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Extracellular vesicle miRNAs promote the intestinal microenvironment by 
interacting with microbes in colitis
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ABSTRACT
Inflammatory bowel disease (IBD) is a global disease with no cure. Disruption of the microbial 
ecosystem is considered to be an important cause of IBD. Extracellular vesicles (EVs) are vital 
participants in cell–cell and cell-organism communication. Both host-derived EVs and bacteria- 
derived membrane vesicles (OMVs) contribute to homeostasis in the intestine. However, the roles 
of EVs-miRNAs and MVs in host-microbe interactions in colitis remain unclear. In the present study, the 
animal model of colitis was established by dextran sulfate sodium (DSS) to investigate the changes of 
miRNAs in colonic EVs from colitis. Several miRNAs were significantly altered in colitis EVs. miR-181b- 
5p transplantation inhibited M1 macrophage polarization and promoted M2 polarization to reduce 
the levels of inflammation both in acute and remission of chronic colitis. miR-200b-3p could interact 
with bacteria and regulate the composition of the microbiota, which contributed to intestinal barrier 
integrity and homeostasis. Notably, MVs from normal feces could effectively reverse the composition 
of the intestinal microbiota, restore the intestinal barrier and rescue colitis, and BMVs from colitis 
would also have similar effects after miR-200b-3p treatment. Our results preliminarily identify 
a vesicle-based host-microbe interaction cycle in colitis and provide new ideas for colitis treatment.
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1 Introduction

At present, inflammatory bowel disease (IBD) is 
increasing in incidence worldwide and affects 
more than 10 million people according to the 
European Federation of Crohn´s and Ulcerative 
Colitis Associations. IBD is a chronic inflammatory 
condition of the gastrointestinal (GI) tract with 
complex etiology and pathogenesis that can be 
divided into two main subtypes: ulcerative colitis 
(UC) and Crohn’s disease (CD).1 UC is a lifelong 
disease with no cure. Several such investigations 
have shown an increased risk of UC in Asia and 
Latin America.2,3 Although the triggers for UC 
continue to elude researchers, this inflammatory 
condition is thought to result from disruption of 
the microbial ecosystem in the colon,4,5 including 
disruption of the colonic microenvironment,6 

epithelial barrier and mucosa.7 Currently, the 
advanced treatment approaches for UC are related 
to inhibiting the immune cell migration,8 promot-
ing epithelial barrier repair and fecal microbiota 
transplantation (FMT).9,10 Extracellular vesicles 
(EVs) were initially described nearly 35 years ago 
and they play a crucial role in cell-to-cell 
communication.11 Exosomes (small EVs, sEVs), 
which are a subtype of EVs, are ~40 to ~200 nm 
(or ~30 to ~150 nm), single-membranes, endo-
some-derived sEVs that are secreted by most 
cells,12 and are of interest to researchers because 
of their ideal native structures as nanocarriers,13,14 

and their great potential for modulation and 
therapy.12,15 There is a characteristic subset of cell- 
derived components that are packaged in EVs, 
including proteins, nucleic acids, lipids, and 
glycoconjugates.16 Any components of EVs can be 
taken up by cells, may be involved in regulating the 
functions of target cells, and can be used for tar-
geted therapy. For example, therapeutic miRNAs 
can be enriched in EVs to treat various diseases, 
including cardiovascular disease, musculoskeletal 
disease and cancer.17 In the GI tract, EVs are 
mainly secreted by immune cells and IECs,18 and 
are important contributors to intestinal 
homeostasis.19 Under inflammatory conditions, 
EVs can also participate in the regulation of the 
anti-inflammatory response, restoring mucosal 
barrier integrity and reconstituting the 
microbiota.20 In addition, another type of vesicles 

in GI is released from the microbiota, these are 
bacterial membrane vesicles (BMVs), which range 
in size from 20 to 400 nm in diameter, can be 
categorized based on their different parent cells, 
structure and composition, and include outer- 
MVs, outer-inner MVs from gram-negative bac-
teria and cytoplasmic MVs from gram-negative 
bacteria.21 Abundant evidence has proven that 
BMVs are involved in interactions between host 
and gut microbes and maintaining intestinal 
homeostasis.22,23

Currently, EVs-based treatment has developed 
as an advanced therapeutic approach for various 
diseases. However, the roles of vesicles from the 
host or the microbiota in the colon under inflam-
matory conditions remain unclear. In the present 
study, acute and chronic colitis rat models were 
established to investigate the changes in miRNA 
in EVs from colitis individuals and to evaluate the 
effects of these different miRNAs on colitis. 
Moreover, BMVs from fecal fermentation were 
administered to mice with colitis to investigate the 
roles of BMVs in the colon of mice. These results 
will establish a new EV-based interaction cycle 
between the host GI tract and gut microbiota in 
colitis conditions and form a theoretical basis for 
the treatment of colitis using EVs and BMVs.

2 Results

2.1 Differential expression of colonic EV-miRNAs in 
acute and remission of chronic colitis

To investigate the changes in EV-miRNAs in coli-
tis, acute colitis rat models were established using 
7 days of DSS induction (Figure S1A). As pre-
viously described,24 the body weights and the 
length of colons in DSS-induced colitis rats 
decreased significantly (Figure S1B, S1D and S1E), 
and the DAI and colon damage index increased 
dramatically (Figure S1C, S1F and S1G). In addi-
tion, increased levels of LPS, TNF-α and IL-6 in the 
serum and aberrant mRNA and protein expression 
in the colon demonstrated that colon inflammation 
was severe, and the intestinal barrier was destroyed 
(Figure S1H-S1M). We isolated EVs from the colo-
nic content of rats using gradient centrifugation 
and ultracentrifugation. EV markers were assayed 
by western blotting, and the sizes of EVs were
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observed by electron microscopy and nanoparticle 
tracking analysis for EV identification (Figure 1a- 
c). Subsequently, total RNA was isolated from EVs 
for miRNA sequencing. We found that the compo-
sition of miRNAs was significantly different 
between the control and DSS groups according to 
Pearson correlation, PCA and Volcano Plot analy-
sis (Figure 1d-f). Importantly, several significant 
difference miRNAs were identified based on fold 
change, p value and initial abundance (Figure 1g), 
including miR-200b-3p, miR-200b-5p, miR-26a- 
5p, miR-215, miR-181b-5p and miR-28-3p, and 
verified using RT-qPCR (Figure 1h). The levels of 
miR-26a-3p, miR-200b-5p, miR-181b-5p and miR- 
28-3p increased significantly in the DSS group, 
according to the sequencing analysis results 
(Figure 1g). In addition, miR-200b-3p was highly 
expressed in the control (Figure 1g) and showed an 
increasing trend in the DSS group that was not 
significant (Figure 1h).

