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Exosomal MicroRNA-181a Derived From Mesenchymal Stem Cells Improves Gut Microbiota Composition, Barrier Function, and Inflammatory Status in an Experimental Colitis Model
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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.
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INTRODUCTION

Ulcerative colitis (UC) is a chronic, idiopathic inflammatory bowel disorder of the colon. It is characterized by relapsing and remitting continuous mucosal inflammation, extending from the rectum to the more proximal colon (1). The overall incidence and prevalence of UC have been increasing over time worldwide, resulting in substantial patient burden and costs to healthcare systems (2–4). There is still no medical or surgical cure for UC. Although immunosuppression has been demonstrated to be highly effective in UC, a subset of patients remain refractory to conventional therapies regarding symptom management and mucosal healing (5). Moreover, immunosuppression is often associated with side effects including increased risk of developing opportunistic infections, skin cancer, lymphoma, and neurological (6, 7). Thus, a clear unmet need persists for novel and well-tolerated therapeutic approaches for UC.

Mesenchymal stem cells (MSCs) are recently proved to be a promising candidate for the treatment of immune and inflammatory disorders, due to their potent immunomodulatory properties and tissue repair capacity (8). Several experimental and clinical studies have demonstrated that MSCs can ameliorate intestinal inflammation in UC (9, 10). However, the clinical application of MSCs transplantation still faces safety concerns, with potential unwanted effects of MSC-based cell therapy (11).

Exosomes (Exos) are extracellular vesicles (EVs) with an average diameter of about 100 nm, containing complex RNAs and proteins. The exchange of active ingredients between cells can be achieved through Exos (12). MSCs are considered to exert their beneficial effects primarily through their paracrine factors of the EVs including Exos (13). In addition, compared with their parent cells, MSC-derived Exos (MSC-Exos) confer several advantages such as lower immunogenicity, capacity to cross biological barriers, and fewer safety concerns (11). Thus, MSC-Exos may be potentially used to develop a cell-free Exo-based therapy as an alternative to MSC-based therapy.

Recently, MSC-Exos have demonstrated efficacy for UC in animal studies (14, 15). However, the underlying mechanisms remain elusive. Further experimental studies need to be done to unveil the influence of MSC-Exos on major related pathways in UC, such as immune responses, intestinal barrier functions, and gut microbiota. Moreover, Exos contain various biological components such as nucleic acids, proteins, and other components like lipids (16). It is significant to identify the exact specific MSC-Exo-contained molecules responsible for therapeutic effects for UC.

MicroRNA-181a (miR-181a) is a member of the miR-181 family. Several reports have shown that miR-181a can regulate both innate and adaptive immune responses (17, 18). Meanwhile, exosomal miR-181a plays an important role in regulating endoplasmic reticulum stress (ERS), muscle atrophy, and apoptosis (19). In light of the previous findings, we conducted this study to further verify the effects of MSC-derived exosomal miR-181a in UC and to explore the mechanisms of miR-181a in UC from the aspect of gut microbiota, immune responses, and intestinal barrier function.



MATERIALS AND METHODS


Cell Culture

Human bone marrow MSCs (ZQ0266, Shanghai Zhongqiaoxinzhou Biotech, Shanghai, China) were cultured in Dulbecco's modified Eagle's medium (DMEM)/F-12 medium (R8758, Sigma, St. Louis, MO, USA) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (SV30010, Beyotime Biotechnology, Shanghai, China). Human colonic epithelial cells (HCOEPICs; 2950, Shanghai Zhongqiaoxinzhou Biotech) were cultured in HCOEPIC Medium (2951, Shanghai Zhongqiaoxinzhou Biotech). Lipopolysaccharide (LPS; 10 μg/ml, 24 h) was used to stimulate the MSCs and HCOEPICs.



