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OPEN a ACCESS Acute lung injury (ALI) is the leading cause of death in sepsis patients. Exosomes partici-
pate in the occurrence and development of ALI by regulating endothelial cell inflammatory
response, oxidative stress and apoptosis, causing serious pulmonary vascular leakage and
interstitial edema. The current study investigated the effect of exosomal miRNAs on en-
dothelial cells during sepsis. We found a significant increase in miR-1-3p expression in ce-
cal ligation and puncture (CLP) rats exosomes sequencing and sepsis patients’ exosomes,
and lipopolysaccharide (LPS)-stimulated human umbilical vein endothelial cells (HUVECS) in
vitro. However, the specific biological function of miR-1-3p in ALI remains unknown. There-
fore, mimics or inhibitors of miR-1-3p were transfected to modulate its expression in HU-
VECs. Cell proliferation, apoptosis, contraction, permeability, and membrane injury were ex-
amined via cell counting kit-8 (CCK-8), flow cytometry, phalloidin staining, Transwell assay,
lactate dehydrogenase (LDH) activity, and Western blotting. The miR-1-3p target gene was
predicted with miRNA-related databases and validated by luciferase reporter. Target gene
expression was blocked by siRNA to explore the underlying mechanisms. The results illus-
trated increased miR-1-3p and decreased stress-associated endoplasmic reticulum protein
1 (SERP1) expression both in vivo and in vitro. SERP1 was a direct target gene of miR-1-3p.
Up-regulated miR-1-3p inhibits cell proliferation, promotes apoptosis and cytoskeleton con-
traction, increases monolayer endothelial cell permeability and membrane injury by targeting
SERP1, which leads to dysfunction of endothelial cells and weakens vascular barrier func-
tion involved in the development of ALI. MiR-1-3p and SERP1 may be promising therapeutic
candidates for sepsis-induced lung injury.

Introduction

Sepsis is a common complication in patients with serious burns, trauma, or infection that causes
life-threatening multiple organ dysfunction syndrome (MODS), including coagulopathy, acute lung in-
jury (ALI), liver damage, and renal failure [1]. Among the major organs, the lungs are not only com-
monly involved but also one of the most vulnerable organs subjected to serious damage [2]. Patients with
sepsis-induced ALI are reported to have more severe organ dysfunction and higher in-hospital mortality
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and a cup-shaped bilayer membrane structure [6]. Exosomes carry an important cargo of proteins, nucleic acids
(mRNA/miRNA), and lipids that are related to the species of parental cells and deliver them to recipient cells [7],
exerting an important role in immune processes, tissue repair, and cancer [8]. The most widely studied cargo of
exosomes are miRNAs, which are non-coding single-stranded small RNAs with a length of approximately 20-22 nu-
cleotides [9]. During the development of sepsis, the quality and quantity of circulated exosomal miRNAs changes
due to immune stress. Abou El-Khier et al. studied the role of miR-122 as a specific early diagnostic and prognostic
biomarker for sepsis [10]. Nearly 46 miRNAs were significantly up-regulated after stimulating lung tissue of mice
with lipopolysaccharide (LPS), indicating that miRNAs are involved in the development of lung injury [11]. MiR-126
is one of the most abundantly expressed miRNAs in endothelial cells. Its depletion contributes to impaired vascu-
lar growth and increased permeability [12]. MiRNA-1246 mediates LPS-induced endothelial cell apoptosis through
targeting angiotensin-converting enzyme 2 (ACE-2); elimination of miR-1246 relieves inflammation and neutrophil
infiltration in lung tissue [13]. MiR-539-5p was also reported to attenuate apoptosis and pro-inflammatory cytokine
production during ALI by down-regulating the expression of Rho-associated protein kinase 1 (ROCK1) in pulmonary
microvascular endothelial cells [14]. Many studies have verified that miRNAs play a key role in homeostasis of vas-
cular endothelial cells by regulating cell stress or inflammatory response.

To study the characteristics of miRNA expression profiles in exosomes of sepsis rats, a cecal ligation and puncture
(CLP) model was used in the current research. Exosomes were isolated from plasma for future miRNA sequencing
analysis, and miR-1-3p was highly expressed in sepsis rat-derived exosomes.

However, few studies have explored the biofunction of miR-1-3p in ALI. Considering the crucial role of endothelial
cell injury in the pathogenesis of sepsis-induced ALI, we speculated that miR-1-3p carried by circulating exosomes
during sepsis may be taken up by pulmonary vascular endothelial cells and contribute to damaged endothelial cell
function and increased permeability of pulmonary vessels. In vitro, LPS-stimulated human umbilical vein endothelial
cells (HUVECs) were used to explore the effect of miR-1-3p on endothelial cell function. Our results suggested that
elevated miR-1-3p induces endothelial cell injury and dysfunction by inhibiting proliferation and increasing apopto-
sis, monolayer cell permeability, and membrane injury by targeting stress-associated ER protein 1 (SERP1). MiR-1-3p
and its target gene SERPI could be intervention targets for lung injury in sepsis.

Materials and methods

Animal model and procedure

Animals

A total of 42 6-8-week-old male SD rats weighing 100-130 g were purchased from Shanghai Experimental Animal
Center by the Department of Animal Science at Shanghai Jiao Tong University School of Medicine (SJTUSM). The
feeding environment was specific pathogen-free (SPF) at a temperature of 22°C, humidity of 50-60%, and 12-h alter-
nating light and dark cycle. The rats were allowed free water and food. The experiment was conducted 1 week after
the rats adapted to the new environment. All of the experimental protocols were approved by SJTUSM Institutional
Animal Care and Use Committee, and the animal experiments were conducted in Animal Center of SJTUSM.

