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Abstract

This study intends to investigate the effects of miR-142-5p
encapsulated by serum-derived extracellular vesicles (EVs)
on septic acute lung injury (ALI) following remote ischemic
preconditioning (RIPC) through a PTEN-involved mecha-
nism. ALl was induced in rats by lipopolysaccharide (LPS) in-
jection, 24 h before which RIPC was performed via the left
lower limb. Next, the binding affinity between miR-142-5p
and PTEN was identified. EVs were isolated from serum and
injected into rats. The morphology of lung tissues, pulmo-
nary edema, and inflammatory cell infiltration into lung tis-
sues were then assessed, and TNF-a and IL-6 levels in serum
and lung tissues were measured. The results indicated that
RIPC could attenuate ALl in sepsis. miR-142-5p expression
was increased in serum, lung tissues, and serum-derived EVs
of ALl rats following RIPC. miR-142-5p could target PTEN to
activate the PI3K/Akt signaling pathway. miR-142-5p shut-

tled by serum-derived EVs reduced pulmonary edema, neu-
trophil infiltration, and TNF-a and IL-6 levels, thus alleviating
ALl in LPS-induced septic rats upon RIPC. Collectively, se-
rum-derived EVs-loaded miR-142-5p downregulated PTEN
and activated PI3K/Akt to inhibit ALl in sepsis following RIPC,
thus highlighting potential therapeutic molecular targets

against ALl in sepsis. ©2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Sepsis, as a life-threatening clinical syndrome, is charac-
terized by organ dysfunction resulting from the dysregu-
lated response to infection [1]. Organ dysfunctions occur
frequently in patients with sepsis, and the lungs are particu-
larly vulnerable; approximately 50% of acute lung injury
(ALI) or acute respiratory distress syndrome arises due to
sepsis [2]. In recent years, remote ischemic preconditioning
(RIPC) has been found to be beneficial, comprising stimu-
lation induced by transient ischemia-reperfusion of distal
tissue, which was initially used for cardiac protection [3].
Studies have also demonstrated that RIPC is a practical,
clinically applicable method for protecting against the acute
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kidney injury and heart injury [4, 5]. RIPC is also confirmed
to ameliorate lipopolysaccharide (LPS)-induced ALI in
septic mice [6]. However, the mechanisms by which RIPC
modulates sepsis-induced ALI remain to be established.

Extracellular vesicles (EVs) have become an important
cell-cell communication entity in physiological and path-
ological processes acting as carriers of many biomolecules,
including microRNAs (miRNAs), which are involved in
many biological processes inherent to inflammatory dis-
eases, including lung injury in acute respiratory distress
syndrome [7]. Existing literature has confirmed that EVs
delivering miRNA can mitigate ALI [8]. miRNAs are
highly conserved small noncoding RNAs, 21-23 nucleo-
tides in length, and can regulate relevant genes by inhibit-
ing translation or inducing RNA degradation [9]. miR-
NAs serve as critical regulators of cell proliferation, apo-
ptosis, and inflammation [10]. Growing evidence has
demonstrated the effects of miRNAs on inflammatory re-
sponse in sepsis-induced ALI [11, 12]. miR-142-5p is one
of the two small single-chain molecules formed by the pre-
cursor of miR-142 during the maturation [13]. Downreg-
ulated expression of miR-142-5p has been suggested in
sepsis [14], whereas the involvement of miR-142-5p in
sepsis-induced ALI remains to be elucidated.

Of interest, phosphatase and tensin homologue delet-
ed on chromosome 10 (PTEN) is identified to be a direct
target gene of miR-142-5p [15]. PTEN, as a dual-function
lipid and protein phosphatase, has emerged as a tumor
suppressor gene [16]. PTEN can also regulate innate and
adaptive immunity during lung inflammation [17]. A role
of PTEN in sepsis-induced ALI has also been demonstrat-
ed [18]. However, the mechanisms by which serum-de-
rived EVs communication affects ALI in sepsis following
RIPC remain unclear; specifically those involving the pu-
tative interplay between miR-142-5p, PTEN, and PI3K/
Akt have not been explored. Such knowledge could sup-
port a notion that serum-derived EVs may be of signifi-
cance to ALI in sepsis after RIPC. Hence, herein we hy-
pothesized that the transfer of miR-142-5p via serum-de-
rived EVs might alter ALI in sepsis following RIPC, which
may associate with PTEN and PI3K/Akt.

