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hucMSC-derived exosomes attenuate colitis
by regulating macrophage pyroptosis via
the miR-378a-5p/NLRP3 axis
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Abstract

Background: Human umbilical cord mesenchymal stem cell (hucMSC)-derived exosomes are recognized as novel
cell-free therapeutic agents for inflammatory bowel disease (IBD), a condition caused by dysregulated intestinal
mucosal immunity. In this event, macrophage pyroptosis, a process of cell death following the activation of NLRP3
(NOD-like receptor family, pyrin domain-containing 3) inflammasomes, is believed to partially account for
inflammatory reactions. However, the role of macrophage pyroptosis in the process of hucMSC-derived exosomes
alleviating colitis remains unknown. This study aimed at exploring the therapeutic effect and mechanism of
hucMSC-derived exosomes on colitis repair.

Methods: In vivo, we used BALB/c mice to establish a dextran sulfate sodium (DSS)-induced colitis model and
administrated hucMSC-derived exosomes intravenously to estimate its curative effect. Human myeloid leukemia
mononuclear (THP-1) cells and mouse peritoneal macrophages (MPMs) were stimulated with lipopolysaccharides
(LPS) and Nigericin to activate NLRP3 inflammasomes, which simulated an inflammation environment in vitro. A
microRNA mimic was used to verify the role of miR-378a-5p/NLRP3 axis in the colitis repair.

Results: hucMSC-derived exosomes inhibited the activation of NLRP3 inflammasomes in the mouse colon. The
secretion of interleukin (IL)-18, IL-1β, and Caspase-1 cleavage was suppressed, resulting in reduced cell pyroptosis.
The same outcome was observed in the in vitro cell experiments, where the co-culture of THP-1 cells and MPMs
with hucMSC-derived exosomes caused decreased expression of NLRP3 inflammasomes and increased cell survival.
Furthermore, miR-378a-5p was highly expressed in hucMSC-derived exosomes and played a vital function in colitis
repair.

Conclusion: hucMSC-derived exosomes carrying miR-378a-5p inhibited NLRP3 inflammasomes and abrogated cell
pyroptosis to protect against DSS-induced colitis.
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Background
IBD, encompassing Crohn’s disease (CD) and ulcerative
colitis (UC), is a complex chronic inflammatory disorder
associated with multiple pathogenic factors including en-
vironmental changes, genetic susceptibility, qualitative
and quantitative abnormal gut microbiota, and dysregu-
lated immune response [1, 2]. IBD has evolved into a
global disease with rising global prevalence, including
newly industrialized countries in Asia [3]. Available evi-
dence in the last decades suggests that the dysfunction
of innate and adaptive immune pathways causes aber-
rant inflammation in patients with IBD [4, 5]. In gut
homeostasis maintenance, macrophages are seen as one
of the main players that sense the microbe-associated
molecular patterns (MAMPs) via innate immune recep-
tors such as Toll-like receptors (TLRs) and nucleotide-
binding domain and leucine-rich-repeat receptors
(NLRs) [6]. Pro-inflammatory cytokines like IL-1β, IL-6,
and tumor necrosis factor (TNF)-α produced by intes-
tinal macrophages result in immune cell activation and
trigger mucosal inflammation, which has broad implica-
tions in the early stage of IBD. At present, macrophages
are increasingly recognized as the gatekeepers of intes-
tinal immune homeostasis and it has been considered as
a novel target to develop new therapies [7].
Mesenchymal stem cells (MSCs) play an immunomod-

ulatory and homeostatic role in inflammation and offer a
strategy for promoting tissue repair of inflammatory-
induced injury [8]. Emerging evidence shows that MSCs
perpetuate immunosuppressive signaling via secreting
paracrine mediators rather than cell-to-cell contact [9].
Thus, MSC-derived exosomes mediating paracrine ef-
fects attribute to their therapeutic effect. Exosomes
transfer bioactive cargo such as lipids, functional micro-
RNAs (miRNAs), messenger RNAs (mRNAs), and pro-
teins, mediating specific intracellular signaling pathways
[10, 11]. MSC-derived exosomes have suppressive effects
on innate immune cells like dendritic cells (DCs), mono-
cytes, and macrophages and alleviate colonic inflamma-
tion [12]. A number of published researches indicate
that MSC-derived exosomes can alleviate colonic inflam-
mation [13–16]. Liu et al. reported that MSC-derived
exosomes downregulated colonic inflammatory re-
sponses, maintained intestinal barrier integrity, and po-
larized macrophages to M2b phenotype to reduce
murine experimental colitis [14], offering a feasible and
promising cell-free therapeutic strategy for IBD.
Inflammasomes have been demonstrated to be associ-

ated with immune and inflammation-related disorders in
many systems, covering myocardial infarction, athero-
sclerosis, IBD, diabetes, and immune diseases [17–19].
NLRP3 inflammasome, the most well-studied, is a cyto-
solic protein complex comprised of pattern recognition
receptor NLRP3, adaptor protein apoptosis-associated

