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Abstract  Human umbilical cord mesenchymal stem 
cell-derived exosomes (hucMSC-Ex) have emerged 
as a new treatment strategy for inflammatory bowel 
disease (IBD) due to their immunoregulatory func-
tion. N6-methyladenosine (m6A) plays a crucial 
role in regulating intestinal immunity, especially 
in IBD where macrophages play an important role, 
although its mechanism is not yet fully understood. 
From this perspective, this research aimed to evalu-
ate the effect of hucMSC-Ex on m6A modification 
of macrophages in IBD. In the process of alleviating 
inflammation, hucMSC-Ex promotes macrophage 

polarization toward the M2 type and regulates intra-
cellular m6A levels by upregulating the expression 
of m6A “Writer” METTL3 and “Reader” YTHDF1. 
Solute Carrier Family 37 Member 2 (Slc37a2) was 
identified by Methylation RNA immunoprecipitation 
sequencing as the target molecule of the hucMSC-
Ex. Mechanically, hucMSC-Ex promoted the bind-
ing of METTL3 to the Slc37a2 mRNA complex, 
and enhanced the binding of Slc37a2 to YTHDF1 to 
upregulate the intracellular expression of Slc37a2, 
thereby attenuating the pro-inflammatory function 
of macrophage. This study confirms the modulatory 
role of hucMSC-Ex on the m6A modification of mac-
rophages in IBD, providing a new scientific basis for 
the treatment of IBD with hucMSC-Ex.
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Introduction

IBD is a non-specific intestinal inflammatory disease 
that includes ulcerative colitis (UC) and Crohn’s dis-
ease (CD). The clinical manifestation is an abnormal 
response of the intestinal mucosal immune system, 
and its incidence is increasing year by year (Kuen-
zig et al. 2022; Ng et al. 2019). At present, the spe-
cific pathogenesis of IBD is not completely clarified. 
Individual genetic susceptibility, environmental risk 
factors, intestinal microbial community imbalance, 
intestinal mucosal abnormal immunity, and other fac-
tors all play an important role in the occurrence and 
development of IBD (Ananthakrishnan et al. 2018; Ni 
et al. 2017; Greuter and Vavricka 2019). The abnor-
mal and excessive immune response of the colorec-
tal mucosa may be affected by many of these factors, 
contributing to the progression of IBD.

As one of the important immune cells of the 
intestinal mucosal barrier, macrophages are crucial 
in the progression of IBD (Bain and Mowat 2014). 
M1-type (classically activated) macrophages can be 
differentiated by IFN-γ and LPS stimulation, secrete 
IL-1β, TNF-α, IL-6, IL-18, and other pro-inflam-
matory factors, and highly express markers such as 
CD80/86 and iNOS. However, IL-4/IL-23 stimula-
tion could produce M2 macrophages, which mainly 
secret anti-inflammatory factors such as TGF-β and 
IL-10, and highly express CD206 and Arg1 (Funes 
et al. 2018). Generally, they promote immune balance 
by expressing anti-inflammatory phenotypes. More 
research has shown that macrophages are instru-
mental in maintaining intestinal homeostasis and 
are also intimately involved in the pathogenesis of 
IBD. The balance between the phenotype and func-
tion of inflammatory M1 cells and anti-inflammatory 
M2 cells, regulated by extracellular and intracellular 
stimuli, determines the mode of progression of IBD 
(Seyedizade et  al. 2020). In IBD and other condi-
tions, pro-inflammatory macrophages in the colorec-
tal mucosa increase and highly express inflammatory 
factors such as IL-1β, IL-6, and TNF-α (Cai et  al. 
2021), and the degree of increase is highly related to 
the progression and deterioration of the disease (Na 
et al. 2019). Yang and his colleagues found that M2 

macrophage-secreted exosomes can alleviate DSS-
induced colitis in mice by raising Treg cells and IL-4 
and reducing the production of pro-inflammatory fac-
tors (IL-1β, IL-6, and IL-17A) (Yang et  al. 2019). 
Zhou et al. showed that YAP deletion in macrophages 
alleviates chemically induced IBD by enhancing M2 
polarization, inhibiting IL-6 production in M1 mac-
rophages, and altering the homeostasis of the gut 
microbiota (Zhou et al. 2019). IL-10, which is mainly 
produced by M2-type macrophages, is an important 
mechanism for the treatment of IBD with anti-TNF-α 
agents, which increase IL-10 expression by acting on 
Fcγ receptor signaling, which in turn promotes the 
repolarization of M1-type intestinal macrophages into 
CD206 + M2-type macrophages (Koelink et al. 2020). 
Tian et  al. demonstrated that Astragaloside IV (AS-
IV) can ameliorate experimental colitis by blocking 
macrophage M1-type polarization through inhibition 
of the STAT1 signaling pathway (Tian et  al. 2021). 
Therefore, the polarization of M1/M2 macrophages 
plays an important role in the inflammatory response 
and resolution of IBD. The development of related 
targeted drugs to effectively regulate the polarization 
of macrophages to M2 type is of great significance for 
the clinical resolution of IBD.

In recent years, the role and mechanism of mesen-
chymal stem cells (MSCs) in regenerative medicine 
have attracted much attention. Studies have shown 
that MSCs are mainly involved in the repair of tis-
sue damage through the paracrine pathway (van Poll 
et al. 2008; Aghajani et al. 2017), and exosomes are 
the main effect components of MSCs that exert its 
paracrine effect, which has great application pros-
pects in the treatment of IBD (Baghaei et  al. 2019). 
Moreover, human umbilical cord mesenchymal stem 
cell-derived exosome (hucMSC-Ex) can effectively 
alleviate IBD and play a regulatory role through a 
variety of mechanisms (Wang et  al. 2020a; Zhang 
et al. 2022a; Xu et al. 2022). In the microenvironment 
of IBD, exosomes regulate immune cells, intestinal 
microbiota, and intestinal barrier cells, which are 
important participants in the mechanism of repair-
ing damage and restoring intestinal mucosal function 
(Ocansey et al. 2020).

N6-methyladenosine (m6A) has attracted much 
attention due to its dynamic regulation and reversible 
post-transcriptional regulation. Its interaction with 
a variety of RNAs and signaling pathways makes it 
important in the development of diseases (Zhang 
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et  al. 2020a). The dynamic modification of m6A 
is mainly performed by three components, namely 
“Writers”, “Erasers” and “Readers” (Xu et al. 2021). 
Among them, “Writers” are represented by adenosine 
methyltransferase, and the methylation location of 
specific regions depends on the polyprotein adeno-
sine methyltransferase complex. METTL3 (methyl-
transferase like 3), METTL14 (methyltransferase like 
14) and WTAP (Wilms tumor 1-associated protein) 
are common complexes (Cao et  al. 2016). “Erasers” 
represent demethylases, including ALKBH5 (AlkB 
homolog 5) (Zheng et  al. 2013) and FTO (Fat mass 
and obesity-associated protein) (Jia et  al. 2011). 
“Readers” refer to m6A-binding proteins, includ-
ing YTH domain-containing proteins (Xiao et  al. 
2016; Zhang et  al. 2020b; Chang et  al. 2020; Shi 
et al. 2019), heterogeneous nuclear ribonucleoprotein 
(hnRNP) (Kwon et  al. 2019), and eukaryotic initia-
tion factor (eIF). Among them, YTHDC1, YTHDC2, 
YTHDF1, YTHDF2, YTHDF3, and other proteins 
have YTH domains at the C terminus, which can 
overlap with the m6A consensus motif to mediate 
RNA-specific binding. YTHDF1-3 specifically rec-
ognizes m6A-modified mRNA in the cytoplasm (Shi 
et al. 2017) and regulates the translation, decay, and 
processing of transcripts into the nucleus.

