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Abstract
Background Ferroptosis, a unique form of non-apoptotic cell death, is dependent on iron and lipoperoxidation, 
and has been shown to be associated with the pathogenesis of inflammatory bowel disease (IBD). Human umbilical 
cord mesenchymal stem cell-derived exosomes (hucMSC-Ex) are involved in cell survival, immune conditioning, and 
damage repair. However, the relationship between hucMSC-Ex, IBD, and ferroptosis is unknown. This paper explores 
the role of hucMSC-Ex in the repair of IBD through the regulation of the ferroptosis signaling pathway.

Results In this study, we used small RNA sequencing to find that miR-129-5p was highly expressed in hucMSC-Ex, 
and by predicting its targeting to ACSL4, we verified the effect of miR-129-5p on mice IBD in vitro and human 
colonic epithelial cells (HCoEpiC) in vivo. We found that miR-129-5p reduces ferroptosis in intestinal epithelial cells by 
targeting ACSL4 to repair IBD, which provides new strategies for the prevention and treatment of IBD.

Conclusion In conclusion, our results demonstrate that hucMSC-Ex relieves IBD by targeting ACSL4 with miR-129-5p 
to inhibit lipid peroxidation (LPO) and ferroptosis, reducing intestinal inflammation and repairing damages.

Graphic abstract Mechanism of hucMSC-Ex inhibiting ferroptosis in intestinal epithelial cells. System Xc− mediates 
the transport of extracellular cystine into the cell, which gets reduced to cysteine to participate in GSH-mediated 
metabolism. GPX4 strongly inhibits ferroptosis by helping scavenge reactive oxygen species. The depletion of 
GSH correlates with decreased GPX4, and the imbalance of the antioxidant system leads to the formation of 
toxic phospholipid hydroperoxide, which promotes the occurrence of ferroptosis with the participation of irons. 
HucMSC-Ex has the ability to relieve GSH and GPX4 depletion and repair the intracellular antioxidant system. Ferric 
ions enter the cytosol through DMT1 and participate in lipid peroxidation. HucMSC-Ex can reduce the expression of 
DMT1 and alleviate this process. HucMSC-Ex-derived miR-129-5p targets ACSL4 and reduces the expression of ACSL4, 
an enzyme that mediates the conversion of PUFAs into phospholipids in intestinal epithelial cells, and is a positive 
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Introduction
Inflammatory bowel disease (IBD) is a chronic and per-
sistent intestinal inflammatory disease with unknown 
etiology. It is usually believed to be related to intestinal 
microbiota imbalance, environmental, and genetic fac-
tors. IBD is mainly classified as ulcerative colitis (UC) 
and Crohn’s disease (CD) and has evolved with industri-
alization into a global disease, seriously affecting the liv-
ing standards and well-being of patients [1]. Currently, 
effective clinical prevention and treatment of IBD remain 
a challenge, with existing treatments offering limited 
remission outcomes. Thus, the results of epidemiological 
and clinical studies indicate the necessity to develop new 
treatment methods to improve the therapeutic outcome 
in IBD patients [2].

Mesenchymal stem cells (MSCs), as ideal seed cells, 
have achieved significant efficacy in the treatment of 
IBD. Studies have shown that MSCs are mainly involved 
in tissue damage repair through the paracrine pathway, 
and extracellular vesicles (EVs) are the main effector 

components of MSCs to exert their paracrine effects. 
EVs are composed of exosomes and microvesicles (MVs), 
which are involved in physiological and pathologi-
cal processes such as cell survival, immune regulation, 
angiogenesis, and tissue regeneration [3, 4]. Exosomes 
are small extracellular bilayer vesicles with diameters of 
30–150  nm and contain bioactive substances similar to 
the components of their source cells, which makes them 
have similar physiological functions as the source cells 
[5]. Mesenchymal stem cell-derived exosomes (MSC-
Ex) have been extensively investigated for their poten-
tial in regenerative medicine, where a large number of 
studies have shown that MSC-Ex exerts great potential 
in the treatment of various diseases and tumors [6, 7]. 
Exosomes derived from MSCs from different sources 
usually have similar functions and the potential for anti-
inflammation and reparation. Exosomes derived from 
umbilical cord mesenchymal stem cells (hucMSC-Ex) 
have attracted wide attention due to their non-invasive 
acquisition, and exert a powerful repair potential in the 

regulator of lipid peroxidation. Abbreviations: GSH, glutathione; GPX4, glutathione peroxidase 4; GSSG, oxidized 
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treatment of IBD [8, 9]. HucMSC-Ex has been reported 
to modulate Th2 and TH17 cell responses in mesenteric 
lymph nodes, down-regulate proinflammatory factors, 
and restore mucosal barrier function [10]. Other studies 
have shown that hucMSC-Ex could alleviate experimen-
tal colitis in mice through PEG2-mediated macrophage 
polarization [11]. The bioactive substances contained in 
exosomes, like nucleic acids and proteins, are key to their 
function. Although hucMSC-Ex has been shown to have 
tissue regeneration and repair effects in IBD, the specific 
mechanisms still need to be explored.

MicroRNAs (miRNAs) are short-chain RNA molecules 
that regulate protein transcription in the translation stage 
and exert their biological effects by targeting different 
mRNAs. They induce gene silencing by complementarily 
targeting the 3 ‘UTR of the mRNA [12]. This property 
has led to an interest in the prospects of miRNA therapy. 
Through the identification and modification of miRNAs, 
targeted vector systems have been designed to enhance 
the therapeutic efficacy of miRNAs [13]. Exosomes, as 
natural delivery systems, have been found to contain a 
variety of bioactive miRNAs that can be used in the treat-
ment of diseases. For example, MSC-Ex-derived MiR-146 
and miR-155 act as major immune response regulators 
in rheumatoid arthritis (RA) [14]. Moreover, MSC-Ex 
reduces myocardial ischemia-reperfusion injury in mice 
by shuttling miR-182 to aid the polarization of macro-
phages, facilitating the generation of the anti-inflamma-
tory M2 phenotype [15]. Thus, whether hucMSC-Ex acts 
through the large number of miRNAs it contains requires 
further verification.

In addition to the two important forms of cell death, 
apoptosis and necrosis, non-apoptotic death, includ-
ing necrosis, pyroptosis, ferroptosis, and other gene-
regulated death processes, has attracted research 
attention [16]. Ferroptosis is a unique form of nonapop-
totic cell death that is iron-dependent and characterized 
by increased lipid peroxidation (LPO), which is initiated 
by nonenzymatic and enzymatic mechanisms [17, 18]. 
In this process, ferric iron (Fe3+) enters the endosome 
of the cells and is reduced to divalent iron (Fe2+). Diva-
lent metal transporter 1 (DMT1) mediates the release 
of iron ions from endosomes to the cytoplasm. Exces-
sive iron accumulation produces reactive oxygen species 
(ROS) through the Fenton reaction and destroys cells. 
LPO is under steady-state metabolic control and per-
oxidation occurs only when the indispensable constraint 
conditions are met and the anti-peroxidation mechanism 
breaks down. The activity of selenoperoxidase glutathi-
one peroxidase 4 (GPX4) is the cornerstone of the anti-
peroxidation defense, which utilizes glutathione (GSH) 
synthesis to combat LPO [19]. Depletion of GPX4 repre-
sents the collapse of the antioxidant system, where GSH 
depletion and GPX4 suppression can cause dysregulation 

of the antioxidant system of cells, resulting in the accu-
mulation of toxic LPO [20]. LPO products are produced 
by the reaction between ROS and polyunsaturated fatty 
acids (PUFAs) in cell membranes. Genes involved in this 
process include lysophosphatidylcholine acyltransferase 
3 (LPCAT3) and acyl-CoA synthetase long-chain family 
member 4 (ACSL4) [17, 21–23]. ACSL4 is an important 
isoenzyme in PUFA metabolism that determines ferric 
iron death sensitivity. Studies have shown that ACSL4 
knockout has a protective effect on stroke [24]. There are 
also studies that show that pre-inhibition of ACSL4 alle-
viates ferroptosis and cell death in intestinal ischemia-
reperfusion injury [25].

IBD is thought to be associated with diets rich in 
PUFAs because of the increased incidence of IBD in 
developed Western countries and the increasing inci-
dence in developing countries, where people consume 
a PUFA-rich Western diet [26–28]. Studies have shown 
that the intestinal epithelium of IBD patients is char-
acterized by inflammation, resulting in intestinal bar-
rier damage, and ferroptosis plays an important role in 
the process of intestinal epithelial death [27]. Research-
ers have found that the intestinal epithelial cells of IBD 
patients have the basic characteristics of ferroptosis, such 
as the deposition of iron particles, glutathione depletion, 
GPX4 inactivation, lipid peroxidation, and ROS genera-
tion [28–30]. In addition, the inhibition of ferroptosis has 
significance for the remission of IBD [31, 32], as reported 
in experimental colitis in mice [33]. These results suggest 
that ACSL4-related LPO is linked to the damage of dis-
eased tissues, which may be caused by ferroptosis. Based 
on the observation that the inhibition of ferroptosis-
related pathways can alleviate intestinal inflammation, it 
is reasonable to infer that inhibiting the ACSL4-related 
pathway can mitigate intestinal injury in IBD. Current 
studies have shown that hucMSC-Ex can alleviate IBD, 
but the specific mechanism behind this effect has not 
been fully elucidated. Therefore, we sought to investi-
gate whether hucMSC-Ex could inhibit intestinal epi-
thelial ferroptosis by targeting ferroptosis mediators and 
pathways. In this study, we verify the reparative effect of 
hucMSC-Ex on IBD in mice and reveal the effect of LPO 
on IBD injury and the mechanism by which hucMSC-
Ex inhibits ACSL4 to prevent LPO in the repair of IBD. 
These results provide a better understanding of the repair 
mechanism of hucMSC-Ex and a basis for the clinical 
treatment of IBD.