Extraction and Uptake of Mesenchymal Stem Cell-Derived Exosomes

Exos were extracted from the MSC culture supernatant. Firstly, MSCs were divided into three groups, including a phosphate-buffered saline (PBS) group, an Exo group, and a LPS-Exos. The PBS group was a negative control without Exos. The Exo group and LPS-Exos were Exo extracted from MSCs that are not stimulated by LPS and stimulated via LPS (10 μg/ml, 24 h), respectively. To verify transfection efficiency, MSCs were divided into another three groups, containing the Exo group, an inhibitor-negative control (inhi-NC), and an inhibitor group. MSCs in the Exo group were treated the same way as before. MSCs in the inhi-NC and inhibitor groups were transfected with 100 nM scrambled sequences and inhibitor using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) complexes, respectively. After a predetermined time, the Exos were isolated from the aforementioned MSCs. An Exo extraction kit (EXOQ5A-1, SBI, Palo Alto, CA, USA) was used according to the manufacturer's instructions. MSCs were cultured in serum-free DMEM. The supernatant was collected for 48–72 h, and Exos were extracted for subsequent detection. The extracted Exos were resuspended in PBS in an appropriate volume. The morphology and size of Exos were analyzed via transmission electron microscopy (TEM). The diameter of exosomal particles was further detected via Nanoparticle Tracking Analysis (NTA). Exos were labeled with live-cell fuel PKH26 (PKH26PCL, Sigma) and then cocultured with HCOEPICs for 12 h. The fluorescence of each group was observed by laser scanning confocal microscopy (LSCM). In the control group, the HCOEPICs were treated with the same volume of PBS as the Exo group for 12 h.



Mesenchymal Stem Cell-Derived Exosome Treatment in the Dextran Sodium Sulfate Model

Forty healthy C57BL/6 mice (6–8 weeks old) were purchased from Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China) and randomly divided into four groups (n = 10): (i) a control group (Control), (ii) a dextran sodium sulfate DSS group, (iii) an MSC-Exo group, and (iv) an LPS-MSC-Exo group. Mice with DSS treatment received 4% DSS in drinking water on days 3–9 to establish the DSS model. The MSC-Exos and LPS-MSC-Exo groups were treated with DSS in water and Exos (32 mg/kg) via intravenous injection on days 1, 3, 5, and 7, which were extracted from MSCs without or with LPS stimulation, respectively (20). On the last day of administration, the mice were anesthetized with 2% pentobarbital sodium (30 mg/kg). All the mice were given free access to water and food and were kept in an environment with a constant room temperature (25 ± 2°C), 55% humidity, and a 12/12-h light–dark cycle.



Mesenchymal Stem Cell-Derived Exosome Treatment of Human Colonic Epithelial Cells

Next, the HCOEPICs were divided into four groups according to different processing methods: (i) a control group, (ii) an LPS group, (iii) an MSC-Exo group, and (iv) an LPS-MSC-Exo group in vitro. The cells in the control group were cultured normally. The cells in the LPS group were treated with LPS (10 μg/ml, 24 h) (21, 22). Furthermore, under LPS stimulation, the cells in the MSC-Exos and LPS-MSC-Exo groups were treated with Exos, which were extracted from MSCs without or with LPS stimulation for 24 h, respectively.



Mesenchymal Stem Cell–microRNA-181-Inhibitor Treatment in vivo and in vitro

To further determine the effect of miR-181a in MSC-Exos on experimental colitis, 40 mice were randomly divided into four groups: (i) a control group, (ii) a DSS group, (iii) an MSC-con group, and (iv) an MSC-miR-181-inhibitor group (MSC-miR-181-inhi). Mice in the control and DSS groups were treated as above, respectively. The MSC-miR-181-inhibitor group was injected with Exos (32 mg/kg) extracted from MSCs that were transfected with miR-181-inhibitor. The MSC-con group was treated with Exos (32 mg/kg) extracted from MSCs that were transfected with negative control.

Then, in vitro assays were performed. The HCOEPICs were divided into another four groups according to different processing methods: (i) a control group, (ii) an LPS group, (iii) an MSC-con group, and (iv) an MSC-miR-181a-inhibitor group. The control and DSS groups were treated as described earlier. The cells in the MSC-con and MSC-miR-181a-inhibitor groups were treated with Exos derived from transfected cells under LPS stimulation. Next, the cells were collected for follow-up experiments.



H&E Staining

After 4 h of fixation with 4% paraformaldehyde, the colonic tissues of mice were dehydrated, embedded, and sliced. After H&E staining, a microscope (BA210T, Motic, Kowloon, Hong Kong) was used to observe the pathological structure of the colon.



TUNEL Staining

Colonic tissues were sectioned with paraffin wax, and apoptosis was detected using a TUNEL kit (40306ES50, Yeasen, Shanghai, China) according to the manufacturer's instructions. Tissue apoptosis was observed via fluorescence microscopy. Three fields were randomly selected to calculate the number of TUNEL-positive cells.



