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Abstract. Mesenchymal stem cells (MSCs) are pluripotent 
cells that can be applied to the treatment of immune disorders, 
including inflammatory bowel disease (IBD). The therapeutic 
effects of MSCs have been mostly attributed to the secretion 
of soluble factors with paracrine actions, such as extracellular 
vesicles (EVs), which may play a relevant role in the repair of 
damaged tissues. In the present study, a mouse model of colitis 
was induced with the use of trinitrobenzene sulfonic acid 
(TNBS). EVs derived from human placental mesenchymal 
stem cells (hP‑MSCs) were used for the treatment of colitis 
by in situ injection. Clinical scores were applied to verify the 
therapeutic effects of EVs on mice with colitis. Inflammation 
in the colon was evaluated by measuring the levels of various 
inflammatory cytokines. The content of reactive oxygen 
species (ROS) was detected by the use of molecular imaging 
methods for real‑time tracking and the therapeutic effects of 
EVs on mucosal healing in mice with colitis were evaluated. 
The results revealed that the injection of EVs regulated the 
balance of pro‑inflammatory and anti‑inflammatory cytokines 

in colon tissue. Treatment with EVs also suppressed oxidative 
stress by decreasing the activity of myeloperoxidase (MPO) 
and ROS. Histological analysis further confirmed that the 
EVs significantly promoted mucosal healing, as reflected by 
the promotion of the proliferation of colonic epithelial cells 
and the maintenance of tight junctions. Taken together, the 
findings of the present study demonstrated that EVs derived 
from hP‑MSCs alleviated TNBS‑induced colitis by inhibiting 
inflammation and oxidative stress. These findings may provide 
a novel theoretical basis for the EV‑based treatment of IBD.

Introduction

Inflammatory bowel disease (IBD), including ulcerative 
colitis (UC) and Crohn's disease (CD), are chronic relapsing 
intestinal pathologies triggered by undefined etiological 
factors  (1,2). The pathogenesis of IBD is complex, and no 
consensus theory is yet available to fully elucidate the develop-
ment of IBD. The development and progression of IBD may 
involve a number of factors, such as the environment, genetic 
and intestinal infections, immunity dysregulation and mucosal 
barrier defects (3‑5). Currently, the therapies for IBD focus 
on controlling active inflammatory reactions and regulating 
intestinal immune disorders with the use of immunosup-
pressive agents for example, which are considered the most 
effective drugs for the treatment of IBD; however, these have 
significant side‑effects (6).

Previous studies have demonstrated that mesenchymal 
stem cells (MSCs) exert therapeutic effects against several 
immune disorders, including IBD due to their potent immuno-
modulatory effects and tissue regenerative potential (7‑9). The 
paracrine theory of stem cell action has provided new insight 
into the mechanisms of MSCs in the treatment of several 
diseases (10,11). Increasing evidence has indicated that MSCs 
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regulate the repair of damaged tissues and immune balance 
through their paracrine soluble factors (12‑15). Extracellular 
vesicles (EVs), tiny membrane vesicles that can be secreted by 
the majority of cells, have a lipid bilayer membrane structure 
of approximately 30‑200 nm in diameter (12). Recent studies 
have found that EVs released by cells, acting as mediators 
of MSC paracrine actions, can be used to communicate 
between cells (16‑18). MSC‑derived EVs (MSC‑EVs) contain 
a wide variety of bioactive substances, such as mRNAs, 
microRNAs (miRNAs or miRs) and proteins, which are not 
easily degraded (18‑20). Furthermore, several studies have 
indicated that MSC‑EVs exert therapeutic effects similar to 
those of MSCs (11,12,21,22). It has recently been found that 
the paracrine function of MSCs is mediated by EVs at least to 
a certain extent. EVs are mainly released from the endosomal 
compartment and contain certain bioactive substances, such as 
mRNAs, miRNAs and proteins from their cells of origin (23). 
Researchers have further confirmed the endosomal origin of 
MSC‑EVs by using the method of lipid raft composition detec-
tion (24). MSCs can promote the healing of tissue ischemic 
diseases by secreting proangiogenic secretory proteins (10). 
It has recently been further demonstrated that MSC‑derived 
EVs act as paracrine effectors of angiogenesis; however, 
which components of the EVs proteome are responsible for 
the identification of this role remains unknown. A previous 
study performed proteomics analysis and demonstrated that 
MSC‑derived EVs included angiogenic paracrine effectors, 
which have the potential to treat tissue ischemic diseases (25). 
Compared with stem cell therapy, EVs do not cause acute 
immune rejection, do not constitute a risk of tumor formation, 
and can be easily stored and transported (13). Furthermore, it 
has been demonstrated that the administration of EVs derived 
from umbilical cord‑MSCs can alleviate colitis in mice, and 
EVs are administered via tail vein injection to mice (26). Thus, 
MSC‑EVs are likely to become a novel and more efficient 
cell‑free therapy approach for IBD.