Materials and Methods

Animal Acclimatization

Two-month-old male Sprague-Dawley rats, weighing 160-185
g, were provided by Shanghai Model Organisms Center (Shanghai,
China). All rats were housed at 24 + 1°C under a humidity of 65%
and a 12-h light/dark cycle, with free access to food and water, for
a period of 1 week.

Serum-EVs Carrying miR-142-5p in ALI
in Sepsis

RIPC in Rats

After overnight fasting, rats were anesthetized intraperitone-
ally with anesthetic cocktail (1.8 mL/kg) containing fentanyl
(0.0166 mg; Abbot Laboratories, Abbott Park, IL, USA) and mid-
azolam (1.66 mg; La Roche Ltd., Basel, Switzerland) per milliliter.
Anesthesia was maintained throughout surgery using repeated
doses of anesthetics. Though placing a 1-cm-wide, 30-cm-long
rubber band tourniquet across the upper thigh of the left lower
limb, lower limb ischemia lasted for 10 min (3 cycles). The cessa-
tion of arterial blood flow was confirmed by a laser flow meter
(Laser Flo BPM2; Vasamedics, Minneapolis, MN, USA), which
was put on the limb distal to the tourniquet.

LPS-Induced Septic ALI Rat Model

To establish LPS-induced septic ALI rat models, rats were ran-
domly allocated into the following 4 groups (n = 16): (1) saline
group (rats were injected with the same amount of normal saline);
(2) LPS group (rats were injected with Escherichia coli O111: B4,
12880 [5 mg/kg; Sigma-Aldrich, St. Louis, MO, USA] dissolved in
1 M 0.9% sodium chloride via tail vein); and (3) RIPC + LPS group
(RIPC was performed in the left lower limb of rats 24 h before LPS
injection). After LPS stimulation, 10 rats in each group were ob-
served for 7 days to evaluate the survival rate. Survival of these
animals was observed by a blinded researcher. In addition, after
blood collection, 6 rats in each group were euthanized 6 h after LPS
treatment, and lung tissue was obtained for subsequent analysis.
The EVs (70 pg) or the NC PBS was injected through vena jugula-
ris externa into rats of the corresponding group 12 h after the es-
tablishment of ALI [19, 20].

Hematoxylin and Eosin Staining

Lung tissues were excised and prepared into paraffin-embed-
ded sections of a thickness of 4-6 mm. After staining with hema-
toxylin and eosin (HE), pathological changes were observed utiliz-
ing a light microscope (BXFM; Olympus, Tokyo, Japan). The lung
injury was scored by assessing inflammatory cell infiltration in al-
veolar congestion or airspace, vessel wall, hemorrhage, alveolar
wall thickness, and hyaline membrane formation, based on which
scores of 0, 1, 2, 3 and 4 indicated no, mild, moderate, severe, and
very severe damage, respectively [9].

Lung Wet/Dry Ratio

Severity of pulmonary edema was assessed through measure-
ment of lung wet/dry ratio. Briefly, the right lung was isolated and
weighed, followed by drying at 80°C for 48 h and measurement of
dry weight.

Myeloperoxidase Evaluation

Lung tissues were homogenized with reaction buffer (1/9 wt/
vol), and a myeloperoxidase (MPO) activity detection kit (Nanjing
Jiancheng Bioengineering Institute, China) was utilized. MPO ac-
tivity, an indicator for inflammatory cell infiltration, was charac-
terized as MPO/mg unit protein in the homogenate utilizinga DC
protein assay (Bio-Rad, Hercules, CA, USA) after the detergent
solubilization of MPO.

ELISA

Rats were anesthetized with an anesthetic cocktail (1.8 mL/kg)
to collect blood sample. The blood was centrifuged (2,000 rpm,
4°C) for 10 min, and lung tissue homogenates were centrifuged
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(14,000 rpm, 4°C) for 10 min. Collected supernatants were both
subjected to ELISA determination of proinflammatory cytokines
(IL-1B, IL-6, and TNF-a) utilizing corresponding ELISA kits (Bio
Legend, San Diego, CA, USA). The optical density at 450 nm was
quantified with the use of a microplate reader (MultiskanMK3;
Thermo Scientific, Waltham, MA, USA).