Material and method
Isolation and culture of hucMSC
Human umbilical cords were cut into 1mm3 pieces and 
cultured in α-MEM (hyclone) medium supplemented 
with 15% fetal bovine serum (FBS; Excell Bio) and 1% 
Penicillin-Streptomycin-Amphotericin B Solution 
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(Procell), with the solution changed every other day. 
Around 7–10 days, hucMSCs were seen migrating from 
the tissue. HucMSC was cultured in α-MEM supple-
mented with 10% FBS and 1% Penicillin-Streptomycin-
Amphotericin B Solution. After 24  h of culture, the 
supernatant was discarded and the medium was replaced 
with fresh 10% α-MEM. The FBS supplemented with 
the medium was processed by hyper-centrifugation to 
remove the exosomes. The supernatant was collected 
after 48 h of culture for subsequent experiments.

Extraction, identification, and transfection of hucMSC-Ex
After a series of centrifugation to remove dead cells and 
debris, the collected cell supernatant was placed in a 
100  kDa ultrafiltration tube (Millipore) for further cen-
trifugations. The supernatant obtained by centrifugation 
was further centrifuged at 100,000  g, then the superna-
tant was discarded, resuspended in PBS, filtered through 
a 0.22 μm filter (Millipore), and stored at -80 ° C for later 
use. NanoSight nanoparticle tracking analysis (NTA) was 
used to determine the particle number and particle size 
of exosomes. The morphology of exosomes was observed 
by transmission electron microscopy (TEM). Western 
blot was used for the identification of exosome surface 
markers CD9, CD81, Calnexin, and ALIX (1:500; Affin-
ity). Transfection of exosomes was performed using Exo-
Fect™ Exosome Transfection Reagent (SBI) according to 
the manufacturer’s instructions.

Cell culture and transfection
Human colonic epithelial cells (HCoEpiC) were pur-
chased from Nanjing Saihongrui Biotechnology Co., 
Ltd. HCoEpiC and human embryonic kidney cell line 
(HEK293T) were cultured in DMEM medium (hyclone) 
with 10% FBS and 1% Penicillin-Streptomycin-Ampho-
tericin B Solution, and incubated at 37℃ with 5% CO2. 
The transfection system was configured with mimics 
(Gamma gene) and Lipofectamine 2000 (Invitrogen). 
1 × 106 HCoEpiC were plated in a 6-well plate. When 
the cell density reached 60-80%, the supernatant was 
changed into a serum-free DMEM medium, and the 
above transfection system was added. After 4 h of incu-
bation in the dark, the medium was changed into a com-
plete medium for another 24 h. Cells were harvested for 
subsequent experiments.

Cell viability assays
HCoEpiC were seeded into a 96-well plate at 1,500 cells/
well with 100 µl of 10% FBS DMEM. Cells were divided 
into the NC group, LPS group, and hucMSC-Ex group. 
The NC group was replaced with fresh 10% FBS DMEM, 
while the LPS and hucMSC-Ex groups were replaced 
with 10%  FBS DMEM containing 2  µg/ml LPS (Sigma). 
The hucMSC-Ex group was treated with an additional 

400  µg/ml exosomes and all setups were incubated for 
24 h. Cell viability was determined using a CCK-8 reagent 
(Vazyme).

Establishment of IBD mouse models
Male BABL/C mice (6–8 weeks old, 17-23  g) were pur-
chased from the Animal Research Center of Jiangsu Uni-
versity (Jiangsu, China). Relevant studies were carried 
out with the approval of the Ethics Committee and the 
Laboratory Animal Management and Use Committee 
of Jiangsu University. The mouse model of colitis was 
established by freely drinking 3% dextran sodium sulfate 
(DSS). Mice were randomly divided into three groups: 
NC group, DSS group, and hucMSC-Ex group. Mice in 
the NC group were given tap water, while mice in the 
DSS group and the hucMSC-Ex group were given tap 
water supplemented with 3%  DSS. On the third, sixth, 
and ninth days after drinking 3% DSS, the NC and DSS 
groups were injected with sterile PBS, and the hucMSC-
Ex group was injected with 1  mg/20  g weight of huc-
MSC-Ex. The mice were weighed at the same time every 
morning, and their living conditions and stool traits were 
observed. On day 10, mice were sacrificed and colorectal 
tissues were extracted for further experiments.

Determination of T-GSH
Colonic tissues of each group were harvested and rinsed 
twice with pre-cooled PBS buffer, and the tissues were 
accurately weighed for later use. Colon tissue homog-
enate was prepared according to the instructions of the 
T-GSH detection kit (Jincheng, Nanjing). The concen-
tration of T-GSH was obtained by measuring the absor-
bance at 405 nm with a microplate reader.

Western blot
Total proteins of cells and tissues were extracted with 
RIPA lysate (Solarbio) supplemented with protease inhib-
itors PMSF (Solarbio). The concentration of total proteins 
was measured using the BCA(Vazyme). The total protein 
was mixed with loading buffer (Life Technologies) at 
a ratio of 3:1 and boiled at 100℃ for 8  min. According 
to the concentration, the protein samples were added to 
the 10% SDS polyacrylamide gel (Yamei, Shanghai) and 
the proteins were separated by electrophoresis accord-
ing to their different molecular weights. The protein on 
the gel was transferred to polyvinylidene fluoride PVDF 
membrane (Millipore) and blocked in 5% skim milk for 
one and a half hours, followed by incubation with pri-
mary antibodies at 4℃ for one night. After washing with 
1× TBS/T buffer, the membranes were incubated with the 
secondary antibody for 1  h at 25℃. The protein bands 
were visualized with a chemical gel imaging system (GE). 
The primary antibodies used were: anti-CD9 (1:500; 
Affinity), anti-CD81 (1:500; Affinity), anti-Alix (1:500; 
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Affinity), anti-Calnexin (1:500; Affinity), anti-ACSL4 
(1:1000; Abcam), anti-GPX4 (1:500; Affinity), anti-DMT1 
(1:500; Affinity), anti-COX2 (1:500; CST) anti-PCNA 
(1:1000; Santa), anti-β-actin (1:1000; Santa), anti-Clau-
din-1 (1:1000; Proteintech), and anti-Occludin (1:5000; 
Proteintech). The secondary antibody used were: Goat 
anti-rabbit IgG, FITC conjugated (1:200; proteintech), 
and Goat anti-rabbit IgG (1:10000; Immunoway).

qRT-PCR analysis
Total mRNA from tissues and cells was extracted 
by Trizol (Vazyme). The mRNA was reverse tran-
scribed using the reverse transcription kit (Vazyme). 
The real-time fluorescence quantification PCR (qRT-
PCR) was performed to measure the transcript abun-
dance of the genes with Synergy Brands (SYBR) Green 

detection(Vazyme). The relative expression level of the 
target gene was calculated using mRNA expression of 
β-actin as a control. The sequences of primers used are 
listed in Table 1.

Luciferase reporter assay
The binding site between the 3’UTR of ACSL4 mRNA 
and miR-129-5p was predicted by Starbase. Plasmids 
containing wild-type and mutant 3’UTR of ACSL4 were 
obtained from Fenghbio. The mimics, mimics-NC, 
inhibitor, and inhibitor-NC of miR-129-5p and the plas-
mid carrying ACSL4 3’UTR were co-transfected into 
HEK293T cells. After 24  h, transfection efficiency and 
luciferase activity were measured by qRT-PCR and the 
dual luciferase assay kit (Vazyme).

TUNEL staining
Colonic cell apoptosis was determined by TUNEL 
staining. After routine dewax, paraffin sections were 
incubated with 20  µg/ml proteinase K for 20–30  min 
before staining according to the instructions. The green 
fluorescence (FITC) at 520 ± 20  nm and blue fluores-
cence (DAPI) at 460  nm were observed by fluorescence 
microscope.

Immunohistochemical analysis
The tissue in paraffin sections was dewaxed and then 
blocked with a 3% hydrogen peroxide solution for endog-
enous peroxidase at room temperature. The antigen was 
repaired with stimulation buffer by steaming in an elec-
tric oven for 30  min, and the non-specific antigen was 
blocked by incubation with 5% BSA solution. The paraffin 
sections were then incubated with an anti-ACSL4 anti-
body (1:200; Affinity) at 4℃ overnight, and the secondary 
antibody was applied at 37℃ for 30  min. Subsequently, 
DAB (BOSTER) was used for color development and 
dehydrated in ethanol. Pictures were acquired using a 
pathology section scanner.

