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Abstract: Objective: To explore the role of endothelial progenitor cell (EPC)-derived exosomal microRNA-382-3p 
(miR-382-3p) in septic injury in mice. Methods: A murine model of sepsis was introduced by cecal ligation and 
puncture (CLP). The model mice were treated with EPC-derived exosomes (Exos). The lung, kidney and liver tissues 
of mice were collected and stained with hematoxylin and eosin. The lymphocytes in murine spleen tissues, and 
the proportion and phenotype of the T helper cells (Ths) were examined by flow cytometry. The exosomal miRNAs 
were screened using a microarray analysis. The expressions of miR-382-3p and beta-transducin repeat containing 
E3 ubiquitin protein ligase (BTRC) were measured to explore possible mechanism of Exos in septic injury in mice. 
Results: EPC-derived Exos alleviated CLP-induced tissue damage in the lung, kidney and liver tissues in septic mice. 
They also restored the number of lymphocytes and the concentration of Ths, and reduced the imbalance in Th1 and 
Th2 cells in mice. The Exos mainly contained miR-382-3p, and miR-382-3p directly targeted BTRC mRNA. Either 
downregulation of miR-382-3p or upregulation of BTRC blocked the protective roles of Exos in septic injury and im-
mune suppression. Overexpression of BTRC increased the phosphorylation of nuclear factor kappa B (NF-κB) inhibi-
tor α (IκBα) and NF-κB. Conclusion: EPC-derived exosomal miR-382-3p alleviates sepsis-induced organ damage and 
immune suppression in septic mice through regulating BTRC and the IκBα/NF-κB axis.
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Introduction

Sepsis is a costly condition and a leading cause 
of in-hospital death [1]. It is estimated that sep-
sis affects 31 million people and leads to over 
5 million deaths annually worldwide, and this 
number might be an underestimate due to data 
from many low-income countries are not includ-
ed [2]. Despite great efforts in protocol-based 
care, septic shock mortality remains high at 
approximately 35% to 40% [3]. Infections reflect 
frequent self-limiting events, and sepsis usually 
leads to an imbalance in the body’s reaction to 
infection and results in organ dysfunction syn-
drome [4]. Multiple organ dysfunction, impor-
tantly, represents the main cause of sepsis-
associated death [5]. Despite an increasing 
understanding of the sepsis pathogenesis, the 
immune-modulating drugs which target sepsis-
associated proinflammatory responses show 

little survival benefit [6, 7]. It is also not surpris-
ing that reduced functions in innate immune 
cells in septic patients correlate with dismal 
outcome [8]. Reducing immune repression and 
alleviating organ injury are important issues for 
survival benefit in septic patients.

Exosomes are a class of extracellular vesicles 
(Evs) fulfilling key functions in cell-to-cell com-
munication by conveying their contents such as 
microRNAs (miRNAs), mRNAs and proteins into 
recipient cells [9]. Exosomes have shown func-
tional significance in bacterial inflammation 
and sepsis as well [10]. Endothelial progenitor 
cells (EPCs) and their derived exosomes are 
capable of differentiating into endothelial cells 
for tissue repair and angiogenesis [11]. In- 
terestingly, synergistic administration of EPCs 
and a stromal cell-derived factor-1α analog 
have been suggested to improve survival in 
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sepsis patients [12]. In addition, an increased 
proportion of circulating EPCs in patients with 
acute pancreatitis has been reported to be 
associated with reduced organ failure [13]. 
Recruitment of bone marrow-derived EPCs has 
also been suggested to alleviate multiple or- 
gan injury [14]. However, the function of EPC-
derived exosomes in sepsis-caused immune 
imbalance and organ injury remains uncertain. 
miRNAs represent a major class of exosomal 
‘cargoes’ that are closely associated with the 
development of a multitude of human diseases 
including sepsis [15]. miRNAs exert their versa-
tile functions through potent regulation of tar-
get mRNA transcripts [16]. In the present study, 
a miRNA microarray analysis suggests that 
miR-382-3p was abundant in the EPC-deriv- 
ed exosomes, and bioinformatic analyses sug-
gested miR-382-3p targeted beta-transducin 
repeat containing E3 ubiquitin protein ligase 
(BTRC) mRNA. Interestingly, miR-382-3p has 
been reported to alleviate the interleukin-1β-
induced inflammatory response of chondro-
cytes through regulating the nuclear factor 
kappa B (NF-κB) signaling pathway [17], while 
BTRC has been suggested to promote phos-
phorylation and degradation of NF-κB inhibitor 
alpha (IκBα) and tsubsequent NF-κB activation 
[18]. IκBα can inhibit translocation of NF-κB 
into the nucleus, which is a frequent and critical 
event involving inflammatory responses in 
human diseases including sepsis [19, 20]. We 
therefore surmised that the exosomal miR-382-
3p possibly regulates inflammatory responses 
and tissue injury in sepsis through regulation of 
a BTRC/IκBα/NF-κB axis.