CLP for sepsis model

The rats were anesthetized via an intraperitoneal injection of 4% pentobarbital (0.2 ml/kg). The abdomen was shaved
and disinfected with alcohol. The cecum after laparotomy, and a ligature was performed on the first one of the cecum
with a non-absorbable thread. Two pairs of holes were produced with a 50-ml syringe needle. Part of the intestinal
contents were squeezed out, returned to the abdominal cavity, and the wound was closed. The sham group was treated
with open and closed abdomens, without CLP. The miR-1-3p antagomir (Ribo, 100 nmol in 20 pl PBS) was locally
trachea-administrated to the CLP rat model. With LPS (Sigma, 100 pg in 20 pl PBS). The pain was relieved via a
subcutaneous injection of bupivacaine. The rats were anesthetized by intraperitoneal injection of 4% pentobarbital
and then killed by cervical dislocation 12 h after surgery. The abdominal aorta blood, intestine, and lung tissue were
collected. The plasma endotoxin level was tested with a Chromogenic Endpoint Tachypleus Amebocyte Lysate kit
(XF-95301) and exosomes were extracted using an ExoQuick Exosome Precipitation kit (SBI, Cat.# ExoQ5A-1) fol-
lowing the users’ manuals. The wet and dry weight of the left lower lung was measured 24 h later to calculate the
wet/dry ratio. The left lung tissue was fixed with formalin or glutaraldehyde for paraffin section and electron micro-
scope observation. The right lung tissue and intestine was stored in —80°C refrigerator for further RNA or protein
extraction.
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Table 1 MiR-1-3p-related sequences

Name Sequence 5'-3'

Human miR-1-3p mimics UGGAAUGUAAAGAAGUAUGUAUACAUACUUCUUUACAUUCCAUU
Human miR-1-3p inhibitor AUACAUACUUCUUUACAUUCCA

NC Sense: UUCUUCGAACGUGUCACGUTT

Antisense: ACGUGACACGUUCGGAGAATT

Human blood samples

Three blood samples of sepsis patients and healthy controls were collected. Ethical approval was from the independent
ethics committee of SJTUSM (Number: 2016- 105-T54). The patients were diagnosed with sepsis in the intensive
care unit (ICU) of Ruijin Hospital (age 30-60 years). Immediately after diagnosis, plasma from 2-3 ml of blood was
obtained and stored in a —80°C refrigerator for further exosomes extraction (Exosome Precipitation kit, SBI, Cat.
# ExoQ5A-1). Control group plasma was provided by the healthy individuals (age 30-60 years). Written informed
consent was obtained from all of the volunteers.

Cell culture and treatment

HUVECs were cultured with DMEM high-glucose medium supplied with 10% fetal bovine serum (FBS), 100 U/ml
of penicillin and streptomycin (Gibco, Gaithersburg, MD, U.S.A.) in a cell incubator at 37°C, and 5% CO,. Exosomes
were extracted from plasma of 2 ml aorta blood of CLP or Sham rats using ExoQuick Exosome Precipitation kit
(SBI), and then resuspended in 50 pl sterile PBS (Sham-Exo, CLP-Exo). The cells were planted in six-well plate with
2 ml culture medium per well, and treated with 50 pl exosomes (Sham-Exo/CLP-Exo) or LPS, Sigma-Aldrich, St.
Louis, MO, U.S.A.) for miR-1-3p detection. The HUVECs were transfected with miR-1-3p mimics, inhibitor, and
negative control (NC) (Sangon, Shanghai, China) to up-regulate or down-regulate miR-1-3p expression, respectively.
The related sequences were shown in Table 1.

Then si-001, si-002, and si003 (si-SERP1) (RiboBio, Guangzhou, Shanghai) were transfected into the HUVECs
to select the one that mostly reduced the expression of SERP1 for future studies. SERP1 plasmid was transfected
to up-regulate SERP1 expression in HUVECs. Lipofectamine3000 (Invitrogen, Waltham, MA, U.S.A.) was used as
transfection reagent. The supernatant was collected in tubes and the cells were harvested with TRIzol (Invitrogen,
Waltham, MA, U.S.A.) or RIPA lysis buffer (Thermo Fisher, Waltham, MA, U.S.A.) for RNA or protein extraction 24
h after transfection and LPS stimulation.

Phalloidin staining

The cells were treated as previously described, washed with PBS three times, fixed for 15 min with 4% paraformalde-
hyde at 4°C, and then washed with PBS, followed by incubation in 0.5% Triton X-100 solution for 5 min, and then
washed again with PBS. The cytoskeleton was stained with phalloidin (CST, Danvers, MA, U.S.A.) in the dark at room
temperature for 30 min. The cytoskeleton was washed with PBS three times followed by DAPI (Invitrogen) staining
for the nucleus at room temperature for 1 min. The fluorescence images were then observed under a fluorescence
microscope.

Monolayer cell permeability test (BSA-Evans Blue)

Evans Blue dry powder was configured into a 2% stock solution with PBS, filtered, and stored separately. The stock
solution was adjusted to a final concentration of 0.67 mg/ml in DMEM medium containing 4% bovine serum albumin
(BSA), which was labeled as Evans Blue BSA. The upper layer of a Transwell chamber was planted with 100 pl of cell
suspension containing 2 x 10° cells, while the lower chamber was filled with 600 ul of DMEM medium to maintain
the liquid balance and cultured in a cell incubator until monolayer cell fusion. Cell transfection and LPS stimulation
were conducted in the upper chamber. After 24 h, the liquid in the upper and lower chambers was aspirated, the upper
chamber was filled with 100 pl of EBA working solution, while 600 pl of DMEM medium containing 4% BSA was
added to the lower chamber and incubated in the cell incubator for 30 min. Then, 200 pl of lower layer solution was

added to a 96-well plate and the absorbance was measured at 620 nm with a microplate spectrophotometer (BioTek,
Winooski, VT, US.A.).
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Table 2 MiRNA/mRNA primer sequences

Genes Sequence (5'-3')

Rat miR-1-3p stem loop primer GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACATACAC

Rat miR-1-3p Forward-CGACCCTGGAATGTAAAGAAGReverse-GTGCAGGGTCCGAGGT

U6 stem loop primer GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAATA

U6 Forward-AGAGAAGATTAGCATGGCCCCTG
Reverse-ATCCAGTGCAGGGTCCGAGG

Human SERP1 Forward-CGCCAAGACCTCGAGAAATG
Reverse-ACTTCACATGCCCATCCTG

Human GLP-1R Forward-GCTCTGGTTATCGCCTCTG
Reverse-GTGCTATACATCCACTTCAGGG

Human (-actin Forward-CCTCGCCTTTGCCGATCC

Reverse-GGCCATCTCTTGCTCGAAGT

Lactate dehydrogenase activity assay

Lactate dehydrogenase (LDH) activity in the supernatant of the cells was assessed by an LDH test kit (Jiancheng, Nan-
jing, China). Briefly, 1 x 10° cells/well were planted in a 96-well plate with the previously described treatment. The
supernatant was collected in clean tubes and mixed with reaction buffer provided by the kit following the manufac-
turer’s instructions. The absorbance at 490 nm was measured with a microplate spectrophotometer (BioTek, U.S.A.).
The experiment was repeated three times.

