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The mechanism underlying sepsis-associated acute kidney injury (SAKI), which is an independent risk factor for sepsis-associated
death, is unclear. A previous study indicates that during sepsis miR-21a-3p accumulates in renal tubular epithelial cells (TECs) as
the mediator of inflammation and mediates TEC malfunction by manipulating its metabolism. However, the specific mechanism
responsible for the accumulation of miR-21a-3p in TECs during sepsis is unrevealed. In this study, a cecal ligation and puncture-
(CLP-) induced sepsis rat model and rat TEC line were used to elucidate the mechanism. Firstly, miR-21a-3p and Ago2 levels were
found out to increase in both plasma and TECs during sepsis, and the increase of intracellular Ago2 and miR-21a-3p could be
mitigated when Ago2 was either inactivated or downregulated in septic plasma. Moreover, membrane Nrp-1 expression of TECs
was increased significantly during sepsis and Nrp-1 knockdown also mitigated the rise of both the intracellular Ago2 and miR-
21a-3p levels in TECs incubated with septic plasma. Furthermore, it was revealed that Ago2 can be internalized by TECs
mediated with Nrp-1 and this process had no effect on the intracellular content of miR-21a-3p. Both Ago2 and miR-21a-3p
could bind to TECs derived Nrp-1 directly. Finally, it was determined that miR-21a-3p was internalized by TECs via Nrp-1 and
Ago2 facilitated this process. Taken together, it can be concluded from our results that Ago2 binding miR-21a-3p from septic
plasma can be actively internalized by TECs via Nrp-1 mediated cell internalization, and this mechanism is crucial for the rise of
intracellular miR-21a-3p content of TECs during sepsis. These findings will improve our understanding of the mechanisms
underlying SAKIT and aid in developing novel therapeutic strategies.

1. Introduction

Dysregulated host response to infection results in the devel-
opment of sepsis, which is the leading cause of death in the
intensive care unit (ICU) worldwide [1]. Thus, sepsis is an
important public health issue with considerable economic
consequences [2]. A new definition which was named sepsis
3.0 was developed in 2016 to further refine this complicated
process, with an increased focus on early recognizing and
treating organ dysfunction in the context of infection to

receive better prognosis [3, 4]. Although the definition of sep-
sis is constantly being updated to achieve a better clinical
prognosis according to relevant clinical features, the mortal-
ity of sepsis remains unacceptably high. Moreover, sepsis in
patients with pathological conditions, such as chronic
obstructive pulmonary disease and coronavirus disease
2019-related pneumonia can exacerbate the disease severity
and increase mortality [5-7]. MODS, especially acute kidney
injury, induced by sepsis, is the independent risk factor of
septic death which related mechanisms remain unclear [8,
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9]. Thus, elucidating the mechanism underlying sepsis-
associated AKI (SAKI) can aid in developing effective pre-
ventive and therapeutic strategies.

Sepsis is reported to promote renal tubular epithelial cell
(TEC) injury. Furthermore, TECs undergo malfunctioning
rather than suffering from cell death during sepsis [10, 11].
The accumulation of various factors, including microRNAs
(miRs), in the TECs mediates the adaptive and/or dysregu-
lated responses, which can lead to cellular dysfunction [12-
14]. miRs are a specific group of noncoding RNA that can
regulate the expression of target proteins posttranscription-
ally via interacting with their mRNAs. Many miRs have been
well studied in either animals or human researches and are
found out to be involved in the mechanisms of sepsis and
related organ dysfunction [15]. miR-21 is expressed in many
organs such as the heart and kidney of mammals. Studies
have indicated miR-21 involves many kinds of processes such
as fibrosis and podocyte apoptosis which can cause kidney
injury [16-18]. In our recent study on SAKI, miR-21a-3p
was revealed to accumulate in TECs during sepsis and was
verified to mediate metabolism and cell fate alteration of
TECs via manipulating the AKT/CDK2-FOXO1 pathway.
Moreover, this mechanism played a novel role in the regula-
tion of energy metabolism of TECs during SAKI [19]. How-
ever, the mechanisms underlying sepsis-induced miR-21a-3p
accumulation in the TECs have not been elucidated.