Prussian blue staining
Colonic tissues were fixed in 4% paraformaldehyde, dehy-
drated, and embed. The sections on slides were dewaxed 
and soaked in Perls Stain (Solarbio) for 25  min. After 
1–2 min of washing with distilled water, the samples were 
immersed in a nuclear solid red dye solution for 5  min 
and washed. The samples were routinely dehydrated and 
resin sealed. Pictures were obtained with a pathological 
section scanner.

Immunofluorescence analysis
The cells were plated at low density and fixed with 4% 
paraformaldehyde for 30 min at room temperature. The 
cells were incubated with Triton X-100 (0.1%) for 30 min 
to increase the membrane permeability to the antibody 

Table 1 Primer sequence
Gene Primer Sequence
human-DMT1/SLC11A2-F CATCCTCACATTTACGAGCTTG

human-DMT1/SLC11A2-R CCAACCCAAGTAGAACACAAAG

mouse-DMT1/Slc11a2-F TTTTGGACAAATATGGCTTGCG

mouse-DMT1/Slc11a2-R TACTCATATCCAAACGTGAGGG

human-GPX4-F ATGGTTAACCTGGACAAGTACC

human-GPX4-R GACGAGCTGAGTGTAGTTTACT

mouse-GPX4-F TGCTGAGTGTGGTTTACGAATCCTG

mouse-GPX4-R CGGCTGCAAACTCCTTGATTTCTTG

human-COX2/PTGS2-F TGTCAAAACCGAGGTGTATGTA

human-COX2/PTGS2-R AACGTTCCAAAATCCCTTGAAG

mouse-COX2/PTGS2-F ATTCCAAACCAGCAGACTCATA

mouse-COX2/PTGS2-R CTTGAGTTTGAAGTGGTAACCG

human-ACSL4-F ACCAGGGAAATCCTAAGTGAAG

human-ACSL4-R GGTGTTCTTTGGTTTTAGTCCC

mouse-Acsl4-F CAATAGAGCAGAGTACCCTGAG

mouse-Acsl4-R TAGAACCACTGGTGTACATGAC

human-IL-6-F CACTGGTCTTTTGGAGTTTGAG

human-IL-6-R GGACTTTTGTACTCATCTGCAC

mouse-IL-6-F CTCCCAACAGACCTGTCTATAC

mouse-IL-6-R CCATTGCACAACTCTTTTCTCA

human-IL-10-F GTTGTTAAAGGAGTCCTTGCTG

human-IL-10-R TTCACAGGGAAGAAATCGATGA

mouse-IL-10-F TTCTTTCAAACAAAGGACCAGC

mouse-IL-10-R GCAACCCAAGTAACCCTTAAAG

human-TNF-α-F AAGGACACCATGAGCACTGAAAGC

human-TNF-α-R AGGAAGGAGAAGAGGCTGAGGAAC

mouse-TNF-α-F ATGTCTCAGCCTCTTCTCATTC

mouse-TNF-α-R GCTTGTCACTCGAATTTTGAGA

human-IL-1β-F TGTCGTTGCTTGGTTCTCCTTGTAC

human-IL-1β-R AGGAGCACTTCATCTGTTTAGG

mouse-IL1-β-F CACTACAGGCTCCGAGATGAACAAC

mouse-IL1-β-R TGTCGTTGCTTGGTTCTCCTTGTAC

human-β-actin-F CCTGGCACCCAGCACAAT

human-β-actin-R GGGCCGGACTCGTCATAC

mouse-β-actin-F GTGCTATGTTGCTCTAGACTTCG

mouse-β-actin-R ATGCCACAGGATTCCATACC
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and blocked with 5%  BSA. They were then incubated 
with the primary antibody at 4℃ overnight (ACSL4; 
1:200, GPX4; 1:200), followed by the fluorescent second-
ary antibody at 37℃ for 1 h. The slides were sealed with a 
prolonged live antifade reagent containing DAPI. Images 
were obtained by a confocal laser microscope (Nikon).

Hematoxylin and eosin (HE) staining
The mice’s colonic tissues were fixed in 4% paraformal-
dehyde and embedded in paraffin. Theparaffin-embedded 
tissue was cut into 4-µm sections, dehydrated in ethanol, 
and stained with hematoxylin and eosin for light micros-
copy. Pictures were obtained with a pathological section 
scanner.

Statistics
All data were expressed as mean ± SEM. Statistical analy-
sis was performed by using GraphPad Prism software for 
analysis of variance. Student’s t-test was performed for 
comparisons between any two groups. One-way analysis 
of variance (ANOVA) followed by Tukey’s multiple com-
parison tests was performed for multiple groups. P ≤ 0.05 
was considered statistically significant.

Results
Characterization of hucMSC-Ex
We successfully isolated hucMSC from the human 
umbilical cord for culture and collected hucMSC-Ex by 
ultracentrifugation. The particle concentration and size 
of hucMSC-Ex were analyzed by a nanoparticle tracking 
analyzer (NanoSight). The results showed hucMSC-Ex 
concentration of 3.7 × 1011particles/mL and particle size 
between 30 and 300 nm (Fig. 1A). The transmission elec-
tron microscope indicated that hucMSC-Ex had a low-
density electron component in the cell, with a complete 
vesicular structure in the cell membrane (Fig. 1B). Recent 
research discovers that tetraspanin and integrin proteins 
CD9 and CD81 are associated with exosome adhesion 
targeting [34], and ALG2-interacting protein X (ALIX) is 
involved in the formation of intraluminal vesicles (ILVs) 
[35]. They are considered to be the identification markers 
of exosomes. Western blot results showed that both huc-
MSC and hucMSC-Ex expressed CD9, Alix, and CD81, 
while only hucMSC expressed Calnexin (Fig. 1C).

Validation of hucMSC-Ex repair ability in DSS-induced IBD 
mice
To verify the repair effect of hucMSC-Ex on IBD mice, 
3%  DSS was used to induce IBD, and hucMSC-Ex was 
injected via the tail vein. The results showed that the 
weight of the mice in the NC group increased over time, 
while the weight of the DSS group did not. The hucMSC-
Ex treated group increased in weight with time but began 
steadily decreasing on the sixth day (Fig. 2a). Mice in the 

DSS group had severe diarrhea accompanied by bloody 
stools. After the hucMSC-Ex injection, diarrhea and 
bloody stools were relieved and the DAI score decreased, 
indicating signs of IBD mitigation in mice (Fig.  2b). 
After the mice were sacrificed on the 10th day, colons 
and spleens were taken for examination. Results dem-
onstrated that the spleen and colon of DSS mice were 
enlarged (indicating the occurrence of an immune over-
reaction) and shortened, respectively, while hucMSC-Ex 
treatment significantly restored spleen size and colon 
length. (Figure  2c and e). To examine the effect of the 
treatment on intestinal cell proliferation and tight junc-
tion integrity, the proliferation marker PCNA (prolifer-
ating cell nuclear antigen) and tight junction molecules 
Occludin and Claudin-1 were measured. Compared to 
the DSS group, the hucMSC-Ex showed increased pro-
tein levels of PCNA, Occludin, and Claudin-1 (Fig. 2g h). 
Moreover, H&E staining results showed that the intesti-
nal mucosal structure was distorted and the spleen tis-
sue integrity of mice in the DSS group was damaged by 
inflammatory cell infiltration, while the colonic structure 
and spleen tissue integrity were markedly restored in 
the hucMSC-Ex group. (Figure 2d and f ), indicating the 
effective repair ability of hucMSC-Ex on DSS-induced 
IBD in mice. In addition, qRT-PCR was used to analyze 
inflammatory factors in the colon tissue. The results 
showed that the mRNA expression levels of pro-inflam-
matory factors IL-6, TNF-α, and IL-1β in the DSS mice 
were significantly increased, while the anti-inflammatory 
factor IL-10 was decreased. The hucMSC-Ex reversed 
this trend by downregulating IL-6, TNF-α, and IL-1β, and 
upregulating IL-10, which shows that hucMSC-Ex has an 
anti-inflammatory repair effect on IBD in mice from the 
molecular level (Fig. 2i).

HucMSC-Ex repaired IBD by inhibiting ferroptosis in mice 
colon tissues
Next, we analyzed the ferroptosis-related indicators of 
mice colon tissues to explore whether hucMSC-Ex can 
regulate ferroptosis. The results of qRT-PCR showed that 
the mRNA expression levels of divalent metal transporter 
1 (DMT1), cyclooxygenase 2 (COX2), and ACSL4 signifi-
cantly increased but GPX4 decreased in the DSS group, 
while hucMSC-Ex treatment downregulated DMT1, 
COX2, and ACSL4 and upregulated GPX4 (Fig. 3a). Since 
these genes are related to ferroptosis, the result suggests 
that hucMSC-Ex plays a corresponding protective role 
in the regulation of ferroptosis, at least in inhibiting fer-
roptosis in some related pathways. Western blot results 
were consistent with the mRNA expression level, which 
confirms the role of hucMSC-Ex in ferroptosis (Fig. 3b). 
TUNEL staining showed apoptotic cells with green flu-
orescence, where apoptotic cells in the colon tissue of 
IBD mice increased significantly but decreased in the 
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hucMSC-Ex group (Fig. 3c). Prussian blue staining indi-
cated an accumulated deposition of small iron particles 
(in blue frame) in the colon tissue of IBD mice, indicating 
a possible iron transport or metabolism disorder in the 
intestine of IBD mice. However, after hucMSC-Ex treat-
ment, iron particle deposition was significantly reduced 
(Fig. 3d). Immunohistochemical was used to further con-
firm the increased ACSL4 expression in the colon epi-
thelium of IBD mice compared to the reduced level in 
mice treated with hucMSC-Ex (Fig. 3e). In addition, the 
colonic mucosal tissues of the mice were extracted and 
weighed, and tissue homogenate was prepared accord-
ing to the ratio of the weight; dilution = 1:4. The total 

glutathione content (T-GSH) of the colonic tissues of 
the mice was determined. Results showed that while 
T-GSH was depleted in the colonic tissues of IBD mice, 
it increased significantly after hucMSC-Ex treatment. 
(Fig.  3f ). The results presented above suggest that huc-
MSC-Ex may repair IBD by inhibiting lipid peroxidation 
and, consequently, the iron-related destruction of intesti-
nal epithelial cells.