To determine the functions of differentially 
expressed miRNAs in colitis development, chronic 
colitis rat models were established using 3 inter-
mittent exposures to 3% DSS (Figure S1N). 
Compared to those in the acute colitis model, the 
difference in body weights was not obvious during 
the first processing phase and gradually became 
more serious in the following phase (Figure S1O). 
The DAI score fluctuated during the period of 
exposure (Figure S1P). Two weeks of remission 
after the last DSS exposure, the length of the 
colon was still significantly decreased in the DSS 
group (Figure S1Q and S1R). However, the damage 
index of the colon in the DSS group decreased 
significantly when compared to the colon damage 
index in acute colitis (Figure S1S and S1T). The RT- 
qPCR and western blot data showed that the levels 
of mRNAs and protein associated with the gut 
barrier, including Claudin-1, Occludin and TJP-1, 
were significantly decreased (Figure S1V-X). 
However, the mRNA and protein levels of the cyto-
kine IL-6 and TNF-α were stable (Figure S1U and 
S1V). Interestingly, the levels of Muc1 and Muc2 
increased significantly during remission of chronic 
colitis (Figure S1V), indicating that the synthesis of 
epithelial mucin was activated during remission. 
We also found that the levels of miR-28-3p, miR- 
26a-5p and miR-200b-3p were significantly 
increased (Figure 1i). In particular, the fold change 

in the miR-200b-3p group was more notable than 
that in acute colitis (Figure 1h and i). In addition, 
the levels of miR-200b-5p and miR-181b-5p 
returned to normal levels (Figure 1i).

2.2 The abundance of miRNAs was significantly 
correlated with the colon bacterial community

The composition of the gut microbiota is an impor-
tant factor in the development of colitis.25 

Additionally, abundant evidence has indicated 
that miRNAs from the host shape the gut 
microbiota.26 Accordingly, we investigated the cor-
relation between miRNAs and bacterial abundance 
in acute and remission of chronic colitis (Figure 2). 
In acute colitis, the composition of the microbiota 
in the DSS group was significantly different from 
that in the control group (Figure 2a), and there was 
decreased diversity (Figure 2b). At the phylum 
level, we found a shift in the dominant bacterial 
phyla Firmicutes and Bacteroidetes, as well as 
increased Proteobacteria (Figure 2c). We then con-
strained the relative abundance analysis to the three 
most common bacteria genera for 16S rRNA ana-
lysis: Escherichia-Shigella, Lactobacillus and 
Dubosiella. The increased abundance of 
Escherichia-Shigella in colitis has been reported 
repeatedly and was also observed in our experi-
ments (Figure 2d). Furthermore, the levels of 
Lactobacillus and Dubosiella were significantly 
decreased in DSS individuals (Figure 2e and f). 
Combining the levels of EV-miRNAs and microbes 
in the colon, it was found that the miRNAs with 
increased levels were positively correlated with 
Escherichia-Shigella (Figure 2g and Figure S2A), 
except miR-200b-5p. In addition, Dubosiella and 
Lactobacillus were negatively correlated with these 
miRNAs, and the differences were especially signif-
icant for miR-200b-3p, miR-200b-5p and miR-26a- 
5p (Figure 2g and Figure S2A).

During a remission of chronic colitis, the phe-
notype of colitis was significantly relieved, and 
obvious restoration of the microbiota was observed 
compared to that in acute colitis. PCA and diversity 
analysis demonstrated that in terms of composition 
or diversity, there was little difference between the 
control and DSS groups (Figure 2h and 2i). 
Interestingly, the abundance of microbes at the 
phylum level was consistent with acute colitis
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(Figure 2j). However, three typical bacteria all 
showed a similar abundance to that in the control 
group (Figure 2k-m). Accordingly, the changes in 
microbes during the remission of chronic colitis 
were not associated with miRNA variations, except 

miR-200b-3p (Figure 2n and Figure S2B). The 
levels of miR-200b-3p showed a negative correla-
tion with Escherichia-Shigella and a significantly 
positive correlation with Dubosiella and 
Lactobacillus, which was completely contrary to

Figure 1. Difference of EVs-miRNA expression in acute and remission of chronic colitis. The identification of EVs from the colon using (a) 
immunoblot analysis, (b) Negative stain Transmission Electron Microscopy and (c) Nanoparticle Tracking Analysis. (d) The Pearson 
correlation, (e) principal component analysis (PCA) and (f) Volcano plot analysis of miRNA sequencing between Control and DSS 
groups. (g) Heatmap of relative miRNA expression according to miRNA sequence (p < .05), and black dots represent high expression in 
EVs. (h-i) Verification of different miRNA using RT-qPCR in acute and remission of chronic colitis models respectively (n = 7–8). Data 
were presented as the means ± SEM. * p < .05 vs. Control-DSS.
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the results in acute colitis (Figure 2g). Combining 
the results of the acute and remission of chronic 
colitis models, we found an interesting phenom-
enon that the fold changes in miR-200b-3p, miR- 
26a-3p and miR-28 were increased from acute to 
remission in chronic colitis. The same changes were 
observed in Dubosiella and Lactobacillus but were 

sharply decreased in Escherichia-Shigella 
(Figure 2o), which indicated that along with the 
increasing abundance of these miRNAs, the levels 
of bacteria gradually decreased. While the abun-
dance of miR-181-5p and miR-200b-5p did not 
show any correlation with bacteria in chronic coli-
tis models. Therefore, we hypothesized that the

Figure 2. The correlation analysis of different miRNA and microbes. (a and k) PCA and (b and i) diversity of microbiota in acute and 
remission of chronic colitis. (B and I). (c and j) the relative abundance of microbiota in the colon at the phylum level. (D-F and K-M) the 
relative abundance of Escherichia-Shigella, Lactobacillus and Dubosiella in colitis. (g and n) Correlation analysis of the above three 
bacteria with miR-200b-3p. Values for r and p are indicated in each graph. (o) The fold change of bacteria and miRNA in acute and 
remission of chronic colitis.
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abundance of some miRNAs was highly correlated 
with the colon bacterial community.

2.3 miRNA mimics transplantation restores colonic 
microbes and ameliorates DSS-induced colitis