In the present study, it was hypothesized that the in situ 
injection of human placental (hP‑)MSC‑derived EVs would 
significantly improve the clinical symptoms and exert benefi-
cial effects by promoting mucosal healing via the inhibition 
of inflammation and oxidative stress in mice with colitis. It 
was also hypothesized that the method of administration of 
the EVs would ensure that they localized directly and rapidly 
in the damaged intestine for a longer period of time in order to 
enhance their therapeutic effects. To examine this hypothesis, 
the therapeutic effects of EVs were assessed in a murine model 
of colitis induced by trinitrobenzene sulfonic acid (TNBS). 
Inflammation, oxidative stress and mucosal healing were 
also evaluated. The findings suggest that EVs derived from 
hP‑MSCs may represent a novel therapeutic approach for IBD 
by in situ injection.

Materials and methods

Cells and cell culture. The hP‑MSCs used in the present study 
were provided by Cell Products of National Engineering 
Research Center/Tianjin Amcellgene Engineering Co., Ltd. 
The hP‑MSCs were cultured in Dulbecco's modified Eagle's 
medium (DMEM)/F12 medium (Gibco; Thermo  Fisher 
Scientific, Inc.) with 10%  bovine EV‑free fetal bovine 

serum (FBS; HyClone; Cytiva), 1%  L‑glutamine (Gibco; 
Thermo Fisher Scientific, Inc.), 1% non‑essential amino acid 
(NEAA) and 1% 100 U/ml penicillin/streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.). Bovine EV‑free FBS was 
obtained by ultracentrifugation at 1,00,000 x g for 70 min at 
4˚C, and filtered using a 100 nm filter (27).

Isolation and characterization of EVs. EVs were purified 
from supernatants of hP‑MSCs by differential centrifuga-
tion (12,13,15). In brief, hP‑MSCs were cultured in medium 
containing 10% EV‑free FBS for 48 h, and the supernatant was 
then collected. The supernatant was then subjected to sequen-
tial centrifugation steps at 500 x g for 10 min to remove any cell 
contaminations, at 2,000 x g for 20 min to remove apoptotic 
bodies, and at 5,000 x g for 30 min to remove cell debris at 4˚C. 
The resulting supernatant was then filtered using 0.2 µm filters 
(Merck KGaA). The EVs were then harvested by centrifu-
gation at 130,000 x g for 2 h in a SW32 Ti rotor (L‑100XP 
Ultracentrifuge, Beckman Coulter) at 4˚C. Finally, the EV 
pellets were resuspended in PBS and ultracentrifuged again at 
130,000 x g for 2 h to discard the contaminating proteins, and 
the purified EVs were harvested. The morphology of the EVs 
was examined by transmission electron microscopy (TEM; 
Talos F200C, Thermo Fisher Scientific, Inc.). The particle size 
of the EV pellets was measured by dynamic light scattering 
using a BI‑200SM laser scattering instrument (ZetaPALS, 
Brookhaven Instruments) at 20˚C. The protein concentra-
tions of the EVs were measured using a BCA Protein assay 
kit (Promega Corporation) according to the manufacturer's 
instructions. The presence of known EV markers, including 
CD63 (1:1,000 dilution, ab216130, Abcam), CD9 (1:1,000 
dilution, ab92726, Abcam), ALIX (1:1,000 dilution, ab186429, 
Abcam) and GM130 (1:1,000 dilution, ab52649, Abcam) were 
examined by western blot analysis.