HucMSC-Ex inhibits lipid peroxidation and alleviates 
ferroptosis in intestinal epithelial cells in vitro
After determining that ACSL4 is highly expressed in the 
intestinal epithelial cells of IBD mice, promoting LPO 

Fig. 1 Identification of hucMSC-Ex. A, the detection of the size and number of hucMSC-Ex by using a nanoparticle tracking analyzer (NanoSight); B, Iden-
tification of hucMSC-Ex by transmission electron microscopy (TEM). The scale of the top picture is 200 nm and the scale of the bottom picture is 100 nm; 
C, Identification of hucMSC-Ex surface markers by western blot
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Fig. 2 hucMSC-Ex repairs IBD in mice. A, Changes in body weight of mice; B, Assessment of DAI score of mice; C, Gross view of the colon of mice; D, H&E 
staining of the colon (scale bar = 50 μm); E, Gross view of the spleen of mice; F, H&E staining of spleen tissue of mice (scale bar = 100 μm); G, Western blot 
analysis of the expression level of PCNA; H, Western blot analysis of the expression level of intestinal tight junction related molecules in colon tissue; I, 
QRT-PCR analysis of inflammatory factors mRNA expression in mice colon tissue. (Data are presented as mean ± SD by student t-test. (*P < 0.05; **P < 0.01; 
***P < 0.001)
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Fig. 3 hucMSC-Ex repairs IBD by inhibiting ferroptosis in the colon of mice. A, Analysis of mRNA expression level of ferroptosis-related genes in mice 
colon by qRT-PCR; B, Western blot analysis of the expression level of ferroptosis-related molecules in colon tissue of mice; C, TUNEL staining of colon tis-
sues of mice (scale bar = 100 μm); D, Prussian blue staining of colon tissues of mice (scale bar = 50 μm); E, IHC analysis of colon tissue level of ACSL4 and 
the average optical density (scale bar = 50 μm); F, Total GSH content in the colon of mice. Data are presented as mean ± SD by student t-test. *P < 0.05; 
**P < 0.01; ***P < 0.001.
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and iron transport/metabolism disorder, we selected 
human normal colon epithelial cell line HCoEpiC to ver-
ify the repair effect of hucMSC-Ex on IBD in vitro. An 
in vitro inflammatory model was established using LPS 
induction and treated with hucMSC-Ex. After LPS treat-
ment, the expressions of pro-inflammatory factors TNF-
α, IL-6, and IL-1β were increased, while the expression of 
anti-inflammatory factor IL-10 was decreased, and the 
trend was reversed after hucMSC-Ex treatment (Fig. 4a). 
The application of LPS triggered the up-regulation of the 
ferroptosis-related molecules ACSL4, DMT1, and COX2, 
and down-regulation of GPX4. Similar to the observa-
tion in the in vivo study, hucMSC-Ex treatment inhibited 
the levels of ACSL4, DMT1, and COX2, but significantly 
restored the depletion of GPX4 (Fig. 4b). The depletion of 
T-GSH is related to GPX4. By measuring T-GSH in cells, 
we found that the amount of T-GSH positively correlates 
with the trend of GPX4 expression (Fig. 4c). Further anal-
ysis showed that LPS decreased the survival of intestinal 
epithelial cells, while treatment with hucMSC-Ex signifi-
cantly increased the survival of the cells (Fig. 4d). In an 
in vitro validation of LPO in intestinal epithelial cells, we 
found that the expression of ACSL4 protein and mRNA 
was upregulated in the LPS-induced inflammatory envi-
ronment, confirming the activation of LPO-related 
processes in IBD (Fig. 4b, e). Our results validate the anti-
inflammatory effect of hucMSC-Ex in vitro and its abil-
ity to inhibit LPO, thereby reducing ferroptosis cell death 
and repairing IBD.

HucMSC-Ex derived miR-129-5p targets ACSL4 to inhibit 
lipid peroxidation and repair IBD
Studies have shown that hucMSC-Ex acts as an anti-
inflammatory and repair agent by serving as a medium 
for information exchange between cells. Our research 
group conducted small RNA sequencing on hucMSC-
Ex and HFL1-Ex, and found that miR-129-5p was highly 
expressed in hucMSC-Ex (Fig. 5a source: Key Laboratory 
of Medical Science and Laboratory Medicine of Jiangsu 
Province, School of Medicine, Jiangsu University). Based 
on the observed effect of hucMSC-Ex on ferroptosis-
related molecules (Fig.  4), we selected the key ferropto-
sis enzyme ACSL4, screened the miRNAs in the database 
for which it had an effect, and compared them to our 
sequencing data. As predicted by the Starbase database 
(https://starbase.sysu.edu.cn/index.php), miR-129-5p has 
the ability to target ACSL4 and we hypothesize that it can 
influence the expression of the ACSL4 protein (Fig. 5b). 
After repeating qRT-PCR verification, the expression of 
miR-129-5p was up-regulated in the hucMSC-Ex treat-
ment group, indicating that hucMSC-Ex carries and 
transports miR-129-5p into intestinal epithelial cells to 
participate in its role (Fig. 5c). Moreover, the miR-129-5p 
mimics alone did not significantly affect the expression 

of the ACSL4 mRNA, suggesting that miR-129-5p may 
play a role in translation progression. (Fig. 5d). Based on 
these observations, miR-129-5p mimics and inhibitors 
were constructed and transfected into HCoEpiC to verify 
the transfection efficiency. The results showed that miR-
129-5p mimics were successfully transferred into the 
intestinal epithelial cells (Fig.  5e). To further verify the 
binding of miR-129-5p and ACSL4, we constructed plas-
mids containing ACSL4 3’UTR and mutant 3’UTR, and 
co-transfected 293T with miR-129-5p. The results con-
firmed that the ratio of luciferase activities of the WT in 
the miR-129-5p mimics group was significantly reduced. 
In contrast, the activity ratio of the inhibitor group 
increased (Fig. 5f ). Our results indicated that miR-129-5p 
had binding sites on the 3’UTR of ACSL4.

Verification of miR-129-5p effect on ferroptosis in vitro
After identifying the relationship between miR-129-5p 
and ACSL4, we verified the relationship between miR-
129-5p and ferroptosis in HCoEpiC. We transfected 
HCoEpiC with miR-129-5p mimics, inhibitors, or huc-
MSC-Ex, and compared their effects on LPS-induced 
ferroptosis. The results of immunofluorescence showed 
that the fluorescence intensity of ACSL4 protein in 
hucMSC-Ex and miR-129-5p mimics groups was inhib-
ited, while the miR-129-5p mimics-NC, inhibitor, and 
inhibitor-NC groups were the same as that in LPS group, 
which indicated that hucMSC-Ex and miR-129-5p had 
the same inhibitory effect on the expression of ACSL4 
protein (Fig. 6a). Next, we explored whether miR-129-5p 
could affect the expression of other molecules related to 
ferroptosis. Western blot results showed that the trans-
fer of miR-129-5p mimics could inhibit the expression 
of ACSL4 protein, reverse the depletion of GPX4, and 
reduce the expression of COX2, but had no effect on 
DMT1 (Fig.  6b). The detection of T-GSH indicates that 
miR-129-5p increases T-GSH expression and, therefore, 
increases the antioxidant capacity of the cell (Fig.  6c). 
Immunofluorescence of GPX4 protein further verified 
that hucMSC-Ex and miR-129-5p have similar effects on 
ferroptosis (Fig. 6d).