To evaluate the role of these miRNAs in the devel-
opment of colitis in vivo, 10 μg of miRNA mimics 
and scramble miRNA (s-miRNA), as a. negative 
control were directly administered to DSS- 
induced colitis mice by gavage every other day for 
10 days (Figure 3a).26 The levels of miRNA in feces 
were detected after 48 h of miRNAs administration, 
the results showed that the content of miRNAs was 
significantly increased as previously describe 
(Figure 3b). We found that mice that were admini-
strated miR-200b-3p and miR-181b-5p exhibited 
less bodyweight loss than mice in the DSS control 
group (Figure 3c and e), but no similar effects were 
observed in the DSS-s-miR-200b-3p and DSS- 
s-miR-181b-5p groups. Interestingly, compared to 
the effect of miR-200b-3p, rapid bodyweight gains 
from Day 8 were observed in the DSS-miR-181b-5p 
group (Figure 3e), suggesting there may be a lag 
phase in the effect of miR-181-5p. The DAI score 
also showed a mitigating effect in the DSS-miR 
-200b-3p and DSS-miR-181b-5p groups 
(Figure 3d and f). In addition, longer colon lengths 
and less severe colonic damage were also observed 
in these two groups (Figure 3h, i and k). Moreover, 
the results of Alcian blue-periodic acid Schiff (AB- 
PAS) staining showed that epithelial mucin was 
significantly destroyed in the DSS group and 
restored by miR-200b-3p and miR-181b-5p admin-
istration (Figure 3j and l). However, no similar 
effects were observed in miR-200-5p- and miR- 
28b-3p-treated colitis mice (Figure S3A-3j). 
Furthermore, the levels of IL-6 in serum were 
decreased in the DSS-miR-200b-3p and DSS-miR 
-181b-5p groups (Figure 3m), but decreased levels 
of TNF-α were only observed in the latter group 
(Figure 3n). The RT-qPCR results indicated that 
the mRNA expression of genes associated with 
barrier integrity, including ZO-1, the CLDN family, 
and the MUC family, decreased significantly in 
DSS-induced colitis, but were rescued in the colons 
of miR-200b-3p- or miR-181b-5p-treated mice 
(Figure 3o), especially the expression of CLDN1, 
CLDN2, MUC1 and MUC4. The decreased 

expression of proinflammatory cytokine and 
increased expression of anti-inflammatory cytokine 
were also observed in the miR-200b-3p- and miR- 
181b-5p-treated colitis groups, including IL-6, IL- 
1β and IL-10, but no significant changes in IL-22 
was observed (Figure 3n and Figure S3K). 
Importantly, TNF-α decreased significantly in the 
miR-181b-5p treatment group but not in the DSS- 
miR-200b-3p group (Figure 3n). Moreover, the 
expression of CD206, which is a marker of M2 
macrophages, significantly increased after miR- 
181b-5p treatment (Figure 3m), which demon-
strated the effect on the DSS-miR-181b-5p group 
might be associated with macrophages polarization. 
In addition, a slight recovery was observed in the 
DSS-miR-200b-5p group, which was mainly asso-
ciated with the expression of CLDN-1, CLDN-3, 
MUC2, and MUC4, but the effect was not obvious 
(Figure S3K). No difference was found in the miR- 
28-3p treatment group compared to the DSS and 
DSS-NC groups (Figure S3K and S3L).

Next, we investigated the difference in the micro-
biota in the miR-200b-3p- and miR-181b-5p- 
treated groups. The results showed that treatment 
with miR-200b-3p restored the DSS-induced 
changes in microbial composition (Figure 3o). At 
the phylum level, the shift in the dominant bacterial 
phyla that was previously decreased was reset in the 
DSS-miR-200b-3p group (Figure 3p). However, 
these differences were not significant in the miR- 
181b-5p-treated groups (Figure 3q and r). More 
importantly, at the genus level, the levels of 
Bacteroides and Dubosiella increased significantly 
in the DSS-miR-200b-3p group (Figure 3s and t).

2.4 miR-200b-3p directly affects the structure of the 
colonic bacterial community

To further evaluate whether miRNAs can directly 
affect the abundance of microbes, batch in vitro 
fermentation models were used to evaluate the 
effects of miRNA. According to previous repetitive 
tests, microbial communities are very similar 
from day one to day six.27 Therefore, after 24 
h in vitro fermentation, different synthesized fluor-
escently (Cy3)-conjugated miRNAs were added in 
the medium for 24 h and examined by confocal 
microscopy. We found that miR-200b-3p entered 
various bacteria and colocalized with bacterial
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nucleic acids, but there was no similar effect in 
miR-181b-5p-treated fermentation (Figure 4a and 
b). In addition, the 16S rRNA gene analysis of 

fermentation showed that there was a significant 
difference between the fermentation in the control 
and DSS groups, which could not be eliminated

Figure 3. miR-200b-3p and miR-181b-5p transplantation restore DSS-induced colitis. (a) Mice treated with different miRNA mimics or 
scramble miRNA (10ug/mice) every other day at beginning of DSS exposure. (n = 10). (b) Relative levels of miRNAs in feces at 48 h after 
administration of miRNAs. (c and e) The body weight gain, (d and f) DAI score and (g and h) colon length of miR-200b-3p and miR- 
181b-5p treated mice. Data were presented as the means ± SEM. * p < .05, ** p < .01, vs. DSS; # p < .05, vs. s-miRNA groups. (i-l) H&E 
and AB-PAS staining of colons and quantitative analysis of inflammatory cells infiltration and mucus secretion. The levels of IL-6 (m) 
and TNF-α (n) in serum. Data were presented as the means ± SEM. * p < .05 vs. Control; # p < .05, ## p < .01 vs. DSS. (o) the relative 
expression of mRNA related to intestinal barrier, mucin and inflammatory cytokines. Data were presented as the means ± SEM. * 
p < .05, ** p < .01, *** p < .001, vs. Control; # p < .05, ## p < .01 vs. DSS. (p and r) UniFrac principal coordinate analysis (PCoA) and (q and 
s) relative abundance of microbiota in colonic content (n = 5). (t-u) the relative abundance of Bacteroides and Dubosiella in colonic 
content (n = 5). Data were presented as the means ± SEM. * p < .05, ** p < .01, vs. Control; # p < .05, vs. DSS.
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after miRNA exposure (Figure 4c). At the genus 
level, the abundance of Lactobacillus and Dubosiella 
was increased in the DSS-miR-200b-3p group, and 
the level of Escherichia-Shigella was decreased 
(Figure 4e and f). However, few changes were 
observed in the DSS-miR-181b-5p group (fig-
ure 4f).

Then, Escherichia coli (E. coli), which is a marker 
of colitis microbes, was selected to investigate the 
interactions with miRNA. E. coli GFP was cultured 
in LB medium at 37°C with 2 μM Cy3-labeled miR- 
200b-3p and miR-181b-5p. Confocal microscopy 
showed blue, green, and red fluorescence, which 
indicated nucleic acids, GFP and Cy3 labels, respec-
tively (Figure 4g). Interestingly, miR-200-3p 

interacted with E. coli to affect growth (Figure 4g 
and h), but miR-181b-5p did not show any similar 
effects (Figure 4g and i). These results showed that 
miR-200b-3p could interact with some bacteria, 
just like E. coli, and in this way modulate micro-
biota composition.