Real-time polymerase chain reaction

An miRNA real-time PCR kit (RiboBio, Shanghai, China) was used to reverse transcript the RNA into cDNA for
miR-1-3p and U6 detection (stem-loop method). For the mRNA expression of SERP1, glucagon-like peptide 1 recep-
tor (GLPIR), and (3-actin, cDNA synthesis and PCR amplification were conducted using HiScriptII Q RT SuperMix
and ChamQ Universal SYBR qPCR Master Mix kits (Vazyme, Shanghai, China) on an ABI 7500 Real-Time PCR
system (Applied Biosystems, Waltham, MA, U.S.A.). The relative gene expression was expressed using the 2744¢r
method with 3-actin or U6 serving as internal controls. Primers were synthesized by Sangon (Shanghai, China), and
the primer sequences were shown in Table 2.

Western blotting

Protein samples extracted from the cells or lung tissue were measured by a BCA kit (Thermo Fisher, U.S.A.) for protein
concentration evaluation. Proteins (20 pg) in each sample were mixed with loading buffer and denatured at 100°C for
5 min, then subjected to SDS/PAGE for electrophoresis. The membranes were incubated with primary antibodies as
follows: SERP1 (Abclonal, Wuhan, China), GLP1R (Abclonal, China), caspase-3 (Abcam, Cambridge, MA, U.S.A.),
Bcl-2, VEGE IL-1§3, iNOS, phosphorylated myosin light chain (p-MLC), connexin43 (Cx43), phosphorylated focal
adhesion kinase (p-FAK397), and (3-actin (Cell Signaling Technology, Danvers, MA, U.S.A.). After incubation at 4°C
ernight, the membranes were washed with TBST three ti-es and incubated with corresponding secondary antibodies
for 2 h at room temperature. Images were detected by an Odyssey Infrared Imaging System (LI-COR, Lincoln, NE,
U.S.A.) with enhanced chemiluminescence (Millipore, Burlington, MA, U.S.A.). The grayscale value of each protein
signal was compared relative to (3-actin.

Cell proliferation assay by cell counting kit-8

The HUVECs (5 x 10° cells/well) were seeded into 96-well plates for a proliferation test. After cultivation for 16 h,
the cells were transfected with small RNA or siRNA as previously described with or without LPS stimulation for 24,
48, and 72 h. The cell proliferation was determined according to the protocols of the Cell Counting Kit-8 (CCK-8)
kit (Dojindo, Kumamoto, Japan). The absorbance was measured at 450 nm with a microplate spectrophotometer
(BioTek, U.S.A.). The experiment was repeated three times.

Flow cytometry analysis for apoptosis

The HUVECs were planted in six-well plate and transfected with miR-1-3p mimics/inhibitor/NC or si-SERP1 or
SERP1 plasmid with or without LPS stimulation for 24 h. The cells were collected and centrifuged at 1000 rpm for 5
min. The supernatant was discarded and then the cells were washed with PBS twice. The cells were resuspended in 100
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ul of 1 x Annexin V binding buffer to adjust the cell density at 1 x 10° cells/ml. Annexin V-FITC binding solution and
PI were added following the protocols of an Annexin V-FITC/PI Cell Apoptosis Detection Kit (BD Biosciences, East
Rutherford, NJ, U.S.A.). Apoptosis analysis was conducted using an LSRII flow cytometer (BD Biosciences, U.S.A.)
with CellQuest software to analyze the results (FITC Annexin V~/PI™ cells were considered apoptotic). The experi-
ment was repeated three times.

Dual-luciferase reporter assay

MiR-1-3p target genes were predicted using the TargetScan database (www.targetscan.org) and miRDB
(www.microRNA.org). The SERP1-3' untranslated region (UTR) reporter vectors were constructed by Ribo
(Guangzhou, China). 293T cells were grown to 50-80% confluence in 12-well plates and co-transfected wild-type
(SERP1-WT)/mutated (SERP1-Mut) reporter vectors with miR-1-3p mimics or NC mimics using Lipofectamine
3000. Luciferase assays were conducted 48 h post-transfection using Dual-Luciferase Reporter Assay System
(Promega, San Luis Obispo, CA, U.S.A.). Luciferase activity was measured using a luminometer (Promega, U.S.A.)
following the manufacturer’s instructions. Each sample was measured in triplicate.

Statistical analysis

The data were expressed as means £ SD. SPSS21 and GraphPad Prism 7 software were used for the statistical analysis.
Significant differences were determined via Student’s ¢ test or one- or two-way analysis of variance. P<0.05 was
considered statistically significant.

Results

Exosomal miR-1-3p overexpressed in vivo and in vitro

The endotoxin level of plasma separated from CLP rats was measured. As shown in Figure 1A, the endotoxin concen-
tration in the CLP group was significantly higher than that in the sham group. The wet/dry ratios of the two groups
were compared to measure the degree of pulmonary edema. The wet/dry ratio of the lung tissue in the CLP group was
4.79 £ 0.05 and in the normal group was 4.13 % 0.03, a significant difference was observed between the two groups
(Figure 1B). H&E staining showed obvious pulmonary edema with disordered lung structure, thickened alveolar wall,
and a large amount of inflammatory cell infiltration in the CLP group compared with the sham group (Figure 1C).
The ultrastructure of the lung tissue under an electron microscope showed no visible swelling of the endothelial cells
in the sham group.

However, the connection between endothelial cells and basement membranes was damaged by fluid accumulation
in the CLP group (Figure 1D, shown by the red arrow). The results confirmed the pulmonary edema in the CLP
rats. The expression of apoptosis-related proteins in the lung tissue was evaluated by Western blotting. Pro-apoptotic
protein active-casp3 was increased with a decreased Bcl-2/Bax ratio in the CLP group (Figure 1E-G), demonstrating
increased apoptosis of the lung tissue in the CLP group.