Materials and methods

Cell culture and transfection

Mouse bone marrow-sourced EPCs (Cat. No. 
CP-M140) were purchased from Procell Life 
Science & Technology Co., Ltd. (Wuhan, Hu- 
bei, China). Cells were cultured in EPC-spe- 
cific complete medium (Cat. No. CM-M140)  
at 37°C in 5% CO2. The miR-382-3p mimic 
(5’-UCAUUCACGGACAACACUUUUU-3’) and in- 
hibitor (5’-GAAGUUGUUCGUGGUGGAUUCG-3’) 
used for cell transfection were procured from 
Procell as well. All transfections were per-
formed using a Lipofectamine 2000 kit (In- 
vitrogen, Thermo Fisher Scientific Inc., Waltham, 
MA, USA).

Extraction and identification of exosomes

Exosomes were extracted from EPCs by differ-
ential centrifugation. First, the culture medium 
was centrifuged at 100,000×g at 4°C overnight 
to exclude the serum-sourced exosomes in the 
medium. Next, the EPCs were cultured in exo-
some-exhausted medium for 48 h. The super-
natant was centrifuged at 2,000×g at 4°C for 
20 min to discard the large cell debris. Then, 
the cell supernatant was further centrifuged at 
12,000×g at 4°C for 45 min to discard the 
small cell debris. After that, the supernatant 
was loaded into new tubes and ultra-centri-
fuged at 120,000×g at 4°C for 2 h to precipi-
tate the exosomes. The supernatant was then 
removed, and the sediment was resuspended 
in phosphate-buffered saline (PBS). Thereafter, 
the samples were filtered using a 0.22-μm filter 
to exclude the possible contaminants. Purified 
exosomes were obtained after another 120 
min of ultra-centrifugation at 120,000×g at 
4°C. The exosomes were resuspended in PBS, 
and the protein concentration was examined  
by a BCA kit (Pierce, Waltham, MA, USA). The 
exosomes extracted from un-transfected EPCs 
were defined as Exo, while those from EPCs 
transfected with NC inhibitor/miR-382-3p in- 
hibitor were defined as Exo-NC/Exo-KD, res- 
pectively.

The exosomes were loaded on copper grids, air-
dried, and then stained with phosphotungstic 
acid at 25°C for 5 min. The shape of the parti-
cles was observed under a transmission elec-
tron microscope (TEM) (JEM-1400Plus, JEOL, 
Ltd., Tokyo, Japan). The exosomes were resus-
pended in PBS and processed using nanopar-
ticle tracking analysis (NTA) particle Metrix 
equipped with ZetaView PMX 120 (Particle 
Metrix GmbH, Microtrac, Meerbusch, Germany). 
The particle size distribution was analyzed 
using the NTA software (ZetaView 8.04.02). The 
exosome-specific marker proteins were exam-
ined by Western blot using anti-CD9 (ab92726, 
Abcam Inc., Cambridge, MA, USA) and anti-
CD81 (ab109201, Abcam). The secondary anti-
body was goat anti-rabbit IgG H&L (HRP) 
(ab205718, Abcam). The exosome proteins 
were quantified using a BCA kit.

Animal experiments

Male C57BL/6 mice (8-12 weeks old) were  
procured from Vital River Laboratory Animal 
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Technology Co., Ltd. (Beijing, China). The mice 
were fed in a 12-h light/dark cycle with free 
access to feed and water. This study was  
ratified by the Animal Ethical Committee of 
Affiliated Hospital of Guizhou Medical Uni- 
versity. All procedures were conducted accord-
ing to the Guideline for the Care and Use of 
Laboratory Animals published by the National 
Institutes of Health (Bethesda, Maryland, USA).

A murine model of sepsis was induced using 
cecal ligation and puncture (CLP) as previously 
reported [21]. In brief, the mice were anesthe-
tized via inhalation of 2% isoflurane. The mice 
were fixed in a supine position. The abdomen 
was shaved and cleaned using 70% isopropyl 
alcohol and 10% povidone-iodine. The perito-
neal cavity was exposed by midline laparotomy. 
The appendix was ligated at 1 cm from the dis-
tal end using a 4-0 silk suture, and the blind 
pouch of the appendix was punctured using a 
22-gauge needle. The feces at the perforated 
site was excluded, and the incision was sewed 
up using a 4-0 silk suture in two layers. The 
sham-operated mice underwent similar proce-
dures except for the ligation and puncture. All 
animals were subcutaneously injected with 
0.9% NaCl for resuscitation. 

To examine the influence of the Exo treatment 
on the survival of septic mice, the mice were 
treated with 50 μg Exo through tail vein injec-
tion at 0, 6 and 12 h post CLP procedures, 
respectively. Ten mice were injected at each 
time point. To evaluate the function of miR-382-
3p on the efficacy of Exo, the Exo-NC/Exo-KD 
were injected into mice at 0 h after CLP surgery. 
There were 10 successfully modeled mice in 
each group (survived over 72 h after surgery). 
The function of BTRC on Exo efficacy was exam-
ined through additional administration of 100 
μL lentiviral vector (LV-BTRC) and LV-NC in mice 
after CLP and Exo treatment. Ten successfully 
modeled mice were maintained in each group.