2.5 BMVs from fecal fermentation exposed to 
miR-200b-3p ameliorated DSS-induced colitis

The BMVs from microbes are also important reg-
ulators in the intestinal microenvironment accord-
ing to previous evidence. Thus, we further 
evaluated the roles of BMVs from fecal fermenta-
tion products exposed to miRNA mimics in DSS- 

Figure 4. Effects of miR-200b-3p on microbiota and E. coli. (a-b) Representative confocal images of Cy3 (red) and DAPI (blue) for 
microbiota exposed to Cy3-labeled miRNA. Scale bar: 10 μm. Data were presented as the means ± SEM. (c) PCA and (d and e) relative 
abundance of microbiota. (f) the relative abundance of Escherichia-Shigella, Lactobacillus and Dubosiella in fecal fermentation. Data 
were presented as the means ± SEM. (g) Representative confocal images of GFP (green), Cy3 (red) and DAPI (blue) for E. coli GFP 
exposed to Cy3-labeled miR-200b-3p and Cy3- labeled miR-181b-5p. (h-i) The growth curve of predicted target genes of E. coli. Data 
were presented as the means ± SEM. * p < .05, vs. Control.
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induced
colitis. After 48 h of fermentation, the BMVs were 
isolated using gradient centrifugation and ultracen-
trifugation. Then, BMV solutions with equal 
amounts of protein were administered to DSS- 
induced colitis mice by gavage at a dose of 10 mg 
every other day (Figure 5a). Interestingly, the colitis 
groups treated with BMVs from the control and 
DSS-miR-200b-3p groups showed astonishing 
recovery compared to the DSS-DSS-NC group. 
Significant increases in body weight and decreases 
in DAI scores were observed (Figure 5b and c). 
Moreover, the lengths of the colons also increased 
in these two groups (Figure 5d and e). However, the 
group treated with BMVs from DSS-miR-181b-5p 
fermentation (DSS-DSS-mir-181b-5p) showed no 
recovery (Figure 5b-e), and an even higher mortal-
ity rate was observed in this group (results not 
shown). Normal mice administered BMVs from 
the DSS-miRNA groups (DSS-miR-200b-3p and 
DSS-miR-181b-5p) showed no effects on body 
weight (Figure 5b-e), colonic length or damage 
indices, and BMVs from normal feces treated with 
miRNAs did not rescue colitis (Figure S4A-S4D). 
According to H&E staining of the colon, in the 
DSS-DSS-NC group, two-thirds of the colon had 
lost its normal structure, and this effect was 
observed in colitis mice treated with BMVs from 
DSS-miR-181b-5p (Figure 5f and h). However, 
DSS-WT-NC and DSS-miR-200b-3p treatment 
resulted in colon morphology that was similar to 
that in the control group (Figure 5f and h). 
Correspondingly, similar results were observed by 
AB-PAS staining (Figure 5g and i). BMVs from 
normal feces exposed to miR-200b-3p and miR- 
181b-5p did not show any additional effects 
(Figure S4E -S4H).

In addition, colitis mice that were administered 
BMVs from normal and DSS-miR-200b-3p feces 
showed reduced levels of inflammation-related 
parameters in the serum and colon, including 
decreased IL-6 and TNF-α levels and increased 
IL-10 levels (Figure 5j-m). Similar results were 
observed in the mRNA levels of inflammatory cyto-
kines, but no the effects on TNF-α and IL-1β were 
not significant (Figure 5n). The expression of genes 
associated with the epithelial barrier also signifi-
cantly improved in these two groups, but the differ-
ences were not the same. In the DSS-WT-NC 

group, the expression of ZO-1, CLDN-2, MUC2, 
MUC3, and MUC4 was significantly increased, 
while CLDN-3, MUC1, and MUC4 were increased 
in the DSS-DSS-miR-200b-3p group (Figure 5n). 
These results demonstrated that the roles of BMVs 
from two different sources on colitis might be 
different.

According to NMDS analysis, in the MDS1- 
MDS2 quadrant, individuals in different groups 
were distributed from left to right (Figure 5o). 
The Con-WT-NC group occupied the leftmost 
position, while the DSS-DSS-NC and DSS-DSS- 
miR-181b-5p groups were distributed at the right-
most position, suggesting that there was 
a significant difference between the control and 
the latter two groups, but the DSS-WT-NC and 
DSS-DSS-miR-200b-3p groups showed higher 
similarity to Control (Figure 5o). Sankey Diagram 
showed that the level of Dubosiella was significantly 
decreased in DSS-induced colitis but rebounded in 
the DSS-WT-NC and DSS-DSS-miR-200b-3p 
groups (Figure 5p and q). In addition, the abun-
dance of Lactobacillus was significantly decreased 
in the DSS-DSS-NC group and was partly restored 
in the DSS-DSS-miR-200b-3p group (Figure 5p 
and r).

2.6 miR-181b-5p targeted macrophages to relieve 
colitis

BMVs from the DSS-miR-181b-5p group did not 
ameliorate colitis, and an increase in CD206 was 
observed after miR-181-5p administration. 
Accordingly, we further investigated whether 
the roles of miR-181-5p on colitis were related 
to macrophage activation. Immunofluorescent 
staining was performed, and the red, green, 
and pink fluorescence represented total macro-
phages, antigen-presenting-associated cells and 
M2 macrophages, respectively. We found that 
the activity of antigen-presenting cells in the 
DSS-NC and DSS-s-miR-181b-5p groups was 
higher than that in the CON-NC and DSS-miR 
-181b-5p groups, which indicated that there was 
worse inflammation in the former two groups 
(Figure 6a). Moreover, a significant increase in 
the level of M2 macrophages was observed in the 
DSS-miR-181b-5p group compared to the other 
groups (Figure 6a). To further investigate the
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effects of miRNA on macrophages in vitro, Raw 
264.7 cells were exposed to LPS (100 ng/ml) and 
combining treated with miRNA mimics, the 
results showed that miR-181b-5p partly inhibited 

LPS-induced M1 polarization (Figure S5). These 
results suggested that the effect of miR-181b-5p 
administration was dependent on M2 macro-
phage activation.

Figure 5. The effects of BMVs from miRNA exposure restore DSS-induced colitis. (a) Mice treated with BMVs (10ug/mice) from different 
miRNA exposure fermentation every other day for 5 times (n = 8). (b) The body weight gain, (c) DAI score and (d-e) colon length of 
BMVs treated mice. Data were presented as the means ± SEM. * p < .05, ** p < .01, *** p < .001, vs. DSS-WT-NC; # p < .05, ## p < .01, vs. 
DSS-DS-NC. (j-m) the levels of IL-6, IL-10, TNF-α in serum and colon. Data were presented as the means ± SEM. * p < .05, ** p < .01, *** 
p < .001, vs. DSS-WT-NC; # p < .05, ## p < .01, vs. DSS-DS-NC. (n) the expression of mRNA related to intestinal barrier, mucin and 
inflammatory cytokines. Data were presented as the means ± SEM. * p < .05, ** p < .01, vs. DSS-WT-NC; # p < .05, vs. DSS-DS-NC. (o) 
Nonmetric multidimensional scale (NMDS) and (p) Sankey analysis of microbiota in colonic content. (q-r) The relative abundance of 
Lactobacillus and Dubosiella in colonic content (n = 5). Data were presented as the means ± SEM.
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Figure 6. miR-181-5p restores DSS-induced colitis by targeting the polarization of macrophages. (a) Representative confocal images of 
F4/80 (red), DAPI (blue), CD86 (green) and CD206 (pink) for colon of mice treated with miR-181b-5p. (b) Chronic colitis mice were
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To verify the effects of miR-181b-5p on chronic 
colitis, chronic colitis mouse models were estab-
lished using intermittent DSS exposure, and miR- 
181-5p was administered at the beginning of the 
last exposure cycle to simulate drug administration 
(Figure 6b). As expected, the pathology of chronic 
colitis was increasingly serious along with exposure 
cycles, affecting body weight, vitality and mortality 
(Figure 6c and d). On contrary, chronic colitis mice 
that were treated with miR-181b-5p showed signif-
icant reductions in body weight loss and mortality 
(Figure 6c and d). Furthermore, colon length was 
obvioulys increased (Figure 6e and f), and there 
were reductions in damage to the colonic epithelial 
barrier and inflammation (Figure 6g and h).

