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Background: Mesenchymal stem cell (MSC)-derived exosomes (Exos) are recently

proved to be a promising candidate for ulcerative colitis (UC), but the mechanism

remains unclear. We investigated the effects of MSC-derived exosomal microRNA-181a

(miR-181a) on gut microbiota, immune responses, and intestinal barrier function in UC.

Methods: Human bone marrow MSC-derived Exos were extracted and identified

via transmission electron microscopy (TEM), Nanoparticle Tracking Analysis (NTA),

and Western blotting. Dextran sodium sulfate (DSS)-induced colitis model and

lipopolysaccharide (LPS)-induced human colonic epithelial cell (HCOEPIC) model

were established to determine the effect of MSC-Exos on gut microbiota, immune

responses, and intestinal barrier function in vivo and in vitro. The relationship

between miR-181a and UC was analyzed using the Gene Expression Omnibus (GEO)

database. MSC-miR-181-inhibitor was used to reveal the role of exosomal miR-181a in

DSS-induced colitis.

Results: TEM and NTA results showed that Exos of a diameter of about 100 nm with

the round and oval vesicle-like structure were successfully extracted. The expressions

of the CD63, CD81, and TSG101 proteins were positive in these Exos. After MSC-Exo

treatment, the colon length in colitis mice increased; colon inflammatory injury decreased;

TNF-α, IL-6, IL-1β, IL-17, and IL-18 levels decreased; and Claudin-1, ZO-1, and IκB levels

increased. In addition, the structure of the gut microbiota in DSS-induced colitis mice

was changed by MSC-Exos. MSC-Exos showed antiapoptotic effects on LPS-induced

HCOEPIC. The protective effects decreased significantly by treatment with MSC-Exos

interfered with miR-181a inhibitor in vivo and in vitro.

Conclusion: MSC-derived exosomal miR-181a could alleviate experimental colitis by

promoting intestinal barrier function. It exerted anti-inflammatory function and affected

the gut microbiota. This indicated that MSC exosomal miR-181a may exhibit potential

as a disease-modifying drug for UC.

Keywords: ulcerative colitis, exosomal microRNA-181a, gut microbiota, intestinal barrier function, mesenchymal
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FIGURE 5 | Exosomal miR-181a attenuated DSS-induced injury in vivo. (A) The appearance and length of the colon in mice were analyzed. (B) H&E staining of

colonic pathological features in the mice. Scale bar: 100 or 25µm. (C) The concentrations of TNF-α, IL-6, IL-1β, IL-17, and IL-18 in serum were measured via ELISA.

(D) MPO activity in colon tissue was measured via ELISA. (E) Western blotting was used to detect the expression of the tight junction proteins Claudin-1 and ZO-1. *P

< 0.05 vs. the control. #P < 0.05 vs. the DSS group. &P < 0.05 vs. the MSC-con group. n = 10 mice/group. DSS, dextran sodium sulfate; MPO, myeloperoxidase.
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FIGURE 6 | Exosomal miR-181a rescued LPS-induced damage in vitro. (A)

HCOEPIC apoptosis was detected by flow cytometry. (B) Measurement of

ROS in the HCOEPICs. (C) Western blotting was used to detect the

(Continued)

FIGURE 6 | expression levels of Caspase-3, Bax, and Bcl-2 in HCOEPICs. (D)

qRT-PCR was used to detect the expression levels of TNF-α and IκB in

HCOEPICs. (E) Western blotting was performed to detect the expression

levels of TNF-α and IκB in HCOEPICs. (F) The expression levels of Claudin-1

and ZO-1 were detected via Western blotting. *P < 0.05 vs. the control. #P <

0.05 vs. the LPS group. &P < 0.05 vs. the MSC-con group. LPS,

lipopolysaccharide; HCOEPIC, human colonic epithelial cell; ROS, reactive

oxygen species.

compared with the DSS group (Figure 5E). However, in the
MSC-miR-181a-inhi group, the above impacts were significantly
reversed. These results indicated that the Exos extracted from
MSCs with miR-181a silenced reversed the therapeutic effects of
MSC-Exos in colitis mice in vivo.