Examination of colony-forming units (CFUs)

At the 72 h after surgery, the mice were sacri-
ficed via an overdose of pentobarbital sodium 
(150 mg/kg, intraperitoneal injection). Then, 5 
mL cold PBS was injected into the peritoneal 
cavity of the dead animals in a sterile condition. 
The abdomen of mice was shaken for 1 min to 
evenly distribute the PBS in the cavity. Then, 
the peritoneal lavage fluid was collected using 

a pipette, and the samples were cultured on a 
blood agar plate at 37°C for 24 h to calculate 
the number of CFUs. 

Hematoxylin and eosin (H&E) staining

The lung, liver, and kidney tissues of mice were 
collected, fixed in 4% formaldehyde, embedded 
in paraffin, and cut into 4-μm sections. The sec-
tions were stained with hematoxylin and eosin 
(Sigma-Aldrich Chemical Company, St Louis, 
MO, USA). The staining was observed under a 
microscope.

The organ injury was evaluated according to  
the H&E staining, which was scored by three 
group-blinded pathologists as previously re- 
ported [22]. For the lung tissues, the staining 
was scored according to the tissue congestion 
and inflammatory infiltration (1-5 points); for 
the kidney tissues, the staining was scored 
according to the kidney tubular injury and glo-
merular shrinkage (0-5 points); for the liver tis-
sues, the staining was scored according to 
necrosis (0-3 points), bleeding (0-3 points) and 
infiltration (0-3 points) (total points: 9).

Isolation of spleen lymphocytes and identifica-
tion of T helper cells (Ths)

The murine spleen tissues were isolated and 
made into homogenate with a syringe plunger. 
The homogenate was then filtered using a nylon 
mesh and then injected into lymphocyte sepa-
ration medium (Dakewe Biotech Co., Ltd., 
Shenzhen, China). The medium with spleen cell 
suspension was further loaded with 200 μL 
Roswell Park Memorial Institute (RPMI)-1640 
and centrifuged at 800 g for 30 min to separate 
the lymphocyte layer. Then, the layer was fur-
ther added with 10 mL RPMI and centrifuged at 
250 g for 10 min. The supernatant was discard-
ed, and the cells were resuspended in culture 
medium.

The isolated lymphocytes were blocked by 
Magic Fc-receptor blocker for 15 min (Abace 
Biotechnology, Beijing, China) and then in- 
cubated in allophycocyanin-labeled anti-CD3 
(#100311, BioLegend, San Diego, CA, USA), 
anti-CD4, anti-interferon-γ (IFNγ, ab210390, 
Abcam) and anti-interleukin-4 (IL-4, ab95715, 
Abcam) at 4°C for 30 min. Subsequently, the 
cells were washed and analyzed using a 
FACScan cytometer (BD Biosciences, Mountain 
View, CA).
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Exo-based miRNA microarray analysis 

Total RNA from the Exo was extracted using the 
TRIzol reagent (Thermo Fisher Scientific) and a 
miRNeasy mini kit (Qiagen, Hilden, Germany). 
Since the total concentration of the exosomal 
RNA used for microarray analysis was relatively 
low, the total miRNA was first amplified using a 
miRNA amplification kit (System Biosciences 
(SBI), Mountain View, CA, USA). Next, the ampli-
fied miRNA samples were labeled using a miR-
CURY™ Hy3/Hy5 Power kit (Exiqon, Vedbaek, 
Denmark) and hybridized using a miRCURY™ 
LNA Array kit (version 18.0, Exiqon). Then, the 
glass slides were scanned using an Axon 
GenePix 4000B microarray scanner (Axon 
Instruments, Foster City, CA, USA). The images 
were imported in the Genepix Pro (Version 6.0, 
Axon Instruments) for data extraction. Three 
independent experiments were performed. 
miRNAs with foreground signal intensity stron-
ger than the background signal by two times 
were screened, and those with foreground sig-
nal intensity stronger than the background sig-
nal by 15 times were considered as highly-
enriched miRNAs.

Reverse transcription quantitative polymerase 
chain reaction (RT-qPCR)

Total RNA was collected using the TRIzol 
reagent (Thermo Fisher Scientific). To examine 
the expression of BTRC, total RNA was reverse-
transcribed into a PrimeScript RT kit (Takara 
Biotechnology Ltd., Dalian, China). Real-time 
qPCR was conducted using TB Green Premix Ex 
Taq II (Takara) on a QUANT5 PCR system 
(Applied Biosystems, Inc., Carlsbad, CA, USA), 

and GAPDH was used as the internal loading for 
mRNA quantification. The miR-382-3p expres-
sion was examined using an all-in-one miRNA 
RT-qPCR (Genecopoeia, Rockville, MD, USA) 
with 5S used as the internal control. Relative 
gene expression was examined by the 2-ΔΔCt 
method. All primers are shown in Table 1.