M6A modification involved in all parts of the 
intestinal mucosal barrier plays an irreplaceable 
role in the process of mucosal immunity. Wu et  al. 
showed that dynamic epigenetic modifications in the 
gut strongly mediate crosstalk between gut microbes 
and the intestinal mucosal barrier. Lactobacillus and 
Bifidobacterium in the intestinal commensal flora can 
synthesize folate to increase DNA methylation and 
mRNA m6A modification to ensure normal intesti-
nal development (Wu et  al. 2022). Similarly, Jabs S 
and colleagues found that gut microbial community 
changes are associated with m6A modification in the 
cecum and, to some extent, affect m6A modification 
in the liver, affecting pathways related to metabo-
lism, inflammation, and antimicrobial response (Jabs 
et  al. 1344). Han and colleagues demonstrated that 
YTHDF1 is highly expressed in intestinal stem cells 
(ISCs) to promote Wnt/β-catenin signaling, which is 
required for the maintenance of ISCs regeneration 
and tumorigenesis and is essential for normal intes-
tinal development in mice (Han et  al. 2020). Wang 
et al. identified that insulin-like growth factor 2 mes-
senger RNA-binding protein 2 (IGF2BP2), one of the 

m6A-binding proteins, could regulate the polarization 
of macrophages to M2-type by stabilizing PPARγ 
mRNA, thus controlling the development of DSS-
induced colitis (Wang et al. 2021). In summary, m6A 
modification plays an important role in intestinal 
development and related diseases.

In this research, we constructed a DSS-induced 
IBD in a mouse model and treated it with hucMSC-
Ex to identify novel targets of hucMSC-Ex that 
regulate colorectal m6A modifications in IBD. The 
specific mechanism by which hucMSC-Ex regulates 
macrophage m6A modification and mediates its phe-
notypic polarization to alleviate IBD was explored.

Results

HucMSC‑Ex regulates macrophage phenotype 
polarization to alleviate LPS‑induced inflammation

In this study, hucMSCs were isolated, cultured, 
and identified according to the protocol previously 
described. As shown in Figure S1A, long spindle cells 
grew around the umbilical cord tissue. Flow cytom-
etry was used to assess negative markers (CD34, 
CD45, CD11b) and positive markers (CD73, CD105, 
CD29) on the surface of hucMSCs, confirming that 
the isolated cells were hucMSCs (Fig. S1B). HucM-
SCs culture supernatant was collected and exosomes 
were extracted according to the method established 
before (Yuan et al. 2021). The results of the nanopar-
ticle tracking analyzer (NanoSight) and transmission 
electron microscope showed that hucMSC-Ex had a 
diameter of about 100 nm, complete cell membrane, 
low electron density in the cavity, and concave circu-
lar membrane vesicle structure (Fig. S1C, D). West-
ern-blot results showed that extracted hucMSC-Ex 
expressed exosomes surface labeled proteins CD81, 
CD9, HSP70, and Alix (Fig. S1E). These results indi-
cated that hucMSC-Ex was extracted successfully, 
which provided a material guarantee for the subse-
quent experiments.

In the next phase of the study, LPS was used to 
stimulate the inflammation of RAW264.7 cells. Fol-
lowing stimulation with LPS, the cell morphology 
underwent a transformation from round to long fusi-
form, thereby establishing a successful in vitro model 
for the inflammation process. CCK8 analysis showed 
a significant decrease in cell proliferation after 
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hucMSC-Ex treatment(Fig.  1A). The expression of 
pro-inflammatory cytokines IL-1β, IL-6, and TNF-α 
decreased, while the expression of anti-inflammatory 
cytokines IL-10 increased after hucMSC-Ex treat-
ment (Fig. 1B). These results indicated that hucMSC-
Ex could alleviate LPS-induced macrophage inflam-
mation. At the same time, the transcription levels 
of M1-type macrophage functional gene iNOS and 
MCP-1, and M2 functional gene Arg1 were measured 
by qRT-PCR. The results showed that the expressions 

of iNOS and MCP-1 were significantly up-regulated 
after LPS stimulation, and down-regulated after huc-
MSC-Ex treatment. The expression of Arg1 was fur-
ther increased after hucMSC-Ex treatment (Fig. 1C), 
and cell culture supernatant NO assay showed that 
the level of NO released from macrophages decreased 
after hucMSC-Ex treatment (Fig. 1D). Moreover, the 
M1-type surface marker CD86 and M2-type surface 
marker CD206 were detected by immunofluorescence 
(IF). The expression of CD206 in the LPS group was 

Fig. 1   hucMSC-Ex regulates the henotypic transition of mac-
rophages to relieve LPS-induced macrophage inflammation. 
A Cell proliferation detection by CCK8 (n = 3 independent 
experiments). B The expression of pro-inflammatory cytokines 
IL-1β, IL-6, TNF-α, and anti-inflammatory cytokines IL-10 
as detected by qRT-PCR (n = 3 independent experiments). C 
M1-type macrophages functional gene iNOS, MCP-1, and 
M2-type functional gene Arg1 as detected by qRT-PCR (n = 3 
independent experiments). D The concentration of NO in the 

supernatant of macrophage culture (n = 3 independent experi-
ments); E M1-type surface marker CD86 and M2-type surface 
marker CD206 (600 ×) as detected by immunofluorescence; 
F The mean gray value analysis of the immunofluorescence 
of CD86 and CD206. G M1-type surface marker CD86 and 
M2-type surface marker CD206 as detected by flow cytom-
etry. Data are presented as mean ± SD.*P < 0.05, **P < 0.01, 
***P < 0.001 
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significantly decreased, while that in the hucMSC-Ex 
group was enhanced (Fig. 1E-F). By flow cytometry 
of RAW264.7, the expression of CD206 in the huc-
MSC-Ex group was significantly increased compared 
with the LPS group (Fig. 1G). These results indicate 
that hucMSC-Ex promotes macrophage polarization 
toward the M2 type to alleviate inflammation.

HucMSC‑Ex regulates macrophage m6A 
modification

We used qRT-PCR to initially screen the signifi-
cantly different m6A-related "writers" (METTL3, 
METTL14), "erasers" (FTO, ALKBH5), and 

"readers" (YTHDF1, YTHDF2) in mouse mac-
rophage cell lines RAW264.7. The results showed 
that the expression of “writer” METTL3 and 
“reader” YTHDF1 was significantly down-regu-
lated after LPS stimulation, and increased after 
hucMSC-Ex treatment (Fig.  2A), preliminar-
ily revealing the changes of m6A modification in 
RAW264.7. The changes of METTL3 and YTHDF1 
in RAW264.7 were verified by Western-blot and 
IF, which were consistent with the transcription 
level (Fig. 2B, D, E). Consistent with the change of 
METTL3, the modification level of m6A was sig-
nificantly up-regulated after hucMSC-Ex treatment 
(Fig.  2C), suggesting that hucMSC-Ex regulated 

Fig. 2   hucMSC-Ex regulates m6A modification in 
RAW264.7. A Transcription levels of "writers", "erasers" and 
"readers" associated with m6A modification in macrophages as 
detected by qRT-PCR. B Western-blot analysis of the expres-
sion of METTL3 and YTHDF1 (n = 3 independent experi-
ments). C The m6A RNA methylation quantitative assay in 
RAW264.7 cells (n = 3 independent experiments). D The 

expression of METTL3 in RAW264.7 was detected by cellular 
immunofluorescence (600 ×) and the mean gray value analy-
sis. E The expression of YTHDF1 in RAW264.7 as detected 
by cellular immunofluorescence (600 ×) and the mean gray 
value analysis. Data are presentd as mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001 
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m6A modification in mouse macrophage cell strain 
RAW264.7.