HucMSC-Ex serves as a nanocarrier of mir-129-5p to inhibit 
DSS-induced IBD in mice
After the in vitro inhibitory effect of miR-129-5p on fer-
roptosis was verified, we wondered whether hucMSC-
Ex played a role in alleviating IBD through miR-129-5p. 
We used hucMSC-Ex as a nanocarrier, transfected miR-
129-5p into hucMSC-Ex using an exosome transfec-
tion kit, and injected hucMSC-Ex carrying miR-129-5p 
mimics and inhibitors into DSS induced IBD mice via 
tail vein. The results showed that the body weight of 
mice in the NC group increased steadily while that of 
the DSS group decreased significantly at the later stage. 

https://starbase.sysu.edu.cn/index.php
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Fig. 4 hucMSC-Ex inhibits lipid peroxidation in vitro to reduce ferroptosis and repair IBD. A, QRT-PCR analysis of inflammatory factors mRNA expression 
in HCoEpiC; B, Analysis of the mRNA expression level of ferroptosis-related genes in HCoEpiC by qRT-PCR; C, Total GSH content in HCoEpiC; D, Cell vi-
ability assay; E, Western blot analysis of the expression level of ferroptosis-related molecules in HCoEpiC. Data are presented as mean ± SD by student 
t-test.*P < 0.05; **P < 0.01; ***P < 0.001
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The body weight of the mimics group increased steadily 
up to day 6 and began to decrease at the last stage of 
the model. Weight gain in the mimics-NC and inhibi-
tor groups was similar to that in the mimics group, while 
weight loss was significant in the inhibitor-NC group 
(Fig. 7a). DAI scores showed that the mice in the mimics 
group were in good condition, while those in the other 
groups were in poor condition (Fig. 7b). Colon length sig-
nificantly increased and spleen size was reduced in the 
mimics group, but shortened and enlarged in the other 
groups, respectively (Fig. 7c and d). Western blot results 
showed that the expression of PCNA protein in the colon 
of mice in the mimics group was up-regulated while the 

expression in the other groups was unchanged compared 
to the DSS group (Fig. 7e). H&E staining showed signs of 
colon repair, with clear glandular structure and reduced 
inflammatory cell infiltration in the mimics group. In 
the DSS and other transfection groups, the intestinal 
structure was disordered with increased inflammatory 
cell infiltration (Fig.  7f ). Similarly, H&E staining of the 
spleen showed destroyed splenic nodules in the DSS and 
other groups, but intact in the mimics group (Fig.  7F). 
Moreover, the analysis of the expression of inflamma-
tory factors in the colon tissue by qRT-PCR showed that 
IL-6, TNF-α, and IL-1β in the mimics group were down-
regulated and IL-10 was upregulated (Fig. 7g). Since the 

Fig. 5 miR-129-5p is highly expressed in hucMSC-Ex. A, small RNA sequencing results of hucMSC-Ex; B, The binding site of miR-129-5p to the 3’-UTR of 
ACSL4 mRNA sequence; C, The expression of miR-129-5p in HCoEpiC co-incubated with hucMSC-Ex; D, Expression level of ACSL4 mRNA after transfection 
of miR-129-5p mimics and inhibitors; E, Detection of transfection efficiency of miR-129-5p mimics and inhibitors; F, Dual-luciferase reporter gene of the 
targeting relationship between miR-129-5p and ACSL4. Data are presented as mean ± SD by student t-test. *P < 0.05; **P < 0.01; ***P < 0.001

 



Page 13 of 19Wei et al. Journal of Nanobiotechnology          (2023) 21:188 

vector is hucMSC-Ex, inflammatory factors in the other 
transfection groups may decline, but the downtrend may 
not be as strong as that in mice in the mimics group.

After demonstrating that miR-129-5p could alleviate 
DSS-induced IBD in mice using hucMSC-Ex as the vec-
tor, we further explored the effects of hucMSC-Ex trans-
fected with miR-129-5p mimics and inhibitors on LPO 

and ferroptosis. We first analyzed the molecules related 
to ferroptosis in the colon tissues of each group of mice. 
The results were similar to in vitro experiments, as the 
miR-129-5p mimics group could significantly reduce the 
mRNA expression levels of DMT1, COX2, and ACSL4 
and reverse the depletion of GPX4, while the other 
transfection groups increased the ferroptosis-related 

Fig. 6 Verification of the effect of miR-129-5p on ferroptosis in vitro. A: Immunofluorescence detection of ACSL4 expression in HCoEpiC and the mean 
grayscale value; B: Detection of ferroptosis-related molecules by western blot; C: T-GSH content of HCoEpiC; D, The expression of GPX4 in HCoEpiC by 
immunofluorescence and the mean grayscale value; Data are presented as mean ± SD by student t-test. *P < 0.05; **P < 0.01; ***P < 0.001
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molecules compared to the mimics group (Fig.  8a). In 
addition, the western blot showed that the expression of 
ACSL4 protein, the target molecule of miR-129-5p, was 
significantly decreased in the mimics group compared 

with the other groups. GPX4 depletion was also signifi-
cantly reversed only in the mimics group, and DMT1 was 
downregulated in all transfection groups (Fig. 8c). T-GSH 
expression by qRT-PCR was decreased in the DSS group 

Fig. 7 Repair of DSS-induced IBD by hucMSC-Ex transfected with miR-129-5p mimics and inhibitors. A, Changes in body weight of mice; B, Assessment 
of DAI score of mice; C, Gross view of mice colon; D, Gross view of mice spleen; E, Western blot analysis of the expression level of PCNA in mice; F, H&E 
staining of mice colon (scale bar =50 μm) and spleen (scale bar = 200 μm); G, Expression levels of inflammatory factors in mice intestinal tissue. Data are 
presented as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 8 hucMSC-Ex transfected with miR-129-5p targets ACSL4 to inhibit ferroptosis in DSS-induced IBD mice intestinal epithelial cells. A, The expression 
level of ferroptosis-related molecular in mice intestinal tissue; B, T-GSH concentration in mice colon tissue; C, The expression level of ferroptosis-related 
molecules in mice colon by western blot; D, TUNEL staining (scale bar = 100 μm); E, Prussian blue staining of mice intestinal tissue (scale bar = 50 μm); F, 
The expression of ACSL4 as detected by immunohistochemistry and the average optical density (scale bar = 50 μm). Data are presented as mean ± SD. 
*P < 0.05; **P < 0.01; ***P < 0.001
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but recovered in all transfection groups, however, apart 
from the mimics group, this was inconsistent with the 
western blot results, which might be due to other regu-
latory factors of this protein expression (Fig.  8b and c). 
TUNEL staining of intestinal tissue sections showed that 
apoptosis of intestinal cells increased in the DSS group 
but only decreased significantly in the miR-129-5p mim-
ics group (Fig.  8d). Moreover, iron staining indicated 
scattered iron particle deposits in the colons of mice in 
the DSS group but was occasionally observed in other 
transfection groups, indicating that all hucMSC-Ex trans-
fection groups had the ability to reduce iron accumula-
tion (Fig. 8e). To further verify the expression of ACSL4, 
immunohistochemical staining was performed and the 
results showed that hucMSC-Ex carrying miR-129-5p 
could significantly reduce the expression of ACSL4, while 
the other transfection groups could only slightly reduce 
the expression of ACSL4 (Fig. 8f ).

Discussion
In this study, we explored the repair effect of hucMSC-Ex 
on IBD in vivo and in vitro and demonstrated that huc-
MSC-Ex inhibits LPO by reducing the markers of ferrop-
tosis to repair IBD. In our previous studies, we reported 
that hucMSC-Ex, an emerging cell-free therapy, shows 
a strong IBD repair effect [36–38]. Regardless, how huc-
MSC-Ex effectively performs its inflammation-suppress-
ing and tissue-repairing functions are constantly being 
explored. Iron metabolism disorders have been discussed 
in the occurrence and development of IBD, and inhibi-
tion of ferroptosis has also been noted by researchers as 
a therapeutic target for IBD [33, 39]. Researchers found 
that endoplasmic reticulum stress signals can induce fer-
roptosis in intestinal epithelial cells, and phosphoryla-
tion of NF-κB signals can alleviate ferroptosis [40]. Other 
studies have also shown that in DSS-induced mouse 
models, ACSL4 and COX2 are significantly upregulated 
while GPX4 is decreased. Treatment with ferroptosis 
inhibitors ferrostatin-1, liproxstatin-1, or deferprone, 
reverse this trend and alleviates DSS-induced enteri-
tis in mice, and is related to blockade of the Nrf2/HO-1 
signaling pathway [41]. In this study, hucMSC-Ex, as 
a promising therapy for IBD, was analyzed for its effect 
on intestinal ferroptosis. The mRNA and protein expres-
sion levels of ACSL4, DMT1, COX2, and GPX4 in mice 
colon and an intestinal epithelial cell line were analyzed 
to determine whether there was an iron transport disor-
der and abnormal LPO in the inflammatory environment 
of IBD models. Results indicated the ability of hucMSC-
Ex to regulate key drivers of ferroptosis, indicating that 
hucMSC-Ex plays a role in inflammation repair by inhib-
iting intestinal ferroptosis. This result is consistent with 
the results obtained by other researchers, indicating that 

IBD co-exists with ferroptosis and that the inhibition of 
ferroptosis alleviates IBD [32, 42].