Exosomes were isolated from CLP rat plasma for further miRNA sequencing. According to a KEGG analysis of
the top 20 most significantly different miRNA pathways, the function of the miRNAs was mainly focused on regu-
lating gap junctions, extracellular matrix receptor interactions, and calcium reabsorption (Figure 1H). Among these,
miR-1-3p was the most highly expressed miRNA in the CLP-derived exosomes (CLP-Exo), which was approximately
50-times higher than the control group (sham-Exo) (Figure 1I). This was further confirmed by RT- PCR testing of the
miR-1-3p expression in CLP rats and sepsis patients’ exosomes (Figure 1],K), as well as lung tissue of CLP rat and local
tracheal LPS administration rat (Figure 1L,M). Considering intestine was also one of the sources of circulated exo-
somes, real-time polymerase chain reaction (RT-PCR) was taken to demonstrate the increased miR-1-3p in intestine
of CLP rat model (Figure 1N). Moreover, the HUVECs also showed significantly increased miR-1-3p after treatment
with CLP-Exo for 24 h (Figure 10). The results indicated that overexpressed circulating exosomal miR-1-3p may have
been taken up by vascular endothelial cells during sepsis and were involved in the progress of sepsis-induced lung
injury.

MiR-1-3p regulates proliferation, apoptosis, and related protein
expression of HUVECs in vitro

The HUVECs were treated with LPS in vitro to simulate damage to vascular endothelial cells during sepsis-induced
lung injury. Phalloidin-stained F-actin showed cytoskeleton morphology changes in the HUVECs under different LPS
concentrations (mg/l). As shown in Figure 2A, the cytoskeleton changed from a uniform network-like distribution
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Figure 1. Exosomal miR-1-3p overexpressed in vivo and in vitro

(A) Endotoxin level of rat blood was assessed using an endotoxin detection kit 12 h after the CLP model was established (n=4, from
four individuals). (B) The wet and dry weight (24 h) of the left lower lung was recorded and calculated for the wet/dry ratio (n=4, from
four individuals). (C) Representative H&E staining of lung tissue under microscopy observation. The images are representative of four
individuals. (D) Observation of CLP rat lung by electron microscopy. The images are representative of four individuals. (E-G) Western
blotting analysis of active-casp3, Bcl-2, and Bax expression in the lung tissue of the CLP model, and {3-actin served as an internal
reference. The blots are representative of at least three independent experiments with similar results. (H) Exosomes were extracted
from the plasma of sham and CLP rats by precipitation and then subjected to miRNA sequencing. KEGG analysis of the top 20
most significantly different miRNAs’ pathways. (I) MiR-1-3p was significantly expressed in the sequencing of CLP plasma-derived
exosomes (CLP-Exo) (n=3, from three independent experiments). (J,K) RT-PCR to confirm the expression of miR-1-3p in CLP rats
and sepsis patients’ (=3, from three independent experiments) plasma-derived exosomes. (L) RT-PCR test of miR-1-3p expression
in lung tissue of CLP rat (=4, from four independent experiments). (M) RT-PCR test of miR-1-3p expression in the lung tissue of
LPS administrated rat (n=4, from four independent experiments). (N) RT-PCR test of miR-1-3p expression in the intestine of CLP rat
(n=4, from four independent experiments). (O) MiR-1-3p expression in Sham-Exo and CLP-Exo (precipitated from 50 ul of plasma)
treated HUVECs for 24 h by RT-PCR (n=4, from four independent experiments). Data are presented as mean + SE, *P<0.05.
Abbreviation: RT-PCR, real-time polymerase chain reaction.
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Figure 2. MiR-1-3p regulates proliferation, apoptosis, and related protein expression of HUVECs in vitro

(A) HUVECs were treated with LPS at different concentrations (0.1, 1, 5, 10, and 100 ng/ml). Cytoskeleton F-actin was stained with
phalloidin and observed under a fluorescence microscope (400x). (B) MiR-1-3p expression analysis of LPS (10 ng/ml) stimulated
HUVECs for 24 h by RT-PCR (n=4, from four independent experiments). (C) MiR-1-3p expression of HUVECs transfected with
miR-1-3p mimics, inhibitor, and NC by RT-PCR detection (n=4, from four independent experiments). (D,E) CCK-8 for cell prolifer-
ation tests with or without LPS stimulation (n=6, from three independent experiments with duplicate, *P<0.05 in NC vs mimics,
**P<0.05 in NC vs inhibitor, ***P<0.05 in mimics vs inhibitor). (F,G) Cell apoptosis assay by flow cytometry (=3, from three inde-
pendent experiments). (H-N) Western blotting evaluated the expression of apoptosis-related proteins active-casp3, Bcl-2, Bax, ER
stress protein GRP78, VEGF, and proinflammatory cytokines IL-13 and iNOS. (3-actin served as an internal reference. The blots are
representative of at least three independent experiments with similar results. Data are presented as mean + SE, *P<0.05.
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in the cytoplasm to thickened and disordered accumulation along the nucleus, and cell shrinkage was visible as the
LPS concentrations increased. Considering the cytotoxicity of high LPS concentrations, 10 mg/l of LPS was used
for subsequent experiments. MiR-1-3p was obviously enhanced in the LPS-treated HUVEC:s at this concentration
(Figure 2B).

To investigate the biological function of miR-1-3p on endothelial cells in vitro, HUVECs were transfected with
miR-1-3p mimics, inhibitor, and NC to increase or block miR-1-3p expression separately. The transfect efficiency
was evaluated via RT- PCR (Figure 2C). CCK-8 assays were conducted to observe the influence of miR-1-3p on
cell proliferation. Overexpressed miR-1-3p significantly inhibited cell growth, while blocking miR-1-3p promoted
proliferation 48 and 72 h after transfection with or without LPS treatment (Figure 2D,E). Flow cytometry found that
apoptosis increased in the mimics group and decreased in the inhibitor group (Figure 2EG).

Western blotting showed increased active-casp3 and a decreased Bcl-2/Bax ratio in the mimics group, further
confirming the promotion effect of miR-1-3p on HUVECs apoptosis. Elevated endoplasmic reticulum (ER) stress
marker glucose regulator protein 78 (GRP78), inflammatory cytokines IL-1(3, and iNOS protein levels, and decreased
VEGF expression were also observed in the mimics group by Western blotting (Figure 2H-N), while down-regulating
miR-1-3p by inhibitor showed opposite changes with or without LPS stimulation. The results demonstrated that over-
expressed miR-1-3p inhibited proliferation and promoted apoptosis as well as inflammatory response of HUVECs,
which can be reversed by down-regulating the expression of miR-1-3p.

