injury were
weakened in the CH group. On this basis, we found that
LA.EVs alleviated AFB1-induced intestinal injury by acti-
vating the intestinal AHR signalling. Our study provides
a theoretical basis for the use of LA.EVs in the treatment
of mycotoxin contamination.

Conclusions

Taken together, our study showed that LA .EVs alleviated
AFB1-induced intestinal injury by modulating the gut
microbiota, increasing the level of 3-IAA and activating
the intestinal AHR/IL-22 signalling, thereby reducing the
inflammatory response and promoting intestinal barrier
repair in mice (Fig. 8). Our study further demonstrated
that the potential of LA.EVs in AFBl-induced intesti-
nal injury, providing an innovative solution for AFB1
exposure. These observations laid a solid foundation
for future clinical applications of LA.EVs. However, the
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challenges such as weak stability and limited biosecurity
faced by LA.EVs in practical applications still need to be
overcome.
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Fig. 8 A proposed model of LA.EVs protect against aflatoxin B1-induced inflammatory intestinal injury by remodelling the gut microbiota and activating

intestinal AHR/IL-22 signalling in mice
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