Western blot analysis. Mouse colon tissues (described below) 
used for western blot analysis were lysed on ice in radioimmu-
noprecipitation assay (RIPA) buffer (Beijing Solarbio Science 
& Technology Co., Ltd.), and its quantification was measured 
using the BCA™ Protein assay kit (Pierce; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instruc-
tions. The equal amount proteins (30  µg) were separated 
by 12% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS‑PAGE; Invitrogen; Thermo Fisher Scientific, 
Inc.) and transferred to polyvinylidene difluoride membranes 
(PVDF; EMD  Millipore). The membranes were blocked 
with 5% non‑fat milk in tri‑sec‑buffered saline/Tween‑20 
(TBST) buffer (20 mM Tris‑HCl, pH 7.6, 136 mM NaCl and 
0.1% Tween‑20). After blocking with 5% non‑fat milk for 
2 h, the membranes were incubated with primary antibodies 
overnight at 4˚C, and then for 2 h at room temperature with 
horseradish peroxidase‑conjugated goat anti‑rabbit secondary 
antibodies (1:5,000 dilution, ab97051, Abcam). The Pierce 
enhanced chemiluminescence western blotting substrate 
(EMD Millipore) was used to detect the signal. The primary 
antibodies used for western blot analysis were as follows: Rabbit 
anti‑CD9 (1:1,000 dilution, ab92726, Abcam), CD63 (1:1,000 
dilution, ab216130, Abcam), GM130 (1:1,000 dilution, ab52649, 
Abcam), and rabbit anti‑interleukin (IL)‑1β (1:1,000 dilution, 
WL02257, Wanleibio), IL‑6 (1:1,000  dilution, ab229381, 
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Abcam), tumor necrosis factor (TNF)‑α (1:1,000 dilution, 
WL01581, Wanleibio), IL‑10 (1:1,000 dilution, ab271261, 
Abcam), interferon (IFN)‑γ (1:1,000 dilution, WL02440, 
Wanleibio), EpCAM (1:1,000 dilution, WL01375, Wanleibio). 
The above‑mentioned antibodies were used following the 
manufacturer's instructions. Clarity Western ECL substrate 
(Bio‑Rad Laboratories, Inc.) and ChemiDoc™ MP Imaging 
System (Bio‑Rad Laboratories, Inc.) were applied to detect the 
blots and for visualization. In addition, ImageJ version 1.46 
(Rawak Software, Inc.) was used to quantify the blots.

Animal model. For all the experiments, 8‑week‑old male 
BALB/c mice were utilized that were purchased from the 
Laboratory Animal Center of the Academy of Military 
Medical Science. The mice were housed in a standard animal 
laboratory where the temperature was maintained at 25˚C with 
a humidity level of 30‑60%. The animals were provided with 
free access to food and water. The protocols involved animals 
and the experimental procedures of the present study were 
approved by the Nankai University Animal Care and Use 
Committee guidelines (approval no. 20170022) and conducted 
according to the international regulations of the usage and 
welfare of laboratory animals. All experimental procedures 
were conducted in accordance with the Tianjin Committee for 
the Use and Care of Laboratory Animals. The male BALB/c 
mice were randomly divided into 3  groups (n=8/group) 
as follows: The sham‑operated group (Sham group), the 
IBD  group (PBS group) and the EV‑treated IBD  group 
(EV group). As mentioned above, colitis was induced in the 
mice with TNBS (Sigma‑Aldrich; Merck KGaA) (28). The 
TNBS‑induced model of colitis can be established by a single 
enema without prior sensitization and with a long duration 
of inflammation, and it is a dynamic process of transforma-
tion from acute inflammation to chronic inflammation. The 
advantages of the TNBS‑induced model of colitis include the 
reproducibility and the technical simplicity. In brief, TNBS 
(100 mg/kg) dissolved in 50% ethanol was slowly administered 
into the colon via a catheter equipped approximately 3.5 cm 
into the anus. The mouse was suspended for 1 min to allow the 
drug to fully absorb. On the first day after modeling, the mice 
were anesthetized by 4% chloral hydrate (350 mg/kg) and a 
laparotomy was performed. A total of 200 µg EVs suspended 
in PBS were injected into the mice in the EV group in situ 
by injection at a 60 µl total volume. The position of in situ 
administration were the injury colon mesangial margin. The 
same volume of PBS was administered to the mice in the PBS 
group as the control. The sham‑operated mice were subjected 
to the same surgical procedure without colitis or EV injection. 
The body weight, stool consistency and mental state of the 
mice were measured daily. The mice were monitored every 
12 h within a period of 1 week to examine their health and 
behavior. The mice were then euthanatized by cervical dislo-
cation when the following humane endpoints were reached: 
The mice lost weight rapidly, and the loss of body weight were 
15‑20% of their original weight; exhibited a complete loss of 
appetite for up to 24 h; were unable to eat and drink by them-
selves; exhibited severe persistent gastrointestinal symptoms 
(persistent diarrhea, intestinal obstruction, intussusception 
and peritonitis). Respiratory arrest, no heartbeat and no blink 
reflex were used to confirm mouse death. No mice died before 

meeting these endpoints. The animal experiment strictly 
adhered to the principles of using the least number of animals 
to complete the experiment and minimizing the pain of the 
experimental animals. All mice were euthanized by cervical 
dislocation at 3 days after EVs treatment (apart from those 
included in the survival analysis), and the colon tissues were 
then collected for subsequent analysis. For in vivo EV traf-
ficking assay, 200 µg EVs were incubated with 1 µmol/l Dil 
(Beijing Ouhe Technology Co., Ltd.). At 30 min after incuba-
tion, the labeled EVs were collected and injected into the mice. 
The presence of labeled EVs in colon tissues was detected in a 
live animal imaging system.