Western blot analysis 

Total protein was collected using the radio-
immunoprecipitation assay lysis buffer (Beyo- 
time Biotechnology Co., Ltd., Shanghai, China) 
containing protease inhibitor. The protein con-
centration was examined using the BCA kit. 
Next, an equal volume of protein was run  
on sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transferred to nitrocellu-
lose membrane (Millipore Corp., Billerica, MA, 
USA). The membranes were blocked by 5%  
non-fat milk for 2 h and then hybridized with  
the primary antibodies against BTRC (1:500, 
ab137674, Abcam), GAPDH (1:500, ab181603, 
Abcam), phospho-IκBα (Ser32) (1:1,000, #28- 
59, Cell Signaling Technologies (CST), Beverly, 
MA, USA) and phospho-NF-κB p65 (Ser536) 
(1:1,000, #3033, CST) at 4°C overnight and 
with the secondary antibody goat anti-rabbit 
IgG (1:1,500, #14708, CST) at 37°C for 2 h. 
The protein bands were developed using an 
enhanced chemiluminescence kit (Beyotime) 
and analyzed using the Image J software (NIH). 

Dual-luciferase reporter gene assay

The putative wild type (WT) binding site be- 
tween miR-382-3p and BTRC mRNA was pre-
dicted using the Starbase system (http://star-
base.sysu.edu.cn/). The mutant type (MT) bind-
ing site was designed as well. The BTRC 3’UTR 
sequence containing the WT or MT sites was 
inserted into the pmirGLO luciferase vectors 
(Promega, Madison, WI, USA) to construct pmir-
GLO-BTRC-WT and pmirGLO-BTRC-MT lucifer-
ase vectors. These vectors were then co-deliv-
ered with NC mimic/miR-382-3p mimic into 
EPCs using the Lipofectamine 2000 kit. After 
48 h, relative luciferase activity in cells was 
examined using a Dual-Luciferase Reporter 
Assay Kit (Promega) according to the manufac-
turer’s protocols.

Statistical analysis

GraphPad Prism 8 (GraphPad Software, San 
Diego, CA, USA) was used for statistical analy-

Table 1. Primer sequences for RT-qPCR
Gene Primer sequence (5’-3’)
miR-382-3p F: AGTTGTTCGTGGTGGATTC

R: GAACATGTCTGCGTATCTC
BTRC F: GCAGTACGATGAGAGGGTGATC

R: CAGAACGGCTTCACAGTGGTGA
GAPDH F: CATCACTGCCACCCAGAAGACTG

R: ATGCCAGTGAGCTTCCCGTTCAG
5S F: CTCGCTTCGGCAGCACAT

R: TTTGCGTGTCATCCTTGCG
Note: RT-qPCR, reverse transcription quantitative poly-
merase chain reaction; miR-382-3p, microRNA-382-3p; 
BTRC, beta-transducin repeat containing E3 ubiquitin 
protein ligase; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; F: forward; R: reverse.
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sis. Data were collected from three indepen-
dent experiments and shown as mean ± stan-
dard deviation (SD). Differences were analyzed 
using the unpaired t-test (two groups) or one-
way or two-way analysis of variance (ANOVA) 
and Tukey’s multiple comparison (multiple 
groups). The survival rate of mice was analyzed 
using the Log-rank test. P < 0.05 was consid-
ered a significant difference.

Results

Identification of the EPC-derived exosomes

The EPC-derived exosomes (Exo) were obtained 
using differential centrifugation. The particles 
showed typical oval shape under the TEM 
(Figure 1A). Then, the NTA was performed and 
suggested that the diameter of the particles 
was mainly distributed in 30-150 nm (Figure 
1B). In addition, western blot analysis confirm- 
ed positive expression of the exosome-specific 
marker proteins CD9 and CD81 in the particles 
(Figure 1C). These results suggested that the 
extracted particles were exosomes.

Exo alleviated CLP-induced organ damage in 
septic mice 

A septic murine model was established by CLP. 
The model mice were administrated with Exo 
through tail vein injection at different time 
points, and then the survival of animals in one 
week was monitored (Figure 2A). Compared to 
the sham operation, CLP procedures signifi-
cantly reduced the survival rate of the mice. At 
the 0 and 6th h after CLP, Exo treatment en- 

hanced the survival rate in different degrees, 
while Exo treatment at the 12th h after CLP 
showed little ameliorating effect on the survival 
of animals. Therefore, Exo administration at the 
0 h after CLP was used as the treating strategy 
in the subsequent experiments.