Recent studies have shown a growing consensus that both
immune and nonimmune cells can constantly release miRs
into an extracellular environment [20, 21]. miRs are found
to be extremely stable in the extracellular fluid such as blood
plasma and urine when binding to RNA-binding proteins
such as Argonaute-2 (Ago2) [22, 23]. In recent years, efforts
have been made to reveal the miRs that are differentially
expressed in the circulation of sepsis patients and found out
that the blood contents of specific miRs were upregulated
when sepsis occurred. As a result, other than being recog-
nized to act as biomarkers of some diseases [24, 25], miRs
are considered to be “hormones” that regulate cell functions
and metabolism in cell-cell communications. Since miR-
21a-3p was identified as an important inflammatory factor
manipulating TEC metabolism, it is needed to verify that if
the plasma miR-21a-3p increased and was uptaken by TECs
during sepsis. Furthermore, the relevant mechanisms also
need to be demonstrated.

In our present study, relevant experiments on the CLP
sepsis rat model and rat renal tubular epithelial cell line were
carried out in order to find out the role receptor-mediated
cell internalization played in the accumulation of miR-21a-
3p in TECs during sepsis and relevant mechanisms.

2. Materials and Methods

2.1. Animals. Specific pathogen-free Sprague-Dawley rats
with an average bodyweight of 200-300g were procured
from the Hubei Institute of Experimental Animal. The rele-
vant study protocols were approved by the Institutional Ani-
mal Use and Care Committee of Fujian Medical University
Union Hospital. The rats were housed in a laminar flow room
under controlled temperature and humidity conditions with
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an artificial 12 h light/dark cycle. All rats had free access to
tap water and standard rat chow. The rats were divided into
the control group and cecal ligation and puncture (CLP)
group randomly. The specimens of the control group were
harvested 12 hours after sham operation. For the CLP group,
the specimens were harvested at 12 hours, 18 hours, and 24
hours after the surgery, respectively, for further inspection
and study.

2.2. Surgical Protocols. CLP was performed as described
before. In short, the rat was anesthetized with isoflurane
and dissected to expose the cecum. The cecum was punc-
tured in a through-and-through way at the midpoint between
the end tip of the cecum and the ligation, which was located
at the midpoint of the cecum. A small amount of feces were
excluded before closing the abdominal cavity, and pre-
warmed normal saline (37°C, 5ml/100 g) was injected subcu-
taneously for resuscitation. For the sham operation of the
control group, the cecum was located and was returned into
the abdominal before the abdominal cavity was closed.

2.3. TEC Isolation. TECs from the kidney of the rats were iso-
lated as described before. Briefly, the cortex of the kidney was
isolated carefully and ground on 80 and 100 mesh screens.
The residue on the 100 mesh screen was digested with 0.2%
trypsin (Hyclone). After being washed with PBS for 3 times,
the TECs were sorted with magnetic cell sorting technique
with FITC anti-cytokeratin 18 antibody (Abcam) and anti-
FITC microbeads (Miltenyi Biotec).

2.4. Cell Treatment. The NRK52E cell line was cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone)
supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin solution at 37°C and 5% CO,. For
specific protein expression knockdown groups and their neg-
ative controls, relevant siRNAs (Nrp-1 siRNA, siRNA NC
(GenePharma)) were transfected to the cells cultured to 70-
80% confluence using Lipofectamine™ 2000 according to
the manufacturer’s instructions (Invitrogen) before further
treatments. For different plasma incubations, firstly, the cells
of different groups were cultured with the serum-free DMEM
for 12h; then, specific plasma was added accordingly and
incubated with the cells for 12 hours. For the miR-21a-3p
mimics and/or Ago2 treatments, all the cells with or without
transfection were washed 3 times with PBS and cultured for
12 hours in a serum-containing medium; then, the cells were
cultured in serum-free DMEM for 12 hours, after that the
miR-21a-3p single strain mimics, biotin-labeled miR-21a-
3p single strain mimics, FAM-labeled miR-21a-3p single
strain mimics (GenePharma), and Ago2 (Sino Biological)
were used to incubate the cells in serum-free DMEM accord-
ingly for 12 hours before further inspections. For the Ago2
and miR-21a-3p costimulation, equimolar Ago2 and miR-
21a-3p were premixed for 1 hour to form the Ago2/miR-
21a-3p mimics complex before use.