Exosomal microRNA-181a Rescued
Lipopolysaccharide-Induced Damage
in vitro
To further study the role of MSC-derived exosomal miR-181a
on LPS-induced HCOEPICs in vitro, flow cytometry assays were
conducted. The apoptosis and ROS results showed that the
apoptosis and oxidative stress levels in the MSC-con group were
significantly inhibited compared with those in the LPS group.
However, the miR-181a inhibitor exacerbated the apoptosis and
oxidative stress levels in the cells, in contrast to the MSC-con
group (Figures 6A,B). Furthermore, Western blotting analysis
of apoptosis-related proteins showed that compared with those
in the LPS group, the expression levels of Caspase-3 and Bax
were significantly decreased and those of Bcl-2 were increased
in the MSC-con group. Notably, the opposite impacts were
observed in the MSC-miR-181a-inhi group (Figure 6C). We
wondered whether Exos affect the TNF-α/IκB signaling pathway
in LPS-induced colitis; therefore, qRT-PCR andWestern blotting
experiments were performed. The expression levels of TNF-
α were significantly downregulated at both the transcriptional
and translational levels in the MSC-miR-181a-inhi group, while
those of IκB were upregulated, in contrast to those in the
MSC-con group (Figures 6D,E). The Western blotting results
further showed that the expression levels of Claudin-1 and ZO-
1 were significantly reversed in the MSC-miR-181a-inhi group
compared with the MSC-con group (Figure 6F). Altogether,
these results indicated that exosomal miR-181a mediated
protection against LPS-induced inflammation. In addition, the
TNF-α/IκB signaling pathwaymight be involved in the protective
effect of miR-181a.

Effects of Mesenchymal Stem Cell-Derived
Exosomes on the Gut Microbiota
Composition in Dextran Sodium
Sulfate-Induced Colitis Mice
To further analyze whether MSC-Exos have effects on the
gut microbiota structure in colitis mice, 16S rRNA sequencing
was performed. The result of the rank-abundance graph
showed that the richness and uniformity of each group of
samples were eligible (Figure 7A). According to the results
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FIGURE 7 | Changes in intestinal microbiota. (A) Rank-abundance graph showing the richness and uniformity of each group. (B) Venn diagram showing the results

for OTUs. (C) ANOSIM analysis showing differences in community structure among the groups. P < 0.05 indicates statistical significance. (D) Alpha diversity was

used to analyze changes in the observed OTUs and Chao1 and ACE indexes. (E,F) At the genus and species levels, the relative abundance of the microbiota in the

samples, respectively. *P < 0.05 vs. the control. #P < 0.05 vs. the DSS group. n = 5 mice/group. OTUs, operational taxonomic units; DSS, dextran sodium sulfate.
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of operational taxonomic unit (OTU) cluster analysis, the
Venn plot showed that the number of OTUs in the control
group, DSS group, and MSC-Exo group was 230, 313, and
225, respectively, among which 85 were common OTUs
(Figure 7B). ANOSIM analysis results showed the significant
differences in community structure among the different groups
(Figure 7C). Alpha diversity analysis showed that the observed
OTUs, Chao1, and ACE indexes in the DSS group were
higher than those in the control group. After treatment with
MSC-Exos, we found that the indexes of observed OTUs,
Chao1, and ACE were similar to those in the control group
(Figure 7D). The relative abundance of species at the genus
level showed the top 20 species, among which the expression
abundance of Lactobacillus decreased in the DSS group, while
the expression abundance of Bacteroides increased compared
with the control group. After treatment with MSC-Exos,
the changes in related bacteria were partially reversed. The
expression abundance of Lactobacillus showed an upward trend,
while that of Bacteroides showed a downward trend after
treatment with MSC-Exos (Figure 7E). The relative abundance
of species at the species level showed the top 20 species, among
which the expression abundance of Lactobacillus_murinus
decreased in the DSS group, while the expression abundance
of g_Bacteroides_ASV_1 increased compared with that of the
control group. After treatment with MSC-Exos, the changes
in related bacteria were partially reversed. The expression
abundance of Lactobacillus showed an upward trend, while that
of Bacteroides showed a downward trend after treatment with
MSC-Exos (Figure 7F). These results suggested that MSC-Exo
treatment can alleviate the disturbance in the gut microbiota
induced by DSS.

DISCUSSION

It is urgent to study an effective treatment for UC. In our study, a
DSS-induced colitis model was established in vivo. Through in
vivo experiments, we found that intragastric administration of
MSC-derived exosomal miR-181a increased the expression levels
of colonic tight junction proteins and alleviated the symptoms
of DSS-induced colitis in mice. In addition, the composition and
structure of the gut microbiota were changed. By establishing
an in vitro LPS-induced inflammation model of HCOEPIC,
we found that MSC-derived exosomal miR-181a reduced LPS-
induced apoptosis and oxidative stress in HCOEPICs. At the
same time, the vitality of the HCOEPICs was increased. Our
results suggested that MSC-derived exosomal miR-181a might
ameliorate UC by affecting the gut microbiota and promoting
intestinal barrier function.