Preparation and Administration of miR-142-5p

miR-142-5p was synthetized by VBC Biotech (Vienna, Aus-
tria). The mature miR-142-5p and control oligonucleotides were
dissolved in PBS. LPS-challenged Sprague-Dawley rats were in-
jected with miR-142-5p or miR-control (200 pL, 8 mg/kg), referred
to as miR-control + LPS and miR-142-5p + LPS groups (6 rats in
each group), respectively. Specifically, the rats were injected before
LPS treatment with miR-142-5p or miR-control, 8 mg/kg once a
day for 3 days. LPS or saline induction was performed on the sec-
ond day after the final injection.

Isolation and Identification of EVs from Serum

The blood collected from rat jugular vein was centrifuged
(3,000 g) for 25 min to collect the serum. After 30-min centrifuga-
tion of the serum (3,000 g, 4°C), the supernatant diluted with PBS
(pH 7.4) was subjected to another 30-min centrifugation (10,000
g,4°C). The supernatant harvested was filtered through a 0.22-mm
filter (Millipore), followed by 2-h centrifugation (200,000 g).

For EV purification, the pellets were centrifuged at (200,000 g,
4°C) for 1 h, and the EV-contained pellets were resuspended in
filtrated PBS. Isolated EVs were analyzed using electron micros-
copy and nanoparticle tracking analysis. Protein markers such as
CD63 and CD81 were quantified by flow cytometry, with PBS as
the control.

The isolated serum EVs were fixed in 2% paraformaldehyde,
loaded onto a Formvar carbon coated grid, and then allowed to
stand for 15 min. After that, the samples were negatively stained
for 5 min with uranyl oxalate, which were subsequently viewed
utilizing a Hitachi H-600 transmission electron microscope (Hita-
chi, Schaumburg, IL, USA).

The EVs were labeled with PKH67 green fluorescence (Sigma;
MINI67). After 15-min centrifugation (14,000 g) to remove re-
sidual dye, EVs were resuspended in 200 uL PBS. After LPS induc-
tion, the rats were injected with serum-derived EVs (200 pg) via
the tail vein. The control rats were injected with PBS. Prepared
sections of lung tissues were stained with DAPI for 10 min and
observed with fluorescence microscope (AX70; Olympus).

Bioinformatics Analysis

A sepsis-induced ALl-related miRNA expression dataset
(GSE111241) was downloaded from the GEO database, which in-
cluded 3 LPS-induced ALI rat model samples and 3 normal control
samples. Differentially expressed genes in sepsis-induced ALI were
identified using the “limma” package in R language, with p < 0.05
and |logFC| > 1 set as the threshold.

Isolation and Quantification of RNA

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was applied to
extract total RNA from tissues or EVs. The quality of RNA was
determined by RNA gel electrophoresis. Total RNA (5 ug) was re-
versely transcribed into cDNA utilizing a ¢cDNA synthesis kit
(K1622; Fermentas, Ontario, CA, USA); and the poly(A) tailing
method was applied to synthesize cDNA from miRNA with the use
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of the microRNA reverse transcription kit (EZB-miRT2; EZBiosci-
ence, Roseville, MN, USA).

Reverse transcription quantitative polymerase chain reaction (RT-
qPCR) was conducted utilizing the SYBR Green Plus Kit (Roche Ap-
plied Science, Mannheim, Germany) on an ABI 7500 instrument (Ap-
plied Biosystems, Foster City, CA, USA). Three replicates were set for
RT-qPCR. U6 was used as an internal reference. The 274t method
was used to quantify the relative mRNA expression. The primer se-
quences of genes are listed in online supplementary Table 1 (for all
online suppl. material, see www.karger.com/doi/10.1159/000522231).