3 Discussion

Colitis is a widespread and complicated disease 
with no cure.4 In previous studies, researchers 
mainly investigated the effects of exogenous EVs 
on colitis, such as those from stem cells,28 plants, 
and milk.29,30 However, it is also important to 
investigate the changes of EVs and their compo-
nents in the colon in different experimental models 
during the inflammation. Robust changes take 
place in both intestinal phenotype and bacterial 
structure when the normal intestine becomes 
inflamed, which specifically manifests as reductions 
in colon length and bacterial diversity,31 abnormal 
expression of epithelial barrier-related genes, and 
increased levels of inflammatory infiltration in the 
colon (Figure S1 and Figure 2).32 Under these con-
ditions, active cell-to-cell interactions at the muco-
sal interface make the intestinal lumen a rich source 
of colitis-specific EVs.33 Additionally, the expres-
sion of mRNAs associated with inflammation, such 
as IL-6, IL-8 and TNF-α, was increased in EVs from 
IBD patients.33 Although several studies have 
investigated the miRNA expression profiles in 
IBD and the roles of differentially expressed 
miRNAs, such as miR-21,34 and miR-155,35 the 
changes in EV-miRNAs in colitis and the roles of 
host-microbe interactions remain unclear.

It is a challenge to obtain highly purified EVs. 
According to previous studies, ultracentrifugation 
is a widely accepted method for EV isolation.36 

However, the composition of colonic content is 
complex and contains BMVs from microbes and 
RNAs associated with high-density lipoproteins. 
Therefore, a modified procedure was used in our 
study to remove most BMVs and bacterial debris 
from the sample.37 We found that the levels of 
several miRNAs in EVs from the colon were sig-
nificantly increased in active acute colitis, and these 
miRNAs were increased in the colon or rectum in 
active IBD patients according to previous 
studies.38,39 In clinical therapy, UC is a lifelong 
disease with intermittent active phases. 
Accordingly, in the present study, intermittent 
DSS stimulation mimicked the clinical symptoms 
of colitis. In the remission between the two active 
phases of colitis, the abundance of miRNAs in EVs 
was different. Moreover, in this period, both the 
expression of mucosa-related mRNAs and levels of 
inflammatory infiltration were rescued, and intest-
inal symptoms and function were restored but 
accompanied by slight chronic inflammation. 
miRNAs are well-known mediators of cellular 
homeostasis,40 and are upregulated under stress- 
induced conditions, such as NF-κB activation in 
LPS-stimulated macrophages.41 In acute colitis 
models, EVs-miR-200b-3p was significantly 
increased, but in exogenous miRNA supplementa-
tion experiments, miR-200b-3p could significantly 
restore colonic inflammation symptoms. The 
detection time point of miRNA abundance in 
acute colitis is the third day after stopping DSS 
drinking water, which is also recognized as the 
most serious node of DSS-induced colitis. After 
this point, the inflammation begins to gradually 
subside, and the gut begins to enter a state of self- 
repair. It is a normal phenomenon that some 
miRNAs beneficial to intestinal ecological restora-
tion increase at this node. Accordingly, we believed 
that some increased mRNAs in EVs are important 
regulators in gut self-repair during stress, and some 
miRNAs returned to normal through the feedback

treated with miR-181b-5p mimics (10ug/mice) every other day at the last cycle of DSS exposure. (n = 8) (c) Body weight gain, (d) 
survival rate and (e-f) colon length of chronic colitis mice. Data were presented as the means ± SEM. *** p < .001, vs. Control; # p < .01, 
vs. DSS-RO. (g-h) H&E staining of colons and quantitative analysis of inflammatory cells infiltration. Data were presented as the means 
± SEM. *** p < .001, vs. Control; ### p < .001, vs. DSS-RO.

e2128604-12 Q. SHEN ET AL.



regulation of inflammatory response during remis-
sion (Figure 1).

Regarding the roles of miRNAs, we verified them 
in the mice colitis models according to the conser-
vation of miRNA sequence in Homo sapiens, Rattus 
norvegicus, and Mus musculus. Specifically, The 
miR-181 family is highly conserved in different 
species42 and includes at least four mature 
miRNAs: miR-181a, miR-181b, miR-181c, and 
miR-181d. In a recent study, miR-181b inhibited 
M1 macrophage polarization and facilitated M2 
polarization in coronary artery disease.42 In addi-
tion, exosomal-miR-181b significantly enhanced 
M2 polarization and inhibited inflammation by 
suppressing PRKCD and activating p-AKT.43 In 
the present study, we found that miR-181b-5p 
administration inhibited M1 macrophage polariza-
tion and promoted M2 polarization in both acute 
and chronic colitis, which effectively relieved the 
symptoms of colitis (Figure 3 and Figure 6).

As a member of the miR-200 family, miR-200b is 
generally recognized as one of the fundamental 
regulators of epithelial-mesenchymal transition 
(EMT) by targeting ZEB transcription factors,44 

subsequently controlling the expression of 
a cluster of genes, including E-cadherin and vimen-
tin. The expression of miR-200b is significantly 
decreased in cancer, including breast and lung 
adenocarcinoma,45,46 but increased in IBD.39 miR- 
200b-3p is the main existing mature miRNA of 
miR-200b according to miRbase (http://www.mir 
base.org). Hence, in our present study, we initially 
thought that miR-200b-3p administration would 
rescue colitis by inhibiting the activation of EMT, 
which was proved by the reduced expression of the 
miR-200b target (The result is not displayed). 
However, a previous study has suggested that 
miRNAs can also directly enter bacteria, specifically 
regulate bacterial gene transcripts, and affect bac-
terial growth.26 Combined with changed micro-
biota in the miRNA administration experiment, 
these results supported the investigation of another 
mechanism by which miR-200b-3p alleviates coli-
tis. Therefore, we investigated the effects of miR- 
200-3p on microbiota using batch in vitro fermen-
tation models. Batch in vitro fermentations are the 
simplest methodology to simulate colonic 
fermentation.27 This model is typically used to 
study the interplay of a given compound with the 

gut microbes and has been reported in several 
studies.47–49 However, batch in vitro fermentations 
also have some limitations. The main issue is that 
this methodology is the farthest from physiological 
conditions,27 but suitable for our purposes. In addi-
tion, YCFA is a suitable medium for the growth of 
most bacteria and is often used to discover new 
intestinal anaerobic bacteria and simulate intestinal 
fermentation in vitro. Interestedly, we found that 
miR-200b-3p exposure shaped the gut microbiota 
composition in vivo and in vitro, including an 
increased abundance of Lactobacillus, Dubosiella, 
and decreased Escherichia-Shigella, which might 
be achieved by promoting or inhibiting the prolif-
eration of certain bacteria, such as E. coli (Figure 4). 
However, the mechanism of how miR-200b-3p 
enters bacteria and affects the proliferation of bac-
teria could not be explained in this study and need 
more future studies. In general, These results sug-
gest that miR-200b-3p can regulate gut homeostasis 
by interacting with gut microbes.