At the 72nd h after surgery (all mice survived  
in the initial 72 h were survived in the subse-
quent one week), the inflammatory injuries in 
murine lung, kidney and liver tissues were 
observed by H&E staining (Figure 2B-D). CLP 
procedures led to significant pathologic chang-
es, such as inflammatory infiltration, alveolar 
structure damage, hepatic cord disorder and 
glomerular destruction. Administration of Exo 
significantly mitigated the CLP-induced symp-
toms in the organs.

Exo alleviated the immune suppression in-
duced by CLP 

The peritoneal lavage fluid of mice was collect-
ed 72 h after CLP surgery and used for 24 h of 
colony formation (Figure 3A). It was found that 
the bacterial load (number of formed colonies) 
in the murine abdominal cavity and the bacte-
rial breeding induced by CLP were notably 
reduced by Exo treatment. 

The lymphocytes were extracted from the 
murine spleen tissues and counted (Figure 3B). 
It was found that the CLP significantly reduced 
the lymphocyte count, but the lymphocyte 
count was recovered after Exo treatment. We 
then analyzed the phonotype of the lympho-
cytes (Figure 3C). The concentration of T cells 

Figure 1. Identification of the exosomes (Exos). A. Shape of the particles observed under a transmission electron 
microscope; B. Particle size distribution of the exosomes examined by nanoparticle tracking analysis; C. Expression 
of the exosome-specific biomarkers CD9 and CD81 examined by western blot analysis. Three independent experi-
ments were performed. 
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Figure 2. Exos alleviated CLP-induced organ damage in septic mice. (A) Survival rate of mice after cecal ligation and puncture (CLP) procedures and Exo treatment 
at different time points; (B-D) Pathologic changes in murine lung (B), kidney (C), and liver (D) tissues examined by HE staining. In the survival analysis in (A), n = 
10 in each group, while in the subsequent experiments, n = 6 in each group. The survival rate of mice was analyzed by Log-rank test (A). Differences in (B-D) were 
analyzed by one-way ANOVA followed by Tukey’s multiple comparison. *P < 0.05 vs. the sham group; #P < 0.05 vs. the CLP group.
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Figure 3. Exos alleviated the immune suppression induced by cecal ligation and puncture (CLP). A. Bacterial load in murine abdominal cavity examined by the colony-
forming units; B. Number of the lymphocytes extracted from the murine spleen tissues; C. Phenotype of the lymphocytes analyzed by flow cytometry. In each group, n 
= 6. Differences in all panels were analyzed by one-way ANOVA followed by Tukey’s multiple comparison. *P < 0.05 vs. the sham group; #P < 0.05 vs. the CLP group.
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(CD3+) in the lymphocytes was examined using 
flow cytometry. It was found that the concentra-
tion of T cells was first reduced by CLP but then 
restored by the Exo. Among the CD3+ cells, the 
proportion of CD4+ cells (Ths) was significantly 
reduced in the CLP group. Likewise, the propor-
tion of Ths was re-elevated by Exo treatment. A 
lower Th2/Th1 (T helper 2/T helper 1) ratio in 
Ths may lead to better survival in septic patients 
[23]. Then, CD3+ and CD4+ cells were further 
screened using flow cytometry. It was found 
that the proportion of Th1 cells (IFNγ+IL-4-) in 
the Ths was notably declined, while the propor-
tion of Th2 cells (IL-4+IFNγ-) was increased by 
CLP, and this trend was reversed by Exo treat-
ment. These results indicated that CLP may 
reduce the antibacterial reaction against patho-
gen and consequently increase the risk of sec-
ondary infection, while the Exo can alleviate the 
accumulation of Th2 in Ths.

miR-382-3p was present stably and abundant-
ly in the Exo

Since miRNAs are a major class of cargoes  
conveyed by exosomes, we then examined the 
miRNA profiles in the Exo. A total of 12 miRNAs 
were suggested to be highly enriched in the 
Exo. Among them, only miR-382-3p showed 
high enrichment in three independent experi-
ments (Figure 4A), indicating that this miRNA 
was present stably and abundantly in the Exo. 
Therefore, miR-382-3p was selected as the 
subject for the subsequent experiments.

Then, we examined the expression of miR-382-
3p in lung, kidney, and liver tissues and in lym-
phocytes of mice in the sham, CLP and Exo 
groups. As shown in Figure 4B, the expression 
of miR-382-3p was significantly reduced after 
CLP, while the expression of miR-382-3p in 
these organs was enhanced after Exo treat-
ment. Also, the expression of miR-382-3p in 
the lymphocytes was examined by RT-qPCR. 
Compared to that in the lymphocytes from the 
sham-operated mice, the miR-382-3p expres-
sion in the lymphocytes from the CLP-treated 
mice was significantly reduced. Still, the miR-
382-3p expression in the lymphocytes was 
restored after Exo treatment (Figure 4B). 