LPO is a key marker of ferroptosis, where PUFAs serve 
as the substrate and ACSL4 mediates the synthesis of 
phospholipids from CoA and PUFAs [23, 43]. Several 
studies report that the intake of PUFAs in a high-fat diet 
is positively correlated with the occurrence of IBD, how-
ever, few studies have elaborated on the direct relation-
ship between ACSL4 and IBD [44, 45]. Our data, both in 
vivo and in vitro, confirm that intestinal inflammation is 
associated with elevated ACSL4. In addition, intestinal 
inflammation is accompanied by the inactivation of the 
antioxidant system represented by GSH and GPX4. GPX4 
mainly reduces lipid hydroperoxides in cell membranes 
to non-toxic lipid alcohols. Generally, GPX4 is deacti-
vated after GSH depletion, constituting the breakdown of 
the antioxidant system, which is one of the mechanisms 
that promote ferroptosis [23, 46]. Our results mainly 
highlight the inhibition of the LPO process. The reduced 
expression of ACSL4, a key enzyme in lipid peroxida-
tion, and the increased expression of GPX4 and GSH, 
key molecules that inhibit the lipid peroxidation process, 
after hucMSC-Ex treatment, implicate downregulated 
LPO. Moreover, the upregulation of COX2 is associ-
ated with oxidative stress, a promoter of lipid peroxida-
tion, and COX2 colocalizes with 4-hydroxy-2-nonenal 
(HNE), a major lipid peroxidation-derived aldehyde [47]. 
HNE also induces COX2 expression and is likely linked 
with oxidative stress and chronic inflammation through 
the activation of cyclooxygenase [48]. Thus, the ability of 
hucMSC-Ex to reduce COX2 and ACSL4 enhances tissue 
repair by reducing ferroptosis.

Iron overload has long been reported in alcoholic liver 
disease, cardiomyopathy, and spinal cord injury [49–51]. 
It has also been suggested that excess iron supplementa-
tion may increase inflammation in the gut, as excessive 
iron aggravates the inflammatory reaction or cause epi-
genetic changes in intestinal epithelial cells [52, 53]. Our 
results indicate that DSS-induced increased intestinal 
iron accumulation and high expression of the iron trans-
porter DMT1 in mice intestinal mucosa and HCoEpiC. 
In addition, we have demonstrated that there are iron 
transport obstacles, exhaustion of antioxidant systems, 
and activation of lipid peroxidase related to ferroptosis in 
IBD mice, and hucMSC-Ex has a strong ability to reverse 
the overall progress of these changes. HucMSC-Ex inhib-
its ferroptosis and alleviates intestinal inflammation, but 
the specific mechanism needs further exploration.

We also examined how hucMSC-Ex functions as an 
inhibitor of ferroptosis in IBD. Exosomes are nanoscale 
vesicles containing a variety of bioactive substances, 
which have been shown to activate certain adenosine, 
mediate the activity of related pathways, and inhibit 
the expression of certain inflammatory factors [7, 54]. 
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Researchers have found that small RNAs contained in 
MSC-Ex are one of the important mediators for the 
paracrine role of exosomes [55, 56]. MSC-Ex can regu-
late macrophage polarization via miR-182 and inactivate 
TLR4/NF-κB/PI3K/Akt signaling cascades to alleviate 
myocardial ischemia/reperfusion (I/R) injury [15]. Cheng 
et al. demonstrated that the beneficial effects offered by 
MSC-Ex transplantation after myocardial infarction are 
because of excreted exosomes containing mainly miR-
210 [57]. Song et al. found that hucMSC-Ex inhibits fer-
roptosis and reduces myocardial injury by delivering 
miR-23a-3p [58]. This proves that the miRNA family con-
tributes to the biological role of hucMSC-Ex. Our results 
demonstrate for the first time the relationship between 
miR-129-5p and ferroptosis inhibition. By small RNA 
sequencing, we identified miR-129-5p contained in huc-
MSC-Ex and predicted its binding to ACSL4. To verify 
the effect of miR-129-5p on the LPO of intestinal epithe-
lial cells, we constructed mimics and inhibitors. First, we 
verified the effect of miR-129-5p in vitro and determined 
that it can reduce the protein expression of ACSL4. Next, 
we verified the effect of miR-129-5p in mice, by trans-
ferring miR-129-5p into hucMSC-Ex and administrat-
ing it to IBD mice. Our results indicate that hucMSC-Ex 
transfected with miR-129-5p could also inhibit ferropto-
sis by decreasing the expression of ACSL4, COX2, and 
DMT1 while increasing GPX4 and GSH in vivo. Regard-
less of these promising observations, certain experi-
mental challenges still need to be resolved. Firstly, since 
hucMSC-Ex is a complex bio-derived vesicle containing 
many bioactive substances, including thousands of small 
RNAs and enzymes with strong biological activities, we 
cannot guarantee that the results obtained are only due 
to the action of miR-129-5p; the effect may be the com-
bined action of other bioactive molecules in hucMSC-Ex 
and miR-129-5p. Secondly, since the transfer of mimics 
makes the concentration of miR-129-5p in hucMSC-Ex 
rise sharply, there is a need for further studies on the 
appropriate proportion to obtain the best effect. Finally, 
this study serves as the first data on hucMSC-Ex mitiga-
tion of IBD via inhibiting ferroptosis, thus providing a 
basis for more mechanistic exploration in future studies.

Conclusion
In conclusion, our results demonstrate that hucMSC-
Ex relieves IBD by targeting ACSL4 with miR-129-5p to 
reduce LPO levels and ferroptosis, reducing intestinal 
inflammation and repairing the damage.

Acknowledgements
Not applicable.

Authors’ contributions
Zhiping Wei and Sanhua Hang: conception and design, collection and/
or assembly of data, data analysis and interpretation, and manuscript 
writing. Dickson Kofi Wiredu Ocansey: collection and assembly of data, 

data analysis and interpretation, and manuscript writing. Zhaoyang Zhang: 
data interpretation. Bo Wang: data analysis and interpretation. Xu Zhang: 
collection and/ or assembly of data and interpretation. Fei Mao: study design, 
data analysis and interpretation, manuscript writing, and final approval of 
manuscript. All authors read and approved the final manuscript.

Funding
This study was sponsored by the National Natural Science Fund of China 
(Grant no. 82250410378), the 2022 Jiangsu Excellent postdoctoral program 
(Grant no. 2022ZB634), and the Project of Suzhou Science and Technology 
(Grant no. SKY2022027).

Data availability
All data in this study are available from the corresponding author upon 
reasonable request.

Declarations

Ethics approval and consent to participate
Relevant studies were carried out with the approval of the Ethics Committee 
and the Laboratory Animal Management and Use Committee of Jiangsu 
University.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Key Laboratory of Medical Science and Laboratory Medicine of Jiangsu 
Province, School of Medicine, Jiangsu University, 301 Xuefu Road, 
Zhenjiang, Jiangsu 212013, P.R. China
2The People’s Hospital of Danyang, Affiliated Danyang Hospital of 
Nantong University, Zhenjiang, Jiangsu 212300, P.R. China
3Clinical Lab, Taicang Hospital of Traditional Chinese Medicine, Suzhou, 
Jiangsu 215400, P.R. China

Received: 13 January 2023 / Accepted: 2 June 2023

References
1. Kaplan GG. The global burden of IBD: from 2015 to 2025. Nat Rev Gastroen-

terol Hepatol. 2015;12(12):720–7. https://doi.org/10.1038/nrgastro.2015.150.
2. Dubinsky MC, Collins R, Abreu MT. Challenges and Opportunities in IBD 

Clinical Trial Design. Gastroenterology. 2021;161(2):400–4. https://doi.
org/10.1053/j.gastro.2021.03.065.

3. Murphy MB, Moncivais K, Caplan AI. Mesenchymal stem cells: environ-
mentally responsive therapeutics for regenerative medicine. Exp Mol Med. 
2013;45(11):e. https://doi.org/10.1038/emm.2013.94.

4. Psaraki A, et al. Extracellular vesicles derived from mesenchymal stem/stromal 
cells: the regenerative impact in liver diseases. Hepatology. 2022;75(6):1590–
603. https://doi.org/10.1002/hep.32129.

5. Yang D, et al. Progress, opportunity, and perspective on exosome 
isolation - efforts for efficient exosome-based theranostics. Theranostics. 
2020;10(8):3684–707. https://doi.org/10.7150/thno.41580.

6. Weng Z, et al. Therapeutic roles of mesenchymal stem cell-derived extra-
cellular vesicles in cancer. J Hematol Oncol. 2021;14(1):136. https://doi.
org/10.1186/s13045-021-01141-y.

7. Zhang S, et al. MSC exosomes mediate cartilage repair by enhancing prolif-
eration, attenuating apoptosis and modulating immune reactivity. Biomateri-
als. 2018;156:16–27. https://doi.org/10.1016/j.biomaterials.2017.11.028.

8. Ocansey DKW, et al. Mesenchymal stem cell-derived exosome mitigates 
colitis via the modulation of the gut metagenomics-metabolomics-farnesoid 
X receptor axis. Biomater Sci. 2022;10(17):4822–36. https://doi.org/10.1039/
d2bm00559j.

http://dx.doi.org/10.1038/nrgastro.2015.150
http://dx.doi.org/10.1053/j.gastro.2021.03.065
http://dx.doi.org/10.1053/j.gastro.2021.03.065
http://dx.doi.org/10.1038/emm.2013.94
http://dx.doi.org/10.1002/hep.32129
http://dx.doi.org/10.7150/thno.41580
http://dx.doi.org/10.1186/s13045-021-01141-y
http://dx.doi.org/10.1186/s13045-021-01141-y
http://dx.doi.org/10.1016/j.biomaterials.2017.11.028
http://dx.doi.org/10.1039/d2bm00559j
http://dx.doi.org/10.1039/d2bm00559j


Page 18 of 19Wei et al. Journal of Nanobiotechnology          (2023) 21:188 

9. Xu X, et al. The emerging clinical application of m6A RNA modification in 
inflammatory bowel Disease and its Associated Colorectal Cancer. J Inflamm 
Res. 2021;14:3289–306. https://doi.org/10.2147/jir.S320449.