speck-like protein containing a caspase recruitment do-
main (ASC) and pro-Caspase-1 [20]. Under the stimula-
tion of pathogen-associated molecular patterns (PAMPs)
and danger-associated molecular patterns (DAMPs), the
pattern recognition receptors recognize endogenous and
exogenous signals. This triggers the assembly of the
inflammasomes and the cleavage of Caspase-1, which
leads to the maturation and secretion of pro-IL-1β and
pro-IL-18 [21]. Besides, the NLRP3 inflammasomes initi-
ate pyroptosis by activating the cleavage of gasdermin D
(GSDMD) which forms pores in the plasma membrane
[22]. The overactivation of NLRP3 inflammasomes may
aggravate the onset and development of inflammatory
diseases [23]; hence, its inhibition serves as a therapeutic
target in attenuating IBD [24]. Therefore, we hypothe-
sized that hucMSC-derived exosomes may relieve co-
lonic inflammation by inhibiting NLRP3 inflammasomes.
In this study, we aimed at mitigating colitis in mice by

the use of hucMSC-derived exosomes. After determining
the therapeutic role of hucMSC-derived exosomes in
IBD, the miRNA sequence between hucMSC-derived
exosomes and HFL-1-derived exosomes was analyzed to
predict potential miRNA targeting NLRP3 to unravel
possible molecular mechanisms of the putative anti-
inflammatory effect of hucMSC-derived exosomes.

Methods
The study was approved by the Ethical Committee of
Jiangsu University (2012258).

Cell culture
hucMSCs were isolated from a fresh umbilical cord (in
addition to the ethical approval obtained for the study,
parturients agreed to the use of their umbilical cords for
the study) as previously described [25] and cultured in
α-MEM medium (Invitrogen, Grand Island, NY, USA).
Human myeloid leukemia mononuclear cells (THP-1
cells) were purchased from Beiner Biotechnology Com-
pany (Beijing, China) and cultured in RPMI 1640
medium (Invitrogen) containing 10% fetal calf serum
(FBS; BioInd, Israel) at 37 °C in humid air with 5% CO2.

Exosomal extraction
Exosomes were extracted and purified as previously de-
scribed [26]. The protein content of isolated exosomes
was quantified using a BCA protein assay kit (CWBIO,
Beijing, China). The concentration of hucMSC-derived
exosomes for in vitro use was 200 μg ml−1 and a total of
1 mg of exosomes was applied to treat each mouse. The
concentration and size distribution of hucMSC-derived
exosomes were analyzed by NanoSight Nano Analyzer
(Malvern Panalytical, Malvern, UK). The morphology of
hucMSC-derived exosomes was observed by transmis-
sion electron microscopy (Philips, Amsterdam, The
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Netherlands). Exosomal protein markers CD9, CD63,
CD81, HSP70, Alix, and Calnexin were determined by
western blot.

Animal model and treatment
Male BALB/c mice (6–8 weeks old, 20 ± 2 g) were pur-
chased from the Animal Research Center of Jiangsu Uni-
versity (Zhenjiang, China). Mice were randomly
allocated into three groups (n = 6/group): the negative
control group (NEG group), DSS-induced colitis group
(IBD group), and hucMSC-derived exosome-treated col-
itis group (hucMSC-Ex group). Mice in the NEG group
were fed autoclaved water throughout the study, while
mice in the IBD group and the hucMSC-Ex group were
treated with 3% DSS (MP Biomedicals, CA, USA) dis-
solved in autoclaved water. One milligram of hucMSC-
derived exosomes was administrated by caudal vein in-
jection to mice in the hucMSC-Ex group on the 3rd,
6th, and 9th day, while mice in other groups were
injected with PBS through the tail vein. Mouse body
weight was recorded at the same time every day, fecal
chrematistics monitored, and disease activity index
(DAI) analyzed as previously described [27]. All the mice
were sacrificed on the 11th day and colons were col-
lected for observation.

Animal live imaging analysis
hucMSC-derived exosome (1 mg) was stained with 1 μg
fluorochrome DIR (Thermo Fisher Scientific, Waltham,
MA, USA) by incubating on a shaker at 37 °C for 30
min, followed by centrifuging at 12000g. The hucMSC-
derived exosomes-DIR complex diluted in PBS was
intravenously injected into the mice in the hucMSC-Ex
group. Twelve hours later, the fluorescence distribution
in the mice was tracked via a live imaging system (IVIS@
Lumina LT Series III; PerkinElmer, Waltham, MA, USA)
(λ/nm = 720) [28]. The mice’s colorectal tissues were
observed for the fluorescence location after mice were
sacrificed.

Isolation of mouse peritoneal macrophages (MPMs)
Peritoneal macrophages were isolated as described previ-
ously [29]. Mice were sacrificed by cervical dislocation
and immersed in 75% ethanol for 5 min for sterilization.
A sterile scalpel was used to make an incision on the
mice’s abdomen to expose the peritoneum. Peritoneal
lavage was performed with 5 ml sterile PBS containing
3% FBS and cells were centrifuged at 310g for 5 min at
4 °C. The supernatant was discarded and cells were re-
suspended in RPMI 1640 with 10% FBS, followed by
seeding in a 6-well plate allowing macrophages to attach
for 3 h.

Macrophage differentiation and stimulation
THP-1 cells were induced to macrophage-like phenotype
by the addition of 50 ng ml−1 PMA (Sigma Aldrich, St.
Louis, MO, USA) for 16 h before cell experiments. The
differentiated THP-1 cells and MPMs were set up into
three groups: the negative control (Ctrl), LPS + NIG
(LPS + NIG), and LPS + NIG + hucMSC-Ex (hucMSC-
Ex). One microgram per milliliter LPS (Sigma Aldrich)
was added to the LPS + NIG group and hucMSC-Ex
group, followed by the addition of 1 μM Nigericin (Invi-
trogen) after 4 h, while 200 μg ml−1 hucMSC-derived
exosome was added to the hucMSC-Ex group at the
same time of LPS addition. After 12 h of co-cultivation,
cells and supernatants were collected for subsequent
analysis.