Knockdown of miR-382-3p blocked the protec-
tive effects of Exo on the impaired organs

To examine whether miR-382-3p plays a key 
role in the protective events against sepsis-
induced organ injury, downregulation of miR-
382-3p was induced in Exo through administra-
tion of NC inhibitor/miR-382-3p inhibitor in the 
EPCs. The successful transfection was con-
firmed by RT-qPCR (Figure 5A). The correspond-
ing exosomes were collected and named Exo-
NC and Exo-KD, respectively. The miR-382-3p 
expression in the exosomes was examined 
using RT-qPCR, and successful downregulation 
of miR-382-3p was confirmed in Exo-KD (Figure 
5B). The Exo-NC and Exo-KD were admini- 
strated into the CLP-treated mice for further 
experiments. 

Figure 4. Exos mainly contained miR-382-3p. (A) miRNAs enriched in Exos screened by microarray analysis; (B) 
Expression of miR-382-3p in murine lung, kidney and liver tissues and in lymphocytes in mice after cecal ligation 
and puncture (CLP) and Exo treatment examined by RT-qPCR. In each group, n = 6. Differences in (B) were analyzed 
by one-way ANOVA followed by Tukey’s multiple comparison. *P < 0.05 vs. the sham group; #P < 0.05 vs. the CLP 
group.
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Figure 5. Knockdown of miR-382-3p blocked the protective effects of Exos on the impaired organs. (A) Transfection efficacy of miR-382-3p inhibitor in endothelial 
progenitor cells examined by RT-qPCR; (B) Expression of Exo-NC and Exo-KD determined by RT-qPCR; (C-E) Pathological changes in murine lung (C), kidney (D) and 
liver (E) tissues after Exo-NC or Exo-KD treatment examined by H&E staining. In each group, n = 6. Differences in (A-E) were analyzed by the unpaired t test. *P < 
0.05 vs. the Exo-NC group.



Exosomal miR-382-3p alleviates septic injury

6865	 Am J Transl Res 2022;14(10):6856-6873

The pathologic changes in murine organs were 
observed by H&E staining. Compared to Exo-
NC, Exo-KD treatment significantly increased 
the impairment scores in mice and aggravated 
inflammatory cell infiltration and tissue injuries 
in murine lung, kidney, and liver tissues (Figure 
5C-E).

Knockdown of miR-382-3p blocked the effects 
of Exo on immune regulation

The peritoneal lavage fluid samples from mice 
in the Exo-NC and Exo-KD groups were collect-
ed and cultured for 24 h. Compared to Exo-NC 
treatment, Exo-KD led to a notable increase in 
the number of CFUs in the peritoneal lavage 
fluid of mice (Figure 6A). The lymphocytes from 
murine spleen tissues were collected and ana-
lyzed. Importantly, Exo-KD treatment also sig-
nificantly reduced the lymphocyte count in the 
murine spleens (Figure 6B). The phenotypes of 
the lymphocytes were identified using flow 
cytometry (Figure 6C). In the lymphocytes from 
mice in the Exo-KD group, the proportion of T 
cells (CD3+) was significantly reduced. In addi-
tion, the proportion of Ths (CD3+CD4+) in the T 
cells was reduced as well. In the Exo-KD group, 
the Th2 (IL4+) phenotype showed a predomi-
nance in the Ths.

miR-382-3p targeted BTRC mRNA

To further examine the downstream molecu- 
les involved, we predicted the potential target 
mRNAs of mmu-miR-382-3p in several bioinfor-
matic systems including miRDB (http://mirdb.
org/), TargetScan (http://www.targetscan.org/
vert_72/), Starbase (http://starbase.sysu.edu.
cn/) and miRwalk (http://mirwalk.umm.uni-hei-
delberg.de/). Consequently, a total of 7 mRNAs 
were predicted to be intersected (Figure 7A). 
Then, miR-382-3p mimic and the control were 
transfected into EPCs, and then the expres-
sions of these candidate mRNAs were exam-
ined by RT-qPCR (Figure 7B). It was found  
that only the expression of BTRC in cells was 
suppressed by miR-382-3p mimic, while the 
expressions of other candidate transcripts 
were not significantly changed. Next, the BTRC 
expression in the lung, kidney and liver tis- 
sues of mice in the sham, CLP and Exo groups 
were examined using RT-qPCR (Figure 7C). 
Importantly, the CLP procedure increased the 
expression of BTRC in the lung, kidney, and liver 

tissues in the mice, while further Exo treatment 
blocked BTRC expression. The putative binding 
site between miR-382-3p and BTRC 3’UTR was 
obtained from StarBase, and the MT sequence 
was designed (Figure 7D). The dual-luciferase 
reporter gene assay suggested that the miR-
382-3p mimic significantly suppressed the 
activity of the BTRC-WT luciferase reporter vec-
tor, while the luciferase activity of the BTRC-MT 
vector was not changed (Figure 7E). 