10. Yang S, et al. A novel therapeutic approach for inflammatory bowel disease 
by exosomes derived from human umbilical cord mesenchymal stem cells to 
repair intestinal barrier via TSG-6. Stem Cell Res Ther. 2021;12(1):315. https://
doi.org/10.1186/s13287-021-02404-8.

11. Cao X, et al. IGF-1 C hydrogel improves the therapeutic effects of MSCs 
on colitis in mice through PGE(2)-mediated M2 macrophage polarization. 
Theranostics. 2020;10(17):7697–709. https://doi.org/10.7150/thno.45434.

12. Lu TX, Rothenberg ME, Allergy Clin MicroRNAJ. Immunol. 2018;141(4):1202–7. 
https://doi.org/10.1016/j.jaci.2017.08.034.

13. Diener C, Keller A, Meese E. Emerging concepts of miRNA therapeutics: from 
cells to clinic. Trends Genet. 2022;38(6):613–26. https://doi.org/10.1016/j.
tig.2022.02.006.

14. Tavasolian F, et al. miRNA-146a improves Immunomodulatory Effects of MSC-
derived Exosomes in Rheumatoid Arthritis. Curr Gene Ther. 2020;20(4):297–
312. https://doi.org/10.2174/1566523220666200916120708.

15. Zhao J, et al. Mesenchymal stromal cell-derived exosomes attenuate myo-
cardial ischaemia-reperfusion injury through mir-182-regulated macrophage 
polarization. Cardiovasc Res. 2019;115(7):1205–16. https://doi.org/10.1093/
cvr/cvz040.

16. Nirmala JG, Lopus M. Cell death mechanisms in eukaryotes. Cell Biol Toxicol. 
2020;36(2):145–64. https://doi.org/10.1007/s10565-019-09496-2.

17. Mou Y, et al. Ferroptosis, a new form of cell death: opportunities and chal-
lenges in cancer. J Hematol Oncol. 2019;12(1):34. https://doi.org/10.1186/
s13045-019-0720-y.

18. Tang D, et al. Ferroptosis: molecular mechanisms and health implications. Cell 
Res. 2021;31(2):107–25. https://doi.org/10.1038/s41422-020-00441-1.

19. Zhang Y, et al. mTORC1 couples cyst(e)ine availability with GPX4 protein 
synthesis and ferroptosis regulation. Nat Commun. 2021;12(1):1589. https://
doi.org/10.1038/s41467-021-21841-w.

20. Ursini F, Maiorino M. Lipid peroxidation and ferroptosis: the role of GSH 
and GPx4. Free Radic Biol Med. 2020;152:175–85. https://doi.org/10.1016/j.
freeradbiomed.2020.02.027.

21. Zheng J, Conrad M. The metabolic underpinnings of ferroptosis. Cell Metab. 
2020;32(6):920–37. https://doi.org/10.1016/j.cmet.2020.10.011.

22. Xie Y, et al. Ferroptosis: process and function. Cell Death Differ. 
2016;23(3):369–79. https://doi.org/10.1038/cdd.2015.158.

23. Chen X, et al. Ferroptosis: machinery and regulation. Autophagy. 
2021;17(9):2054–81. https://doi.org/10.1080/15548627.2020.1810918.

24. Cui Y, et al. ACSL4 exacerbates ischemic stroke by promoting ferroptosis-
induced brain injury and neuroinflammation. Brain Behav Immun. 
2021;93:312–21. https://doi.org/10.1016/j.bbi.2021.01.003.

25. Li Y, et al. Ischemia-induced ACSL4 activation contributes to ferroptosis-
mediated tissue injury in intestinal ischemia/reperfusion. Cell Death Differ. 
2019;26(11):2284–99. https://doi.org/10.1038/s41418-019-0299-4.

26. Sasson AN, Ananthakrishnan AN, Raman M. Diet in Treatment of Inflamma-
tory Bowel Diseases. Clin Gastroenterol Hepatol. 2021;19(3):425–35. https://
doi.org/10.1016/j.cgh.2019.11.054.

27. Chen X, et al. Ferroptosis in infection, inflammation, and immunity. J Exp 
Med. 2021;218(6). https://doi.org/10.1084/jem.20210518.

28. Mayr L, et al. Dietary lipids fuel GPX4-restricted enteritis resembling 
Crohn’s disease. Nat Commun. 2020;11(1):1775. https://doi.org/10.1038/
s41467-020-15646-6.

29. Gao W, Zhang T, Wu H. Emerging Pathological Engagement of Ferroptosis 
in Gut Diseases Oxid Med Cell Longev, 2021. 2021: p. 4246255.https://doi.
org/10.1155/2021/4246255.

30. Lei L, et al. Roles of lipid peroxidation-derived electrophiles in Pathogenesis 
of Colonic inflammation and Colon cancer. Front Cell Dev Biol. 2021;9:665591. 
https://doi.org/10.3389/fcell.2021.665591.

31. Huang J et al. Inhibiting Ferroptosis: A Novel Approach for Ulcerative Colitis 
Therapeutics Oxid Med Cell Longev, 2022. 2022: p. 9678625.https://doi.
org/10.1155/2022/9678625.

32. Xu J, et al. Ferrostatin-1 alleviated TNBS induced colitis via the inhibition of 
ferroptosis. Biochem Biophys Res Commun. 2021;573:48–54. https://doi.
org/10.1016/j.bbrc.2021.08.018.

33. Chen Y, et al. Astragalus polysaccharide prevents ferroptosis in a murine 
model of experimental colitis and human Caco-2 cells via inhibiting NRF2/
HO-1 pathway. Eur J Pharmacol. 2021;911:174518. https://doi.org/10.1016/j.
ejphar.2021.174518.

34. Yang B, Chen Y, Shi J. Exosome Biochemistry and Advanced Nanotechnology 
for Next-Generation Theranostic Platforms. Adv Mater. 2019;31(2):e. https://
doi.org/10.1002/adma.201802896.

35. Lai JJ, et al. Exosome Processing and characterization approaches for 
Research and Technology Development. Adv Sci (Weinh). 2022;9(15):e. 
https://doi.org/10.1002/advs.202103222.

36. Cai X, et al. hucMSC-derived exosomes attenuate colitis by regulating 
macrophage pyroptosis via the miR-378a-5p/NLRP3 axis. Stem Cell Res Ther. 
2021;12(1):416. https://doi.org/10.1186/s13287-021-02492-6.

37. Wang G, et al. HucMSC-exosomes carrying miR-326 inhibit neddylation to 
relieve inflammatory bowel disease in mice. Clin Transl Med. 2020;10(2):e. 
https://doi.org/10.1002/ctm2.113.

38. Wang J, et al. hucMSC-Derived Exosomes alleviate the deterioration of Colitis 
via the miR-146a/SUMO1 Axis. Mol Pharm. 2022;19(2):484–93. https://doi.
org/10.1021/acs.molpharmaceut.1c00450.

39. Tang B, et al. Pharmacological inhibition of MELK restricts ferroptosis 
and the inflammatory response in colitis and colitis-propelled carcino-
genesis. Free Radic Biol Med. 2021;172:312–29. https://doi.org/10.1016/j.
freeradbiomed.2021.06.012.

40. Xu M, et al. Ferroptosis involves in intestinal epithelial cell death in 
ulcerative colitis. Cell Death Dis. 2020;11(2):86. https://doi.org/10.1038/
s41419-020-2299-1.

41. Chen Y, et al. Ferroptosis mediated DSS-induced ulcerative colitis associated 
with Nrf2/HO-1 signaling pathway. Immunol Lett. 2020;225:9–15. https://doi.
org/10.1016/j.imlet.2020.06.005.

42. Wu Y, et al. Deferasirox alleviates DSS-induced ulcerative colitis in mice 
by inhibiting ferroptosis and improving intestinal microbiota. Life Sci. 
2023;314:121312. https://doi.org/10.1016/j.lfs.2022.121312.

43. Magtanong L, et al. Context-dependent regulation of ferroptosis sen-
sitivity. Cell Chem Biol. 2022;29(9):1409–18. https://doi.org/10.1016/j.
chembiol.2022.06.004.

44. Lewis JD, Abreu MT. Diet as a trigger or therapy for inflammatory Bowel 
Diseases. Gastroenterology. 2017;152(2):398–414. https://doi.org/10.1053/j.
gastro.2016.10.019.

45. Hou JK, Abraham B, El-Serag H. Dietary intake and risk of developing inflam-
matory bowel disease: a systematic review of the literature. Am J Gastroen-
terol. 2011;106(4):563–73. https://doi.org/10.1038/ajg.2011.44.

46. Seibt TM, Proneth B, Conrad M. Role of GPX4 in ferroptosis and its pharma-
cological implication. Free Radic Biol Med. 2019;133:144–52. https://doi.
org/10.1016/j.freeradbiomed.2018.09.014.