Hematoxylin and eosin (H&E) staining
A portion of mice’s colorectal tissue was fixed with 4%
paraformaldehyde (PH 7.4) and gradually dehydrated,
embedded in paraffin, cut into 4-μm sections, and
stained with H&E, followed by mounting and scanning
with pathological section scanner.

Immunohistochemistry (IHC)
Paraffin-embedded colorectal tissues of mice were
dewaxed and exposed to 3% hydrogen peroxide for 30min
at room temperature to inhibit endogenous peroxidase ac-
tivity. Tissues were steamed for 30min in citrate buffer to
repair antigens and incubated with 5% bovine serum albu-
min (BSA) solution to block non-specific antigens. Pri-
mary antibodies such as NLRP3 (1:100; Novus, CO, USA),
IL-1β (1:100; Cell Signaling Technology, MA, USA),
Caspase-1 p45 (1:100; Proteintech Group, Chicago, IL,
USA), and Caspase-1 p20 (1:50; Santa Cruz Biotechnology,
CA, USA) were added for overnight incubation at 4 °C,
followed by the secondary antibody (Wuhan Boster Bio-
logical Technology, Wuhan, China) at 37 °C for 30min.
Then, StreptAvidin Biotin Complex (SABC) was added
and incubated at 37 °C for 30min. Finally, diaminobenzi-
dine substrate (DAB) was applied to sections and counter-
stained with hematoxylin for microscopic examination
after resin sealing.

Western blot analysis
RIPA lysate (Thermo Fisher Scientific, MA, USA) was
applied to colon tissues and cells and protein concentra-
tion was measured by the BCA method. Protein samples
(200 μg) were separated on a 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The protein was transferred to a PVDF membrane
(Millipore, Billerica, MA, USA) and blocked with 5%
skim milk to reduce non-specific antigens exposure. The
PVDF membranes were incubated with the primary anti-
bodies: anti-CD9 (1:500; Proteintech Group), anti-CD63
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(1:500; Abcam, Cambridge, UK), anti-CD81 (1:500; Pro-
teintech Group), anti-HSP70 (1:500; Abcam), anti-Alix
(1:500; Cell Signaling Technology), anti-Calnexin (1:500;
Abcam), anti-NLRP3 (1:1000; Novus), anti-ASC (1:1000;
Novus), anti-Caspase-1 p45 (1:1000; Proteintech Group),
anti-Caspase-1 p20 (1:200; Santa Cruz Biotechnology),
anti-IL-1β (1:500; Cell Signaling Technology), anti-IL-18
(1:200; Wanleibio, Shenyang, China), anti-GSDMD (1:
500; Cell Signaling Technology), and anti-β-actin (1:
10000; Abclonal, Boston, MA, USA) at 4 °C overnight,
followed by the HRP-conjugated secondary antibodies
for 30 min at 37 °C. A chemical gel imaging system (GE
Healthcare Life sciences China, Beijing, China) was used
to visualize protein bands and generate images.

Real-time fluorescence quantification PCR (RT-PCR)
RNAs were obtained from mouse colon and cells using
Trizol Reagent (Gibco, MA, USA) via chloroform extrac-
tion. A reverse transcription kit (Vazyme, Nanjing,
China) was used to get the cDNA. The target gene ex-
pression was determined by RT-PCR in a Step One Plus
Real-time PCR System (ABI, Carlsbad, CA, USA). β-

actin was used as an internal control. The sequences of
primers used are shown in Table 1.

Immunofluorescence (IF)
THP-1 cells were fixed with 4% paraformaldehyde (PH
7.4) at room temperature for at least 20 min and rup-
tured with 0.1% Triton-X-100 for 30 min. Non-specific
antigens were blocked with a 5% BSA solution. Cells
were incubated with anti-ASC (1:50; Novus) at 4 °C
overnight and then incubated with diluted fluorescent
secondary antibody at 4 °C for 1 h. The nuclei were
counterstained with hoechest33342 (1:300; Sigma
Aldrich) for 15 min at room temperature, followed by an
anti-quenching agent. Images were taken with a confocal
laser microscope (Nikon, Tokyo, Japan). Exposure to
light was avoided throughout the whole process.

Propidium iodide staining
Cells treated with corresponding reagents were washed
with PBS and trypsinized to obtain a single-cell suspen-
sion. The concentration of 105 cells/ml was suspended
in a 100-μl binding buffer along with 2 μl propidium