Western Blot Analysis

The total protein was extracted from EVs or lung tissues using
RIPA buffer (BioSharp, Beijing, China), followed by the measure-
ment of protein concentration with the use of a BCA kit (Thermo
Fisher Scientific, Rockford, IL, USA). The protein was separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
electrotransferred onto a PVDF membrane, which was subse-
quently incubated with the primary antibodies overnight at 4°C.
Afterward, the membrane was incubated with the horseradish per-
oxidase-labeled secondary antibody. The ImageQuant LAS4000
mini (GE Healthcare, Piscataway, NJ, USA) was used to visualize
the membrane. The primary antibodies against PTEN (ab267787,
1:1,000), p-AKT (ser473, ab81283, 1:5,000), and AKT (ab8805,
1:500) were purchased from Abcam (Cambridge, UK).

Dual-Luciferase Reporter Gene Assay

Wild-type and mutant 3'-untranslated region of PTEN were
cloned into the pGL3 vector (Promega, Madison, WI, USA). Cells
were seeded into 24-well plates (5 x 10° cells/well). Constructed
wild-type and mutant reporter plasmids were then cotransfected
with miR-142-5p mimic or NC-mimic (GenePharma, Shanghai,
China) into HEK293T cells (American Type Culture Collection,
Manassas, VA, USA) utilizing Lipofectamine 3000 transfection re-
agent (Invitrogen). The luciferase activity was determined 24 h
later with the use of a Dual-Luciferase® Reporter Assay System
(Promega).

Statistical Analysis

Data analysis was performed using SPSS 18.0 software (SPSS
Inc., Chicago, IL, USA). All quantitative data were summarized as
mean * standard deviation. An unpaired ¢ test was used for the
comparison of the data between 2 groups. Comparisons of the data
from multiple groups were conducted using one-way analysis of
variance (ANOVA) with Tukey’s post hoc tests. The Kaplan-Mei-
er method was used to calculate the survival rate. Values of p < 0.05
were considered statistically significant.

Results

RIPC Relieves ALI in Septic Rats

RIPC has been established to be a beneficial stimula-
tion triggered by transient ischemia-reperfusion of distal
tissues, which has a protective effect on heart and kidney
[3,5,21], but the protective mechanism of RIPC in sepsis-
induced ALI is still unknown. Thus, sepsis rat models
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Fig. 1. RIPC alleviates LPS-induced sepsis in rats. a The formation
of pulmonary edema in LPS-induced septic ALI rats, determined
by W/D ratio. b Survival rate of LPS-induced septic ALI rats. ¢
Morphology of lung tissues of LPS-induced septic ALI rats detect-
ed by HE staining. d Levels of TNF-a and IL-6 in serum and lung
tissues of LPS-induced septic ALI rats measured by ELISA.
e mRNA levels of TNF-a and IL-6 in serum and lung tissues of
septic rats 6 h after LPS induction measured by RT-qPCR. f The
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Fig. 2. miR-142-5p expression increases in lung tissues of LPS-
induced septic ALI rats receiving RIPC treatment. miR-142-5p ex-
pression in lung tissues of LPS-induced septic ALI rats measured
by RT-qPCR. *p < 0.05 versus rats injected with normal saline;
#p < 0.05 versus LPS-induced septic ALI rats. Descriptive data are
summarized as the mean + standard deviation. Data comparison
among multiple groups was conducted using one-way ANOVA
with Tukey’s post hoc test. n = 6 for rats upon each treatment.

Serum-EVs Carrying miR-142-5p in ALI
in Sepsis

septic ALI rats detected by MPO activity. *p < 0.05 versus rats in-
jected with normal saline (the control group); *p < 0.05 versus LPS-
induced septic ALI rats (the LPS group). Descriptive data are sum-
marized as the mean * standard deviation. Data comparison be-
tween multiple groups was conducted using the one-way ANOVA
with Tukey’s post hoc test. The Kaplan-Meier method was used to
calculate the survival rate. n = 6 for rats upon each treatment. W/D
ratio, wet/dry ratio.

were induced by LPS to investigate the effects of RIPC on
ALl in septic rats. Compared with untreated LPS-induced
septic ALI rats, RIPC treatment reduced the formation of
pulmonary edema (Fig. 1a). Within 7 days after RIPC
treatment, RIPC increased the survival rate of LPS-in-
duced septic ALI rats (Fig. 1b). The results of HE staining
showed that RIPC could attenuate the formation of ede-
ma and neutrophil infiltration in lung tissues of septic rats
after LPS induction (Fig. 1c).