Histological analysis. At day 3 following TNBS enema, the 
mice were euthanized, and colonic segments were harvested. 
In order to determine the injury to the colon mucosa, the 
paraffin‑embedded sections were stained with hematoxylin 
and eosin (H&E) (Beyotimebio) according to standardized 
procedures. Colonic segments were washed in PBS, fixed in 
4% paraformaldehyde (pH 7.4), embedded in paraffin, and 
stained with H&E. The colon sections were stained using 
hematoxylin for 5‑10  min, rinsed with distilled water for 
1 min, separated color with 0.5% alcohol hydrochloric acid 
at 37˚C. The colon sections were then stained with eosin for 
2‑5 min, dehydrated using graded ethanol, vitrification by 
dimethylbenzene, and mounted with neutral balsam at 37˚C. 
Immunohistochemical staining was carried out to determine 
the inflammation, and proliferation and apoptosis of the 
damaged intestinal tissue from the mice in the different groups. 
The paraffin‑embedded sections were dewaxed by xylene and 
hydrated in a graded series of ethanol. The sections were 
treated with the appropriate amount of endogenous peroxidase 
blocker and incubate for 10 min at room temperature (37˚C) 
to inactivate endogenous peroxidase activity. The sections 
were then incubated with primary antibodies overnight 
at 4˚C for myeloperoxidase (MPO) (1:150 dilution, WL02355, 
Wanleibio), Ki67 (1:100 dilution, WL01384a, Wanleibio) and 
EpCAM (1:1,000 dilution, WL01375, Wanleibio). The sections 
were then incubated with horseradish peroxidase‑conjugated 
goat anti‑rabbit secondary antibody (1:5,000 dilution, 
ab97051, Abcam) for 20 min at 37˚C, and DAB was used as the 
substrate. Immunohistochemical positive staining was brown. 
The sections obtained were examined with an optical micro-
scope (Olympus BX51). For immunofluorescence staining, the 
colon samples were embedded into optimal cutting tempera-
ture (OCT) compound (Sakura Finetek). Samples were cut 
into 6‑µm‑thick sections. The sections were then incubated 
with primary antibodies overnight at 4˚C for EpCAM (1:200 
dilution, ab71916, Abcam). The sections were incubated with 
fluorescently labeled secondary antibodies (Alexa Fluor 488 
goat antimouse, 1:1,000 dilution, A‑21151, Thermo Fisher 
Scientific, Inc.) for 2 h at 37˚C, and the sections were then 
counterstained with DAPI (Abcam) for 5‑10 min at 37˚C to 
identify cell nuclei (Olympus BX51). Images were analyzed 
using ImageJ version 1.46 (Rawak Software, Inc.).

Bioluminescence imaging. To examine the severity of injury to 
the intestine, reactive oxygen species (ROS) were detected in 
the mice for 1 week via an intraperitoneal injection of luminol 
(10 mg/kg; Sigma‑Aldrich; Merck KGaA). The luminol stock 
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solutions were prepared in normal saline prior to injection. 
The mice were imaged with the IVIS Lumina  II system 
(Xenogen Corp.) 5 min after the injection of the substrate. 
Bioluminescence signals were quantified in units of maximum 
photons per  second per  centimeter squared per steradian 
(photons/sec/cm2/sr) as previously described (29‑31). All mice 
were euthanized by cervical dislocation at 7 days after the 
experiment.

RNA isolation and reverse transcription‑quantitative PCR 
(RT‑qPCR). The extracted colon tissue were suspended 
in TRIzol reagent (Invitrogen; Thermo  Fisher Scientific, 
Inc.) and total RNA was extracted from the colon samples 
according to the manufacturer's instructions. The BioScript 
All‑in‑One cDNA Synthesis SuperMix (Bimake) was used to 
produce cDNA by reverse transcription. Gene expression was 
analyzed by ABI 7500 Fast Real‑Time PCR System (Bio‑Rad 
Laboratories, Inc.) using a FastStart Universal SYBR‑Green 
Master (Roche Diagnostics) according to the manufacturer's 
instructions. The relative gene expression fold changes were 
calculated using the 2‑ΔΔCq method (32). The primers used for 
RT‑qPCR in the present study are presented in Table SI.

MPO activity assay. MPO is a marker of activation of neutrophils, 
and changes in its activity represent the function and activity 
status of neutrophils. MPO is a clinical examination index for 
inflammatory bowel disease. In the present study, the measure-
ment of MPO activity in the colon in the homogenates was 
evaluated using an MPO kit (Nanjing Jiancheng Technology Co., 
Ltd.) according to the instructions of the manufacturer.