MiR-1-3p contributed to increased permeability and HUVECs membrane
injury

Phalloidin-stained F-actin was used to observe the HUVECs cytoskeleton with miR-1-3p mimics or inhibitor trans-
fection (Figure 3A). In the absence of LPS stimulation, stress fibers (white arrows) appeared and distributed around
the cells when the cytoskeleton contracted in the mimics group. There were no significant changes in the inhibitor
group compared with NC group. After LPS stimulation, a slight intercellular space (yellow arrows) was observed in
the NC group. An obvious nucleus distribution of the contracted cytoskeleton was found in the mimics group, which
resulted in cell shrinkage and more intercellular spaces. However, no apparent intercellular spaces appeared in the
inhibitor group.

Cell permeability-related proteins, p-MLC and p-FAK397, increased in the mimics group and decreased in the
inhibitor group compared with NC group, while Cx43 presented an opposite pattern under the same conditions
(Figure 3B-E). Evans Blue-labeled BSA was used as an indicator to assess changes in the monolayer endothelia cell
permeability under miR-1-3p regulation. Under LPS treatment, significantly increased BSA-Evans Blue was detected
in the lower chamber of the mimics group, but decreased in the inhibitor group compared with the NC group (Figure
3F). LDH activity in the supernatant of the mimics group visibly increased under LPS stimulation, indicating damage
of miR-1-3p to the cell membrane (Figure 3G). These results proved that miR-1-3p overexpression contributes to
enhanced monolayer cell permeability and HUVECs membrane injury.

SERP1 is the target gene of miR-1-3p targets

To investigate the potential target genes that induced miR-1-3p biofunction, the TargetScan and miRDB databases
were used to analyze related potential genes, and SERP1 was identified as a perspective target. SERP1 was reported to
regulate cell proliferation and apoptosis as well as cell membrane stability by increasing glycosylation levels of GLP1R
[15]. The protein levels of SERP1 and GLP1R were reduced in the CLP rats’ lung tissue compared with the sham
group (Figure 4A,B). The mRNA expression of SERP1 and GLPIR was also significantly decreased in the CLP-Exo-
(Figure 4C) and LPS- (Figure 4D) treated HUVECs.

HUVECs were transfected with mimics and inhibitor to explore the regulation effect of miR-1-3p on SERPI.
RT-PCR showed repressed SERP1 mRNA in the mimics group and increased expression under inhibitor treatment
(Figure 4E). Western blotting exhibited a consistent trend in SERP1 and GLP1R proteins with mRNA expression
(Figure 4F-H). In addition, luciferase reporter of wild-type (WT) plasmid containing 3'UTR sequence of SERP1
and its mutant (Mut) plasmid were transfected to cells with miR-1-3p or NC. Dual-luciferase assay demonstrated
reduced fluorescence ratios in the hsa-SERP1-WT + hsa-miR-1-3p group, but the mutant 3’-UTR of SERP1 group
(SERP1-Mut) showed no changes (Figure 4L,]). Our results verified that SERP1 is a direct negatively regulated target
gene of miR-1-3p.
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Figure 3. MiR-1-3p contribute to enhanced permeability of HUVECs

(A) HUVECs cytoskeleton F-actin was stained with phalloidin after miR-1-3p NC/mimics/inhibitor transfection with or without LPS
treatment. The images are representative of three experiments with similar results. (B-E) Western blotting analysis of p-MLC,
p-FAK397, and Cx43 expression. 3-actin served as an internal reference. The blots are representative of at least three independent
experiments with similar results. (F) Transwell assays measured the effect of miR-1-3p on monolayer cell permeability by detecting
the absorbance of BSA-Evans Blue (n=3, from three independent experiments). (G) LDH activity detection in the supernatant of
transfected cells by an LDH detection kit (=3, from three independent experiments). Data are presented as mean + SE, *P<0.05.

Down-regulated SERP1 inhibits proliferation and promotes apoptosis of

HUVECs

To determine whether the effects of miR-1-3p on the HUVECs were induced by SERP1, siRNAs (si-001, si-002, and
si-003) were used to block SERP1 mRNA expression. Combining the results of RT-PCR with Western blotting, si-003
was the most efficient siRNA for SERP1 silencing (Figure 5A-D). The cells transfected with si- SERP1 (si-003) had
significantly decreased proliferation after 48 and 72 h compared with the NC group with or without LPS present
(Figure 5E,F). Blocking SERP1 expression also contributed to enhanced apoptosis of HUVECs detected by flow cy-
tometry (Figure 5G,H), with increased active-casp3 and decreased Bcl-2/Bax ratios (Figure 5I-K). Taken together,
the results demonstrated that down-regulated SERP1 inhibited HUVECs proliferation and promoted apoptosis in
vitro.
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Figure 4. MiR-1-3p directly targets the 3’'UTR of SERP1 and inhibits its expression

(A,B) Western blotting analysis of SERP1 and GLP1R expression in the lung tissue of CLP rats. The blots are representative of at
least three independent experiments with similar results. (C,D) MRNA expression of SERP1 and GLP1R in CLP-exo and LPS (10
ng/ml) treated HUVECs for 24 h by RT-PCR (n=3, from three independent experiments). (E) SERP1 mRNA expression under the
treatment of miR-1-3p mimics, inhibitor, and NC (n=3, from three independent experiments). (F-H) Western blotting detection of
GLP1R and SERP1 protein levels in HUVECs transfected with miR-1-3p mimics, inhibitor, and NC. p-actin served as an internal
reference. The blots are representative of at least three independent experiments with similar results. (I) Binding site of SERP1 mRNA
3'-UTR (SERP1-WT) with miR-1-3p and designed SERP1 3’'-UTR mutant (SERP1-Mut) sequence. (J) Dual-luciferase reporter assay
of miR-1-3p and SERP1 mRNA 3’-UTR binding sites (=3, from three independent experiments). Data are presented as mean +
SE, *P<0.05.
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Figure 5. Down-regulated SERP1 inhibits proliferation and promotes apoptosis of HUVECs

(A) HUVECs were transfected with SERP1 siRNA (si-001, si-002, and si-003), and mRNA expression of SERP1 was assessed
by RT-PCR to select the most efficient siRNA (n=4, from four independent experiments). (B-D) Western blotting for SERP1 and
GLP1R protein levels under siRNA transfection. Si-003 was the most efficient siRNA. The blots are representative of at least three
independent experiments with similar results. (E,F) Effect of decreased SERP1 on HUVECs proliferation with or without LPS stim-
ulation (n=6, from three independent experiments with duplicate). (G,H) Effect of decreased SERP1 on HUVEC apoptosis with or
without LPS stimulation (n=3, from three independent experiments). (I-K) Western blotting analysis of apoptosis-related proteins
active-casp3, Bcl-2, and Bax expression. The blots are representative of at least three independent experiments with similar results.