It has been documented that the increases in the pro-
duction of proinflammatory TNF-a and IL-6 in serum
and lung tissues were markers of the inflammatory re-
sponse in lungs [22, 23]. ELISA results displayed that
TNF-aand IL-6 levels in serum and lung tissues increased
at 6 h after LPS induction, while RIPC blocked the in-
crease of these cytokines in serum and lung tissues in
LPS-induced septic ALI rats (Fig. 1d). Meanwhile, the ex-
pression of TNF-a and IL-6 mRNA was elevated in these
lung tissues, whereas the elevation was reversed following
RIPC (Fig. le). MPO evaluation results further verified
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Fig. 3. miR-142-5p relieves LPS-induced ALI in septic rats. a miR-
142-5p expression in lung tissues of rats in response to miR-NC +
LPS or miR-142-5p + LPS measured by RT-qPCR. b The forma-
tion of pulmonary edema in lung tissues of rats in response to miR-
NC + LPS or miR-142-5p + LPS determined by W/D ratio. ¢ Mor-
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or miR-142-5p + LPS measured by ELISA. e mRNA levels of
TNF-a and IL-6 in serum and lung tissues of rats in response to

that RIPC attenuated lung inflammation in septic rats
(Fig. 1f). These results suggested that RIPC protected
against septic ALI in LPS-challenged rats.

miR-142-5p Is Upregulated in Lung Tissues of

LPS-Induced Septic ALI Rats following RIPC

Evidence exists reporting the involvement of miRNAs in
inflammatory lung diseases [12, 23], The underexpression
of miR-142-5p was revealed in lung tissues of LPS-induced
septic ALI rats relative to control rats, whereas the rescue of
miR-142-5p expression was observed in response to RIPC
treatment (Fig. 2). These data suggested that RIPC elevated
miR-142-5p expression in LPS-induced septic ALL

miR-142-5p Alleviates LPS-Induced ALI in Septic Rats
To explore whether systemic administration of miR-
142-5p reduced sepsis-induced ALI, miR-142-5p or miR-
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miR-NC + LPS or miR-142-5p + LPS measured by RT-qPCR. f The
infiltration of inflammatory cells into lung tissues in rats in re-
sponse to miR-NC + LPS or miR-142-5p + LPS detected by MPO
activity. *p < 0.05 versus LPS-induced septic rats injected with miR
control (the miR control + LPS group). Descriptive data are sum-
marized as the mean * standard deviation. Data from 2 groups
were compared by the unpaired ¢ test. Data comparison between
multiple groups was conducted using the one-way ANOVA with
Tukey’s post hoc test. n = 6 for rats upon each treatment. W/D ra-
tio, wet/dry ratio.

control was intravenously injected into the rats and they
were treated with LPS 1 day after the injections. miR-142-
5p expression was increased in lung tissues of rats cotreated
with miR-142-5p and LPS (Fig. 3a), accompanied by a de-
creased formation of pulmonary edema (Fig. 3b). HE stain-
ing analysis showed that the formation of edema and neu-
trophil infiltration was reduced in lung tissues of rats co-
treated with miR-142-5p and LPS (Fig. 3c). Moreover,
ELISA results displayed that TNF-a and IL-6 levels in se-
rum and lung tissues of rats cotreated with miR-142-5p and
LPS decreased 6 h after LPS induction (Fig. 3d). RT-qPCR
results revealed that mRNA levels of TNF-a and IL-6 were
downregulated in lung tissues of rats cotreated with miR-
142-5p and LPS (Fig. 3e). MPO evaluation further verified
that miR-142-5p attenuated lung inflammation in LPS-in-
duced septic ALI rats (Fig. 3f). It can thus be concluded that
miR-142-5p attenuated ALI in LPS-induced septic rats.
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miR-142-5p Targets PTEN to Activate the PI3K/Akt

Signaling Pathway

The TargetScan database was utilized to predict miR-
142-5p target genes, and the sepsis-induced ALI-related
mRNA dataset GSE111241 was subjected to the differen-