Statistical analyses. The experimental data are expressed as 
the means ± standard deviation (SD). Multiple groups were 
compared by one‑way analysis of variance (ANOVA), followed 
by a Tukey's post hoc test. Data were analyzed using GraphPad 
software (GraphPad Prism Software, Inc.). Differences were 
considered statistically significant at P‑values <0.05.

Results

Characterization of EVs. EVs were isolated from the super-
natant of hP‑MSC culture by sequential ultracentrifugation. 

The morphology of the EVs was observed by TEM. As shown 
in Fig. 1A, the EVs exhibited a ‘saucer’‑like or hemispherical 
shape with a depression on one side. The results of dynamic 
light scattering analysis revealed that the diameter of the EVs 
was approximately 110 nm (Fig. 1B). The results of western blot 
analysis indicated that the specific marker of EVs, including 
CD9, CD63 and Alix were normally expressed and that they 
were negative for GM130 protein expression (Fig.  1C‑F). 
These results confirmed that the EVs are successfully isolated 
from the hP‑MSCs.

EVs ameliorate TNBS‑induced colitis in mice. Following the 
establishment of the model, the survival, weight loss, colon 
length, disease activity index  (DAI) were observed, and 
a histological evaluation of the mice with TNBS‑induced 
colitis was performed. The results revealed that the admin-
istration of hP‑MSC‑derived EVs significantly improved 
clinical parameters, such as the survival rate of the mice 
with colitis, changes in body weight and DAI compared 
to the mice treated with PBS (Fig. 2A‑C). On the 3rd day 
following administration, the mice were sacrificed and the 
colon were collected. As shown in Fig. 2D and E, the length 
of the colon in the EV group was longer than that in the 
PBS group. The colon segments of the mice in each group 
were stained with H&E to observe the pathological changes. 
For the histological examination, the results revealed that 
compared with the PBS group, inflammatory cell infiltra-
tion significantly decreased, the number of intestinal glands 
markedly increased, and crypt abscesses were reduced in 
the EV‑treated group (Fig. 2G). Grading was performed in 
a blinded manner by a pathologist and the scoring result is 
presented in Fig. 2F. On the whole, the administration of 
hP‑MSC‑derived EVs markedly relieved the symptoms of 
TNBS‑induced IBD in mice. To examine the biodistribution 
of EVs in the injured colon tissues of mice with colitis, EVs 
were labeled with Dil (Fig. S1A) to monitor the retention of 
transplanted EVs by the live animal imaging system. The 
data revealed the strong red fluorescence signals from the 
colon tissues at days 0 and 1 following the injection of the 
Dil‑EVs. In comparison with the obtained signals on days 
0 and 1, the fluorescence signals on day 2 were weak. There 
was almost no fluorescence observed on day 3 (Fig. S1B).

Figure 1. Characteristics of EVs. (A) TEM image of EVs. Scale bar, 100 nm. (B) Size distribution measure of EVs by dynamic light scattering. (C‑F) Western 
blot analysis of CD9, CD63, Alix, GM130 in hP‑MSCs and EVs. EVs, extracellular vesicles; hP‑MSCs, human placenta‑derived mesenchymal stem cells.
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EVs reduce intestinal inflammation in mice. To further 
investigate the mechanisms responsible for the alleviation of 
the symptoms of colonic inflammation in mice by EVs, the 
expression of pro‑inflammatory and anti‑inflammatory cyto-
kines in mouse colon tissues at the gene and protein level were 
examined by RT‑qPCR and western blot analysis, respectively. 
The results demonstrated that the gene expression levels of 
pro‑inflammatory cytokines (IL‑1β, TNF‑α, IL‑6 and IFN‑γ) 
in the EV‑treated group were significantly lower than those in 
the PBS group (Fig. 3A). To further corroborate these results, 
the protein expression levels of pro‑inflammatory cytokines 
were detected by western blot analysis and the amount of target 
protein was calculated by gray scanning (Figs. 3B and S2). 
Subsequently, the expression of anti‑inflammatory cytokines 
in the colon tissues of the mice in each group were examined. 
The results revealed that the expression of anti‑inflammatory 
cytokines (IL‑10 and TGF‑β) in the EV‑treated group were 

significantly higher than those in the PBS group (Fig. 3C). 
The results of western blot analysis revealed that the levels of 
anti‑inflammatory factors (IL‑10 and TGF‑β) increased signif-
icantly in the EV‑treated group compared with the PBS group 
(Fig. 3D). These results indicated that the hP‑MSC‑derived 
EVs attenuated colitis by regulating the balance between 
pro‑inflammatory and anti‑inflammatory cytokines in mice 
with TNBS‑induced colitis.