2.5. Plasma Treatment. Septic plasma was obtained from the
sepsis rats euthanized 12 hours after the CLP operation. Ago2
monoclonal antibody (Novus) at the final concentration of
150 pg/ml was added to the septic plasma with or without
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further immunoprecipitation to form either Ago2 immuno-
precipitation septic plasma or Ago2 monoclonal-treated sep-
tic plasma for further studies.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). Plasma
Ago2 levels were measured with commercial ELISA kits fol-
lowing the manufacturer’s instructions (Lifespan).

2.7. Real-Time qPCR. Real-time qPCR (RT-PCR) assay was
carried out to quantitate the miR-21a-3p and Nrp-1 mRNA
levels as described before. In short, total RNAs from either
plasma or cells were collected and purified according to the
manufacturer’s instructions (Invitrogen). First-Strand cDNA
Synthesis Kit (TOYOBO) was used to synthesize cDNA while
StepOne Real-Time PCR System (Invitrogen) was used to
perform the relative real-time qPCR with Thunderbird SYBR
qPCR Mix (TOYOBO). The U6 and GAPDH were used as
internal control, respectively. The specific RNA levels were
determined by the AACt method. The specific primers of
the target RNAs and internal controls were as follows: miR-
21a-3p: loop primer 5'-GTCGTATCCAGTGCAGGGTCC
GAGGTATTCGCACTGGATACGACGACAGCCC -3" and
forward primer 5'- TGCGCCAACAGCAGTCGATGGG-3';
Nrp-1: forward primer 5'- ATTTCAAGTGTATGGAGGC
T-3" and reverse primer 5'- AGTAACGAATCGCAGGAG-
3'; U6: forward primer 5 - CGCTTCGGCAGCACATATA
C -3' and reverse primer 5- AAATATGGAACGCTTC
ACGA -3'; and GAPDH: forward primer 5'- ACAGCA
ACAGGGTGGTGGAC -3' and reverse primer 5'- TTTG
AGGGTGCAGCGAACTT -3’

2.8. Western Blot Assay. The target protein expression levels
were examined using Western Blotting as described previ-
ously. For TECs derived from the kidney of CLP rats, prote-
ase inhibitor containing RIPA buffer (Sigma) was used to
extract the total protein. For samples derived from NRK52E
in vitro, membrane proteins and cytoplasm proteins were
firstly separated with Subcellular Protein Fractionation Kit
for Cultured Cells (Thermo Scientific) in accordance with
the manufacturer’s instructions; then, the proteins from
either membrane or cytoplasm were prepared with protease
inhibitor containing RIPA buffer (Sigma). The protein lysates
were separated with SDS-PAGE and transferred to the PVDF
films (Millipore). The PVDF films then were cut into pieces
according to the molecular weights of the target proteins
and incubated with the primary antibodies (Ago2 rabbit
monoclonal antibody, 1:1000 (Novus); Nrp-1 rabbit mono-
clonal antibody, 1:1000 (Novus); and His-tag mouse mono-
clonal antibody, 1:1000 (MBL)) at 4°C for 12 h. Then, either
AlexaFluor 680/790-labeled goat anti-rabbit IgG antibody
(1:10000, LI-COR Biosciences) or AlexaFluor 680/790-
labeled goat anti-mouse IgG antibody (1:10000, LI-COR
Biosciences) was used as the second antibody, and the blots
were visualized by LI-COR Odyssey Infrared Imaging System
(LI-COR Biosciences). Quantity One was used to quantify
the blots.

2.9. Immunofluorescent Assay. The immunofluorescent assay
was carried out in the present study as described before. In
brief, the cell climbing films were fixed in 4% paraformalde-
hyde with 0.1% Triton X-100 for 30 min at 4°C. Relevant pri-
mary antibodies (Ago2 rabbit monoclonal antibody, 1:200
(Novus); Nrp-1 rabbit monoclonal antibody, 1:200 (Novus))
and fluorescently labeled probe (LysoTracker Red DND-99
(YeasenBio)) were used to incubate with the films overnight
at 4°C according to the manufacturers’ instructions. The
films then were incubated with selected secondary antibodies
(FITC-conjugated goat anti-rabbit IgG antibody and TRITC-
conjugated goat anti-rabbit IgG antibody) specifically for
90 min in the dark. The nuclei were stained using 4',6-diami-
dino-2-phenylindole. The images were captured using a laser
confocal microscope (Olympus).