To further verify this effect, we examined the 
expression of m6A-related molecules in human 
monocytic leukemia cell line THP-1 and clinical 
colon tissue specimens. After the addition of Phor-
bol 12-myristate 13-acetate (PMA) to induce the 
differentiation of THP-1 cells into macrophages, 
LPS was also added to stimulate cellular inflamma-
tion. QRT-PCR and Western-blot further verified the 
expressions of differential molecules METTL3 and 
YTHDF1, which were consistent with the results 
of RW264.7 cells. Their expressions were down-
regulated after LPS stimulation, but significantly 

increased after hucMSC-Ex treatment(Fig.  3A, B). 
Consistent with the changes in METTL3, m6A% of 
total RNA in cells was significantly upregulated after 
hucMSC-Ex treatment (Fig.  3C). These results also 
suggest that hucMSC-Ex regulates m6A modification 
in THP-1 cells. In order to further observe the expres-
sion of m6A-related regulatory molecules, we col-
lected colorectal tissues from 18 pairs of clinical IBD 
patients and healthy subjects to detect the expression 
of METTL3 and YTHDF1. The results of qRT-PCR 
showed that METTL3 and YTHDF1 were decreased 
in IBD patients compared with healthy subjects 
(Fig.  3D, E). Figure  3F further showed H&E stain-
ing of colon tissue sections of clinical patients. H&E 

Fig. 3   hucMSC-Ex regulates the expression of m6A-
related molecules in THP-1 cells. A The transcription level 
of -METTL3 and YTHDF1 in THP-1 as detected by qRT-
PCR (n = 3 independent experiments). B The protein level of 
METTL3 and YTHDF1 in THP-1 as detected by Western-blot. 
C The m6A RNA methylation quantitative assay in THP-1 
cells (n = 3 independent experiments). D, E The expres-

sion of METTL3 and YTHDF1 in colon tissues of IBD and 
healthy subjects as detected by qRT-PCR (n = 18 patients). F 
H&E staining of colon tissues of patients and healthy subjects 
(200 ×). G METTL3 and YTHDF1 expression in colon tissues 
of patients as detected by IHC (200 ×) and the average optical 
density analysis. Data are presented as mean ± SD. *P < 0.05, 
***P < 0.001 
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results showed clear glandular structure of colonic 
tissue in healthy subjects, whereas IBD patients had 
disturbed colonic tissue results with loss of glandu-
lar structure and massive infiltration of inflamma-
tory cells. IHC results also confirmed the differential 
expression of METTL3 and YTHDF1 in IBD tissues 
(Fig. 3G).

HucMSC‑Ex alleviates DSS‑induced IBD in mice by 
regulating colorectal m6A modification

To verify the repair effect of hucMSC-Ex on DSS-
induced IBD in mice, we constructed a DSS-induced 
IBD mice model and treated it with hucMSC-Ex. 
Both the body weight and DAI score showed that 
hucMSC-Ex could relieve the weight loss and bloody 
stool of colitis mice to a certain extent (Fig. 4A, B). 
It was observed that the colorectal tissues of mice in 
the DSS group were significantly shortened, and that 
of mice treated with hucMSC-Ex were significantly 
restored (Fig. 4D, E). The spleen, as a major immune 
organ, has been found to have impaired splenic func-
tion in a significant percentage of IBD patients (Lenti 
et  al. 2020). As shown in Fig.  4C, the spleen tissue 
was significantly enlarged in the DSS group but huc-
MSC-Ex treatment restored the spleen morphology 
close to that of the NEG group. The colorectal weight/
length ratio of mice increased in the DSS group but 
decreased in the hucMSC-Ex group (Fig. 4F). Colo-
rectal tissue protein was extracted for the expressions 
of tight junction proteins Occludin and Claudin1, 
and PCNA by Western-blot. The results showed that 
the expression of Occludin, Claudin1, and PCNA 
decreased in the DSS group, indicating that the colo-
rectal barrier integrity and cell proliferation ability 
were impeeded. However, the colorectal barrier in 
the hucMSC-Ex group was relatively intact, and the 
cell proliferation ability was significantly restored 
(Fig. 4G). H&E staining results of colorectal tissues 
showed that the intestinal mucosal tissue structure of 
DSS-induced IBD mice was severely damaged, while 
that of the hucMSC-Ex group had better integrity 
(Fig. 4H). Moreover, H&E staining of the spleen tis-
sue showed that the destruction of the spleen colony 
was reduced in the hucMSC-Ex group. (Fig.  4I). 
Compared with the NEG group, the expression of 
pro-inflammatory factors (IL-1β, IL-6, TNF-α) was 
increased in the colorectal tissues of the DSS group, 
but significantly decreased in the hucMSC-Ex group. 

The expression of the anti-inflammatory factor IL-10 
was highly increased in the hucMSC-Ex group 
(Fig.  4J). In the colon tissue, M1-related molecules 
iNOS and MCP-1 significantly increased in IBD con-
dition but significantly decreased after hucMSC-Ex 
treatment, and M2-related molecule Arg1 increased 
after hucMSC-Ex treatment (Fig. 4K). The co-locali-
zation of M1-type surface marker CD86 and M2-type 
surface marker CD206 of colon tissue macrophages 
by immunofluorescence technology showed that 
the number of macrophages expressing CD86 in the 
colon tissue of IBD mice was significantly increased, 
and the number of CD206-expressing positive cells 
decreased. In the hucMSC-Ex group, CD86-positive 
cells decreased significantly but CD206-positive 
macrophages increased, indicating that intestinal 
macrophage phenotype changed under the hucMSC-
Ex effect (Fig.  4L). The above results indicate that 
hucMSC-Ex effectively repaired DSS-induced IBD 
in mice and mediated the phenotypic polarization of 
macrophages in colorectal tissues.

We further explored whether hucMSC-Ex regu-
lates the expression level of m6A regulatory factor 
in mice colorectal tissue. Western-blot and qRT-PCR 
were used to detect the transcription and protein lev-
els of METTL3 and YTHDF1. The results showed 
that METTL3 and YTHDF1 were reduced in the DSS 
group but significantly increased in the hucMSC-Ex 
group, which was consistent with the results of cell 
models (Fig. 5A, B). This indicates that hucMSC-Ex 
up-regulates the m6A modification level in colorec-
tal tissues of IBD mice (Fig. 5C). IHC staining results 
further verified the regulatory effect of hucMSC-Ex 
on METTL3 and YTHDF1 (Fig. 5D).

Slc37a2 serves as the target of hucMSC‑Ex in 
regulating m6A modification of macrophages by 
MeRIP‑Sequencing

MeRIP-Sequencing was used to analyze the differen-
tial m6A modification in colonic tissues of IBD mice 
treated with hucMSC-Ex. The differential m6A-mod-
ified genes (Fig. S2A) and peaks (Fig. S2B) between 
the hucMSC-Ex group and the DSS group are pre-
sented in a Venn diagram. Figure S2C statistically 
demonstrates the regional distribution characteristics 
of methylation sites on genes in the colon tissue of the 
hucMSC-Ex group, which were mainly distributed in 
the CDS, startC, stopC, 5’UTR, and 3’UTR regions. 
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Fig. 4   hucMSC-Ex alleviates DSS-induced IBD in mice by 
regulating macrophage phenotypic transformation of colorec-
tal tissue. A Body weight changes of mice (n = 3 independent 
experiments). B DAI score (n = 3 independent experiments). 
C Gross view of mice spleen. D Gross view of mice colorec-
tum. E Colorectal length(cm) (n = 3 independent experiments). 
F Colorectal weight/length ratio (n = 3 independent experi-
ments). G The expression of Occludin, PCNA, and Claudin-1 
in colorectal tissue by Western-blot. H H&E staining of mice 

colorectal tissues (100 ×). I H&E staining of mice spleen tis-
sue (100 ×). J The expression levels of pro-inflammatory and 
anti-inflammatory cytokines (IL-1β, IL-6, TNF-α, IL-10) in 
mice colorectal tissues by qRT-PCR (n = 3 independent experi-
ments). K The quantitative results of iNOS, MCP-1, and Arg1 
in colon tissue (n = 3 independent experiments). L M1-type 
surface marker CD86 and M2-type surface marker CD206 
(200 ×) by IF. Data are presented as mean ± SD.*P < 0.05, 
**P < 0.01, ***P < 0.001 
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MetaGene peak density map showed that the peak 
density of m6A modification in the 3’UTR region of 
the hucMSC-Ex group was significantly higher than 
that of the DSS group, while there was little differ-
ence between the two in the CDS region (Fig. S2D). 
The m6A peak that was significantly up-regulated in 
the hucMSC-Ex group was screened for motif map, 
and the GGACU motif was obtained, while m6A 
mainly occurred in RRACH (R = G/A; H = A/C/U), 
and the identified motif was included, indicating that 
the identified peak has high confidence (Fig.  S2E). 
The mRNA GO enrichment analysis showed signifi-
cant up- or down-regulation of the top 10 functional 
differences (Fig. S2F, G). For example, genes related 
to vascular endothelial growth factor receptor bind-
ing function and CXCR chemokine receptor binding-
related genes, which participate in inflammation were 
down-regulated in the hucMSC-Ex group. However, 
genes related to O-methyltransferase activity were 
upregulated. Similarly, KEGG signaling pathway 
analysis of mRNAs with different m6A modification 
levels between the hucMSC-Ex group and the DSS 

group showed that the inflammation-related pathways 
PI3k-Akt, IL-17, and TNF-related signaling pathways 
were significantly down-regulated in the hucMSC-
Ex group, while the pathways related to amino acid 
synthesis were significantly up-regulated (Fig.  S2H, 
I), suggesting that hucMSC-Ex may play an impor-
tant role in the regulation of amino acid metabolism-
related molecules in the process of up-regulating 
m6A modification to alleviate IBD.