Overexpression of BTRC regulated the IκBα/
NFκB signaling pathway and blocked the 
protective effects of Exo against CLP-induced 
organ injury

To validate whether BTRC is a target of the exo-
somal miR-382-3p, the Exo-treated model mice 
were further injected with LV-BTRC through tail 
vein, and LV-NC was injected for control. It was 
previously reported that BTRC (β-TrCP) may pro-
mote phosphorylation and degradation of IκBα 
and trigger NF-κB activation [18]. Therefore, we 
examined the expression of BTRC and phos-
phorylation of IκBα/NF-κB in the murine tis-
sues using western blot analysis. Importantly, 
LV-BTRC significantly increased the protein 
level of BTRC and the phosphorylation of IκBα 
and NF-κB in lung, kidney, and liver tissues 
(Figure 8A). In addition, the tissue injury in 
these organs was examined using HE staining 
again. Compared to LV-NC, LV-BTRC transfec-
tion significantly increased the tissue impair-
ment scores in mice. The damages in lung, kid-
ney and liver tissues, which were initially allevi-
ated by Exo, were aggravated again upon fur-
ther BTRC upregulation (Figure 8B-D).

Overexpression of BTRC blocked the effects of 
Exo on immune regulation

Likewise, the peritoneal lavage fluid samples 
from Exo-treated mice after LV-NC and LV-BTRC 
transfection were collected for CFU assay. 
Importantly, it was found that the bacteria load 
in the abdominal cavity of the septic mice was 
increased after BTRC overexpression (Figure 
9A). The spleen tissues of these mice were col-
lected. It was found that the number of total 
lymphocytes (Figure 9B), the concentration of 
Th cells (CD3+CD4+), as well as the proportion 
of Th1-phenotype cells (IFNγ+IL-4-), which were 
increased by Exo, were reduced in the setting 
of BTRC overexpression (Figure 9C).
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Figure 6. Knockdown of miR-382-3p blocked the effects of Exo on immune regulation. (A) Bacteria load in the peritoneal lavage fluid from mice examined by colony-
forming units; (B) Number of the isolated lymphocytes in the spleen tissues; (C) Concentration of Ths in the T cells and the phenotype of the Ths examined by flow 
cytometry. In each group, n = 6. Differences in (A-C) were analyzed by unpaired t test. *P < 0.05 vs. the Exo-NC group.
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Figure 7. miR-382-3p targeted BTRC mRNA. (A) Possible target mRNAs of miR-382-3p predicted using several bioinformatic systems; (B) Expressions of the can-
didate mRNAs in endothelial progenitor cells after miR-382-3p mimic transfection examined by RT-qPCR; (C) mRNA expression of BTRC in the murine lung, kidney 
and liver tissues examined by RT-qPCR; (D) Putative binding site between BTRC and miR-382-3p and the WT sequence prepared for luciferase assay; (E) Luciferase 
activity of the BTRC-WT and the BTRC-MT luciferase reporter vectors examined by the dual luciferase reporter gene assay. In each group in (C), n = 6. Differences in 
(B, C and E) were analyzed by two-way ANOVA and Tukey’s multiple comparison. *P < 0.05 vs. the sham group, #P < 0.05 vs. the CLP group, &P < 0.05 vs. the CLP 
group. BTRC, beta-transducin repeat containing E3 ubiquitin protein ligase; WT, wild type; MT, mutant type.
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Figure 8. Overexpression of BTRC regulated the IκBα/NFκB signaling pathway and blocked the protective effects of Exo against CLP-induced organ injury. (A) Protein 
level of BTRC and phosphorylation of IκBα/NF-κB in murine lung, kidney and liver tissues examined by western blot analysis; (B-D) Pathological changes in murine 
lung (B), kidney (C) and liver (D) tissues after Exo treatment and LV-BTRC transfection determined by H&E staining. In each group, n = 6. Differences were analyzed 
by two-way ANOVA (A) or the unpaired t test (B and D). *P < 0.05 vs. Exo + LV-NC. BTRC, beta-transducin repeat containing E3 ubiquitin protein ligase; CLP, cecal 
ligation and puncture.
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Figure 9. Overexpression of BTRC blocked the effects of Exo on immune regulation. A. Bacteria load in the peritoneal lavage fluid from mice examined by colony-
forming units; B. Number of isolated lymphocytes in the spleen tissues; C. Concentration of Th cells (CD3+CD4+) and the phenotype of the lymphocytes examined 
by flow cytometry. In each group, n = 6. Differences were analyzed by unpaired t test. *P < 0.05 vs. the Exo + LV-NC group. BTRC, beta-transducin repeat containing 
E3 ubiquitin protein ligase.



Exosomal miR-382-3p alleviates septic injury

6870	 Am J Transl Res 2022;14(10):6856-6873

Discussion

Septic shock is a fatal organ dysfunction 
induced by the dysregulated host response to 
infection [24]. Identifying novel therapeutic 
tools or biomarkers related to immune regula-
tion and tissue repair is of great significance to 
improve the outcome of septic patients. EPCs 
have shown potential relevance to tissue repair 
in organ systems [14]. Here, we found that the 
EPC-derived exosomal miR-382-3p alleviated 
organ damage and immune suppression in a 
murine model with sepsis, during which the 
BTRC/IκBα/NF-κB axis was possibly involved. 