Table 1 Primer sequences for RT-PCR

Species Gene Primer sequence Temperature

Mouse β-actin For:TGGAATCCTGTGGCATCCATGAAAC
Rev:TAAAACGCAGCTCAGTAACAGTCCG

60 °C

NLRP3 For:GAGCTGGACCTCAGTGACAATGC
Rev:ACCAATGCGAGATCCTGACAACAC

60 °C

ASC For:ACAATGACTGTGCTTAGAGACA
Rev:CACAGCTCCAGACTCTTCTTTA

58 °C

Caspase-1 For:AGAGGATTTCTTAACGGATGCA
Rev:TCACAAGACCAGGCATATTCTT

58 °C

IL-1β For:TCGCAGCAGCACATCAACAAGAG
Rev:AGGTCCACGGGAAAGACACAGG

60 °C

IL-18 For:AGACCTGGAATCAGACAACTTT
Rev:TCAGTCATATCCTCGAACACAG

60 °C

IL-6 For:AAGTCCGGAGAGGAGACTTC
Rev:TGGATGGTCTTGGTCCTTAG

58 °C

IL-10 For:TTCTTTCAAACAAAGGACCAGC
Rev:GCAACCCAAGTAACCCTTAAAG

60 °C

TNF-α For:AACTCCAGGCGGTGCCTATG
Rev:TCCAGCTGCTCCTCCACTTG

63 °C

Human β-actin For:CTCAGGAGGAGCAATGATCT
Rev:GACCTGTACGCCAACACAGT

60 °C

NLRP3 For:GCACTTGCTGGACCATCCTC
Rev:GTCCAGTGCACACGATCCAG

60 °C

ASC For:CTCAAGAAGTTCAAGCTGAAGC
Rev:TAGGTCTCCAGGTAGAAGCTG

58 °C

Caspase-1 For:GAAGAAACACTCTGAGCAAGTC
Rev:GATGATGATCACCTTCGGTTTG

58 °C

IL-1β For:GCCAGTGAAATGATGGCTTATT
Rev:AGGAGCACTTCATCTGTTTAGG

60 °C

IL-18 For:GCTGAAGATGATGAAAACCTGG
Rev:CAAATAGAGGCCGATTTCCTTG

60 °C
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iodide (Sigma Aldrich) for 10 min at 4 °C, followed by an
acquisition using the FACS Calibur (Beckman Coulter,
CA, USA). The results were analyzed using CytExpert
software.

CCK8
Cells were divided into a 96-well plate and treated with
LPS and Nigericin as described above. CCK8 solution
(Vazyme) was added to culture wells and incubated for
30 min in the dark. Absorbance was measured at 450 nm
with a microplate reader (Thermo Fisher Scientific).

miR-378-5p mimics and inhibitor transfection
The transfection solution was constituted according to
the manufacturer’s instructions. THP-1 cells were allo-
cated into a six-well plate with the following groups:
negative control (Ctrl), LPS + NIG (LPS + NIG), LPS +
NIG + mimics (LPS + NIG + mimics), LPS + NIG +
mimics NC (LPS + NIG + mimics NC), LPS + NIG + in-
hibitors (LPS + NIG + inhibitors), and LPS + NIG + in-
hibitors NC (LPS + NIG + inhibitors NC). After cell
differentiation, the original culture medium was dis-
carded, followed by the addition of RPMI 1640 nutrient
solution without FBS. The cells were cultured in a 5%
CO2 incubator in the dark for 6 h; then, the culture
medium without FBS was replaced with a normal RPMI
1640 nutrient solution containing 10% FBS. To each well
was added 1 μg ml−1 of LPS apart from the Ctrl group
well, followed by the addition of 1 μM Nigericin after 4
h. After co-culture for 12 h, the cells were collected for
subsequent analysis.

Luciferase reporter assay of miRNA target
The 3′UTR region of NLRP3 mRNA containing the
miR-378a-5p binding site, wild or mutant (TCAGGAA

mutated to ATTTGCC), was cloned into a dual-
luciferase miRNA target expression vector (GP-miR-
GLO) (GenePharma, Shanghai, China). With the empty
vector as the control group, the wild and mutant vectors
were co-transfected into HEK293T cells with miR-378a-
5p mimics and mimic NC. The Firefly and Renilla lucif-
erase activities were measured by the Dual-luciferase Re-
porter Assay (Promega, Madison, WI, USA).

Statistical analysis
All data were shown as mean ± standard deviation (SD).
Statistical analysis was performed using GraphPad Prism
software (GraphPad Software, San Diego, CA, USA).
Comparisons between multiple groups were assessed by
one-way ANOVA with the Bonferroni post hoc test. P <
0.05 was considered significant.

Results
Characterization of hucMSC-derived exosomes
The identity and purity of nanoparticles were determined
by nanoparticle tracking analysis (NTA), transmission
electron microscopy (TEM), and western blot. The results
of NTA and TEM showed that hucMSC-derived exo-
somes exhibited a typical vesicle structure with an average
diameter of approximately 110 nm (Fig. 1A, B). Exosomal
surface marker proteins CD9, CD63, CD81, HSP70, and
Alix were all expressed but negative for Calnexin in the
western blot (Fig. 1C).

hucMSC-derived exosomes alleviate DSS-induced murine
colitis
To investigate the therapeutic value of hucMSC-derived
exosomes in mice colitis, a model group was designed as
shown in Fig. 2A. An assessment of successful gut hom-
ing of hucMSC-derived exosomes was carried out by

Fig. 1 Identification of hucMSC-derived exosomes. a NanoSight Nanoparticle Tracking Analyzer detection of hucMSC-derived exosome diameters.
b Transmission electron microscope observation of hucMSC-derived exosome morphology. c Western blot analysis of hucMSC-derived exosome
protein markers
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tracking fluorescent dye (DIR)-labeled hucMSC-derived
exosomes in mice after caudal vein injection. hucMSC-
derived exosomes were found to successfully target dam-
aged colorectal tissues at 12 h post-injection (Fig. 2B).
The administration of hucMSC-derived exosomes re-
lieved mouse weight loss (Fig. 2C) and reduced DAI
(Fig. 2D), with mice in the IBD group exhibiting blood
stool earlier than mice in the hucMSC-Ex group. On the
11th day after colitis establishment, all mice were sacri-
ficed. The colon length of the IBD group was the short-
est, while the treatment of hucMSC-derived exosomes
recovered colon length close to that of the negative
group (Fig. 2E). H&E staining confirmed large areas of

colorectal tissue disorder without the normal intestinal
gland in the IBD group, while hucMSC-derived exosomes
significantly ameliorated DSS-induced intestinal injury and
restored the structural integrity of colonic mucosal tissue
(Fig. 2F). The relative expression of pro-inflammatory cyto-
kines (IL-6, TNF-α) and anti-inflammatory cytokine (IL-10)
via RT-PCR indicated that pro-inflammatory cytokines
were increased in colorectal tissues of the IBD group, but
significantly decreased in the hucMSC-Ex group, while the
IL-10 level was higher in the hucMSC-Ex group than in the
IBD group (Fig. 2G). Thus, hucMSC-derived exosomes re-
lieve mouse colonic inflammation and promote the repair
of the damaged colon in DSS-induced murine colitis.