Based on the MeRIP-Seq results, we identified 
Slc37a2 and Serpinb1c as the key molecules related 
to inflammatory response since it was significantly 
up-regulated in the hucMSC-Ex group compared with 
the DSS group from the differentially modified m6A 
sites. As is shown in Fig.  6A, the 3’UTR region of 
Slc37a2 showed high m6A modification in the huc-
MSC-Ex group compared to the DSS group, while 
the peak of high m6A modification of Serpinb1c 
appeared in the CDS region. To confirm the reli-
ability of the sequencing results, we used qRT-PCR 
to assess the differential expression of Slc37a2 and 
Serpinb1c in RAW264.7 cells and mouse colorectal 

Fig. 5   hucMSC-Ex regulates the expression of m6A-related 
molecules in the colorectal tissue of mice. A Transcription lev-
els of METTL3 and YTHDF1 in mice colon tissue (n = 3 inde-
pendent experiments). B The protein expression of METTL3 
and YTHDF1 was detected by Western-blot. C The level of 
m6A modification in colon tissue by m6A RNA methylation 

quantitative detection kit (n = 3 independent experiments). D 
The expression of METTL3 and YTHDF1 in colon tissue of 
mice by IHC (200 ×) and the average optical density analy-
sis. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001 
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tissues (Fig. 6B, D). As shown in the figure, Slc37a2 
and Serpinb1c expression were both significantly 
decreased in DSS-induced IBD mice colorectal tis-
sues. However, after treatment with hucMSC-Ex, 
only Slc37a2 expression level was significantly 
enhanced in RAW264.7, so only slc37a2 was further 
studied in subsequent experiments. Western-blot and 
IHC analysis revealed a consistent pattern of Slc37a2 
expression both in vitro and in vivo (Fig. 6C, E, F).

After verifying the up-regulation effect of huc-
MSC-Ex on the expression of Slc37a2, we further 
explored its mechanism. The decay rate of Slc37a2 
in macrophages was measured at different time points 
after blocking the transcription of cells with 5  μg/
ml actinomycin D. The results showed that the addi-
tion of hucMSC-Ex slowed down the decay rate of 
Slc37a2 at 2 h and 4 h compared with LPS stimula-
tion (Fig.  6G). In addition, hucMSC-Ex accelerated 
the decay rate of pro-inflammatory cytokine IL-1β 
(mainly produced by M1 Mϕ) at 2 and 4 h, but had no 
effect on the decay rate of pro-inflammatory cytokines 
IL-6 and TNF-α, while the decay rate of anti-inflam-
matory cytokine IL-10 (mainly produced by M2 Mϕ) 
was slowed down (Fig.  6H). These results suggest 
that hucMSC-Ex can slow down mRNA attenuation 
of IL-10, and accelerate IL-1β, which may related 
to the alterations in the level of m6A modification, 
but this still needs further validation. It also reveals 
a new mechanism by which hucMSC-Ex regulates 
m6A modification of Slc37a2 to slow their decay 
rate and related downstream inflammatory factors, 
thereby alleviating the pro-inflammatory function of 
macrophages.

hucMSC‑Ex up‑regulates m6A modification of 
macrophage through the METTL3‑Slc37a2‑YTHDF1 
axis

After confirming the regulatory effect of hucMSC-Ex 
on Slc37a2, we further verified that the specific m6A 
site of Slc37a2 which hucMSC-Ex acted on accord-
ing to the MeRIP-Seq result. MeRIP-qPCR was used 
to verify the up-regulation effect of hucMSC-Ex on 
this site in vitro and in vivo (Fig. 7A, B). To clarify 
that hucMSC-Ex plays a role in regulating the amount 
of METTL3 binding to the m6A site of Slc37a2, 
the dual luciferase reporter assay was employed. 
Results showed that this site was the binding site of 
METTL3 (Fig.  7C). YTHDF1, as an RNA binding 
protein downstream of m6A, promotes the translation 
and expression of m6A-modified mRNA. We further 
validated the binding of YTHDF1 to this sequence, 
and the data also showed that hucMSC-Ex treatment 
enhanced Slc37a2-YTHDF1 binding (Fig.  7D, E), 
revealing a new mechanism by which hucMSC-Ex 
regulates METTL3-Slc37a2-YTHDF1 axis to up-reg-
ulate m6A modification in macrophages.

The regulatory effect of hucMSC‑Ex on Slc37a2 is 
dependent on METTL3

To further clarify the mechanism by which hucMSC-
Ex regulates the METTL3-Slc37a2-YTHDF1 axis 
of macrophages to mediate phenotype polarization 
and alleviate inflammation, we treated samples with 
hucMSC-Ex after knocking down METTL3 in mac-
rophages. First, the optimal knockdown condition 
of si-METTL3 in RAW264.7 cells was determined 
(Fig. S3A, B). Next, we examined whether hucMSC-
Ex could still regulate the expression of METTL3 
and YTHDF1 after the knockdown of METTL3. 
The results of both mRNA and protein levels showed 
that compared with the non-knockdown group, the 
addition of the same dose of hucMSC-Ex did not 
upregulate the expression of METTL3 and YTHDF1 
(Fig. S3C, D). The result was further validated by cel-
lular immunofluorescence (Fig. S3E), indicating that 
METTL3 is an important target for hucMSC-Ex in 
exerting its regulatory effect.

We further examined whether hucMSC-Ex could 
mediate phenotypic polarization to alleviate cellu-
lar inflammation after the knockdown of METTL3 
in RAW264.7 cells. The expression of M1- and 

Fig. 6   hucMSC-Ex regulates Slc37a2 m6A modification to 
influence its stability in mice colon. A The differential m6A 
peak of Slc37a2 and Serpinb1c between DSS and hucMSC-
Ex groups was visualized by IGV software. B The transcrip-
tion level of Slc37a2 and Serpinb1c in RAW264.7 cells by 
qRT-PCR (n = 3 independent experiments). C The protein 
expression of Slc37a2 in RAW264.7 cells by Western-blot. 
D The transcription level of Slc37a2 and Serpinb1c in colon 
tissue of mice by qRT-PCR (n = 3 independent experiments). 
E The protein expression of Slc37a2 in colon tissue of mice 
by Western-blot. F Slc37a2 expressed in colon tissue by IHC 
(200 ×) and the average optical density analysis. G Detection 
of the stability of Slc37a2 transcription in RAW264.7 cells by 
qRT-PCR (n = 3 independent experiments). H The stability 
of pro-inflammatory cytokines IL-1β, IL-6, TNF-α, and anti-
inflammatory cytokine IL-10 was detected by qRT-PCR (n = 3 
independent experiments). Data are presented as mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001 

◂
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M2-related inflammatory factors was measured by 
qRT-PCR. The results showed that IL-1β expres-
sion increased significantly after the knockdown of 
METTL3, followed by LPS stimulation. IL-10 and 
IL-6 showed a certain degree of reduction, while 
TNF-α appeared to be unaffected; but none was 
regulated by hucMSC-Ex (Fig.  S4A). The expres-
sion of M1-type functional genes iNOS and MCP-1 
increased to a certain extent after METTL3 knock-
down, and the expression of M2-type functional gene 
Arg1 decreased more significantly. Similarly, these 
changes could not be reversed after hucMSC-Ex treat-
ment (Fig. S4B). The expression of NO in the super-
natant of macrophages cultured medium also showed 
similar results (Fig.  S4C). Flow cytometry assays 
for CD86 and CD206 showed that the proportion of 
CD206 was significantly decreased after METTL3 
knockdown, indicating that the polarization process 
of macrophages to M2 was inhibited (Fig. S4D). The 

results of macrophage markers CD86 and CD206 by 
IF showed that while the expression of CD86 was not 
significantly up-regulated after METTL3 knockdown, 
CD206 was significantly decreased (Fig. S4E). There-
fore, we hypothesized that hucMSC-Ex exerted anti-
inflammatory effects mainly by targeting METTL3 to 
mediate macrophage polarization to the M2 type.