47. Kumagai T, et al. A lipid peroxidation-derived inflammatory mediator: identifi-
cation of 4-hydroxy-2-nonenal as a potential inducer of cyclooxygenase-2 in 
macrophages. J Biol Chem. 2004;279(46):48389–96. https://doi.org/10.1074/
jbc.M409935200.

48. Zarrouki B, et al. The lipid peroxidation end-product 4-HNE induces COX-2 
expression through p38MAPK activation in 3T3-L1 adipose cell. FEBS Lett. 
2007;581(13):2394–400. https://doi.org/10.1016/j.febslet.2007.04.048.

49. Feng Z, et al. Iron overload in the motor cortex induces neuronal ferrop-
tosis following spinal cord injury. Redox Biol. 2021;43:101984. https://doi.
org/10.1016/j.redox.2021.101984.

50. Kumfu S, Chattipakorn SC, Chattipakorn N. Iron overload cardiomyopathy: 
using the latest evidence to inform future applications. Exp Biol Med (May-
wood). 2022;247(7):574–83. https://doi.org/10.1177/15353702221076397.

51. Li LX, et al. Iron overload in alcoholic liver disease: underlying mechanisms, 
detrimental effects, and potential therapeutic targets. Cell Mol Life Sci. 
2022;79(4). https://doi.org/10.1007/s00018-022-04239-9.

52. Horniblow RD, et al. Iron-mediated epigenetic activation of NRF2 
targets. J Nutr Biochem. 2022;101:108929. https://doi.org/10.1016/j.
jnutbio.2021.108929.

53. Aghdassi E, et al. Effect of iron supplementation on oxidative stress and intes-
tinal inflammation in rats with acute colitis. Dig Dis Sci. 2001;46(5):1088–94. 
https://doi.org/10.1023/a:1010726515401.

54. Zhang S, et al. MSC exosomes alleviate temporomandibular joint osteoarthri-
tis by attenuating inflammation and restoring matrix homeostasis. Biomateri-
als. 2019;200:35–47. https://doi.org/10.1016/j.biomaterials.2019.02.006.

55. Sun Z, et al. Effect of exosomal miRNA on cancer biology and clinical applica-
tions. Mol Cancer. 2018;17(1):147. https://doi.org/10.1186/s12943-018-0897-7.

56. Harrell CR, et al. Mesenchymal stem cell-derived Exosomes and other Extra-
cellular vesicles as new remedies in the Therapy of Inflammatory Diseases. 
Cells. 2019;8(12). https://doi.org/10.3390/cells8121605.

http://dx.doi.org/10.2147/jir.S320449
http://dx.doi.org/10.1186/s13287-021-02404-8
http://dx.doi.org/10.1186/s13287-021-02404-8
http://dx.doi.org/10.7150/thno.45434
http://dx.doi.org/10.1016/j.jaci.2017.08.034
http://dx.doi.org/10.1016/j.tig.2022.02.006
http://dx.doi.org/10.1016/j.tig.2022.02.006
http://dx.doi.org/10.2174/1566523220666200916120708
http://dx.doi.org/10.1093/cvr/cvz040
http://dx.doi.org/10.1093/cvr/cvz040
http://dx.doi.org/10.1007/s10565-019-09496-2
http://dx.doi.org/10.1186/s13045-019-0720-y
http://dx.doi.org/10.1186/s13045-019-0720-y
http://dx.doi.org/10.1038/s41422-020-00441-1
http://dx.doi.org/10.1038/s41467-021-21841-w
http://dx.doi.org/10.1038/s41467-021-21841-w
http://dx.doi.org/10.1016/j.freeradbiomed.2020.02.027
http://dx.doi.org/10.1016/j.freeradbiomed.2020.02.027
http://dx.doi.org/10.1016/j.cmet.2020.10.011
http://dx.doi.org/10.1038/cdd.2015.158
http://dx.doi.org/10.1080/15548627.2020.1810918
http://dx.doi.org/10.1016/j.bbi.2021.01.003
http://dx.doi.org/10.1038/s41418-019-0299-4
http://dx.doi.org/10.1016/j.cgh.2019.11.054
http://dx.doi.org/10.1016/j.cgh.2019.11.054
http://dx.doi.org/10.1084/jem.20210518
http://dx.doi.org/10.1038/s41467-020-15646-6
http://dx.doi.org/10.1038/s41467-020-15646-6
http://dx.doi.org/10.1155/2021/4246255
http://dx.doi.org/10.1155/2021/4246255
http://dx.doi.org/10.3389/fcell.2021.665591
http://dx.doi.org/10.1155/2022/9678625
http://dx.doi.org/10.1155/2022/9678625
http://dx.doi.org/10.1016/j.bbrc.2021.08.018
http://dx.doi.org/10.1016/j.bbrc.2021.08.018
http://dx.doi.org/10.1016/j.ejphar.2021.174518
http://dx.doi.org/10.1016/j.ejphar.2021.174518
http://dx.doi.org/10.1002/adma.201802896
http://dx.doi.org/10.1002/adma.201802896
http://dx.doi.org/10.1002/advs.202103222
http://dx.doi.org/10.1186/s13287-021-02492-6
http://dx.doi.org/10.1002/ctm2.113
http://dx.doi.org/10.1021/acs.molpharmaceut.1c00450
http://dx.doi.org/10.1021/acs.molpharmaceut.1c00450
http://dx.doi.org/10.1016/j.freeradbiomed.2021.06.012
http://dx.doi.org/10.1016/j.freeradbiomed.2021.06.012
http://dx.doi.org/10.1038/s41419-020-2299-1
http://dx.doi.org/10.1038/s41419-020-2299-1
http://dx.doi.org/10.1016/j.imlet.2020.06.005
http://dx.doi.org/10.1016/j.imlet.2020.06.005
http://dx.doi.org/10.1016/j.lfs.2022.121312
http://dx.doi.org/10.1016/j.chembiol.2022.06.004
http://dx.doi.org/10.1016/j.chembiol.2022.06.004
http://dx.doi.org/10.1053/j.gastro.2016.10.019
http://dx.doi.org/10.1053/j.gastro.2016.10.019
http://dx.doi.org/10.1038/ajg.2011.44
http://dx.doi.org/10.1016/j.freeradbiomed.2018.09.014
http://dx.doi.org/10.1016/j.freeradbiomed.2018.09.014
http://dx.doi.org/10.1074/jbc.M409935200
http://dx.doi.org/10.1074/jbc.M409935200
http://dx.doi.org/10.1016/j.febslet.2007.04.048
http://dx.doi.org/10.1016/j.redox.2021.101984
http://dx.doi.org/10.1016/j.redox.2021.101984
http://dx.doi.org/10.1177/15353702221076397
http://dx.doi.org/10.1007/s00018-022-04239-9
http://dx.doi.org/10.1016/j.jnutbio.2021.108929
http://dx.doi.org/10.1016/j.jnutbio.2021.108929
http://dx.doi.org/10.1023/a:1010726515401
http://dx.doi.org/10.1016/j.biomaterials.2019.02.006
http://dx.doi.org/10.1186/s12943-018-0897-7
http://dx.doi.org/10.3390/cells8121605


Page 19 of 19Wei et al. Journal of Nanobiotechnology          (2023) 21:188 

57. Cheng H, et al. Hypoxia-challenged MSC-derived exosomes deliver miR-
210 to attenuate post-infarction cardiac apoptosis. Stem Cell Res Ther. 
2020;11(1):224. https://doi.org/10.1186/s13287-020-01737-0.

58. Song Y, et al. Human umbilical cord blood-derived MSCs exosome attenuate 
myocardial injury by inhibiting ferroptosis in acute myocardial infarc-
tion mice. Cell Biol Toxicol. 2021;37(1):51–64. https://doi.org/10.1007/
s10565-020-09530-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

http://dx.doi.org/10.1186/s13287-020-01737-0
http://dx.doi.org/10.1007/s10565-020-09530-8
http://dx.doi.org/10.1007/s10565-020-09530-8

	Human umbilical cord mesenchymal stem cells derived exosome shuttling mir-129-5p attenuates inflammatory bowel disease by inhibiting ferroptosis
	Abstract
	Introduction
	Material and method
	Isolation and culture of hucMSC
	Extraction, identification, and transfection of hucMSC-Ex
	Cell culture and transfection
	Cell viability assays
	Establishment of IBD mouse models
	Determination of T-GSH
	Western blot
	qRT-PCR analysis
	Luciferase reporter assay
	TUNEL staining
	Immunohistochemical analysis
	Prussian blue staining
	Immunofluorescence analysis
	Hematoxylin and eosin (HE) staining
	Statistics

	Results
	Characterization of hucMSC-Ex
	Validation of hucMSC-Ex repair ability in DSS-induced IBD mice
	HucMSC-Ex repaired IBD by inhibiting ferroptosis in mice colon tissues
	HucMSC-Ex inhibits lipid peroxidation and alleviates ferroptosis in intestinal epithelial cells in vitro
	HucMSC-Ex derived miR-129-5p targets ACSL4 to inhibit lipid peroxidation and repair IBD
	Verification of miR-129-5p effect on ferroptosis in vitro
	HucMSC-Ex serves as a nanocarrier of mir-129-5p to inhibit DSS-induced IBD in mice

	Discussion
	Conclusion
	References