ELISA Kits

Serum and colonic TNF-α (CSB-E04741m, CusaBio, Wuhan, China), IL-6 (CSB-E04639m, CusaBio, China), IL-1β (CSB-E08054m, CusaBio, China), IL-17 (CSB-E04608m, CusaBio, China), IL-18 (CSB-E04609m, CusaBio, China), and myeloperoxidase (MPO) (A044-1-1, NanJing JianCheng Bioengineering Institute, Nanjing, China) quantitative ELISA kits were used according to the instructions. All experiments were repeated three times in each group.



Flow Cytometry Assay

To analyze HCOEPIC apoptosis, an Annexin V-FITC apoptosis detection kit (KGA108, KeyGEN, Nanjing, China) was used. According to the manufacturer's instructions, 500 μl of binding buffer was added to suspend the HCOEPICs, and then 5 μl of Annexin V-FITC was added. After mixing, 5 μl of propidium iodide was added and incubated with the cells at room temperature for 15 min. Cell apoptosis was analyzed via flow cytometry (A00-1-1102, Beckman, Brea, California, USA). The cells in the different groups were treated with 10 μM of DCFH-DA (mother liquid concentration: 10 mM) and incubated at 37°C for 20 min. The cells were washed three times with a serum-free medium and digested with trypsin. After cell collection, flow cytometry (A00-1-1102, Beckman) was used to detect reactive oxygen species (ROS) accumulation.



Cell Counting Kit 8 Assay

HCOEPICs in the logarithmic growth phase were digested and counted. The cells were seeded in 96-well-plates at a density of 1 × 104 cells/well (100 μl/well). A 10% Cell Counting Kit 8 (CCK-8) solution (NU679, DOJINDO, Kumamoto, Japan) was added to each well and incubated with the cells at 37°C for 4 h. The absorbance was measured at 450 nm using a Bio-Tek microplate (MB-530, Heales, Shenzhen, China).



Western Blotting

Total protein was from the mouse colonic tissue or HCOEPICs. The extracted protein in each group was quantified using a bicinchoninic acid (BCA) protein concentration determination kit (CB86198073, Chemical Book). The expression levels of CD81, CD63, TSG101, Claudin-1, ZO-1, TNF-α, IκB, Caspase-3, Bax, and Bcl-2 were detected by Western blotting. After blocking, the membranes were incubated with antibodies against CD81 (ab109201, 1:4,000, Abcam, Cambridge, UK), CD63 (25682-1-AP, 1:1,000, ProteinTech, Rosemont, IL, USA), TSG101 (14497-1-AP, 1:2,000, ProteinTech), Claudin-1 (1:4,000, 13050-1-AP, ProteinTech), ZO-1 (1:8,000, 21773-1-AP, ProteinTech), TNF-α (1:600, 17590-1-AP, ProteinTech), IκB (1:2,000, 10268-1-AP, ProteinTech), Caspase-3 (1:500, 19677-1-AP, ProteinTech), Bax (1:6,000, 50599-2-Ig, ProteinTech), and Bcl-2 (1:2,000, 12789-1-AP, ProteinTech) overnight at 4°C. The membranes were then rinsed three times with PBS-T and incubated with anti-rabbit IgG (1:6,000, SA00001-2, ProteinTech) and anti-mouse IgG (1:5,000, SA00001-1, ProteinTech) antibodies at room temperature for 1.5 h. After enhanced chemiluminescence (ECL) exposure, an Odyssey infrared imaging system (Li-Cor Biosciences, Lincoln, NE, USA) was used to detect the protein bands. β-Actin (1:5,000, 66009-1-Ig, ProteinTech) was used as the internal reference.



Quantitative Real-Time PCR

Total RNA was extracted from mouse colonic tissue, HCOEPICs, and Exos after treatment with TRIzol reagent (Thermo, USA). Total mRNA was used as a template to reverse transcribe cDNA. β-Actin was used as an internal reference to analyze the expression of miR-181a and mRNAs. The specific primers used for qRT-PCR were as follows: miR-181a-F, AACATTCAACGCTGTCGGTG, and miR-181a-R, RAGCCATAGGGTACAATCAAC-GGG; TNF-α-F, GAACCCCGAGTGACAAGCCT, and TNF-α-R, TATCTCTCAGCT-CCACGCCAT; IκB-F, CAAATCTTTCAGGGCAGAGTCCGA, and IκB-R, TGCCGAA-AAGAGGACAACCAC; β-actin-F, ACCCTGAAGTACCCCATCGAG, and β-actin-R, AGCACAGCCTGGATAGCAAC. PCR amplification was commonly used. The 2−ΔΔCt method was used to measure the RNA expression levels.