BMVs were thought to serve as a mechanism of 
intra-kingdom communication to enable the trans-
fer of bioactive molecules,50,51 which has been pro-
ven in recent studies.23 Due to the similar size and 
properties to EVs, the potential of BMVs for med-
ical applications is also valued. The difference is 
that BMVs always load with some bacterial toxins 
and antigens, so they are often considered to be an 
excellent vaccine adjuvant.52 In abundant IBD- 
related studies, BMVs play an important role in 
the modulation of intestinal epithelial barrier integ-
rity and immune response. Some commensal and 
probiotic-derived BMVs relieve colitis via reinfor-
cing gut barrier integrity and activating immune 
cells.53,54 Our results also showed that BMVs were 
important regulators of host-microbe communica-
tion. BMVs from normal mouse fecal fermentation 
could significantly change the microbial commu-
nity and rescue experimental colitis. There is 
a stable microbial community with a high abun-
dance of commensal and probiotics in a healthy 
gut. Therefore, BMVs isolated from normal gut 
microbiota reverse the composition of inflamed 
microbes in colitis via inhibition of pathogens. 
Similar effects were observed in the transplantation 
of BMVs from individual probiotics, but a more 
significant contribution to intestinal microecology 
was shown in the former. Additionally, BMVs from
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inflammatory feces exposed to miR-200b-3p 
showed similar alleviative effects on colitis. We 
have previously demonstrated that miR-200b-3p 
can reset the inflammatory microbes and inhibit 
the proliferation of pathogens, so that commensal 
bacteria can recover the dominant level and secrete 
more BMVs leading to a similar effect to the nor-
mal. These results well indicated that the effects of 
miR-200b-3p on colitis are partly dependent on 
microbes. Meanwhile, these results also well con-
firmed our hypothesis: EVs-miRNAs secreted in 
the colitic condition in mice can impact the com-
position of the bacterial community and recon-
struct parent cells of the BMVs set, which can 
further affect the microecology in colitis. 
However, due to the inhibitory effect of miR- 
200b-3p on EMT, we did not confirm whether 
BMVs play a central role in the miR-200b-3p- 
mediated recovery of colitis, which was also 
a limitation of this study. According to our results, 
we thought that the effect of EVs-miR-200b-3p on 
bacterial BMVs was achieved by changing the 
abundance of different genera in the microbiota, 
whether it affects the secretion of bacterial BMVs 
and its mechanism needs more thorough studies. In 
addition, compared to the inflammatory intestine, 
the healthy intestine has a more stable microbiota 
with high diversity, which can explain why BMVs 
from normal feces exposed to miRNA showed little 
effect on colitis. In current clinical colitis treatment, 
FMT is an advanced therapy that uses feces recon-
struction to repair disruption of the normal micro-
bial communities. However, integral microbiota 
transplantation has an increased risk in IBD 
patients,55 as well as scarceness of excellent donors, 
limitation of storage and transfer. In addition, 
a single probiotic transplant may involve causing 
sepsis. Compared with integral microbiota trans-
plantation, MV transplantation is more controlla-
ble and less risky and might be an easily available 
and sustainable therapy alternative to FMT.20

Dubosiella are anaerobic Gram-stain-positive 
bacteria that produce short-chain fatty acids 
(SCFAs).56,57 In previous studies, the abundance 
of Dubosiella was significantly decreased in DSS- 
induced colitis mice and increased during remis-
sion of colitis,58,59 which indicated that this bacter-
ium is an important bacteria associated with the 
development and remission of colitis. In addition, 

D. newyorkensis is used as probiotics preparation 
for improving intestinal metabolism and immune 
ability, and antiaging of animals. In our present 
study, the alteration in the abundance of 
Dubosiella was observed in miR-200b-3p- and 
miR-181b-5p-treated colitis groups, as well as in 
MV-treated groups. In addition, Dubosiella was 
negatively correlated with the mRNA expression 
of IL-6 and TNF-α as previously described.60 

However, studies on the effect and mechanism of 
Dubosiella in colitis are not available, and further 
studies are needed.

In summary, our study demonstrated the 
changes of EV-miRNAs in the inflamed colon and 
the roles of miR-200b-3p and miR-181b-5p in coli-
tis. miR-181b-5p could target and regulate the 
polarization of intestinal macrophages to amelio-
rate colitis. The beneficial effects of miR-200b-3p 
on colitis were attributable in part to the reversion 
of the gut microbiota. Notably, BMVs also partici-
pate in the regulation of intestinal homeostasis. 
These results preliminarily build an EV-based 
host-microbe interaction cycle in colitis (Figure 
S6). However, the specific mechanism by which 
EV-miRNAs and BMVs can treat colitis needs 
further investigation.

4 Experimental procedures

4.1 Animals

Animal procedures were approved by the Research 
Committee of Zhejiang University of Technology 
(Hangzhou, China) and the Zhejiang Academy of 
Agricultural Sciences (Hangzhou, China). The 
C57BL/6 J male mice (7–8 weeks) and Wistar 
male rats (7–8 weeks) were purchased from the 
China National Laboratory Animal Resource 
Center (Shanghai, China) and housed under speci-
fic pathogen-free (SPF) conditions with free access 
to water and commercial laboratory chow diet. 
Animals were used for experiments seven days 
thereafter. Tissues, serum and intestinal luminal 
contents were collected, snap-frozen and stored at 
−80°C for microbiota or miRNA analysis. 
Experiments were performed according to institu-
tional guidelines and were approved by the Ethics 
Committee of the Zhejiang University of 
Technology (20201109134).
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4.2 Models of Colitis

Several models of colitis were established by admin-
istering different doses of DSS (MW~40,000, 
Aladdin, Shanghai) in drinking water. The acute 
colitis mouse and rat models were induced by 3% 
and 5% DSS, respectively, for 7 consecutive days 
and DSS-free water for the next 3 days. For the 
chronic colitis models, 1.5% and 2.5% DSS were 
administered in drinking water for 7 days and 
then DSS-free water was administered for another 
14 days. This drug delivery cycle was repeated 
twice. The disease activity index (DAI) was assessed 
daily in the acute colitis models and weekly in the 
chronic colitis models. The score was determined 
by assessing the following parameters: weight loss 
(0: none, 1: 1%−5%, 2: 5%−10%, 3: 10%−20%, 4: 
>20%); stool consistency (0 − 1: normal, 2 − 3: loose 
stool, 4: diarrhea); and fecal blood content (0 − 1: 
normal, 2: hemoccult positive, 4: hemorrhage/gross 
bleeding). Histologic grading of intestinal inflam-
mation was defined by the infiltration of immuno-
cytes (0: no change, 1: mild, 2: localized and 
moderate, 3: extensive and moderate, 4: extensive 
and severe), and the extent of epithelial/crypt 
damage (0, none; 1, basal 1/3; 2, basal 2/3; 3, crypt 
loss; 4, crypt and surface epithelial destruction).61