2.10. Flow Cytometry Assay. The flow cytometry assay was
carried out to measure either cell membrane Nrp-1 level or
cytoplasm Ago2 level. A Rat Neuropilin-1 PE-conjugated
antibody (R&D) was used to determine the cell membrane
Nrp-1 level by flow cytometry according to the manufac-
turer’s instruction. For the cytoplasm Ago2 measurement,
Fixation/Permeabilization Solution Kit (BD) was used to
permeabilized the cells accordingly; then, Ago2 mouse
monoclonal antibody (Novus) and FITC-conjugated goat
anti-mouse IgG antibody (Boster) were used to determine
the cytoplasm Ago2 level with flow cytometry. The cytometry
was executed with Beckman CytoFLEX FCM.

2.11. Immunoprecipitation. Inmunoprecipitations were per-
formed according to the manufacturers’ instructions. In
short, the samples were incubated with the anti-Ago2 mouse
monoclonal antibody (Novus) at 4°C overnight with shaking.
Then, the mixtures were loaded with 40 ul protein A+G aga-
rose (Millipore) and incubated for 3 hours at 4°C. After that,
the beads were collected with centrifugation and analyzed
with immunoblotting for both His tag at 99 Kd and Nrp-1.

2.12. RNA Immunoprecipitation (RIP). The Magna RIP™
RNA-Binding Protein Immunoprecipitation Kit (Millipore)
was used to perform RIP assay according to the instructions.
Ago2 rabbit monoclonal antibody (Novus) was used as the
primary antibody, SNRNP70 rabbit polyclonal antibody
(Invitrogen) was used as positive control while normal rabbit
IgG was used as a negative control (ProteinTech). The immu-
noprecipitated RNA was isolated, and RT-PCR was used to
analyze the enrichment of miR-21a-3p.

2.13. RNA Pull-down. miR-21a-3p and related controls were
biotinylated by GeneParma. For TECs, the biotinylated
oligonucleotides were incubated with TECs for 12 hours
and the cells were lysed. For recombinant Nrp-1 (Abcam),
the equimolar biotinylated oligonucleotides were added into
the recombinant Nrp-1 PBS solution with or without recom-
binant Ago2 (SinoBiological) at the equimolar concentration.
Subsequently, the samples were incubated with streptavidin-
coated magnetic beads and biotin-coupled RNA complexes
were pulled down. The relevant proteins were analyzed with
immunoblotting.



4 BioMed Research International
6 - 5 150
% ; Plasma & s Renal E
S S o 4 3 E .
55 * 335 g -
~ o 4 & o 5 100
= =22 3 g = ——
E g E 5 s & o —
£ 5 * Rl &
= $E 24 R
£E 2 - <7 50 =
£ 8 £ 3 <
S g 52 1 £
M 2 1] :
29 o ~
0 T = 0 T T T T 0 T T
Ctrl 12h 18h 24h Ctrl 12h 18$h  24h Ctrl 12h
(a) (b)
CE -
2o
E=! _1
Z o 4
g g
g8
o5
SE 24
= o
o =
SE
2
0 T T
Ctrl 12h
E] g = 5] e -
= 3 S 3
j9) j9)
£ £
5 Z
2 £
()
1.5 -
.
=]
e N a— 7502 £ 104 =
g
‘g *
§ 0 5 - —:k—
S G D Gy cin 2
ctl 12h  18h 24h 0.0 . . . .
cul  12h 18h  24h

(d)

FIGURE 1: miR-21a-3p and Ago2 levels of both TECs and plasma during sepsis. (a) Quantitative analysis of RT-PCR results of miR-21a-3p of
either plasma or TEC:s at different time points. (b) Quantitative analysis of ELISA for Ago2 concentrations of plasma at different groups. (c)
Representative RIP results of Ago2 binding miR-21a-3p in plasma of different groups. (d) Representative Western Blot results of Ago2 in
TECs of the control group and CLP groups at different time points (*P < 0.05 vs. the control; Ctrl: control; 12 h: 12 hours after CLP; 18 h:

18 hours after CLP; 24 h: 24 hours after CLP).