Effect of EV administration on antioxidant defenses in 
the colitis mice. To examine the therapeutic effects of 
hP‑MSC‑derived EVs on oxidative stress in TNBS‑induced 
colitis, the IVIS Lumina Imaging System was used to measure 
the levels of ROS in colon tissues. EV administration signifi-
cantly decreased the ROS content, and the light signal on the 
7th day was extremely low, indicating a lower ROS content and 
a reduced inflammatory response (Fig. 4A and B). Moreover, 

Figure 2. hP‑MSC‑derived EVs attenuate colitis in mice. (A) Survival rate of mice in the sham, PBS and EV groups (n=8). (B) Percentage of body weight loss 
following treatment. (C) The disease activity index (DAI) score was used to estimate the severity of symptoms of mice with TNBS induced colitis, seven days in 
a row (n=8). (D) Macroscopic images of colonic tissues at day 3 after treatment. (E) Colon length in the sham, PBS and EV groups. (F) Histopathological score 
in the sham, PBS and EV groups. (G) H&E staining of representative histological sections of mouse colons in the sham, PBS and EV groups. Scale bar, 100 µm. 
In the images, the numbered arrows indicate the following: 1, Inflammatory cells; glands; and 3, crypt abscesses. Data are expressed as the means ± SD; (n=8). 
*P<0.05, **P<0.01, ***P<0.001 vs. sham group; #P<0.05, ##P<0.01 vs. PBS group. EVs, extracellular vesicles; hP‑MSCs, human placenta‑derived mesenchymal 
stem cells.
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MPO activity was measured in the colon homogenate to deter-
mine the number of activated polymorphonuclear leukocytes. 
The results revealed that MPO activity was significantly 
downregulated in the EV‑treated group compared with the 
PBS group (Fig.  4C). The above‑mentioned results were 
further confirmed by immunohistochemical staining for MPO 
(Figs. 4D and S3). These results suggested that EVs inhibited 
the oxidative stress reaction in the mice with colitis.

EVs downregulate the expression of apoptotic proteins. 
The expression of caspase‑3, caspase‑8 and caspase‑9 at 
the gene level was determined, as markers of colonic cell 
apoptosis. In comparison to the PBS group, the levels of 
apoptosis‑related genes were markedly decreased in the 
mice with colitis administered EVs (Fig. 5A). The results of 
the analysis based on the immumohistochemical staining 
of caspase‑3 protein expression were in accordance with 
those of RT‑qPCR (Fig. 5B). The mean of integrated option 
density (IOD) of caspase‑3 was measured with imaging 

analysis and then statistically analyzed (Fig. S4). All these 
data indicated that the administration of EVs played an 
important role in protecting epithelial cells from injury in 
mice with colitis.

EVs promote mucosal healing in mice with colitis. The present 
study then investigated whether EVs play a role in intestinal 
epithelial cells (IECs) in mice with colitis. The assessment of 
Cldn1, ZO‑1 and Occludin mRNA expression by RT‑qPCR 
revealed that their expression markedly increased in the EV 
group compared with the PBS group (Fig. 6A). In contrast to 
the above‑mentioned results, the mRNA expression levels of 
MMP‑2 and MMP‑9 were decreased in EV group (Fig. 6B). 
Subsequently, the expression of EpCAM was examined in the 
different groups. The results of western blot analysis revealed 
that the expression of EpCAM in EVs group were significantly 
higher than that in the PBS group (Fig. 6C). In addition, EpCAM 
immunofluorescence staining and immunohistochemical 
staining revealed that the colonic tissues from the mice in the 

Figure 3. Expression levels of pro‑inflammatory and anti‑inflammatory factors in colon tissues. (A) The expression of pro‑inflammatory factors (IL‑1β, 
IL‑6, TNF‑α and IFN‑γ) was measured by using RT‑qPCR. (B) The protein levels of pro‑inflammatory factors were measured by using western blot anal-
ysis. (C) The expression of anti‑inflammatory factors (IL‑10, TGF‑β) was measured by using RT‑qPCR. (D) The protein level of anti‑inflammatory factor 
was measured by using western blot analysis. Data are expressed as the means ± SD. *P<0.05, **P<0.01 vs. sham group; #P<0.05, ##P<0.01 vs. PBS group. 
EVs, extracellular vesicles.
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EV group maintained a better epithelial integrity, compared 
with those from mice in the PBS group (Fig. S5A and B). The 
immunohistochemical‑mediated examination of Ki67 protein 
expression revealed that the EVs promoted the proliferation of 
IECs (Figs. 6D and S6).

Discussion

In the present study, EVs derived from hP‑MSCs were 
utilized for the treatment of colitis by in situ injection. The 
results revealed that the hP‑MSC‑derived EVs attenuated 
TNBS‑induced colitis, as assessed by body weight loss and 
the DAI histological scores. Furthermore, it was found that 
the administration of hP‑MSC‑derived EVs markedly reduced 
intestinal inflammation and oxidative stress.