Finally, we verified whether hucMSC-Ex could 
still regulate the m6A modification of Slc37a2 
to influence its stability after the knockdown of 
METTL3. The results of qRT-PCR and western-
blot showed that the expression of Slc37a2 was not 
enhanced by hucMSC-Ex treatment after METTL3 
knockdown (Fig.  8A, B). The stability of Slc37a2 
was measured at 2 h and 4 h, and the results showed 
that METTL3 knockdown accelerated the decay 
rate of Slc37a2 compared with the LPS stimulation 
group without METTL3 knockdown (Fig. 8C), while 
the decay rate of hucMSC-Ex did not change at this 

Fig. 7   hucMSC-Ex enhances m6A modification via the 
METTL3-Slc37a2-YTHDF1 axis. A The m6A modification 
sites of Slc37a2 in RAW264.7 cells as detected by MeRIP-
qPCR (n = 3 independent experiments). B The m6A modifi-
cation sites of Slc37a2 in mouse colon tissue as detected by 
MeRIP-qPCR (n = 3 independent experiments). C Construc-
tion of the m6A WT and MUT fragment vector of Slc37a2, 
and double luciferase reporter assay verifying hucMSC-Ex’s 

regulation of METTL3 binding to the target m6A site (n = 3 
independent experiments). D RIP-qPCR detection of the 
expression of Slc37a2 binding to YTHDF1 in RAW264.7 cells 
(n = 3 independent experiments). E RIP-qPCR detection of the 
expression of Slc37a2 binding to YTHDF1 in colon tissue of 
mice (n = 3 independent experiments). Data are presented as 
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 
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time (Fig.  8D). The MeRIP-qPCR results (Fig.  8E) 
also showed that the expression of m6A modifica-
tion of Slc37a2 in the hucMSC-Ex group was not sig-
nificantly different from that of the LPS group after 
knocking down METTL3. The above results further 
confirm that METTL3 is an important target for huc-
MSC-Ex to play its regulatory role, and hucMSC-Ex 
could not regulate macrophage Slc37a2 m6A modifi-
cation after the knockdown of METTL3.

Discussion

Macrophages are widely distributed in many organs 
and tissues of the body, playing a complex dual role 
in the inflammatory environment, and their func-
tion mainly depends on epigenetic reprogramming 
(Kuznetsova et al. 2020). As the most common modi-
fication of mRNA transcriptome found in recent 
years, the important role of m6A modification in the 

Fig. 8   The regulatory effect of hucMSC-Ex on Slc37a2 
depends on METTL3. A qRT-PCR detection of Slc37a2 
mRNA stability in the LPS group and si-MEETL3 + LPS 
group (n = 3 independent experiments). B The protein expres-
sion of Slc37a2 was detected by Western blot. C-D qRT-PCR 
detection of Slc37a2 mRNA stability in the si-MEETL3 + LPS 
group and si-MEETL3 + hucMSC-Ex group (n = 3 independ-

ent experiments). E The m6A modified sequence of Slc37a2 
in RAW264.7 cells was detected by MeRIP-qPCR (n = 3 
independent experiments). F The mechanism of hucMSC-
Ex regulating macrophage m6A modification to alleviate 
IBD. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001 
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inflammatory environment mediated by macrophages 
has been gradually recognized. Studies have shown 
that m6A modification participates in the inflamma-
tory process of macrophages and thus plays an impor-
tant role in several diseases, including atopic der-
matitis (Yang et al. 2022), atherosclerosis (Sun et al. 
2022), liver fibrosis (Shu et  al. 2021), septic acute 
kidney injury (Mao et  al. 2023), and other inflam-
matory diseases. RAW264.7 cells are widely used in 
the establishment of inflammation-related models. In 
our research, we used the mouse-derived macrophage 
RAW264.7 as the research object. Meanwhile, the 
non-immunogenic feature of hucMSC-Ex has made it 
widely used in the study of clinically relevant mouse 
models, which is adopted in many studies (Cai et al. 
2021; Tan et  al. 2022; Wei et  al. 2023; Wang et  al. 
2024). Our results suggest that hucMSC-Ex may alle-
viate intestinal inflammation by regulating the trans-
formation of macrophages to M2-type. In a study 
by Song and colleagues, the treatment of IBD mice 
with hucMSC-Ex by intraperitoneal injection pro-
moted tissue homeostasis and repair of the mucosal 
barrier by causing the repolarization of macrophages 
(Song et  al. 2017), which confirms our findings. In 
recent years, MSC-derived exosomes (MSC-Ex) have 
opened a new paradigm of "cell-free therapy" and 
shown promising results due to their multiple effica-
cies in cell survival, immunomodulation, angiogen-
esis, and tissue regeneration. However, the content of 
MSC-Ex is not static but is derived from the nature 
and activity of MSC and its neighboring cells. There-
fore, in terms of cytokines, signaling lipids, mRNA 
and regulatory miRNA carried by MSC-Ex, its thera-
peutic effect depends to a large extent on the quality 
of its source MSC production, reproducibility, and 
potency (Song et  al. 2017). Therefore, to ensure the 
efficacy of this new treatment strategy and reduce 
risks, proper standardization of the extraction and 
identification of MSC-Ex will be an important prob-
lem in future research.

As the catalytic core of methyltransferase, the 
specific regulatory function of METTL3 in the pro-
inflammatory function of macrophages is still unclear. 
Shu and colleagues showed that METTL3 upregu-
lates MALAT1 level through m6A modification, 
promotes its interaction with PTBP1, and enhances 
the degradation of USP8 mRNA, while reduced 
USP8 is involved in regulating TAK1 ubiquitination 
and protein stability, thereby promoting macrophage 

pyroptosis and inflammatory response (Shu et  al. 
2021). Another study showed that METTL3 syn-
ergizes with YTHDF2 to promote PGC-1α mRNA 
degradation, increase the accumulation of mitochon-
drial reactive oxygen species, and promote an inflam-
matory response in oxidized low-density lipopro-
tein-induced monocyte inflammation (Zhang et  al. 
2021a). In contrast, Wang et al. showed that METTL3 
attenuates LPS-induced inflammatory responses in 
macrophages through the NF-κB signaling pathway 
(Wang et  al. 2019). Confined to the limited studies 
available on this subject, the role of METTL3 and its 
mediated m6A modification in the pro-inflammatory 
function of macrophages remains uncertain. In this 
study, we confirm that METTL3 and YTHDF1 are 
down-regulated in both LPS-induced macrophage 
inflammation and the colon of IBD mice, and cor-
respond with a decreased level of m6A modifica-
tion. The addition of hucMSC-Ex could reverse these 
changes and alleviate the inflammatory response. 
Thus, there is a certain relationship between the m6A 
modification regulated by hucMSC-Ex and the phe-
notypic polarization mediated by hucMSC-Ex in the 
process of alleviating IBD.

The pathophysiological research of IBD shows 
large numbers of complex inflammatory pathways 
involved in the occurrence and development of IBD. 
Among them, reactive oxygen species released from 
tissue cell injury can promote IκB kinase activa-
tion of NF-κB through the PI3k/Akt/PTEN pathway, 
which plays an important role in the progression of 
CD (Tokuhira et al. 2015). The IL-23/IL17 axis also 
plays an important role in the pathogenesis of UC by 
promoting the immune response mediated by Th17 
cells and related pro-inflammatory cytokines and 
chemokines (Noviello et  al. 2021). In addition, the 
roles of JAK/STAT (Salas et al. 2020), Wnt/β-catenin 
(Zhang et al. 2021b), AMPK/mTOR, HMGB1/RAGE 
and Nrf2/HO-1 (Arab et  al. 2021) pathways in IBD 
have been gradually recognized. TNF-α, as the main 
proinflammatory factor secreted by macrophages, has 
been widely known in IBD, and anti-TNF-α antago-
nists have been formulated as first-line drugs in clini-
cal practice. In this study, our MeRIP-Seq results 
show that hucMSC-Ex significantly down-regulates 
m6A modification of PI3k-Akt, IL-17, TNF, and 
other inflammation-related signaling pathway mol-
ecules in the colorectal tissues of mice compared with 
the untreated DSS group, revealing a new mechanism 
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of hucMSC-Ex in alleviating IBD and providing evi-
dence for our previous hypothesis.