Bioinformatics Analysis

Data were obtained from the Gene Expression Omnibus (GEO) database research cohort GSE68306. The samples were divided into a UC01 patient group (n = 20), UC02 patient group (n = 9), and normal control group (n = 16). The data type was miRNA chip. Differential miRNA expression was analyzed with the R package limma in the UC01 vs. normal and UC02 vs. normal groups. The screening criteria were |logFC| > 1 and P < 0.05. The R package heatmap was used to cluster the expression patterns of differentially expressed miRNAs in the two groups of samples, and heat maps of the two groups were drawn to screen the significantly low-expression miRNAs in the UC samples. Pearson correlation coefficient analysis was performed between the mRNA microarray data of GSE68306 and the selected differentially expressed miRNAs. The screening criterion was |Pearson correlation coefficient| > 0.75. Then, a coexpression network was constructed using Cytoscape software. The R package ClusterProfiler was used to annotate the Gene Ontology (GO) functions of differentially expressed mRNAs in the coexpression network, and the significantly enriched pathways were plotted.



Immunofluorescence Staining

Paraffin-embedded tissues were divided into four groups. After paraffin sections were dewaxed to water, antigen was heat repaired, endogenous enzymes were inactivated, and the tissues were incubated with primary antibodies against Claudin-1 (1:50, 13050-1-AP, ProteinTech) and ZO-1 (1:50, 21773-1-AP, ProteinTech). After being washed with PBS, the tissues were incubated with secondary antibody for 30 min. Then, DAPI solution was used to stain the nuclei at 37°C. Images were collected and analyzed using fluorescence microscopy and Image-Pro Plus (IPP) software (Media Cybernetics, Inc., Rockville, MD, USA).



DNA Extraction and High-Throughput Sequencing

According to the manufacturer's instructions, a fecal genomic DNA Kit (#DP328-02, TIANGEN, Beijing, China) was used to extract DNA. A dsDNA HS Assay Kit (12640ES76, Yeasen) was used to detect the concentration of extracted DNA. After amplification and purification, the whole genome of the sample was sequenced on an Illumina NovaSeq platform. After the original data for quality control were obtained, the species composition of the samples was analyzed by comparison with the Silva-132-99 database. QIIME 2 (QIIME 2-2020.2) and R software 4.0.2 were used for sequence data analysis.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 Software (GraphPad Software, Inc., La Jolla, CA, USA). All data are presented as the mean ± standard error of mean (SEM). Differences between two or more groups were analyzed using unpaired t-tests or one-way analysis of variance. P < 0.05 indicated a significant difference.




RESULTS


Validation of Mesenchymal Stem Cell-Derived Exosomes

To identify MSC-Exos, the round and oval vesicle-like structure of Exos was observed via TEM (Supplementary Figure 1A). NTA results showed that the exosomal particle diameter was concentrated at about 100 nm (Supplementary Figure 1B). Western blotting analysis showed that the expression levels of TSG101, CD81, and CD63 in Exos were higher in the LPS-MSC-Exo group than in the MSC-Exo group (Supplementary Figure 1C). To verify the ability of HCOEPICs to absorb Exos, an absorbance assay was performed. The control, in which PBS was added instead of MSC-Exos, did not show red fluorescence under LSCM. When HCOEPICs were cocultured with Exos (the Exo group), a large number of red vesicles gradually infiltrated the cells. Moreover, most of these proteins were concentrated in the cytoplasm (Supplementary Figure 1D). qRT-PCR results indicated that miR-181a was upregulated in Exos with and without LPS stimulation compared with the control group, and miR-181a was more highly expressed in Exos with LPS stimulation (Supplementary Figure 1E). These results indicate that HCOEPIC can effectively absorb Exos. Further, MSCs were transfected with miR-181a inhibitor. In the MSC-Exos miR-181a inhibitor group (inhibitor), the expression level of miR-181a was significantly reduced (Supplementary Figure 1F). These results indicate that we successfully extracted Exos from MSCs and that HCOEPIC effectively absorbed Exos. Additionally, the expression level of miR-181a in the Exos was noteworthy.