-actin served as an internal reference. Data are presented as mean + SE, *P<0.05.

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution

License 4.0 (CC BY).

«. 2 PORTLAND
09 press

357

20z Iudy 60 uo 3senb Aq ypd°£250-0202-S0/v¥8206/.L7E/2/SE L /HP-D|o1e/I0SUIjO/WOD IIeYdIBA|IS Mod//:d)Yy WOl papeojumoq



Clinical Science (2021) 135 347-365

[ ]
’... FF:F? E%ELAND https://doi.org/10.1042/CS20200573

SERP1 induces HUVECs dysfunction by prompting permeability,

membrane injury, and inflammatory response

The effect of SERP1 on cell contraction was investigated by staining cytoskeleton F-actin with phalloidin. With or
without LPS stimulation, the SERP1 elimination group displayed an obvious cytoskeleton contraction and intercellu-
lar space (Figure 6A). Furthermore, the protein level of p-MLC increased while Cx43 declined after silencing SERP1
expression, accompanied by elevated proinflammatory factors IL-13 and iNOS (Figure 6B-G). In addition, Tran-
swell assay showed increased BSA-Evans Blue leakage after SERP1 down-regulation (Figure 6H). LDH activity also
increased in the supernatant of si-SERP1 group (Figure 6C). These results revealed that SERP1 inhibition caused
increased cell contraction, inflammatory response, monolayer endothelial cell permeability and membrane damage,
which demonstrated a similar effect on the miR-1-3p mimics on HUVECs dysfunction.

SERP1 overexpression protects lung tissue and HUVECs from deleterious
effects of miR-1-3p

To further explore if miR-1-3p is implicated in the occurrence of lung edema, miR-1-3p antagomir was locally
trachea-administrated to the CLP rat model. The mRNA and protein expression of target gene SERP1 was increased
in CLP+antagomir group, which verified the effect of miR-1-3p antagomir (Figure 7A-C). H&E staining showed ob-
vious relieved pulmonary edema and inflammatory cell infiltration in the CLP+antagomir group compared with the
CLP group (Figure 7D). The wet/dry ratio of the lung tissue in CLP group was significantly decreased after miR-1-3p
antagomir application (Figure 7E). The SERP1 plasmid was used to up-regulate SERP1 mRNA expression in HU-
VECs under treatment of miR-1-3p mimics (Figure 7F). Flow cytometry showed that after overexpression of SERP1
in mimics group, the cell apoptosis was significantly reduced (Figure 7G,H). While CCK-8 assays showed no statisti-
cal difference between miR-1-3p mimics group and mimics+SERP17°"" group at 48 h and 72 h time points under LPS
treatment, even though SERP1 overexpression has slightly improved miR-1-3p’s inhibition effect on cell proliferation
(Figure 7I). Up-regulated SERP1 also improves intercellular space caused by miR-1-3p mimics in the environment
of LPS (Figure 7]). Western blotting showed declined p-MLC and increased Cx43 protein level after SERP1 overex-
pression in miR-1-3p mimics group (Figure 7K,M,N), along with elevated proinflammatory factors IL-1f3 and iNOS
(Figure 7L,0,P). The results above indicated that miR-1-3p is implicated in lung edema of CLP rats and SERP1 over-
expression protects against deleterious effects of miR-1-3p in apoptosis, cell contraction, and inflammation in vitro.

Discussion

Sepsis is an uncontrolled and disordered regulation of immune response and is one of the leading causes of death in
ICU patients and an extremely heavy financial burden worldwide [16]. Various bioactive ingredients released into
the blood during endotoxin stimulation contribute to the occurrence and progression of sepsis [17].

Among these, exosomes play an important role in mediating cell damage or repair by passing certain cargo in-
cluding miRNAs into recipient cells [18]. MiRNAs are abundantly expressed in eukaryotes and have an extensive
regulatory effects in information exchange, participating in cell growth, proliferation, apoptosis, metabolism, tumor,
and infection [19,20]. Further investigation revealed that miRNAs might regulate apoptosis or inflammation response
during ALI by targeting specific proteins or regulating related pathways [21]. MiR-146a activated the TLR4/NF-kB
signaling pathway by targeting tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6) or interleukin-1 re-
ceptor associated kinase 1 (IRAK1), which resulted in the release of numerous apoptotic factors, such as interleukin-1
and TNE leading to amplified inflammatory cascade and ultimately the occurrence of ALI/ARDS [22]. Increased
miR-486-5p was reported to induce cell apoptosis and promote ALI progress by targeting OTU domain containing
7B (OTUD7B) [23]. Some protective exosomes maintain homeostasis of the internal environment by participating
in self-protection mechanisms under disease conditions [24]. Endothelial progenitor cell-derived exosomes inhibit
high-mobility group protein BI (HMGBI1) by overexpressing miR-126, which targets phosphoinositide 3 kinase reg-
ulatory subunit 2 (PIK3R2) and increases cell tight junction protein levels to relieve LPS-induced ALI [25].