In recent years, with the continuous explora-
tion of epigenetic modifications such as methyla-
tion, several studies have reported that m6A plays 
an important role in the regulation of intestinal 
mucosal homeostasis and IBD. A study found that 
gut microbial community changes correlated with 
m6A modification in the cecum and, to some extent, 
affect m6A modification in the liver, influencing 
pathways related to metabolism, inflammation, and 
antimicrobial response (Jabs et  al. 1344). A recent 
study also showed that dietary gluten can induce 
a higher m6A modification level in the 5’UTR of 
XPO1 RNA in intestinal epithelial cells, which in 
turn produces more protein mediated by YTHDF1, 
thereby enhancing downstream NF-κB activity and 
stimulating epithelial cells to produce a large num-
ber of IL-8, promoting inflammatory response of 
colonic epithelial cells (Olazagoitia-Garmendia 
et al. 2022). A study by Nie et al. found that m6A 
regulators in IBD show broad differential expression 
in four independent discovery cohorts (IGF2BP2, 
HNRNPA2B1, ZCCHC4, and EIF3I), affecting the 
immunophenotype and clinical inflammatory state 
of IBD (Nie et  al. 2021). Wang and colleagues 
found that DSS-induced m6A modification in 
colonic tissues of IBD mice is different from that of 
normal controls (Wang et al. 2022), while a recent 
study showed that METTL14 deficiency leads to 
the dysfunction of Treg cells and causes spontane-
ous colitis in mice (Lu et al. 2020). METTL14 defi-
ciency decreases RORγt expression in Treg cells 
and impairs the induction of naive T cells to induc-
ible Treg cells. Adoptive transfer of wild-type Treg 
cells could alleviate the induced colitis. In addi-
tion, METTL14 could limit cell death to maintain 
cell homeostasis by regulating Nfkbia mRNA sta-
bility and the NF-κB pathway in colonic epithelial 
cells. Inhibition of NF-κB signaling promotes cell 
death, which triggers the loss of colon stem cells 
and the occurrence of colitis (Zhang et  al. 2022b). 
In an experiment to explore the regulatory effect of 
m6A on T cells, METTL3 prevented the develop-
ment of colitis by targeting the IL-7/STAT5/SOCS 
pathway in the adoptive lymphatic transfer mouse 
model, which prevented the steady-state expansion 
of naive T cells and maintained them in the naive 
state for up to 12 weeks (Li et al. 2017). The above 

findings indicate that m6A modification is involved 
in various components of the intestinal mucosal 
barrier and plays an important role in IBD. Again, 
hucMSC-Ex repairs IBD by regulating macrophage-
related functions. Therefore, we hypothesized that 
hucMSC-Ex can promote the repair of IBD by regu-
lating m6A modification in macrophages.

Slc37a2 is a member of solute carrier family 37 
and composed of four sugar phosphate exchang-
ers A1, A2, A3, and A4, which is mainly responsi-
ble for sugar phosphate exchange. Its main function 
is to maintain the activity of glucose 6-phosphate: 
inorganic phosphate antitransporter, involved in glu-
cose-6-phosphate transport and phosphate ion trans-
membrane transport, and is a component of the endo-
plasmic reticulum membrane. Interestingly, Slc37a2 
is shown to exhibit the highest level of transcript 
abundance in neutrophils and macrophages (Chou 
et al. 2013), suggesting that it may play an important 
role in regulating innate immune function. However, 
Wang and colleagues showed that Slc37a2 acts as an 
early suppressor to inhibit macrophage inflammatory 
activation and promote the resolution of inflammation 
during acute inflammatory activation by down-regu-
lating glycolytic reprogramming (Wang et al. 2020b), 
confirming its molecular mechanism in regulating 
macrophage inflammatory response. Unfortunately, 
there are very limited studies on this molecule in 
macrophages as well as in IBD, and there is no direct 
evidence on what role Slc37a2 plays in IBD.

In our study, we found for the first time that the 
expression of Slc37a2 is decreased in IBD, which 
may be related to the decreased m6A modification 
level. hucMSC-Ex upregulates the m6A modifica-
tion levels of Slc37a2 through the METTL3-Slc37a2-
YTHDF1 axis and enhances their mRNA stability to 
increase expression in macrophages, thereby alleviat-
ing IBD (Fig. 8F). The loss of METTL3 leads to the 
down-regulation of Slc37a2 expression and affects its 
downstream inflammatory response. The findings of 
the present study suggest that the new m6A regula-
tory mechanisms in inflammation mitigation. How-
ever, our study has not yet found what substances in 
hucMSC-Ex act on METTL3 and SLC37A2, which is 
the limitation of this study and needs further research 
in the future. It is still unclear how Slc37a2 inter-
acts with the related inflammatory pathway, and the 
downstream molecules of inflammation involved in 
this process still need to be further explored.
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Conclusion

In our study, hucMSC-Ex exerted anti-inflammatory 
effects by targeting METTL3 and up-regulating 
m6A modification to polarize macrophages to the 
M2 type. On this basis, MeRIP-Seq technology was 
used to screen and verify the target molecule Slc37a2 
regulated by hucMSC-Ex. HucMSC-Ex enhanced the 
expression of Slc37a2 in macrophages to alleviate 
inflammatory response by affecting its mRNA stabil-
ity. In conclusion, this study elucidated the molecu-
lar mechanism by which hucMSC-Ex regulates the 
METTL3-Slc37a2-YTHDF1 axis in macrophages to 
alleviate IBD, suggesting that hucMSC-Ex may be a 
promising therapeutic agent for IBD.

Materials and methods

Ethics approval and consent to participate

The study was approved by the Ethical Committee 
of Jiangsu University (2012258). Animal experi-
ments were carried out following the U.K. Animals 
(Scientific Procedures) Act, 1986, and associated 
guidelines.

Cell culture

HucMSCs were obtained from newborn umbilical 
cords after securing ethical approval and maternal 
consent and identified following the previous method 
(Qiao et  al. 2008; Kestendjieva et  al. 2008). HucM-
SCs were cultured in α-MEM medium (Invitrogen, 
Grand Island, NY, USA). Mouse mononuclear mac-
rophage leukemia cells RAW264.7 were purchased 
from Beiner Biotechnology Company (Beijing, 
China) and cultured in DMEM high glucose medium 
(Invitrogen) containing 10% fetal calf serum (FBS; 
Excell, Uruguay). Human myeloid leukemia mono-
nuclear cells THP-1 were cultured in RPMI 1640 
medium (Invitrogen) containing 10% FBS, which was 
also purchased from Beiner Biotechnology Company. 
All the above cells were cultured at 37 °C in humid 
air with 5% CO2. Cell morphology was observed 
using a general light microscope (Nikon, Japan).

Extraction and identification of exosomes

Exosomes were extracted by ultra-centrifugation 
method as previously described (Yuan et  al. 2021; 
Yang et al. 2021). hucMSCs surface markers CD34, 
CD45, CD11b, CD73, CD105, and CD29 were iden-
tified by using the FACS Calibur (Beckman Coulter, 
USA). A transmission electron microscope (Philips, 
Amsterdam, The Netherlands) was used to observe 
the morphology of exosomes. Nanoparticle Tracking 
Analysis (NTA) was used to analyze the size distri-
bution and concentration of exosomes by ZetaView 
(Malvern Panalytical, Malvern, UK). In addition, 
Western-blot was used to detect the expression of 
marker proteins Calnexin, CD9, CD81, HSP70, and 
Alix.

In vitro experiment

An in  vitro experiment was conducted with LPS 
(Sigma Aldrich, USA), stimulating the inflammation 
of RAW264.7 and THP-1 cells. THP-1 cells were 
induced to macrophage-like phenotype by adding 
50  ng/ml PMA (Sigma Aldrich) for 16  h before the 
experiment. The LPS group received only LPS stimu-
lation, whereas, in the hucMSC-Ex group, hucMSC-
Ex was added to the culture system following LPS 
stimulation. The concentrations of LPS and hucMSC-
Ex used in this experiment were 1 μg/ml and 200 μg/
ml, respectively.