4.3 Histological analysis

Colonic tissues were collected, treated with 4% for-
malin and embedded in paraffin. Paraffin sections 
were stained with hematoxylin and eosin (H&E) and 
Alcian blue-periodic acid Schiff (AB-PAS). 
Immunohistochemical analysis with anti-F4/80 
(GB113373, 1:3000), anti-CD206 (GB113397, 1:400), 
and anti-CD86 (GB13585, 1:3000) (Servicebio, 
Wuhan, China) were performed as described 
previously.

4.4 Cell culture and flow cytometry

The RAW 264.7 cells were obtained from Chinese 
Academy of Sciences, and cultured in complete 
high glucose DMEM (Gibco) which consists of 
10% FBS (Gibco) and 1% penicillin as well as strep-
tomycin. For studying macrophage polarization, 
RAW 264.7 cells were stimulated with 100 ng/ml 

LPS alone or combined with miRNA mimics at the 
indicated concentrations (2 μM) for 24 h and 
detected the surface markers CD86 and CD206 of 
RAW 264.7 using flow cytometry.

4.5 In vitro Fecal culture fermentation

Fresh fecal samples from the control and DSS 
groups were homogenized with 0.1 M anaerobic 
phosphate-buffered saline (PBS) and centrifuged 
at 1000 g for 20–30 s to remove undigested food 
particles. The suspension was centrifuged (8000 g) 
and washed twice in PBS before being resus-
pended in the same volume of PBS to make 10% 
(w/v) slurries. The growth media for in vitro fer-
mentation was basic growth medium (YCFA) that 
was prepared as described previously and con-
tained the following: 10 g/L tryptone, 2.5 g/L 
yeast extract, 1 g/L L-cysteine, 0.9 g/L NaCl, 
0.09 g/L CaCl2 · 6 H2O, 0.45 g/L KH2PO4, 
0.45 g/L K2HPO4, 0.09 g/L MgSO4 · 7H2O, 2 ml 
of vitamin I and hemin solution. The vitamin 
I solution contained the following components: 
0.05 mg/ml vitamin B8, 0.05 mg/ml vitamin B12, 
0.15 mg/ml acid 4-aminobenzoïque, 0.25 mg/ml 
vitamin B9 and 0.75 mg/ml pyridoxamine. The 
hemin concentration was 1 mg/ml in 1 M sodium 
hydroxide.62 Four milliliters of the fecal slurry 
were inoculated into 40 ml of growth medium 
and subjected to anaerobic fermentation under 
anaerobic conditions in an anaerobic workstation 
(80% N2, 10% CO2 and 10% H2). After 24 h of 
fermentation, miRNAs mimics were added and 
fermented for another 24 h. The precipitate and 
supernatant were collected for 16S rRNA gene 
analysis and extracellular vesicle (EV) isolation 
respectively.

4.6 Bacterial strain and growth measurements

E. coli (ATCC 29522) and E. coli GFP (DH5α GFP) 
were grown aerobically on NB medium for growth 
assays. E. coli was cultured in 5 ml aliquots of NB 
medium and grown aerobically to log phase. 
Subsequently, the cultures were inoculated (1/50) 
in 1 ml of fresh NB medium with 2 μM miRNAs.26
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miRNA mimics and scramble miRNAs were 
synthesized by Sangon Biotech (Shanghai, China), 
and the sequences are listed in Table S2. Growth 
was monitored by measuring the absorbance at 
600 nm (OD600) hourly for up to 7 hours with 
a spectrophotometer.

4.7 Confocal microscopy

E. coli GFP was aerobically cultured in LB medium at 
37°C with shaking at 250 rpm shaking for 4 hours in 
the presence of 2 μM Cy3-labeled miRNAs (for the 
sequences, see Table S2). Fecal samples were anaero-
bically cultured in a YCFA medium at 37°C for 
24 hours in the presence of 1 μM Cy3-labeled 
miRNAs.26 All bacteria were terminated with two 
washed of ice-cold PBS and were fixed with ice- 
cold 4% PFA. The samples were subjected to nucleic 
acid staining with DAPI and visualized with 
a 63× objective images captured with LSM 880 with 
Airyscan microscope systems (ZEISS, Germany). 
Images were processed with ImageJ software for 
channel merging, orthogonal views and reslicing.

4.8 EV isolation from colonic content

As previously description,37 the fresh colonic con-
tents (1 g) were homogenized in 25 ml of ice-cold 
PBS, and centrifuged at 3000 × g for 10 min at 4°C, 
and this procedure was repeated twice. The super-
natant was further centrifuged at 40,000 × g for 
1.5 h at 4°C, and the supernatant was filtered 
through a 0.22 μm filter (Millipore) to remove 
microbes. Subsequently, the supernatant was cen-
trifuged at 150,000 × g for 2.5 h at 4°C using an 
Optima L-100XP ultracentrifuge (Beckman, USA). 
The pellet was washed with 20 ml of ice-cold PBS 
and centrifuged at 150,000 x g for 10–15 mins at 
4°C. Subsequently, the pellet was isolated using 
a sucrose density gradient ultracentrifugation for 
3 h. Finally, the pellet was resuspended in 1 ml of 
PBS and stored at the 4°C fridges for subsequent 
analysis.

4.9 Bacterial EV isolation from in vitro fermented 
feces

After 48 h of fermentation at 37°C, the cells were 
removed from the supernatant by centrifugation 

(9000 × g, 15 min, 4°C), and the supernatant was 
filtered through a 0.22 μm filter (Millipore) to 
remove intact cells. The BMVs present in the super-
natant was pelleted by subsequent ultracentrifuga-
tion (150,000 g, 4°C, 4 h) as previously described, 
washed with 20 ml of ice-cold PBS and ultracentri-
fuged (150,000 x g, 2 h, 4°C).63 The pellet was 
resuspended in 1 ml of PBS and protein concentra-
tion was determined using an Enhanced BCA 
Protein Assay Kit (Beyotime, Shanghai, China) 
according to the manufacturer’s instructions.

4.10 Negative stain transmission electron 
microscopy (TEM)

EVs and bacterial EVs were prepared for TEM by 
absorbing the samples (10) onto a 1–2 nm thick 
carbon film mounted on carbon-coated holey-film 
grids for 1 min. Following sample adsorption, the 
grids were quickly and gently blotted with filter 
paper, immediately floated for 5 min on 20 μl of 
1% uranyl acetate and dried with filter paper. 
Imaging was performed on an HT7650 microscope 
(HITACHI, Japan).