Previous studies have shown that bone marrow MSC-derived
EVs (BMSC-EVs) can protect against experimental colitis by
downregulating proinflammatory cytokines, regulating oxidative
stress balance, and reducing apoptosis (23). In this study, in
vivo experiments showed thatMSC-Exos alleviated inflammatory
symptoms in colon tissue and reduced the concentration of
inflammatory cytokines in the serum of colitis mice. MSC-
Exos increased the viability of LPS-induced HCOEPICs and

reduced apoptosis in vitro. In addition, LPS-stimulated MSC-
Exos showed a better effect. The results of in vitro and
in vivo experiments suggested that MSC-Exos had certain
protective effects in experimental colitis, and the effects of
stressed MSC-Exos were stronger. We speculated that MSCs
might produce more Exos with therapeutic effects under
LPS stimulation, thus playing a better therapeutic role in
the treatment of UC. LPS could stimulate MSCs to increase
the expression of miR-181a in MSC-Exos. The elevated miR-
181a was transported to colonic epithelial cells through Exos,
alleviating the inflammation of HCOEPICs stimulated by LPS
and regulating the expression of related inflammatory pathways.
The mechanism by which LPS stimulates the increase of
miR-181a in the Exos of MSCs supernatant deserves further
study. On the one hand, LPS-stimulated MSCs can simulate
the inflammation model of UC. On the other hand, certain
pretreatments, such as LPS, can improve the biological and
functional properties of MSCs to a certain extent (24). In the
study of cardiomyocyte injury, LPS stimulated the increase
of miR-181a in MSCs and relieved the inflammation and
oxidative stress of cardiomyocytes induced by H2O2 (25).
Inspired by this article, we speculated that LPS stimulated
miR-181a in MSC-Exos to have the same alleviating effects
on UC.

MSC-Exos contain many miRNAs, including miR-181a (26).
MiR-181a may not be the only mediator that may play
a role in Exos. It has been reported that miR-181a plays
an important role in immunity and inflammation regulation
(27). In addition, miR-181a is downregulated in colorectal
cancer (28). However, the mechanism of miR-181a in UC is
not fully understood. In this study, GEO database analysis
demonstrated that the expression of miR-181a in UC patients
was significantly lower than that in normal controls. Moreover,
the differential expression of miR-181a was the most significant.
GO analysis showed that miR-181a might be related to the
regulation of cellular amide metabolic processes, and KEGG
analysis showed that miR-181a might be correlated with miRNAs
in cancer. These results indicated that miR-181a might play
an important role in UC. In summary, we chose miR-181a
as our research focus. In future research, we will directly
analyze MSC-Exos through microarray technology, screening
out miRNAs or mRNAs that may alleviate UC, and conduct
in-depth studies.

MiRNAs can be encapsulated in Exos and then transferred
to target receptor cells to perform their biological functions
(29). Our results verified high expression levels of miR-181a
in hMSCs. MSC-Exos successfully inhibited the expression of
miR-181a by transfection with miR-181a inhibitor. The use of
lentivirus or Cas9 may be able to achieve a better silence effect,
but due to time constraints, we did not study this. In the
next experiment, we will use lentivirus, Cas9, and plasmid to
silence miR-181a and screen and compare the best method for
further study. Next, in vivo and in vitro experiments verified that
silencing exosomal miR-181a aggravated inflammation in colon
tissue and increased inflammatory factor levels and apoptosis.
It has been reported that MPO might serve as an important
diagnostic and prognostic tool in assessing UC status (30). The
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MPO activity in colon tissue was downregulated in the MSC-
con group compared with that in the DSS group. This indicated
that silencingmiR-181a destroyed the therapeutic effects ofMSC-
Exos in DSS-induced colitis mice. It was suggested that MSC-
derived exosomal miR-181a might have protective effects in UC.
MSC-Exos might have more than one mediator that plays a role
in the remission of UC. For example, metallothionein-2 in MSC-
Exos has been shown to play a crucial role in alleviating DSS-
induced mice (31). Due to funding and time constraints, we
have not studied this in-depth. We look forward to studying and
discovering more possible mechanisms in future experiments
to lay the foundation for the development of targeted drugs
for UC.