Fig. 2 hucMSC-derived exosomes alleviate DSS-induced mice colitis. a Colitis model established. The model contained the control (Neg), IBD, and
hucMSC-Ex groups. 3% DSS was given at day 1 to mice in the IBD group and hucMSC-Ex group. Mice in the hucMSC-Ex group were given
hucMSC-derived exosomes iv. at days 3, 6, and 9. b Fluorescence distribution of DIR-labeled hucMSC-derived exosomes in mouse colon after
injection. c The mouse body weight loss. d DAI index of mice. e Mouse colon appearance. f H&E staining of mouse colon (200×, scale bar =
50 μm). g QRT-PCR analysis of the expression of inflammatory cytokines (IL-6, TNF-α, IL-10) in mouse colon tissues. #P < 0.05, ##P < 0.01, ###P <
0.001 vs Ctrl by ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001 vs LPS + NIG by ANOVA
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hucMSC-derived exosomes decrease NLRP3
inflammasomes to ease inflammation
We explored the mechanism for hucMSC-derived exo-
some induced-repair concerning the activation of NLRP3
inflammasomes in mouse colon. The serum cytokine IL-
1β was used to evaluate systemic inflammation reactivity.
The result of ELISA showed that compared with mice in
the IBD group, the level of serum IL-1β in the hucMSC-
Ex group significantly decreased (Fig. 3A). RT-PCR and
western blot results revealed that the expression of NLRP3
inflammasome-related molecules (NLRP3, ASC, Caspase-
1, IL-18, IL-1β) were remarkably decreased in the
hucMSC-Ex group compared with the IBD group (Fig. 3B,
C). Western blot analysis further showed that hucMSC-
derived exosome treatment decreased cleaved Caspase-1
protein. For a more objective and direct observation of the
inflammasome activation, IF staining of mouse colon sec-
tions was performed, which showed that hucMSC-derived
exosomes downregulated the number of cells in which
NLRP3 and ASC were both positive in the colon (Fig. 3D).
Moreover, NLRP3 synthesis was lower after hucMSC-
derived exosome administration as demonstrated by IHC
(Fig. 3E), resulting in reduced expression of colonic IL-1β,
since it depends on NLRP3 mediation (Fig. 3F). These
findings sum up the indication that hucMSC-derived exo-
somes inhibit the activation of NLRP3 inflammasomes to
protect against mouse colitis.
The analysis of intestinal tissue specimens from

healthy volunteers and IBD patients from Nanjing
Jiangning People’s Hospital via IF staining revealed in-
creased co-expression of NLRP3 and ASC in colons of
IBD patients compared with healthy controls (Fig. 4).
This provides clinical implication of potential treatment
target of NLRP3 inflammasomes in IBD.

hucMSC-derived exosomes downregulate the activation
of NLRP3 inflammasomes in macrophages
Macrophages play a variety of roles to maintain intes-
tinal homeostasis and are involved in the onset and de-
velopment of IBD [30]. Therefore, we examined the
expression of NLRP3 inflammasome-related molecules
concerning macrophages. The results showed the treat-
ment of LPS-primed THP-1 cells with 200 μg ml−1

hucMSC-derived exosomes before the activation of
NLRP3 with Nigericin resulted in a significant reduction
in IL-1β release (Fig. 5A) and NLRP3 inflammasome ac-
tivation (Fig. 5B, C). IF analysis of THP-1 cells showed
large spherical intracellular ASC speck formation, fol-
lowing the stimulation of LPS and Nigericin, while
hucMSC-derived exosomes reduced the ASC speck for-
mation (Fig. 5D). MPMs were extracted to repeat the
cell experiments on the immune regulation of hucMSC-
derived exosomes on macrophages. hucMSC-derived
exosomes downregulated mouse peritoneal macrophage

IL-1β release even after NLRP3 inflammasome activation
(Fig. 5E). We also observed similar RT-PCR results as the
THP-1 cell experiments, where the relative expressions of
NLRP3, ASC, Caspase-1, IL-18, and IL-1β were signifi-
cantly decreased in the macrophages with hucMSC-
derived exosome administration (Fig. 5F). Meanwhile,
western blot results showed reduced expression of cell
protein NLRP3 and IL-1β after hucMSC-derived exosome
treatment (Fig. 5G).