Acute septic injury in different organs such as 
lung [25], kidney [26], and liver [27] is a main 
cause of death of septic patients. Interestingly, 
EPCs have been found to mitigate paraquat-
induced acute lung injury [28] and ischemia-
induced kidney injury in murine models [29]. 
More relevantly, administration of EPCs has 
also shown beneficiary effects on vascular  
injury, organ dysfunction, as well as the mortal-
ity in preclinical septic models [12, 30, 31]. 
Importantly, emerging evidence has suggested 
that the exosomes play a part in the tissue-
repair events by the EPCs [32, 33]. This is also 
applied in sepsis. For instance, EPC-secreted 
Evs were reported to protect against sepsis-
induced kidney injury in mice [34]. The EPC-
sourced exosomes were found to prevent 
microvascular dysfunction and improve the sur-
vival and outcomes of septic mice [35]. Here in 
this study, we validated that the Exo treatment 
enhanced the survival of septic mice and allevi-
ated the inflammatory infiltration, organ dam-
age, and dysfunction in the murine lung, kidney 
and liver tissues. Importantly, the protective 
role of Exo on mouse survival was largely 
depended on the time of administration, since 
only a timely treatment of Exo (0 h and 6 h after 
CLP, rather than 12 h) offered significant sur-
vival benefits for the mice. 

As for the immune regulation, we first confirmed 
that the bacterial load in murine abdominal 
cavity induced by CLP was significantly reduced 
by Exo treatment. Sepsis can also reduce the 
concentration of Ths in the lymphocytes [36], 
and a higher concentration of Ths usually indi-
cates a higher survival rate of septic patients 
[37]. In concert with this, sepsis can decrease 
the ratio of Th1 to Th2 cells [38], and a lower 
Th2/Th1 ratio is correlated with better sur- 

vival in septic patients [23]. Here, the spleen 
tissues from mice were collected for analysis. 
Consequently, the number of lymphocytes in 
spleen tissues, the concentration of Ths in lym-
phocytes and the proportion of Th1 cells in the 
Ths, were significantly reduced by CLP but 
recovered after Exo treatment. These results, 
collectively, indicated that the Exo might en- 
hance the immune response and reduce the 
bacteria load in septic mice.

As aforementioned, miRNAs are a major class 
of contents of exosomes which play key roles in 
the exosome-mediated events, and miR-93-5p 
and miR-126-3p were reported as key factors 
responsible for the protective functions of EPC-
exosomes in the previous reports [34, 35]. 
Here, a microarray analysis suggested that 
miR-382-3p was highly enriched in the Exo. 
Although the relevance of miR-382-3p to tissue 
repair and sepsis has not been concerned 
before, a previous study showed anti-inflamma-
tory effects of miR-382-3p against inflamma-
tion in chondrocytes [17]. Knockdown of miR-
382-3p blocked the protective events against 
organ injury and blocked the immune activation 
mediated by Exo, which validated that the miR-
382-3p was, at least in part, responsible for the 
functions of the Exo. However, we did not direct-
ly inject the miR-382-3p mimic into septic mice 
to observe its anti-sepsis effects. This would 
need to be verified in further studies.

The bioinformatic analyses and cellular experi-
ments confirmed BTRC as a direct target of 
miR-382-3p. Upregulation of BTRC has been 
reported to enhance phosphorylation and deg-
radation of IκBα and the following phosphoryla-
tion and nuclear translocation of NF-κB [18, 
39]. NF-κB plays a critical role in inflammation 
and is frequently involved in inflammatory dis-
eases [40]. Activation of NF-κB is also a major 
contributor to the increase in the chemokines 
and cytokines, leading to organ injury in sepsis 
[41]. Importantly, our study found that overex-
pression of BTRC increased the phosphoryla-
tion of IκBα/NF-κB. Also, the tissue repair and 
immune activity mediated by Exo were blocked 
in the setting of BTRC upregulation.

Collectively, the present study suggests that 
EPC-derived exosomal miR-382-3p targets 
BTRC and decreases phosphorylation of IκBα/
NF-κB, thereby alleviating CLP-induced organ 
injury and immune suppression in septic mice 
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(Figure 10). However, in the present study, we 
mainly focused on the function of Exo on the 
organ injury and immune activity in vivo. The in 
vitro experiments concerning septic injury in 
lung, kidney and liver cells, and the effect of 
Exo on the injury in vitro were not concerned. 
Studying the function of Exo in organ protection 
in a cellular perspective may enhance the com-
prehensiveness of the study. We would like to 
study this in the near future. Since exosomes 
may offer specific advantages thanks to the 
reduced immunogenicity while increased safe-
ty profile, the Exo might serve as a promising 
tool for the management of organ injury induced 
by sepsis.
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