2.14. Statistical Analysis. Quantitative data were presented as
the mean + SDs, and Graphpad Prism 8 was used to execute
the statistical analysis. The means of different groups were
analyzed using Student’s t-test or one-way analysis of
variance, followed by Tukey’s multiple comparisons test. A
P value < 0.05 was considered statistically significant.

3. Results

3.1. Both the miR-21a-3p and Ago2 Levels Increased in
Plasma and TECs during Sepsis. To identify whether miR-
21a-3p increased in both plasma and TECs, the CLP sepsis
rat model was used in the present study. It can be found
out with RT-PCR that both the miR-21a-3p levels in plasma
and TECs increased significantly 12h after the CLP proce-

dure (Figure 1(a)). Because it was well studied that sepsis
was induced 12h after CLP in rats in our former studies
[19], the present results indicated that the miR-21a-3p
levels in both plasma and TECs were increased signifi-
cantly during sepsis. Ago2 was known as one of the most
important binding proteins of miRs in circulation and
miRs were stabilized only if they bind to Ago2 or were
present in exosomes in circulation. To further identify
whether plasma Ago2 did also rise during sepsis, plasma
Ago2 ELISA test was carried out in our present study. It
can be demonstrated from the results that plasma Ago2
increased remarkably 12h after CLP in sepsis rats
(Figure 1(b)). Moreover, with RNA Binding Protein Immu-
noprecipitation Assay, it can be found out that miR-21a-3p
could bind to Ago2 to form Ago2-miR-21a-3p complex and
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plasma Ago2 binding miR-21a-3p increased significantly as
the plasma Ago2 level rose (Figure 1(c)). Furthermore, with
Western Blot measurement, it was determined that the
Ago2 level was remarkably upregulated in the TECs of CLP
rats during sepsis (Figure 1(d)). The findings above suggested
that the rise of miR-21a-3p and Ago2 in TECs may be closely
related to the increase of Ago2 binding miR-21a-3p in
plasma during sepsis.

3.2. Effects of Different Plasma Stimulation on the miR-21a-3p
and Ago2 Levels in TECs. To further investigate the effects of
septic plasma on the miR-21a-3p level in TECs and the role
that plasma contained Ago2 plays in this process, we firstly
obtained septic plasma from CLP rats at 12 h after the oper-
ation. After that, septic plasma was treated with either Ago2
monoclonal antibody (12h+Ab) or Ago2 immunoprecipita-
tion (12h+IP) to regulate the activity and concentration of
plasma Ago2 and Ago2 binding miR-21a-3p. It can be found
out from the results that Ago2 immunoprecipitation signifi-
cantly downregulated the concentrations of both plasma
Ago2 and Ago2 binding miR-21a-3p. Ago2 monoclonal anti-
body did not affect the concentration of either Ago2 or Ago2
binding miR-21a-3p, but the monoclonal antibody would
affect the biological activity of Ago2 in the plasma
(Figure 2(a)). After that, TECs were treated with different
kinds of plasma (control plasma: Ctrl; normal plasma: NP;
septic plasma: 12 h; septic plasma treated with Ago2 immu-
noprecipitation: 12h+IP; and septic plasma treated with
Ago2 monoclonal antibody: 12h+Ab). With RT-PCR, it
could be found out that miR-21a-3p level of TECs in both
the 12h+Ab group and 12h group increased significantly
compared to the Ctrl and NP groups but the miR-21-3p level
of the 12h+Ab group was remarkable lower than that of the
12h group, and the control and 12h+IP groups exhibited
similar miR-21a-3p levels (Figure 2(b)). Moreover, it was
indicated by flow cytometry that only the Ago2 levels of both
the 12h and 12h+Ab groups increased significantly com-
pared to that of the Ctrl group and the Ago2 level of 12h
group was significantly higher than that of the NP and 12h
+ADb groups; the control, 12h+IP, and NP groups exhibited
similar levels of Ago2 (Figures 2(c) and 2(d)). In addition,
Western Blot was carried out to identify the effects of differ-
ent plasma stimulation on intracellular Ago2 levels in TECs.
It can be verified from the results that the Ago2 levels of the
NP, 12h+Ab, and 12 h groups rose remarkably than the Ctrl
and 12h+IP groups and the intracellular Ago2 of the 12h
group was remarkably higher than that of the NP and 12h
+Ab groups; the intracellular Ago2 level did not change
remarkably in the 12h+IP group compared to the control
(Figure 2(e)). Taken together, the results above indicated that
septic plasma stimulation increased both the intracellular
Ago2 and miR-21a-3p levels in TECs, while Ago2 in septic
plasma was crucial for this process. Because a previous study
had indicated that Ago2-mediated miR internalization, it was
important to find out whether TECs could actively internal-
ize miR-21a-3p and Ago2 from plasma during sepsis.