In the present study, we successfully established a CLP rat model of sepsis-induced ALI (Figure 1A-G). Exosomes
were isolated from the plasma of CLP rats to identify the characteristics of exosomal miRNAs profiles associated with
sepsis. We have obtained approximately differentially expressed miRNAs from the exosomal miRNA sequencing re-
sults. In order to predict the functional distribution of miRNAs with the greatest level of change, the mirPath database
was used to perform KEGG pathway analysis on the top 20 miRNAs with the most significant differences (Figure 1H).
The color reflects the difference in miRNA function, redder color indicates the more concentrated miRNA function.
The significantly increased miR-206-3p, miR-1b and miR-1-3p have a similar function which mainly focused on
ECM-receptor interaction and gap junction. The miR-1-3p was the highest expressed miRNA among them, it was
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Figure 6. SERP1 induces HUVECs dysfunction by prompting permeability, membrane injury, and inflammatory response

(A) HUVECS cytoskeleton F-actin was stained with phalloidin after transfection with si-SERP1 with or without LPS treatment (400 x).
The images are representative of three experiments with similar results. (B-D) Western blotting detection of HUVECs permeability
related p-MLC and Cx43 expression after transfection with si-SERP1. The blots are representative of at least three independent
experiments with similar results. (E-G) Western blotting detection of inflammatory cytokine IL-13 and iNOS expression after trans-
fection with si-SERP1 in HUVECSs. The blots are representative of at least three independent experiments with similar results. (H)
Transwell assays measured the effect of SERP1 on monolayer cell permeability by detecting the absorbance of BSA-Evans Blue
(n=3, from three independent experiments). (I) LDH activity analysis in the supernatant of si-SERP1 transfected HUVECs by an
LDH detection kit (=3, from three independent experiments). 3-actin served as an internal reference. Data are presented as mean

+ SE, *P<0.05.
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Figure 7. SERP1 overexpression protects lung tissue and HUVECs from deleterious effects of miR-1-3p

(A) SERP1 mRNA expression in the lung tissue after miR-1-3p antagomir was locally trachea-administrated to the CLP rat model
(n=4, from four individuals). (B,C) Western blotting analysis of SERP1 expression in the lung tissue, with 3-actin served as an
internal reference. The blots are representative of at least three independent experiments with similar results. (D) H&E staining
of lung tissue under microscopic observation. The images are representative of three experiments with similar results. (E) The
wet/dry ratio of the left lower lung in each group (n=4, from four individuals). (F) HUVECs were transfected with SERP1 plasmid
(SERP1~°ve") and/or mimics, and mRNA expression of SERP1 was assessed by RT-PCR to verify the transfection efficiency (=3,
from three independent experiments). (G,H) Flow cytometry analysis of apoptosis after SERP1 overexpression (n=3, from three
independent experiments). (I) Effect of SERP1 overexpression on HUVEC proliferation was assessed by CCK8 (n=6, from three in-
dependent experiments with duplicate). *P<0.05 in LPS+NC vs LPS+mimics, **P<0.05 in LPS+NC vs LPS+mimics+SERP17°¢". (J)
HUVECs cytoskeleton F-actin was stained with phalloidin after transfecting with SERP1 plasmid (SERP1~°"¢") and/or mimics under
LPS treatment (fluorescence microscope, 400x). The images are representative of three experiments with similar results. (K,M,N)
Western blotting analysis of permeability related p-MLC and Cx43 expression after transfecting with SERP1 plasmid (SERP1-°ve)
and/or mimics under LPS treatment. 3-actin served as an internal reference. The blots are representative of at least three indepen-
dent experiments with similar results. (L,0,P) Western blotting detection of inflammatory cytokine IL-1 and iNOS expression after
transfection with SERP1 plasmid (SERP1~ over) and/or mimics under LPS situation. The blots are representative of at least three

independent experiments with similar results. $-actin served as an internal reference.
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selected as the research object for the present study. In the pathological process of sepsis, the quality and quantity
of exosomes secreted into body fluids are changed due to the immune stress. How likely is it that exosomes reach
sufficient levels to convey a signal in sepsis, there is still no consensus. However, a recently published clinical research
of 220 patients may provide some convincing clues. Patients with septic shock had higher plasma exosome levels
(802 pg/ml, range 783-839 ug/ml) compared with healthy controls (204 pg/ml, range 199-222 ug/ml) and sepsis
patients without shock (525 pg/ml, range 499-575 pg/ml; P<0.001). The study indicated that a higher plasma exo-
somes level was associated with more serious organ failure in critically ill patients with sepsis [26]. In our research,
the up-regulated exosomal miR-1-3p is the result of the body’s overall stress response. We also verified an increase in
exosomal miR-1-3p by RT-PCR in the plasma of CLP rats and sepsis patients (Figure 1],K). Exosomes can be targeted
in a variety of ways, including endocytosis, receptor-ligand binding mechanism, or direct fusion with recipient cell
[27,28]. Many lung cells types, including epithelial cells, endothelial cells, and infiltrating macrophages, have the abil-
ity to produce as well as capture the exosomes. The endothelial cell damage caused by circulating exosomes may occur
all around the body, which contribute to the multiple pathophysiology of organ dysfunction in sepsis [29]. We have
observed an increased miR-1-3p in the lung tissue of CLP rat model and local tracheal LPS administration rat (Figure
1L,M). As both endotoxin and exosomes exist in the circulation during sepsis, the increase in miR-1-3p might be the
co-effect of endotoxin and exosomes transport in CLP model. Considering the high expression of miR-1-3p in the
plasma and lung tissue of CLP rat, and endothelial cells treated with CLP-Exo have also showed a significant increase
in miR-1-3p, the results above have indirectly confirmed the role of plasma exosomes in delivering miR-1-3p into
endothelial cells. Besides, substantial evidence exists for a critical effect of exosomes in the development of ALI [30],
it has been verified that injection of blood exosomes from LPS-treated rats to naive rats induces ARDS [31]. There-
fore, we speculated that circulating exosomes might be taken up by endothelial cells and involved in the progression
of sepsis-induced lung injury through delivering miR-1-3p.

As the first encoded miRNA, miR-1-3p is associated with a series of human diseases. Studies have revealed the
significant suppressor part of miR-1-3p in cancers including bladder cancer, hepatocellular carcinoma, and non-small
cell lung cancer [32,33]. MiR-1-3p regulates cell proliferation, apoptosis, and invasion by targeting chemokine C-C
motif ligand 2 (CCL2), protein regulator of cytokinesis 1 (PRC1) and c-mesenchymal epithelial transition factor
(c-MET), also takes part in the reconstruction of pulmonary blood vessels during pulmonary hypertension through
sphingosine kinase 1 (SPHK1) [34]. Vascular leakage is an important symptom of sepsis-induced ALI. The destruction
of endothelial cell barrier function caused by cytoskeleton contraction and interruption of intercellular connections
are the main reasons [35]. Although studies have reported that many miRNAs such as miR-486-5p and miR-146a
promote cell apoptosis and amplify pulmonary inflammatory cascade to accelerate the progress of ALI [21,22], no
relevant studies have explored the biofunction of miR-1-3p in pulmonary vascular endothelial cell dysfunction during
sepsis.