A number of studies have demonstrated that hP‑MSC‑based 
therapy could be developed as a potential treatment for several 
diseases (10,33,34). The application of hP‑MSCs in various 
disease models has several advantages (34). First, the placenta 
has wide resources and the use of this is not associated with 

any ethical concerns. Second, hP‑MSCs are easily available 
and have a low immunogenicity and viral infection rate, 
which have more widespread application prospect than bone 
marrow‑MSCs. Moreover, MSCs derived from umbilical cord 
blood have unavoidable immunogenicity, and the available 
amniotic fluid is limited. Therefore, hP‑MSCs are a better 
choice, compared with other sources. In addition, a previous 
study demonstrated that hP‑MSCs retained a higher thera-
peutic efficacy than bone marrow‑derived MSCs in a model of 
hindlimb ischemia disease (35). MSC‑derived EVs reflect the 
characteristics of their source cells; thus, there are differences 
between different stem cell‑derived EVs. There are marked 
differences in growth factors and cytokines secreted by MSCs 
from different sources. Studies have reported that EVs derived 
from MSCs mainly exert biological effects via the following 
mechanisms  (16,20,36,37): Surface protein molecules and 
lipid ligands of EVs can directly bind to related receptors on 
the surface of target cells and further activate the signaling 
pathways in target cells; EVs can directly enter target cells 
through fusion or endocytosis with the target cell, so that the 

Figure 4. Detection of indexes about oxidative stress. (A) ROS activities in mice with colitis tracked by bioluminescence imaging (BLI) in vivo. (B) Quantitative 
analysis of BLI signals intensity (n=8). (C) Myeloperoxidase assay by using MPO detection kits. The supernatant collected from colon homogenate assayed by 
spectrophotometry for MPO activity determination at 450 nm. *P<0.05, **P<0.01 vs. sham group; #P<0.05 vs. PBS group. (D) Representative photographs of 
immunohistochemical staining of MPO in the colon tissues of mice in Sham, PBS, and EVs groups. (n=8). Scale bar, 100 µm. The specific positive coloration 
of MPO is shown in brown color. EVs, extracellular vesicles.
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bioactive substances such as proteins, lipid and nucleic acid 
carried by them can be brought into the target cell, to further 
regulate the function of the target cell and exert the therapeutic 
effect. EVs derived from MSCs carry a variety of biologically 
active substances (18). The exact molecular mechanisms of 
action EVs remain unknown, and in future studies, the authors 
aim to investigate and clarify the types of components in EVs 
which play therapeutic roles.

Cytokine responses play an important role in the patho-
physiology of IBD, including Crohn's disease and ulcerative 
colitis  (38). Furthermore, the cytokine responses of IBD 
continue during the entire process of inflammation, and are 
also a major pathophysiological factor in the eventual resolu-
tion of inflammation (39). In particular, intestinal inflammation 
and the destruction of the intestinal mucosa are related to the 
imbalance in pro‑inflammatory and anti‑inflammatory cyto-
kines (40). Therefore, the development of strategies with which 
to regulate this imbalance would be an effective treatment for 
IBD. In the present study, it was confirmed that the administra-
tion of EVs downregulated the expression of pro‑inflammatory 
cytokines (TNF‑α, IL‑1β, IFN‑γ and IL‑6) in colon tissues of 
mice with colitis, compared to those treated with PBS. On the 
contrary, the administration of EVs upregulated the expression 
of anti‑inflammatory cytokines, such as IL‑10 and TGF‑β. 
These results indicated that EV administration regulated the 
balance of pro‑inflammatory and anti‑inflammatory cytokines 
in mice with TNBS‑induced colitis.

A growing body of evidence has indicated that oxidative 
stress plays a crucial role in the pathogenesis and progression 
of IBD, and is considered to be involved in the infiltration and 
activation of neutrophils in damaged intestinal tissue (41,42). 

The increase in ROS generation and the decrease in anti-
oxidant activities could contribute to the major pathogenesis 
of IBD (43). MPO, as a biochemical indicator of neutrophil 
infiltration and activation in the intestinal mucosa, is widely 
applied to evaluate the severity of intestinal inflammation in 
IBD (44). MPO secreted by the activated neutrophils, a potent 
oxidant, plays an important role in oxidative stress by cata-
lyzing hydrogen dioxide (H2O2) to hypochlorite (HOCL) (41). 
The present study demonstrated that the administration of 
hP‑MSC‑derived EVs markedly decreased the accumula-
tion of neutrophils and MPO activity in injured sites in mice 
with colitis. The dynamic equilibrium of ROS production 
and metabolism is crucial for the maintenance of the normal 
function of cells and tissues, if this balance is disrupted, it 
can lead to oxidative stress and a series of tissue damage (43). 
The results of the present study further confirmed that the 
hP‑MSC‑derived EVs decreased the levels of ROS in mice 
with TNBS‑induced colitis and protected the cells against 
oxidative damage.