hucMSC-derived exosomes delay cell pyroptosis
The assembly of NLRP3 inflammasome leads to the re-
lease of pro-inflammatory cytokines IL-18 and IL-1β
which depend on Caspase-1, as well as gasdermin D
(GSDMD)-mediated pyroptosis [18]. IHC was performed
to observe the expression of Caspase-1 p45 and its ma-
ture form Caspase-1 p20 in the mouse colon. The results
showed that colorectal tissue in the hucMSC-Ex group
presented a weak expression of Caspase-1 compared to
the strong expression in the IBD group (Fig. 6A). GSDM
D is a substrate of Caspase-1 and the executioner that
triggers cell pyroptotic cell death [19]. Western blot ana-
lysis of mouse colon mucosal protein showed that
hucMSC-exosome therapy decreased the cleavage of
GSDMD, contributing to the reduced degree of colon
mucosal cell pyroptosis after DSS damage (Fig. 6B). To
further confirm that hucMSC-derived exosomes can
regulate macrophage pyroptosis, in vitro cell experi-
ments were carried out. hucMSC-derived exosomes in-
creased cell viability after NLRP3 inflammasome
activation in cell counting kit-8 experiments of THP-1
cells (Fig. 6C) and MPMs (Fig. 6D), as well as a reduc-
tion in LDH release (Fig. 6E, F), which is used as a meas-
ure of pyroptosis. Western blot showed that hucMSC-
derived exosomes blocked the cleavage of GSDMD to
active N-terminal fragment (Fig. 6H). Flow cytometry
analysis of THP-1 cells stimulated with LPS and Nigeri-
cin indicated fewer PI-positive THP-1 cells in the
hucMSC-derived exosome-treated group than those in
the untreated group, which was statistically significant
(Fig. 6G). Microscopic observation of pyroptosis in
MPMs showed swollen cells with unclear membrane
edges after NLRP3 inflammasome stimulus, while
hucMSC-derived exosomes inhibited these cell morpho-
logical changes (Fig. 6I).

miR-378a-5p in hucMSC-derived exosomes targets NLRP3
to hinder the assembly of inflammasomes
To further explore the mechanism of hucMSC-derived
exosomes’ inhibitory effect on NLRP3 inflammasomes,
Illumina Hiseq (Oebiotech, OE2015H1459) was used to
sequence hucMSC-derived exosomes and HFL1-derived
exosomes for comparison (Fig. 7A, source: Key Labora-
tory of Medical Science and Laboratory Medicine of
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Jiangsu Province, School of Medicine, Jiangsu University)
and prediction of potential miRNA targeting NLRP3
through http://www.targetscan.org. The result showed
that miR-378a-5p is stably and highly expressed in
hucMSC-derived exosomes and extraction of cells
treated with hucMSC-derived exosomes at a different
time (Fig. 7B). The probable 3′UTR binding site between
miR-378a-5p and NLRP3 mRNA was predicted (Fig.
7C). To confirm that miR-378a-5p binds to NLRP3
mRNA directly, we established luciferase reporters con-
taining the WT and Mut types of 3′UTR in NLRP3
mRNA. As has been expected, the ratio of the two lucif-
erase activities of the WT in the miR-378a-5p mimics
group was significantly reduced, while there was no sig-
nificant difference in the MUT (Fig. 7D). THP-1 cells
were transfected with miR-378a-5p mimics, mimics NC,
inhibitor, and inhibitor NC for 12 h, and RT-PCR results
showed that miR-378a-5p was significantly overex-
pressed in the miR-378a-5p mimics group and signifi-
cantly decreased in the miR-378a-5p inhibitors group
(Fig. 7E). With a successful transfection, we stimulated
THP-1 cells with LPS and Nigericin. Western blot re-
sults indicated that miR-378a-5p mimics significantly
inhibited the expression of NLRP3 and reduced ASC
and IL-18 proteins (Fig. 7F). GSDMD cleavage was also

decreased after miR-378a-5p mimic transfection (Fig.
7G). These findings reveal that miR-378a-5p is the key
molecule in hucMSC-derived exosomes that interacts
with NLRP3 to inhibit NLRP3 inflammasomes assembly
and reduces pyroptosis.

Discussion
IBD significantly impacts the patient’s quality of life [31]
and imposes a significant fiscal and resource burden on
healthcare systems [32]. Moreover, recurrent and
chronic intestinal inflammation has been identified as
one of the major risk factors for colorectal cancer [33];
hence, IBD interventions are urgent and necessary.
Overactivation of inflammatory and autoimmune re-
sponses damages the intestinal mucosal barrier, regarded
as one of the vital causes in the development of IBD
[34]. Therefore, target suppression of excessive inflam-
matory activation serves as a promising therapy for IBD.
Intensive investigations have been performed to eluci-

date the function of NLRP3 inflammasomes in IBD,
which is still controversial. The exact role of NLRP3
inflammasomes in IBD seems to have both protective
and pathogenic effects [35, 36]. On one hand, NLRP3
inflammasomes prevent colonic damage as reported by
Zaki et al. [37], who showed that mice deficient in

(See figure on previous page.)
Fig. 3 hucMSC-derived exosomes protect against DSS-induced colitis via inhibiting NLRP3 inflammasomes. a The quantitative analysis of mouse
serum IL-1β (pg ml−1) by ELISA. b QRT-PCR analysis of the mRNA expression level of NLRP3 inflammasome-related molecules in mouse colon
tissues. c Western blot analysis of the protein expression level of NLRP3 inflammasome-related molecules in mouse colon tissues and its grayscale
scanning analysis. d Representative images of IF staining for NLRP3 and ASC on sections of mouse colon tissues (200×, scale bar = 50 μm; 400×,
scale bar = 20 μm). e IHC analysis of NLRP3 expression in mouse colon tissues (200×, scale bar = 50 μm). f IHC analysis of IL-1β expression in the
mouse colon tissues (200×, scale bar = 50 μm). #P < 0.05, ##P < 0.01, ###P < 0.001 vs Ctrl by ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001 vs LPS +
NIG by ANOVA