Serum-EVs Carrying miR-142-5p in ALI
in Sepsis

e PTEN mRNA level and miR-142-5p expression in lung tissues of
rats in response to LPS alone or combined with RIPC/miR-142-5p
measured by RT-qPCR (n = 6). f Protein levels of PTEN and p-
AKT/AKT in lung tissues of rats in response to LPS alone or com-
bined with RIPC/miR-142-5p measured by the Western blot anal-
ysis (n=6). *p < 0.05 versus control rats or LPS-induced septic rats
injected with miR control; *p < 0.05 versus LPS-induced septic ALI
rats. Descriptive data are depicted as the mean + standard devia-
tion. Data from 2 groups were compared by the unpaired ¢ test.
Data comparisons between multiple groups were conducted by
one-way ANOVA with Tukey’s post hoc test. UTR, untranslated
region; WT, wild type; MUT, mutant.

tial analysis (Fig. 4a). Following Venn diagram analysis of
the predicted target genes of miR-142-5p and upregulat-
ed mRNAs in the GSE111241 dataset, 52 genes were
found at the intersection (Fig. 4b). In order to identify the
target genes, the interactions between these 52 genes were
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analyzed by using the STRING database, and PTEN was
found to be a hub gene (Fig. 4c). A dual-luciferase report-
er gene assay data revealed that miR-142-5p could target
PTEN (Fig. 4d). In vivo, as compared to the rats injected
with normal saline, PTEN mRNA and protein levels in-
creased and the p-AKT/AKT protein level decreased in
lung tissues of LPS-induced septic ALI rats. Relative to
LPS-induced septic ALI rats, the PTEN mRNA and pro-
tein levels were reduced and p-AKT/AKT protein level
was elevated in the lung tissues of LPS-induced septic ALI
rats following RIPC. Compared to rats injected with miR-
control and LPS, miR-142-5p expression and p-AKT/
AKT protein level were increased, whereas PTEN mRNA
and protein levels were decreased in rats injected with
miR-142-5p and LPS (Fig. 4e, f; online suppl. Fig. S1).
Collectively, these results unveiled that miR-142-5p acti-
vated the PI3K/Akt signaling pathway by inhibiting
PTEN.
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e miR-142-5p expression in serum-derived EVs of LPS-induced
septic ALI rats at different time points after RIPC treatment (n =
3). *p < 0.05 versus LPS-induced septic ALI rats. Descriptive data
are summarized as the mean + standard deviation. Data compari-
son for multiple groups was conducted using one-way ANOVA
with Tukey’s post hoc test. TEM, transmission electron micro-
scope.

miR-142-5p Expression Elevates in Serum-Derived

EVs of LPS-Induced Septic ALI Rats following RIPC

It has been found that RIPC treatment could upregu-
late miR-142-5p in the lung tissues of rats. We speculated
that RIPC may release miR-142-5p into the blood, which
acted as a humoral lung protective factor. Thus, the effect
of RIPC on circulating miR-142-5p expression was inves-
tigated. Relative to rats injected with normal saline, miR-
142-5p expression exhibited no difference in the plasma
of LPS-induced septic ALI rats, while it was 2-folds high-
er in the plasma of LPS-induced septic ALI rats following
RIPC than those without RIPC treatment (Fig. 5a). Since
EVs are important carriers of circulating miRNA, the re-
sponse of EVs to RIPC was explored. Transmission elec-
tron microscope data displayed that EV's extracted from
rat serum had a double-membrane structure, similarly in
a circle or an oval shape with complete membrane
(Fig. 5b). In addition, nanoparticle tracking analysis indi-
cated that the diameter of EVs was between 25 nm and
150 nm, where 90.15 nm was average (Fig. 5¢). The pres-
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Fig. 6. Serum-derived EVs relieve LPS-induced ALI in sepsis fol-
lowing RIPC. Rats were injected with LPS and EVs. a The distribu-
tion of PKH67-labeled EVs in lung tissues observed by immuno-
fluorescence (PKH67-conjugated EVs are indicated by red ar-
rows). b The formation of pulmonary edema in lung tissues of rats
determined by the W/D ratio. ¢ Representative images and quan-
titative analysis of lung injury detected by HE staining. d Levels of
TNF-a and IL-6 in serum and lung tissues of rats measured by
ELISA. e mRNA levels of TNF-a and IL-6 in serum and lung tis-