The presence of excess TNF-α has a significant effect
on UC, and injection of a TNF-α inhibitor is a mature
method for treatment of UC (32). In our study, when
miRNA-181a was silenced, TNF-α expression was upregulated
both in vivo and in vitro, while IκB, as a downstream
pathway, was downregulated. Li et al. confirm that miRNA-181a
downregulates the expression of related proteins by targeting
TNF-α in adipocytes (33), which is consistent with our results.
In addition, we predicted that miR-181a and TNF-α might
have a corresponding targeting relationship through starbase
3.0. Therefore, we speculated that MSC-derived exosomal
miR-181a might alleviate UC by targeting TNF-α. Due to
time and funding constraints, we have not done a targeted
verification of 3′UTR luciferase assay. In future studies, we
will further study the targeting relationship between miR-181a
and TNF-α.

The intestinal barrier is an important line of defense
in the intestinal tract, and its dysfunction can disrupt
immune homeostasis and cause a serious inflammatory
response (34). UC patients have intestinal barrier dysfunction
(35). Both Claudin-1 and ZO-1 are marker proteins
of the intestinal barrier (36) and are important for
maintaining intestinal function and integrity (37). The
results of our animal and cell experiments suggest that
MSC-derived exosomal miR-181a can also upregulate the
expression of Claudin-1 and ZO-1 and improve intestinal
barrier function.

The gut microbiota is closely related to UC. Studies have
shown that extracellular polysaccharides (EPSs) reduce the risk
of inflammatory bowel disease (IBD) symptoms by regulating
the gut microbiota (38). In this study, 16S rRNA sequencing
of the gut microbiota showed that MSC-derived exosomal
miR-181a was beneficial to the richness and diversity of the
gut microbiota in DSS-induced mice. Compared with those
in the control group, the gut microbiota α-diversity and
the composition of the gut microbiota in the DSS-induced
mice were significantly changed. Among them, the expression
abundance of Lactobacillus decreased in the DSS group, while
the expression abundance of Bacteroides increased compared
with those in the control group. The expression abundance of
Lactobacillus showed an upward trend, while that of Bacteroides
showed a downward trend after treatment with MSC-Exos.
These results indicated that treatment with MSC-Exos could
inhibit the colonization of pathogenic bacteria and promote

that of probiotics. After treatment, the composition of the gut
microbiota in the DSS-induced mice tended to develop normally,
significantly improving experimental colitis. This was similar
to the effects of Scutellaria baicalensis Georgi polysaccharide
on the regulation of gut microbiota on UC (39). Due to time
constraints, the effects of inhibiting miR-181a expression in
Exos on the gut microbiota have not been studied. In the
next study, we will collect the feces of the control, DSS, MSC-
Exo-mimics, and MSC-Exo-inhibitor groups. The mice in the
normal group and the model group were treated as described in
this study. The MSC-Exo-mimics group and MSC-Exo-inhibitor
groups were injected with tail vein Exos extracted from MSCs
transfected with mimics and inhibitors, respectively. 16S rRNA
technology was used to detect the enrichment of gut microbiota
in each group.

Our data suggested that MSC-derived exosomal miR-181a
played a preventive role in the experimental model of DSS, at
least in part by promoting the gut microbiota and intestinal
barrier function. This indicates that MSC-derived exosomal
miR-181a is a promising method for the treatment of UC.
The regulation of intestinal barrier function by MSC-derived
exosomal miR-181a was preliminarily confirmed, while the
effects of the gut microbiota on UC remain unclear and
need to be further studied. In addition, a mouse animal
was employed in this study. However, whether MSC-derived
exosomal miR-181a plays a role in humans remains to be
further studied.

CONCLUSION

Our study demonstrated that Exos derived from MSCs might
relieve the inflammation in DSS-induced colitis model mice and
protect the intestinal barrier function via transporting miR-181a
in vivo. The study verified that Exos derived fromMSCs alleviated
LPS-induced epithelial cell inflammation and upregulated tight
junction protein expression via transporting miR-181a in vitro.
In addition, the protective effects of MSC-Exos on DSS-induced
colitis might be related to the regulation of gut microbiota.
This study provided new clues for the treatment of UC and
laid a foundation for the study of the mechanism via which
MSC-derived exosomal miR-181a improves UC.
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Supplementary Figure 1 | Validation of MSC-derived Exos. (A) The structure of

Exos was observed via TEM. (B) Nanoparticle Tracking Analysis was used to

identify exosomal diameter. (C) The expression levels of TSG101, CD81, and

CD63 were detected via Western blotting. (D) The absorbance of MSC-derived

Exos by HCOEPICs. (E) The expression of MSC-derived exosome miR-181a was

detected by qRT-PCR. (F) qRT-PCR was used to detect the expression levels of

MSC-derived exosomal miR-181a after transfection with miR-181a inhibitor. ∗P <

0.05, vs. the Control. #P < 0.05, vs. the MSC-Exos group.
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