Mesenchymal Stem Cell-Derived Exosome and Lipopolysaccharide–Mesenchymal Stem Cell-Derived Exosomes Alleviated Dextran Sodium Sulfate-Induced Colitis in vivo

We established a DSS-induced colitis mouse model to investigate the effects of MSC-Exos on experimental colitis. Compared with that in the control group, the colon length in the DSS model group was shorter, which was significantly reversed in the MSC-Exos and LPS-MSC-Exo groups (Figure 1A). The results of H&E and TUNEL staining indicated that DSS treatment induced colonic injury, while the colon from the MSC-Exos and LPS-MSC-Exo groups showed less inflammatory cell infiltration, better structural integrity, and less apoptosis (Figures 1B,C). The expression of inflammatory cytokines in serum, including TNF-α, IL-6, IL-1β, IL-17, and IL-18, in the DSS group, was increased. In contrast, the serum inflammatory cytokines in MSC-exo-treated and LPS-MSC-exo-treated mice were decreased. Specifically, significant changes were observed in the expression of TNF-α, IL-6, and IL-1β. After MSC-Exo treatment, the expression levels of IL-1β, IL-17, and IL-18 had a decreasing trend (Figure 1D). These data suggested that both MSC-Exos and LPS-MSC-Exos played a protective role during colon inflammatory injury in DSS-induced colitis. In addition, LPS-MSC-Exos might be more efficient than MSC-Exos.


[image: Figure 1]
FIGURE 1. MSC-Exos and LPS-MSC-Exos alleviated DSS-induced colitis 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 25 μm. (C) A TUNEL assay was used to detect cell apoptosis in colonic tissue from the mice. Scale bar: 25 μm. (D) The concentrations of TNF-α, IL-6, IL-1β, IL-17, and IL-18 were measured via ELISA. *P < 0.05 vs. the control group. #P < 0.05 vs. the DSS group. &P < 0.05 vs. the MSC-Exo group. n = 10 mice/group. MSC, mesenchymal stem cell; Exos, exosomes; LPS, lipopolysaccharide; DSS, dextran sodium sulfate.




Mesenchymal Stem Cell-Derived Exosomes and Lipopolysaccharide–Mesenchymal Stem Cell-Derived Exosomes Prevented Lipopolysaccharide-Induced Injury in vitro

Next, we investigated whether MSC-Exos have a direct effect on HCOEPICs. Flow cytometry and CCK-8 assay results revealed that the cells in the MSC-Exos and LPS-MSC-Exo groups showed markedly rescued apoptosis and viability after LPS-induced injury (Figures 2A–C). To further determine the antiapoptotic effects of MSC-Exos, the expression of apoptosis-related proteins, including Caspase-3, Bax, and Bcl-2, were detected. The results demonstrated that the expression levels of Caspase-3 and Bax were increased in the LPS group compared with the control group. However, their expression levels were significantly decreased in the MSC-Exos and LPS-MSC-Exo groups compared with the LPS group. Bcl-2 showed the opposite pattern (Figure 2D). Together, the MSC-Exos contribute to protection against LPS-induced injury. More importantly, the Exos derived from LPS-induced MSCs might be more efficient. Furthermore, to determine the effect of TNF-α signaling in MSC-Exos on LPS-induced injury, qRT-PCR was performed. The results showed that the relative TNF-α expression was downregulated in the MSC-Exos and the LPS-MSC-Exo groups, while IκB expression was upregulated compared with that in the LPS group (Figure 2E). Moreover, Western blotting results showed that the expression levels of tight junction proteins, including Claudin-1 and ZO-1, were increased in the MSC-Exos and LPS-MSC-Exo groups compared with the LPS group (Figure 2F). These results indicate that the MSC-Exo group showed a good therapeutic effect in reversing LPS-induced injury in vitro. Specifically, the LPS-MSC-Exo group showed a better therapeutic effect. These results were consistent with those of the in vivo experiments.


[image: Figure 2]
FIGURE 2. MSC-Exos and LPS-MSC-Exos prevented LPS-induced injury in vitro. (A,B) Apoptosis was detected by flow cytometry. (C) CCK-8 assays were used to detect the viability of HCOEPICs. (D) Western blotting was performed to detect the expression of Caspase-3, Bax, and Bcl-2 in HCOEPICs. (E) qRT-PCR was used 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-Exo group. MSC, mesenchymal stem cell; Exos, exosomes; LPS, lipopolysaccharide; DSS, dextran sodium sulfate; CCK-8, Cell Counting Kit 8; HCOEPICs, human colonic epithelial cells.