MiR-1-3p mimics and inhibitor were transfected to up-regulate or down-regulate miR-1-3p expression in HU-
VECs, respectively (Figure 2C). Inhibited proliferation, increased apoptosis ratio, and active-casp3 protein together
with elevated production of IL-13 and iNOS were observed in the miR-1-3p mimics group with or without LPS stimu-
lation. However, these effects were reversed with miR-1-3p inhibitor treatment (Figure 2D-N). Previous studies have
also indicated the pro-apoptotic effect of miR-1-3p in other cell types, including oral squamous cell carcinoma and
human keloid fibroblasts [36,37]. The improved inflammatory response by miR-1-3p mimics (with increased IL-1f3)
might be beneficial to the stress response of the body, however, under the circumstance of sepsis, the enhanced in-
flammation are more likely to aggravate tissue damage, as exosomal miR-155 and miR-126 have been reported to
induce lung inflammatory response through NF-kB and TNF-« [38,39]. Besides, inflammasome-dependent pyrop-
tosis is responsible for the maturation and release of IL-1[3, which contributes to sepsis induced lung injury [40],
it is very likely that exosomal miR-1-3p might initiate IL-13-mediated inflammation by targeting molecules on the
inflammasome/pyroptosis pathway, which we will continue to study in the future. Exosomes are like a double-edged
sword. The function of exosomes is related to the microenvironment of the parent cells from which they are derived.
On one hand, exosomes derived from pathological conditions may mediate damage to the body. On the other hand,
adipose-derived mesenchymal stem cell-derived exosomes have been reported to alleviate overwhelming systemic
inflammatory reaction and organ damage and improve outcome in sepsis rat [41]. At present, the understanding of
the kinetics of exosomes formation, the regulation mechanism of exosomal components, and the exosomal markers
are still relatively limited, the functional heterogeneity of exosomes indicates a broad application prospects in disease
diagnosis and treatment, which needs to be continue explored.

Overexpression of miR-1-3p leads to an increase in GRP78 expression, which is an ER homeostasis sensor and was
regarded as a marker of ER stress together with downstream ATF4/CHOP (activating transcription factor4/C-EBP
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homologous protein) pathway [42]. A decreased GLP1R (Figure 4F) expression under miR-1-3p mimics was ob-
served. Researches have confirmed that GLP1R mediates ER stress reduction through GLP1R/PI3K/Akt pathway,
which also involves ATF4/CHOP and Gadd34 (growth arrest and DNA damage-inducible protein), contributes to
dephosphorylation of e[F2c (eukaryote initiation factor 2 o) [43,44].

Cytoskeleton protein F-actin (fibrous actin) is a type of multifunctional protein that forms microfilaments and
undergoes a rapid aggregation and disaggregation to provide mechanical support for cell morphology and movement
[45,46]. The binding of F-actin to p-MLC caused cytoskeleton contraction and intercellular space formation, playing
an important role in the permeability of endothelial cells [47]. The experiments above combined with Transwell
and LDH detection further confirmed that miR-1-3p induces a higher permeability of vascular endothelial cells and
membrane injury by regulating cytoskeleton contraction and expression of cell junction-related proteins (Figure 3F).

MiRNA binds to the 3'UTR terminal of target genes to inhibit gene transcription through incomplete comple-
mentary binding or to mediate degradation of target genes through complete complementary binding, thereby reg-
ulating target gene expression and subsequent protein synthesis [48]. The miRNA databases indicated that SERP1
is a potential target gene of miR-1-3p, which is involved in modulating cell proliferation and apoptosis through the
Wnt/[3-catenin or NF-kB signaling pathways [49,50]. Overexpression of SERP1 reverses miR-124-induced cell death
under hypoxia in glioblastoma [51]. MiR-1-3p also demonstrated a negative regulatory effect of SERP1 mRNA or
protein levels, and luciferase reporter further confirmed the binding site of SERP1 3'UTR and miR-1-3p (Figure
4E-]).

However, it remains unknown whether the effects of miR-1-3p on endothelial cell function is mediated by SERP1.
Therefore, we down-regulated SERP1 by transfecting siRNA with HUVECs and found that si-SERP1 demonstrated
a similar effect to miR-1-3p mimics on the function of HUVECs (Figures 5 and 6). The SERP1 plasmid was used
to further strengthen the causal link between SERP1 and miR-1-3p, we found that the forced SERP1 overexpression
protects against deleterious effects of miR-1-3p mimics in apoptosis, cell contraction and inflammation, except pro-
liferation (Figure 7). The reason may be that miR-1-3p does not mainly inhibit cell proliferation through SERP1, but
through other target genes such as SOX9 (sex determining region Y-box 9) [52] or STC2 (stanniocalcin 2) [53].

Taken together, we can conclude that exosomal miR-1-3p is significantly increased in CLP rat models, mediates
proliferation inhibition, and increases apoptosis, cell contraction, permeability, and membrane injury of endothelial
cells through its target gene SERP1, leading to vascular barrier dysfunction and participating in the occurrence of
sepsis-induced pulmonary injury. This is the first time that the relationship between miR-1-3p and SERP1 has been
elucidated and may provide potential new targets against sepsis-induced lung injury.

Clinical perspectives

e Sepsis is one of the leading causes of death in ICU patients, while lung is one of the most vulner-
able organs subjected to serious damage. We found that miR-1-3p was overexpressed in CLP rat
plasma-derived exosomes sequencing. We investigated the effect of exosomal miR-1-3p and its
target gene SERP1 on endothelial cells during sepsis.

e The present study showed that exosomal miR-1-3p is significantly increased in CLP rat models, me-
diates proliferation inhibition, and increases apoptosis, cell contraction, permeability, and membrane
injury of endothelial cells through its target gene SERP1, leading to vascular barrier dysfunction and
participating in the occurrence of sepsis-induced lung injury.

e miR-1-3p inhibitor suppressed cell apoptosis, improved permeability and membrane injury of en-
dothelial cells. These suggest a potential therapeutic role of miR-1-3p and SERP1 in improving
sepsis-induced lung injury and will be easily translated into clinical practice.
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