In vivo experiment

Male BALB/c mice (20 ± 3  g) were purchased from 
the Animal Research Center of Jiangsu University 
(Zhenjiang, China). Mice were randomly allocated 
into three groups (n = 5/group): the negative control 
(NEG) group, the DSS-induced colitis (DSS) group, 
and the hucMSC-Ex-treated colitis (hucMSC-Ex) 
group. Mice in the NEG group were fed autoclaved 
water during the experiment, while mice in the DSS 
and hucMSC-Ex groups were fed autoclaved water 
containing 3% DSS (MP Biomedicals, USA). A total 
of 1 mg of hucMSC-Ex was administered by caudal 
vein to mice in the hucMSC-Ex group on the 3rd, 
6th, and 9th day of modeling, while mice in other 
groups were injected with PBS. All mice were sac-
rificed when severe hematochezia and weight loss 
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were observed in the DSS group. The disease pro-
gression of mice in the different groups was evaluated 
by weight change, DAI score, colorectal length, and 
weight ratio. After the mice were sacrificed, the gen-
eral view of the spleen and colorectum of the mice 
was observed. The colorectal mucosa and spleen tis-
sues of the mice in each group were separated, and 
RNA and protein of the tissues were extracted for 
subsequent experiments.

CCK8

RAW264.7 cells (5000 cells per well) were seeded 
in a 96-well plate for CCK8 assay. 1 μg/ml LPS and 
200  μg/ml hucMSC-Ex were cultured with cells for 
12  h. CCK8 reagent (Vazyme, Nanjing, China) was 
then added to each well and incubated away from 
light for 30 min. Absorbance was measured at 450 nm 
with a microplate reader (Thermo Fisher Scientific).

RNA extraction and qRT‑PCR

RNA from the tissues and cells was obtained via 
TRIzol reagent (Invitrogen, USA) and chloro-
form extractions, followed by reverse transcription 
using HiScript® III 1st Strand cDNA Synthesis Kit 
(+ gDNA wiper) (Vazyme). qRT-PCR was performed 
using AceQ® Universal SYBR qPCR Master Mix 
(Vazyme). mRNA expression was normalized to the 
internal control β-actin. The qRT-PCR primers are 
shown in Table 1.

Western‑blot

Cell lysates were obtained using RIPA lysate 
(Thermo Fisher Scientific, MA, USA). Protein con-
centration was determined using the BCA protein 
detection kit (Vazyme). The sample (20 μg protein) 
was separated by 10% SDS-PAGE, then transferred 
to a PVDF membrane (Millipore, Billerica, USA), 
and incubated in a closed buffer solution (5% skim 
milk powder dissolved in Tris-buffered brine (TBS) 
with 0.1% Tween20) for 1 h. The membrane was then 
treated at 4  °C overnight with anti-Calnexin (1:500; 
Affinity, China), anti-CD9 (1:500; Affinity, China), 
anti-CD81 (1:1000; abcam, UK), anti-HSP70 (1:500; 
Affinity, China), anti-Alix (1:500; Affinity, China), 
anti-METTL3 (1:1000; abcam, UK), anti-YTHDF1 

(1:1000; proteintech, China), Anti-PCNA (1:1000; 
abcam, UK), anti-Occludin(1:500; proteintech, 
China), anti-Claudin-1 (1:1000; proteintech, China), 
anti-SLC37A2 (1:500; proteintech, China) and 
β-actin (1:8000; Abclonal, Boston, MA, USA) anti-
bodies. Secondary incubation of the membrane was 
performed using goats against rabbits/mice (1:10000; 
proteintech, China) at room temperature for 1  h. A 
chemical gel imaging system (GE Healthcare Life 
Sciences China, Beijing, China) was used to visualize 
protein bands and generate images.

Nitric Oxide (NO) measurement

The supernatant of cultured RAW264.7 cells was col-
lected and centrifuged at 600 g for 5 min to remove 
dead cells for subsequent detection. According to the 
instructions provided by the manufacturer (Beyotime, 
China), NO production in cells was measured using 
the Griess method.

Immunofluorescence (IF)

RAW264.7 cells were fixed with 4% paraformal-
dehyde for 20  min, followed by 0.1% Triton X-100 
for 20  min to break the membrane, then 5% bovine 
serum albumin (BSA) for blocking non-specific bind-
ing. The target antibodies were diluted (CD86, 1:300, 
Novus; CD206, 1: 200, CST; METTL3, 1:1000, 
Abcam; YTHDF1, 1:1000, Proteintech), and incu-
bated with cells at 4℃ overnight, followed by the cor-
responding fluorescent secondary antibodies (FITC 
and Carolight594,1:200, Proteintech) at room tem-
perature for 2 h. The nuclei were stained with DAPI 
(1:500, Sigma) at room temperature for 10 min away 
from light. The fluorescence was observed and pho-
tographed with a laser confocal microscope (Nikon, 
Japan).

Flow cytometry

RAW264.7 cells were collected into sterile EP tubes, 
centrifuged at room temperature at 500 g for 5 min, 
then the cell precipitates were re-suspended in 100 μl 
PBS. First, 0.5 μl CD86 antibody (Novus) was added 
to each tube and incubated at 4℃ for 30  min away 
from light. Then, 100  μl PBS and 100  μl IC Fixa-
tion Buffer (Thermo Fisher) were added, respectively. 
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After incubating at 4℃ for 20  min away from light, 
the cells were suspended in 40 μl washing buffer, then 
1 μl CD206 antibody (Biolegend) was added to each 

Table 1   Primer sequences 
for qRT-PCR

Target gene Primer sequence (5’-3’) Tem-
perature 
(℃)