3.3. Effects of Septic Plasma Stimulation on Nrp-1 Expression
and Distribution in TECs. Nrp-1, a cell membrane receptor,

is involved in the Ago2-mediated internalization of miRs.
To find out whether miR-21a-3p could be internalized by
TECs via the Ago2 pathway, it was important to verify the
expression and distribution of Nrp-1 during sepsis. In vivo,
our results of Western Blot and RT-PCR indicated that both
the Nrp-1 expression and Nrp-1 mRNA transcription
increased significantly in TECs during sepsis (Figures 3(a)
and 3(b)). Moreover, an in vitro study was carried out with
TECs stimulated with either normal plasma (NP group) or
septic plasma (12h group). Confocal microscopy analysis
revealed that the expression of Nrp-1 in the 12h group was
higher than that in the NP and control groups (Figures 3(c)
and 3(d)), and the Nrp-1 mRNA transcription level in the
septic plasma group was also remarkable higher
(Figure 3(e)). Furthermore, to clarify whether the increased
Nrp-1 was distributed on the cell membrane, flow cytometry
and Western Blot of the cell membrane protein were carried
out. It could be determined from the results that cell mem-
brane Nrp-1 increased significantly in TECs of the 12 h group
than that of both the control group and the NP group
(Figures 3(f)-3(h)). The results above indicated that the cell
membrane Nrp-1 expression in TECs was increased dramat-
ically during sepsis.

3.4. Plasma from Rats with Sepsis Enhances the Intracellular
Ago2 and miR-21a-3p Levels through Nrp-1. To further clar-
ify the role of Nrp-1 in the elevation of intracellular Ago2 and
miR-21a-3p in TECs stimulated by septic plasma, septic
plasma was used to incubate with normal TECs (12 h group),
siRNA NC-transfected TECs (12h+SiRNA NC group) and
Nrp-1 siRNA-transfected TECs (12h+SiNRP-1 group) and
relevant tests had been carried out. With the Western Blot
of cytoplasm, it can be demonstrated that intracellular
Ago2 level was increased significantly in the 12 h group than
that in the control group. Moreover, Nrp-1 knockdown mit-
igated the increase of intracellular Ago2 of the TECs incu-
bated with septic plasma remarkably. The intracellular level
of Ago2 in 12h+SiNrp-1 group was still remarkable higher
than that of the control group. There was no significant dif-
ference in the content of intracellular Ago2 in the TECs of
the 12h groups and 12h+SiRNA NC group (Figure 4(a)).
Furthermore, with RT-PCR, it can be verified that miR-
21a-3p contents in TECs of the 12h group, 12 h+SiNrp-1
group, and 12h+SiRNA NC group were increased signifi-
cantly than the control. The miR-21a-3p contents in TECs
of the 12h group and 12h+SiRNA NC group were not signif-
icantly different and both were higher than that in TECs of
the 12h+SiNrp-1 group (Figure 4(b)). Taken together, the
results above demonstrated that Nrp-1 played an important
role in the elevation of intracellular Ago2 and miR-21a-3p
in TECs stimulated with septic plasma.

3.5. Ago2 Was Internalized by TECs via Nrp-1 and This
Process Had no Effect on the Intracellular Content of miR-
21a-3p. To further verify whether Nrp-1 expressed by TECs
could mediate the extracellular Ago2 internalization, His-
tagged recombinant Ago2 was used to stimulate both the
normal TECs (Ago2 group) and TECs with Nrp-1 knock-
down by Nrp-1 siRNA (Ago2+SiNrp-1 group), after that,
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FIGURE 2: Ago2 and miR-21a-3p levels in TECs stimulated with differently treated plasma. (a) Quantitative analysis of the results from ELIA
for Ago2 and RT-PCR for miR-21a-3p of plasma with or without treatments. (b) Quantitative analysis of RT-PCR results of miR-21a-3p of
TECs treated with different plasma. (c) Representative results of flow cytometry for Ago2 in TECs treated with different plasma. (d)
Quantitative analysis of the results of flow cytometry for Ago2 in TECs treated with different plasma. (e) Representative Western Blot
results of Ago2 in TECs treated with different plasma (*P < 0.05 vs. the control; Ctrl: control; NP: normal plasma; 12h: septic plasma
from rats 12 hours after CLP; 12h+Ab: septic plasma treated with Ago2 antibody; 12h+IP: septic plasma treated with Ago2
immunoprecipitation).