Fig. 4 Increased expression of NLRP3 inflammasomes in IBD patients’ colon tissues compared with healthy controls. Representative images of IF
staining for NLRP3 and ASC (200×, scale bar = 50 μm; 400×, scale bar = 20 μm)
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NLRP3 or ASC and Caspase-1 had increased mortality
and were highly susceptible to DSS-induced and severe
experimental colitis. Other studies have demonstrated
the same protective effects in IBD [38, 39]. On the other
hand, hyperactivation of NLRP3 inflammasomes aggra-
vates colonic inflammation. NLRP3(−/−) mice exhibited
resistance to colon mucosal damage and relieved colitis
in the DSS or TNBS (2,4,6-trinitrobenzene sulfonic acid)
model [40–42], and IL-10(−/−) model [43, 44], with re-
duced mortality. In this process, the cytokines IL-1β and
IL-18 appear early in intestinal inflammation and their
pro-forms are processed through the Caspase-1-
activating multiprotein complex, the NLRP3 inflamma-
some [42]. Moreover, IL-1β secretion has been shown to
be dependent on phagocytosis, lysosomal maturation, ca-
thepsin B and L, and reactive oxygen species (ROS) [41].
In our study, mice with oral administration of DSS

had much severer inflammation in colorectal tissues,
while the activation of NLRP3 inflammasomes decreased
after hucMSC-derived exosome administration. Other
sources of exosome such as embryonic stem cells [45]
and ginger rhizome [46] have been demonstrated to in-
hibit TLR4-NLRP3-mediated inflammatory pyroptotic
cell death and suppress NLRP3 inflammasome pathway
downstream activation, including Caspase-1 autoclea-
vage, IL-1β and IL-18 secretion, and pyroptotic cell
death respectively. Intestinal tissue specimens of IBD pa-
tients showed NLRP3 inflammasome activation in the
colon lesion as previously reported [47]. The increased
and aberrant activity of the NLRP3 inflammasomes con-
stitutes a crucial step in the initiation of inflammation
and the development of IBD clinical manifestation.
Therefore, it is of high importance to medical science to
understand the mechanism by which key molecules in
hucMSC-derived exosomes retrain the activation of
NLRP3 inflammasomes and IL-1β production.
Current therapies for IBD patients are mainly anti-

inflammatory and immunosuppressive drugs, which offer
poor curative efficacy with severe side effects. Therefore,
potent new agents are urgently needed to remedy the
deficiency of translational drugs. Exosomes can be used
as biomarkers, vaccines, and drug carriers due to their
wide biological distribution and excellent biocompatibil-
ity, so they can be reasonably modified for the treatment

of diseases including IBD as extensively reviewed [48,
49]. Exosomes from multiple kinds of cells can mitigate
inflammatory response by downregulating pro-
inflammatory cytokines such as IL-1β, TNF-α, inducible
nitric oxide synthase (iNOS), cyclooxygenase (COX)-2,
monocyte chemoattractant protein (MCP)-1, and upreg-
ulating anti-inflammatory cytokines such as IL-10 [50].
MSC-derived exosomes have been reported to protect
against myocardial I/R injury, liver fibrosis, retinal injury,
diabetes-related complications, limb ischemic, renal in-
jury, pulmonary hypertension, and cutaneous wounding
[11, 51]. Our data shows that after hucMSC-derived exo-
some injection, local and systemic inflammatory symp-
toms in mice with IBD were relieved. Further analysis
revealed that hucMSC-derived exosomes inhibited the
expression of NLRP3 inflammasomes and the secretion
of pro-inflammatory cytokines in the mouse colon.
Macrophages participate in the activation of various

antimicrobial mechanisms and secrete pro-inflammatory
factors. For example, the cross-interaction between gut
microbiota and macrophages could result in the promo-
tion of intestinal permeability [52] and the activation of
NLRP3-dependent pyroptosis in alveolar macrophages
contributes to pancreatitis-associated lung injury [53].
Thus, the control of inflammatory macrophage response
prevents extensive tissue damage in chronic intestinal
inflammation [4]. A study by Liu et al. reported that
MSC-derived exosomes colocalized with hepatic macro-
phages and could reduce the secretion of inflammatory
factors by suppressing NLRP3 inflammasome activation
in macrophages [54]. The NLRP3 was suppressed via the
exosomal miR-17 targeting of thioredoxin interacting
protein (TXNIP). Another study found that MSC-
derived exosomal miR-410 was a crucial regulator of
pyroptosis by directly binding to NLRP3 mRNA to sup-
press the NLRP3 pathway [55]. Similarly, MSC-derived
exosomes effectively reduced NLRP3 inflammasome to
ameliorate intervertebral disc degeneration [56] and pro-
tected against hypoxia/reoxygenation-induced pyroptosis
of cardiomyocytes through the miRNA-100-5P/FOXO3/
NLRP3 pathway [57]. Our study is consistent with these
findings in that hucMSC-derived exosomes decrease the
activation of NLRP3 inflammasomes in macrophages
and delay the progress of cell pyroptosis in vitro.