MicroRNA-181a Expression Levels Were Downregulated in Ulcerative Colitis Patients

Differential expression analysis of miRNAs associated with UC in normal and diseased samples showed differentially expressed miRNAs in Group 1 and 2 (volcano plot in Figures 3A,B). Forty differentially expressed miRNAs were shared by the two groups. Of these, 28 were downregulated and 12 were upregulated (Figure 3C). The clustering heat map showed the top 20 differentially expressed miRNAs that were significantly downregulated in Group 1 and 2 (Figures 3D,E). Box plots indicated the top four differentially expressed miRNAs decreased in both Group 1 and 2 (Figures 3F,G): miR-23a, miR-181a, miR-192, and miR-194. Of these, miR-181a was the most significantly different. Therefore, we focused on the regulatory mechanism of miR-181a in UC.


[image: Figure 3]
FIGURE 3. Screening of differentially expressed miRNAs associated with UC. (A) The GEO database was used to analyze the expression of differentially expressed miRNAs in Group 1. (B) The GEO database was used to analyze the expression of differentially expressed miRNAs in Group 2. (C) Venn diagram of 40 candidate miRNAs. (D,E) Heat maps of 20 candidate miRNAs. (F,G) The expression levels of miR-23a, miR-181a, miR-192, and miR-194 in UC in Group 1 and 2 were analyzed using the GEO database. All were statistically significant. UC, ulcerative colitis; GEO, Gene Expression Omnibus.


To forecast the potential biological function of miR-181a, we analyzed the coexpression network of differentially expressed miRNAs and mRNAs. As shown in Figure 4A, the blue circular nodes represent miRNAs, a total of 13 miRNAs, which were all significantly downregulated in patients with UC. The red rectangular nodes represent genes regulated by differentially expressed miRNAs (Figure 4A). In addition, GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of miR-181a were performed. Significant GO annotation included BP (regulation of cellular amide metabolic process, regulation of translation, and response to steroid hormone), CC (chromatin, nuclear speck, and cytoplasmic ribonucleoprotein granule), and MF (transcription coregulator activity, proximal promoter sequence-specific DNA binding, and enhancer sequence-specific DNA binding) (Figure 4B). The main KEGG pathways were involved in miRNAs in cancer, glioma, and the p53 signaling pathway (Figure 4C).


[image: Figure 4]
FIGURE 4. Prediction and analysis of related genes and pathways. (A) Coexpression network of differentially expressed miRNAs and mRNAs. (B) GO analysis of miR-181a. (C) KEGG pathway analysis of miR-181a. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.




Exosomal microRNA-181a Attenuated Dextran Sodium Sulfate-Induced Injury in vivo

To further investigate whether the effects of MSC-Exos in colitis mice were related to miR-181a, the DSS-induced mice were injected with Exos via a caudal vein extracted from human MSCs (hMSCs) transfected with miR-181a inhibitor. The results showed that the colon length in the MSC-con group was longer than that in the DSS group, while this was reversed in the MSC-miR-181a-inhi group (Figure 5A). Furthermore, mice in the MSC-Con groups had less severe colitis by H&E staining than in the DSS group (Figure 5B). However, in the MSC-miR-181a-inhi group, the protection effect of MSC-miR-181a against colitis was partially reversed. These results suggested that miR-181a in MSC-Exos might play an important role in recovery from colitis. Compared with the DSS group, the serum levels of inflammatory cytokines, including TNF-α, IL-6, IL-17, and IL-18, were downregulated in the MSC-con group. Moreover, the effects were reversed in the MSC-miR-181a-inhi group. Among them, the changes in the IL-6 concentration were significant (Figure 5C). In addition, the MPO concentration in colon tissue in the MSC-con group and MSC-miR-181a-inhi group was downregulated compared with that in the DSS model group (Figure 5D). To further investigate the mechanism of MSC-Exo-mediated protection on intestinal barrier function, Western blotting demonstrated that the expression levels of Claudin-1 and ZO-1 were significantly increased in the MSC-con group 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.


[image: Figure 5]
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 25 μm. (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.




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 and Western 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 pathway might be involved in the protective effect of miR-181a.


[image: Figure 6]
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 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.




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 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.


[image: Figure 7]
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.





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 that MSC-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 MPO activity in colon tissue was downregulated in the MSC-con group compared with that in the DSS group. This indicated that silencing miR-181a destroyed the therapeutic effects of MSC-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 from MSCs 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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