relative measurements were carried out in the present study. ~ compared to the control (Figure 5(a)). Flow cytometry also
With immunofluorescent measurement, it can be found out ~ confirmed that cellular Ago2 content only rose remarkably
that the cytoplasm Ago2 content increased significantly in  in the Ago2 group compared to the control (Figures 5(b)
the Ago2 group but not that in the Ago2+SiNrp-1 group  and 5(c)). Moreover, Western Blot of cytoplasm proteins
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was carried out and it can be verified from the results that the
TECs cytoplasm Ago2 of the Ago2 group increased signifi-
cantly compared to the control and this phenomenon can
be mitigated with Nrp-1 knockdown (Figure 5(d)). The
above results indicated that Nrp-1 mediated the intracellular
Ago2 content of TECs increasing when stimulated with
extracellular Ago2. To further clarify whether the increased
cytoplasm Ago2 was derived from Nrp-1 mediated cell inter-
nalization or cell synthesis, Western Blot and immunopre-
cipitation for His-tag of cytoplasm were carried out. It can
be verified from the results that both the His-tag contents
at 99Kd of the Ago2 and Ago2+SiNrp-1 groups were
increased significantly compared to the control. Moreover,
the His-tag content at 99Kd of the Ago2 group was
remarkably higher than that of the Ago2+SiNrp-1 group
(Figure 5(e)). Moreover, it can be found out that only in the
TECs of the Ago2 group can His tag be detected by immuno-
blotting after cytoplasm Ago2 was immunoprecipitated with
its monoclonal antibody (Figure 5(f)). Because the molecular

weight of His-tagged extracellular Ago2 is 99Kd, it can be
verified that the increased cytoplasm Ago2 was derived from
Nrp-1 mediated cell internalization. After all, with RT-PCR,
it can be found out that only the Ago2 stimulation did not
change the intracellular miR-21a-3p content no matter if
Nrp-1 was knocked down or not (Figure 5(g)). Taken
together, the results above indicated that Nrp-1 mediated
the extracellular Ago2 internalization and this process did
not affect the intracellular content of miR-21a-3p in TECs.

3.6. Both Ago2 and miR-21a-3p Could Bind to TEC-Derived
Nrp-1 Directly. To further verify whether TEC-derived Nrp-
1 could mediate the internalization of Ago2 as well as the
Ago2 binding miR-21a-3p in TEGCs, it is crucial to find out
whether TEC-derived Nrp-1 could interact with Ago2 and
miR-21a-3p directly. Firstly, immunoprecipitation was car-
ried out with lysates from different groups of TECs, the
results suggested that TEC-derived Nrp-1 did bind to Ago2
directly (Figure 6(a)). Moreover, TECs were stimulated with
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biotin-labeled miR-21a-3p mimic and RNA pull-down assay
was carried out. It can be suggested from the results that
miR-21a-3p could interact with both the TEC-derived Ago2
and Nrp-1 (Figure 6(b)). To further verify whether miR-
21a-3p could directly bind to Nrp-1 derived from TECs,
biotin-labeled miR-21a-3p mimic was mixed with either
recombinant rat Nrp-1 or recombinant rat Nrp-1/Ago2 mix-
ture. It can be verified from the results of the RNA pull-down
assay that miR-21a-3p did interact with the Nrp-1 directly
regardless of the presence of Ago2 (Figures 6(c) and 6(d)).
In summary, the above results indicated that both Ago2
and miR-21a-3p could bind to TEC-derived Nrp-1 directly.