ence of EV markers CD63 and CD81 was identified with
flow cytometry (Fig. 5d). Furthermore, miR-142-5p ex-
pression in EVs at different time points (0, 2, 6, 12, and
24 h) after RIPC treatment was determined. The level of
EVs-miR-142-5p in the serum of rats was found upregu-
lated 2 h after RIPC treatment, which remained stable up
to 24 h (Fig. 5e). These findings suggested that EVs-miR-
142-5p expression was elevated in the serum of LPS-in-
duced septic ALI rats following RIPC.

Serum-Derived EVs Alleviate ALI in LPS-Induced

Septic Rats following RIPC

To verify whether the protective effect of RIPC on sep-
sis-induced ALI is mediated by EVs, the distribution of
serum-derived EVs in the lung tissue of rats with sepsis-
induced ALI after RIPC treatment was determined. Se-
rum-derived EVs labeled with PKH67 were intravenous-
ly injected into sepsis-induced ALI rats. After 24 h, frozen
sections displayed that the EV's labeled with PKH67 were
carried into the lung parenchyma (Fig. 6a). In contrast to
PBS-treated rats, the formation of pulmonary edema was

Serum-EVs Carrying miR-142-5p in ALI
in Sepsis

sues of rats at 6 h after LPS induction measured by RT-qPCR. f The
infiltration of inflammatory cells into lung tissues in rats detected
by MPO activity. *p < 0.05 versus rats injected with rats injected
with normal saline; *p < 0.05 versus rats injected with PBS + LPS.
Descriptive data are summarized as the mean * standard devia-
tion. Data comparisons for multiple groups were conducted using
one-way ANOVA with Tukey’s post hoc test. n = 6 for rats in each
treatment group. W/D ratio, wet/dry ratio.

enhanced in rats injected with PBS + LPS, whereas addi-
tional injection of EVs negated the enhancement (Fig. 6b).
As depicted in HE staining, relative to PBS-treated rats,
the formation of edema and neutrophil infiltration was
greater in the lung tissues of rats injected with PBS + LPS.
Compared with the rats injected with PBS + LPS, the for-
mation of edema and neutrophil infiltration was de-
creased in the lung tissues of rats injected with EVs + LPS
(Fig. 6¢). ELISA and RT-qPCR data displayed that the
levels of TNF-a and IL-6 increased in serum and lung tis-
sues of rats treated with PBS + LPS relative to those in
control rats, whereas these increases were reversed in re-
sponse to injection of EVs (Fig. 6d, e). MPO evaluation
further verified that as compared to rats injected with
normal saline, lung inflammation was strengthened in
rats injected with PBS + LPS. As compared to the rats in-
jected with PBS + LPS, lung inflammation was attenuated
in rats injected with EVs + LPS (Fig. 6f). These lines of
evidence led to a conclusion that serum-derived EVs at-
tenuated ALI in LPS-induced sepsis following RIPC in a
rat model.
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Fig. 7. A schematic diagram showing that serum-derived EVs-
loaded miR-142-5p can mediate the PTEN/PI3K/Akt axis to allevi-
ate ALI in septic rats.

Discussion

ALl is a frequent fatal complication of sepsis due to
high pulmonary susceptibility [24]. In recent years, RIPC
has been proved to protect against lung injury [25]. Here,
we provided evidence demonstrating that miR-142-5p
shuttled by serum-derived EV's exerted inhibitory effects
on LPS-induced septic ALI following RIPC via downreg-
ulation of PTEN and activation of the PI3K/Akt axis
(Fig. 7).