4.11 Nanoparticle tracking analysis (NTA)

EV samples in particle-free PBS were analyzed by 
Multiple-Laser ZetaView PMX 110 Fluorescence 
Nanoparticle Tracking Analyzers (Particle MetriX, 
Germany) configured with a 488 nm laser and high 
sensitivity camera (0.703 μm/px) and were analyzed 
using ZetaView software (ZetaView 8.04.02 SP2). 
The typical concentration was approximately 
5 × 107 particles/ml for each measurement with 3 
replicates.

4.12 Immunoblotting

Samples from EVs and colon were prepared in 
lithium dodecyl sulfate (LDS) sample buffer, and 
heated to 100°C for 10 min. The samples were 
separated by 8% or 12%

SDS-PAGE Bis-Tris gels (CoWin Bio, China) 
under nonreducing conditions, depending on the 
subsequent primary antibody used, before being 
transferred to Immobilon-FL PVDF Transfer 
Membranes (Millipore, USA). The PVDF mem-
branes were blocked with TBS-T containing nonfat
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milk (5%) for 1 h and then blotted with primary 
antibodies against CD9, TSG101, Claudin-1 and 
Occludin (Abcam) overnight at 4°C. After being 
extensively washed with TBS-T, the membranes 
were further incubated with HRP-conjugated anti- 
rabbit IgG (Cell Signaling Technology) for 1 h at 
RT. Finally, the membranes were incubated with 
ECL detection reagents and visualized with 
a Luminescent Imaging Workstation (Tanon, 
China).

4.13 RNA extraction from the colon, EVs and E. coli, 
and quantitative real-time PCR

Total RNA was extracted from tissues and EVs as 
described previously. In brief, total RNA was 
extracted from all samples by RNA isolater Total 
RNA Extraction Reagent (Vazyme, China), and 
cDNA was synthesized using a reverse transcriptase 
kit (Vazyme, China). For tissue samples from the 
DSS group, the isolated RNA was purified using 
LiCl. In brief, a 0.1 volume of 8 M LiCl (Sigma- 
Aldrich) solution was added to a 1 volume of RNA 
solution and incubated on ice for 2 h before being 
centrifuged (14000 × g, 30 min, 4°C), after which 
the pellets were collected, and the process was 
repeated twice. Subsequently, 0.1 volume of 3 M 
sodium acetate (Thermo Scientific) and 2 volumes 
of ethanol were added to 1 volume of RNA solution 
to reprecipitate RNA without DSS. For EV samples, 
a settling agent (Takara #9094, Japan) was added 
with ethanol to extract the miRNAs. Subsequently, 
before reverse transcription, the RNA was pro-
cessed with Poly(A) polymerase (NEBio, China) 
for the tailing reaction. The primers for miRNA 
reverse transcription were designed by 
miRprimer.64 Quantitative real-time PCR (RT- 
PCR) was performed as described previously.65 

The primer sequences are shown in Table S1.

4.14 MicroRNA sequencing

Total RNA was prepared as described above. 
MicroRNA libraries were constructed using the 
Illumina TruSeq Small RNA Preparation Kit 
according to Illumina’s TruSeq Small RNA 
Sample Preparation Guide. The purified cDNA 
library was used for cluster generation on 
Illumina’s Cluster Station and then sequenced on 

an Illumina GAIIx, according to the vendor’s 
instructions. ACGT101-miR v4.2 (LC Sciences) 
was used for sequencing data analysis. Briefly, raw 
reads were subjected to the in-house program, 
ACGT101-miR, to remove adapter dimers, junk, 
low complexity results, common RNA families 
(rRNA, tRNA, snRNA, snoRNA), and repeats. 
Subsequently, unique sequences 18 to 26 bases in 
length were mapped to specific species precursors 
in miRBase 22.0 by BLAST search (Basic Local 
Alignment Search Tool) to identify known 
miRNAs and novel 3p- and 5p-derived miRNAs. 
The differentially expressed miRNAs identified 
based on normalized deep-sequencing counts 
were analyzed with the R package limma. The 
accession number for the miRNA sequencing data 
reports is NCBI Sequence Read Archive (SRA): 
PRJNA808643.

4.15 MicroRNA mimics and bacterial EVs 
transplantation

In the miRNA gavage experiment, miRNA mimics 
were dissolved in nuclease-free water and adminis-
tered to DSS-induced colitis mice by gavage at 
a dose of 10 μg every other day for 10 days. Tissue 
and serum samples were collected on Day 10 after 
DSS treatment for pathological analysis. For the 
treatment of the chronic colitis model, miRNA 
mimics were administered at a dose of 10 µg every 
other day starting from the last cycle of DSS expo-
sure until the end of the experiment.

For bacterial EV transplantation, after 48 h in vitro 
culture fermentation and exposure to miRNA 
mimics, EVs were collected from the supernatant 
and administered to DSS-induced colitis mice by 
gavage at three days after beginning DSS adminis-
tration, at a dose of 10 µg every other day for 10 days. 
Tissue and serum samples were collected on Day 14 
after DSS administration for pathological analysis.

4.16 Microbiome 16S rRNA gene analysis

Illumina HiSeq sequencing of the colonic micro-
biota was conducted (Novogene, Tianjin, China). 
The composition of the gut microbiome was 
determined by the Illumina HiSeq platform and 
QIIME2 bioinformatic analysis as previously 
described. Briefly, the CTAB/SDS method was
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used to extract the total genomic DNA from the 
samples. Then, 16S rRNA in distinct regions (16S 
V3-V4) was amplified with specific primers and 
barcodes and sequenced on an Illumina HiSeq 
platform. Quality filtering of the raw tags was 
performed using fastp (Version 0.20.0) software 
to obtain high-quality clean tags, which were 
annotated using QIIME2 software. The accession 
number for the 16S rRNA sequencing data reports 
is NCBI SRA: PRJNA808621. Finally, visualization 
was performed using the OmicStudio tools at 
https://www.omicstudio.cn/tool.

4.17 The levels of cytokine assay

Blood samples were centrifuged at 7000 rpm for 
7 min, at 4°C, and then the supernatants were col-
lected. Colonic tissues were weighed, homogenized, 
and centrifuged at 12,000 rpm for 15 min, at 4°C, and 
the supernatants were collected. The cytokine levels of 
the cytokines IL-10, IL-6, and TNF-α were quantified 
using a corresponding mouse ELISA kits 
(MULTISCIENCES, China) according to the manu-
facturer’s instructions.

4.18 Statistical analysis

All data were analyzed with GraphPad Prism 8.0 soft-
ware and are presented as the means ± SEM. 
Differences between the mean values of the two 
groups were assessed using two-tailed Student’s 
t-tests. Correlation analyses were performed by 
Pearson’s correlation by using R statistical software 
(R version 3.5.3). Differences in mean values among 
more than two groups were determined using 
ANOVA, and p values < .05 were considered to indi-
cate statistical significance.66
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