(See figure on previous page.)
Fig. 5 hucMSC-derived exosomes decrease the activation of NLRP3 inflammasomes in macrophages. a The quantitative analysis of IL-1β (pg
ml−1) in THP-1 cell supernatant by ELISA. b QRT-PCR analysis of the mRNA expression level of NLRP3 inflammasome-related molecules in THP-1
cells. c Western blot analysis of the protein expression level of NLRP3 inflammasome-related molecules in THP-1 cell lysate and grayscale
scanning analysis. d IF analysis of ASC oligomerization in THP-1 cells (scale bar = 50 μm) and the statistical analysis of the percentage of ASC foci
cells. e The quantitative analysis of IL-1β (pg ml−1) in MPM supernatant by ELISA. f QRT-PCR analysis of the mRNA expression level of NLRP3
inflammasome-related molecules in MPMs. g Western blot analysis of the protein expression level of NLRP3 inflammasome-related molecules in
MPMs lysate and grayscale scanning analysis. #P < 0.05, ##P < 0.01, ###P < 0.001 vs Ctrl by ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001 vs LPS +
NIG by ANOVA
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(See figure on previous page.)
Fig. 6 hucMSC-derived exosomes reduce cell pyroptosis by decreasing the activation of NLRP3 inflammasomes both in vivo and in vitro. a IHC
analysis of Caspase-1 p45 and Caspase-1 p20 expression in mouse colon tissues (200×, scale bar = 50 μm). b Western blot analysis of GSDMD
protein levels in mouse colon tissues and the grayscale scanning analysis. c CCK8 assay analysis of THP-1 cell viability. d CCK8 assay analysis of
MPM viability. e LDH activity analysis of THP-1 cell supernatant. f LDH activity analysis of MPM supernatant. g Identification of PI-positive THP-1
cells by flow cytometry. h Western blot analysis of the protein expression level of GSDMD and cleaved GSDMD fragment in both THP-1 cell lysate
and MPM lysate and the grayscale scanning analysis. i Imaging assay of pyroptosis in MPMs treated as indicated. #P < 0.05, ##P < 0.01, ###P <
0.001 vs Ctrl by ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001 vs LPS + NIG by ANOVA

Fig. 7 miR-378a-5p is a key molecule in the inhibitory effect of hucMSC-exosomes on NLRP3 inflammasome activation. a Sequence results of
miRNAs in hucMSC-derived exosomes and HFL1-derived exosomes. b QRT-PCR analysis of miR-378a-5p expression levels in THP-1 cells treated as
indicated. c Binding sites between NLRP3 and miR-378a-5p. d Dual-luciferase reporter gene detection of the targeting relationship between
NLRP3 and miR-378a-5p. e QRT-PCR analysis of the miR-378a-5p in THP-1 cells after transfection. f Western blot analysis of the protein expression
level of NLRP3 inflammasome-related molecules in THP-1 cell lysate after transfection and the grayscale scanning analysis of NLRP3. g Western
blot analysis of the protein expression level of GSDMD and cleaved GSDMD fragment in THP-1 cell lysate after transfection. #P < 0.05, ##P < 0.01,
###P < 0.001 vs Ctrl by ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001 vs LPS + NIG (mimics Luc3′UTR WT) by ANOVA

Cai et al. Stem Cell Research & Therapy          (2021) 12:416 Page 13 of 16



miRNAs are small non-coding RNAs that inhibit mRNA
translation and promote mRNA degradation to modulate
target gene expression at the post-transcriptional level [58].
miRNAs play a pivotal role in the regulation of NLRP3
inflammasomes. While some miRNAs activate the NLRP3
inflammasomes, others negatively regulate the activation of
the NLRP3 inflammasomes. For example, miR-7 [59], miR-
20b [60], miRNA-223 [61, 62], and miRNA-495 [63] relieve
tissue injury and inflammation by targeting NLRP3. miR-
NAs carried in MSC exosomes mediate various cellular
activities including angiogenesis and anti-angiogenesis,
immunomodulation, anti-fibrosis, and anti-apoptosis [64].
In this current study, the exploration of the mechanism by
which hucMSC-derived exosomes hinder the activation of
NLRP3 inflammasomes revealed that miR-378a-5p func-
tions as a key molecule (Fig. 8). The hucMSC-derived exo-
somal miR-378a-5p targeted NLRP3, leading to the
blockade of NLRP3 inflammasome assembly and the conse-
quent cleavage of Caspase-1. Reduction of the active

Caspase-1 led to decreased maturation of IL-1β and IL-18,
with a consequent reduction in the formation of GSDMD
pore.
This study is a preliminary exploration of the mechan-

ism of miRNAs in exosomes as targets of NLRP3 inflam-
masomes and possible therapy for IBD. Deficiencies that
exist in the current study include the non-specificity of
the mechanism of miR-378a-5p regulating NLRP3,
hence the need for further studies to obtain clarity.
Moreover, animal rescue experiments need to be carried
out to confirm the therapeutic target of the miR-378a-
5p/NLRP3 axis.

Conclusion
The present study shows that hucMSC-derived exo-
somes effectively inhibit NLRP3 inflammasomes in mac-
rophages and delay cell pyroptosis, contributing to the
amelioration of IBD. hucMSC-derived exosomes play a
beneficial role in regulating macrophage. NLRP3

Fig. 8 The mechanistic model of miR-378a-5p in hucMSC-derived exosome-mediated NLRP3 inflammasome activation and cell pyroptosis
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inflammasomes provide a novel insight into the use of
hucMSC-derived exosome anti-inflammatory activity as
a feasible therapy in the clinic. It also provides new ideas
and experimental basis for the clinical application of
small molecule drugs targeting NLRP3 inflammasome in
the treatment of inflammatory diseases.
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