Initial findings revealed that RIPC reduced the forma-
tion of pulmonary edema, neutrophil infiltration, and
TNF-a and IL-6 levels, thus alleviating ALI in LPS-in-
duced septic rats. Notably, ALI can induce the release of
bacterial endotoxins such as LPS, which can trigger the
inflammatory response, leading to lung injury character-
ized by inflammatory leukocyte infiltration [26]. It is
known that the release of inflammatory mediators and
the promotion of apoptosis are implicated in the progres-
sion of sepsis-induced ALI [27]. Mounting evidence has
confirmed that RIPC can inhibit the pulmonary inflam-
matory reaction by reducing TNF-a and IL-6 levels, neu-
trophil activation, and infiltration and thus protect
against lung injury [28, 29]. A prior study has also re-
vealed that RIPC can alleviate systemic inflammation in-
duced by LPS to increase survival rates in septic mice [6].
These reports support the present finding that RIPC at-
tenuated ALI in LPS-induced septic rats.
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In addition, the findings of the current study demon-
strated that serum-derived EVs alleviated ALI in LPS-in-
duced septic rats following RIPC. Existing reports have
noted the beneficial effects of EVs on attenuating inflam-
matory lung injury in both ALI and sepsis [7, 30]. Zhou
etal. [31] have indicated that endothelial progenitor cell-
derived exosomes contribute to a reduction in the perme-
ability, inflammation, MPO activity, and pulmonary ede-
ma to protect against lung injury. Moreover, exosomes
carrying miRNAs suppress inflammatory responses to
mitigate LPS-induced acute septic lung injury [32]. In ac-
cordance, this study proved that miR-142-5p shuttled by
serum-derived EVs relieved LPS-induced septic ALIL
Substantial evidence suggests that miRNAs act as signifi-
cant mediators in immune system development and thus
are implicated in certain inflammatory lung diseases, in-
cluding ALI [9, 11]. Underexpression of miR-490-3p oc-
curred in LPS-induced ALI rats, and restoration of miR-
490-3p represses LPS-induced lung epithelial cell injury
[10]. Upregulated miR-26a-5p has been found to attenu-
ate LPS-induced inflammatory responses in ALI mice by
reducing levels of proinflammatory cytokines and MDA
and MPO activity in LPS-induced A549 cells [33]. miR-
142-5p expression reportedly decreases in sepsis [14]. A
recent study has exhibited that miR-142-5p is poorly ex-
pressed in nonsmall cell lung cancer tissues, and restored
miR-142-5p in tumor cells can inhibit cell proliferation
and metastasis while inducing cell apoptosis [13, 34].

Furthermore, miR-142-5p could target PTEN to acti-
vate the PI3K/Akt signaling pathway in sepsis-induced
ALL In agreement, Wan et al. [35] have also demonstrat-
ed that overexpressed miR-142-5p inhibits PTEN protein
expression. It is interesting to note that PTEN induces
inflammatory responses in sepsis-induced ALI [18].
PTEN, serving as a negative regulator of the PI3K/Akt
signaling pathway, repressed the inflammatory response
in ALI [36, 37]. PTEN activation stimulates inflamma-
tory responses by suppressing the PI3K signaling path-
way in sepsis-induced lung injury [17]. The protective ef-
fects of the PI3K/Akt signaling pathway on pulmonary
inflammation in LPS-induced ALI have been investigated
[38]. A previous study has also confirmed that the PI3K/
Akt signaling pathway is linked to the reduction in pro-
inflammatory cytokine, thereby attenuating pulmonary
inflammation in LPS-induced ALI [24]. These findings
support our notion that miR-142-5p shuttled by serum-
secreted EVs attenuated ALI in sepsis by inhibiting PTEN
and activation of the PI3K/Akt signaling pathway.

To sum up, our study demonstrated that the transfer
of miR-142-5p via serum-derived EVs altered the PI3K/
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Akt expression, by negatively regulating PTEN, all of
which leads to the alleviation of LPS-induced ALI in sep-
sis following RIPC. At present, there are studies on the
relationship between ALI and PTEN, such as IncRNA
[39] and single cell-derived EVs, such as mesenchymal
stem cell EVs, on the PTEN signaling pathway in ALI
[40]. The highlight of this study is to start from the miR-
NA carried by serum EVs for the first time to study
whether EVs carry miRNA to regulate PTEN signaling
pathway, so as to reduce ALI in sepsis. Unlike single-cell
EVs, serum-derived EVs include the EVs of many cells in
the body, and it can better reflect the value of studying the
relationship between EV-encapsulated miRNA and the
PTEN signaling pathway in ALI in sepsis.
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