mouse-β-actin F: GTG​CTA​TGT​TGC​TCT​AGA​CTTCG​ 60
R: ATG​CCA​CAG​GAT​TCC​ATA​CC

mouse-IL-1β F: CAC​TAC​AGG​CTC​CGA​GAT​GAA​CAA​C 60
R: TGT​CGT​TGC​TTG​GTT​CTC​CTT​GTA​C

mouse-IL-6 F: CTC​CCA​ACA​GAC​CTG​TCT​ATAC​ 60
R: CCA​TTG​CAC​AAC​TCT​TTT​CTCA​

mouse-TNF-α F: ATG​TCT​CAG​CCT​CTT​CTC​ATTC​ 60
R: GCT​TGT​CAC​TCG​AAT​TTT​GAGA​

mouse-IL10 F: TTC​TTT​CAA​ACA​AAG​GAC​CAGC​ 60
R: GCA​ACC​CAA​GTA​ACC​CTT​AAAG​

mouse-Nos2 F: ATC​TTG​GAG​CGA​GTT​GTG​GAT​TGT​C 60
R: TAG​GTG​AGG​GCT​TGG​CTG​AGTG​

mouse-Ccl2 F: TTT​TTG​TCA​CCA​AGC​TCA​AGAG​ 60
R: TTC​TGA​TCT​CAT​TTG​GTT​CCGA​

mouse-Arg1 F: AAT​CTG​GTT​GTG​TAT​CCT​CGTT​ 60
R: AGA​GGT​GTA​TTA​ATG​TCC​GCAT​

mouse-Mettl3 F: AAG​AAC​AGC​AGA​GCA​AGA​AGG​TCA​G 60
R: GCA​CTC​TTC​CTT​GGT​CCC​ATA​ATC​AC

mouse-Mettl14 F: AGC​AGA​CAT​AGA​AGC​CTT​TGA​CAT​CAG​ 60
R: CCC​AGG​TCC​AGC​ATT​TCT​CAT​TCG​

mouse-Fto F: GCA​GCT​GAA​ATA​CCC​TAA​ACTG​ 60
R: AGT​CTG​GTG​TTC​AAG​TAC​TTGT​

mouse-Alkbh5 F: TGT​TCT​TGG​CTT​TCC​TCC​TTG​ATG​G 60
R: TGT​CTC​TAC​TGG​CTA​CTC​TGG​TGT​G

mouse-Ythdf1 F: CCC​TGT​CCT​GGA​GAA​ACT​GAA​AGC​ 60
R: GTA​CTT​GAT​GGA​GCG​GTG​GAT​GTC​

mouse-Ythdf2 F: TGC​CAT​GTC​AGA​CTC​CTA​CTT​ACC​C 60
R: TCC​GTT​GCT​CAG​TTG​TCC​ATA​AGA​AG

mouse-Slc37a2 F: CTC​CCA​TGA​TGT​TCC​TGT​ACAA​ 60
R: CCA​GGA​CCC​CAC​AGA​TAA​TTAA​

mouse-Serpinb1c F: TCT​GCT​CCA​GCT​ATG​GTC​CTC​TTG​ 60
R: ATG​CTC​CAC​GCT​TGC​TCA​CTTC​

mouse-m6A-Slc37a2 F: GCT​TTC​TTC​GTT​GCT​GTT​CCTT​ 60
R: CCT​CAT​GGG​CCA​AAT​GGA​TG

human-β-actin F: CCT​GGC​ACC​CAG​CAC​AAT​ 60
R: GGG​CCG​GAC​TCG​TCA​TAC​

human-METTL3 F: TTT​TTG​TCA​CCA​AGC​TCA​AGAG​ 60
R: TTC​TGA​TCT​CAT​TTG​GTT​CCGA​

huamn-YTHDF1 F: AAT​CTG​GTT​GTG​TAT​CCT​CGTT​ 60
R: AGA​GGT​GTA​TTA​ATG​TCC​GCAT​

tube and incubated at 4℃ for 45 min-1 h. Finally, the 
cells were centrifuged and suspended in 200 μl PBS 
in each tube for immediate detection.
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Immunohistochemical staining (IHC)

Paraffin-embedded mouse colorectal tissues were 
exposed to 3% hydrogen peroxide at room tempera-
ture for 30 min after dewaxing and then steamed in a 
citric acid buffer for 30 min to repair antigens. Non-
specific antigens were blocked by covering the tissues 
with a 5% bovine serum albumin (BSA) solution. 
The primary antibody (METTL3, 1:1000, Abcam; 
YTHDF1, 1:1000, Proteintech; Slc37a2, 1:300, Pro-
teintech) was incubated overnight at 4℃, followed by 
the goat and mouse secondary antibody (Bost Biolog-
ical, Wuhan)) at 37 °C for 30 min. Then Strept Avidin 
Biotin Complex (SABC) was added and incubated 
at 37  °C for 30 min. Finally, 3,3′-Diaminobenzidine 
(DAB) substrate was applied to the sections and then 
re-stained with hematoxylin for observation.

m6A content analysis

As mentioned above, total RNA was extracted using 
TRIzol lysate (Invitrogen). RNA quality was assessed 
by NanoDrop (Thermo Fisher Scientific, USA). The 
m6A modification level of total RNA was examined 
via EpiQuik m6A RNA methylation quantitative kit 
(Epigentek Group Inc., USA). In simple terms, the 
assay well was coated with 200 ng RNA and an m6A 
standard, followed by the application of antibody 
solution and antibody detection solution. The m6A 
level was quantified through colorimetry by reading 
the absorbance of each well at 450 nm.

Methylated RNA immunoprecipitation sequencing 
(MeRIP‑Seq)

The m6A-IP-Seq service was provided by Cloud-
Seq Inc. (Shanghai, China). Total RNA was sub-
jected to immunoprecipitation with the GenSeq® 
m6A-IP Kit (GenSeq Inc.) by following the manu-
facturer’s instructions. Briefly, RNA was randomly 
fragmented to ~ 200 nt by RNA Fragmentation Rea-
gents. Protein A/G beads were coupled to the m6A 
antibody by rotating the sample at room temperature 
for 1  h. The RNA fragments were incubated with 
the bead-linked antibodies and rotated at 4  °C for 
4 h. After incubation, the RNA/antibody complexes 
were washed several times, and then, the captured 
RNA was eluted from the complexes and purified. 
RNA libraries for IP and input samples were then 

constructed with GenSeq® Low Input Whole RNA 
Library Prep Kit (GenSeq, Inc.) by following the 
manufacturer’s instructions. Libraries were quali-
fied using an Agilent 2100 bioanalyzer and then 
sequenced in a NovaSeq platform (Illumina).

mRNA stability measurement

The transcription of RAW264.7 cells was blocked 
by adding Actinomycin D with a concentration of 
5  μg/ml into the cell well and incubating for 0  h, 
2  h, and 4  h, respectively. Cells were collected, 
RNA extracted, and mRNA levels measured by 
qRT-PCR.

MeRIP

The m6A modification of Slc37a2 was determined 
using the Magna EpiQuik CUT&RUN m6A RNA 
Enrichment (MeRIP) kit (Epigentek, USA) accord-
ing to the manufacturer’s instructions. In brief, 10 μg 
total RNA was taken for m6A immunoprecipitation, 
and 1/10 was retained as the input control group. 
First, an immune capture solution containing m6A 
antibody, non-immune IgG, affinity beads, immune 
capture buffer, and RNA samples was prepared and 
swirled at room temperature for 90  min to immu-
nologically capture m6A RNA. The RNA was then 
cleaved using a lyase mixture, and the m6A-contain-
ing RNA was purified by adding protease K and RNA 
purification solution to the immunoprecipitation com-
plex to remove excess proteins. Finally, the immuno-
precipitated m6A RNA was recovered with an elution 
buffer and its level was detected by qRT-PCR.

RNA immunoprecipitation (RIP)

RNA immunoprecipitation kit (Geneseed, Guang-
zhou, China) was used to detect the combination 
of Scl37a2 and YTHDF1 according to the manu-
facturer’s instructions. Briefly, 3 × 107 RAW264.7 
cells were collected, cleaved with RIP lysis buffer, 
and incubated with magnetic beads conjugated 
with antibodies against IgG (proteintech, China) or 
YTHDF1(proteintech, China). The coprecipitated 
RNA was detected by qRT-PCR.
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Dual‑luciferase reporter assay

The luciferase reporter vectors of Slc37a2 3’UTR 
m6A modification sites were constructed, and gene 
fragments carrying mutant or wild type of Slc37a2 
m6A modification sites were cloned into pGL3 alka-
line vector (Fenghbio, China). It was co-transfected 
into RAW264.7 cells with METTL3 overexpressed 
vector or simulated vector. Cells were harvested 48 h 
later and firefly and Renera luciferase activity were 
measured using the Dual-Luciferase Reporting and 
Detection System Kit (Vazyme).

Cell transfection

si-RNA specifically targeting METTL3 (si-METTL3) 
and the corresponding non-targeting control siRNA 
(si-NC) were purchased from Genepharma, China. 
Transfections of siRNAs were performed using Lipo-
fectamine 2000 (Invitrogen) following the manu-
facturer’s instructions. The si-METTL3 sequence is 
shown in the table below (Table 2).

Statistical analysis

All data were shown as mean ± standard deviation 
(SD). Each experiment was repeated three times. 
Statistical analysis was performed using GraphPad 
Prism software (GraphPad Software, San Diego, CA, 
USA). Comparisons between multiple groups were 
assessed by student t-test or one-way ANOVA with 
the Bonferroni post hoc test. P < 0.05 was considered 
significant.
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Inflammatory bowel disease; m6A: N6-methyl-
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Table 2   Sequences of si-METTL3

Gene siRNA sequence (5’-3’)

Negative control sense: UUC​UCC​GAA​CGU​GUC​ACG​UTT​
antisense: ACG​UGA​CAC​GUU​CGG​AGA​

ATT​
siRNA-1 sense: CCU​GCA​AAU​AUG​UUC​ACU​ATT​

antisense: UAG​UGA​ACA​UAU​UUG​CAG​
GTT​

siRNA-2 sense: CAC​CUU​GGG​AUA​UUC​ACA​UTT​
antisense: AUG​UGA​AUA​UCC​CAA​GGU​

GTT​
siRNA-3 sense: GGA​CUG​CGA​UGU​GAU​UGU​ATT​

antisense: UAC​AAU​CAC​AUC​GCA​GUC​
CTT​
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holder. To view a copy of this licence, visit http://creativecom-
mons.org/licenses/by-nc-nd/4.0/.
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