Furthermore, the formation of intestinal damage in IBD is 
closely related to the production of ROS, and the overload of 
ROS alter tight junctions and lead to pathological changes in 
epithelial permeability. Previous studies have found that oxida-
tive stress may cause apoptosis. Abnormal apoptosis may lead 
to the disruption of intestinal mucosal integrity, and induce 
the invasion of pathogenic agents and bacteria, resulting in 
the continuous activation of intestinal T‑cells, and pro‑inflam-
matory cytokines can further promote IEC apoptosis in this 
process (43,45). In order to investigate the disorder of colonic 
epithelium apoptosis in mice with TNBS‑induced colitis, the 
present study detected the expression of certain genes and 

Figure 5. EVs downregulate the expression of apoptotic proteins. (A) The expression of apoptosis‑related genes (caspase‑3, caspase‑8 and caspase‑9) were 
measured by RT‑qPCR. Scale bar, 100 µm. Data are expressed as the means ± SD. *P<0.05, **P<0.01 vs. sham group; #P<0.05 vs. PBS group. (B) Representative 
images of immunohistochemical staining of caspase‑3 in the colon tissues of mice in the sham, PBS and EV groups; (n=8). Scale bar, 100 µm. The specific 
positive coloration of caspase‑3 is shown in brown color. EVs, extracellular vesicles.
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protein related to apoptosis. Following the administration of 
hP‑MSC‑derived EVs, it was found that the EVs decreased the 
gene expression levels of caspase‑3, caspase‑8 and caspase‑9, 
and decreased the protein expression of caspase‑3.

Mucosal healing has been regarded as an important thera-
peutic goal in IBD, and the evaluation of mucosal healing is 
based on the integrity of the gut epithelium. The integrity 
of the epithelial monolayer is formed by IECs with intercel-
lular junctions between adjacent cells (46), which creates the 
continuous physical barrier (47). The gastric mucosal barrier is 
the first barrier to come in contact with the intestinal tract and 
external environment, and plays an important role in reducing 
the invasion of pathogens and the absorption of toxins. 
Although the intestinal tract is a protective barrier, pathogens 
or other substances in the intestinal tract can stimulate IECs 
and polymorphonuclear neutrophils to secrete inflammatory 
mediators and promote oxidative stress. When damaged, it can 
lead to an increase in intestinal epithelial permeability, which 
plays an important role in the pathogenesis of IBD. In order to 
maintain the integrity of the gut epithelium and the intestinal 

barrier, IECs need to proliferate constantly, which is crucial 
for mucosal healing (48,49). Tight junction proteins, such as 
Cldn1, Zo1 and Occludin, function as indicators for the evalu-
ation of colonic epithelial integrity in mice with colitis (50). In 
the present study, it was found that hP‑MSC‑derived EVs main-
tained proper tight junctions in the colons of the treated mice, 
and promoted the proliferation of the colon epithelial cells. 
Taken together, these results indicated that hP‑MSC‑derived 
EVs played an important role in promoting mucosal healing.

In conclusion, the present study developed a method for 
treatment of experimental colitis in mice with the use of 
hP‑MSC‑derived EVs. EVs markedly relieved the clinical 
symptoms by inhibiting inflammation and oxidative stress to 
promote mucosal healing in mice with TNBS‑induced colitis. 
Moreover, molecular imaging used in the present study eluci-
dated the effects of EV administration on antioxidant defenses 
in mice with colitis by the real‑time tracking of ROS in living 
mice. In general, the findings of the present study provide new 
insight into the treatment of IBD. EVs derived from hP‑MSCs 
may be used as a novel therapeutic strategy for IBD.

Figure 6. Promoting the proliferation of IECs and maintaining tight junctions. (A) The expression of tight junction proteins (Claudin‑1, ZO‑1 and Occludin) 
was measured by RT‑qPCR. (B) The expression of matrix metalloproteinase (MMP‑2 and MMP‑9) was measured by using RT‑qPCR. Data are expressed 
as the means ± SD. *P<0.05, **P<0.01 vs. sham group; #P<0.05 vs. PBS group. (C) The protein level of EpCAM was measured by western blot analysis 
(D) Representative images of immunohistochemical staining of Ki67 in the colon tissues of mice in sham, PBS and EV groups; (n=8). Scale bar, 100 µm. The 
specific positive coloration of Ki67 is shown in brown. EVs, extracellular vesicles.
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