3.7. miR-21a-3p Was Internalized by TECs via Nrp-1 and
Ago2 Facilitated This Process. Since miR-21a-3p could inter-
act with TEC-derived Nrp-1, it was important to clarify if
miR-21a-3p could be internalized by TECs and what the
roles of Nrp-1 and Ago2 play in this process. To answer the
above questions, TECs were divided into several groups
based on whether or not Nrp-1 knockdown was performed
and either FAM-miR-21a-3p mimics or Ago2/FAM-miR-
21a-3p mimics complex was used to incubate with the differ-
ent groups of TECs. Firstly, confocal microscopy was carried
out to measure the cytoplasm FAM-miR-21a-3p content,
while lysosomes were marked with Lyso-tracker to visualize
the cytoplasm. It can be found out from the immunofluores-
cence results that cytoplasm FAM optical intensities were
both increased significantly when TECs were incubated with
either FAM-miR-21a-3p or Ago2/FAM-miR-21a-3p com-
plex. Moreover, FAM optical intensity in TECs incubated
with Ago2/FAM-miR-21a-3p complex was remarkably

higher than that in TECs incubated only with FAM-miR-
21a-3p. Nrp-1 knockdown could significantly mitigate this
phenomenon (Figures 7(a) and 7(b)). Furthermore, either
miR-21a-3p mimics or Ago2/miR-21a-3p mimics complex
was used to incubate with normal, siRNA negative control-
transfected, or Nrp-1 siRNA-transfected TECs. It can be ver-
ified from the RT-PCR results that the intracellular miR-21a-
3p contents were increased significantly in the TECs incu-
bated with either miR-21a-3p mimics or Ago2/miR-21a-3p
mimics complex than the control. Moreover, TECs incubated
with Ago2/miR-21a-3p mimics complex had remarkable
higher miR-21a-3p content than TECs incubated only with
miR-21a-3p mimics. Nrp-1 knockdown could significantly
suppress the increase of miR-21a-3p in both the TECs incu-
bated with miR-21a-3p mimics and the TECs incubated with
Ago2/miR-21a-3p mimics complex (Figure 7(c)). According
to the above results, it can be clarified that miR-21a-3p can be
internalized by TECs via Nrp-1 and Ago2 facilitated this
process.

4. Discussion

Sepsis is a global health concern as it causes millions of
deaths each year. The prevalence of SAKI in patients admit-
ted to ICU is 10-20%. Thus, sepsis is the most common cause
of AKI in critically ill patients. Compared with that among
patients without AKI, the mortality rate is 50% higher among
patients with SAKI [26]. The mechanisms underlying SAKI
have not been elucidated. TECs act as one of the most vulner-
able inherent cells in the kidney during sepsis. It has been
demonstrated that when stimulated with sepsis-associated
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circulatory factors such as LPS and HMGBI1, TECs will
undergo a series of morphological and functional abnormal-
ities which become the pivotal causes of AKI [27-29]. More-
over, our previous study has demonstrated that the miR-21a-
3p content was increased in TECs, while miR-21a-3p medi-
ates metabolism and cell fate alteration of TECs via manipu-
lating the AKT/CDK2-FOXO1 pathway during SAKI [19]. In
order to better understand the mechanisms of how miR-21a-
3p induce TEC malfunction during inflammation, it is
important to further reveal the source of increased intracellu-
lar miR-21a-3p of TECs during sepsis. It is well known that
TECs are constantly in contact with blood and are regulated

by various signaling molecules in plasma. A previous study
also indicated that the composition of circulated microRNAs
changed significantly during sepsis [30, 31]. Here, in our
present study, the results of RT-PCR have demonstrated that
plasma miR-21a-3p content was increased significantly when
sepsis occurred. Moreover, consistent with our previous find-
ings, our present study indicated that the intracellular miR-
21a-3p content of TECs also rose remarkably as the plasma
miR-21a-3p level increased during sepsis. Argonaute-2
(Ago2) is a highly conserved member of the Argonaute fam-
ily in species and it has been revealed that small RNA-guided
gene silencing can be regulated by Ago2 in humans [32].
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Ago2 binds and stabilizes the miRs in the plasma. Previous
studies have verified that microRNAs can only stably exist
in circulation when forming complexes with Ago2 or HDL
or are contained in exosomes [23, 33]. In our present study,
it was revealed that the Ago2 content in both plasma and
TECs rose remarkably and Ago2 binding miR-21a-3p
increased significantly during sepsis. It has been demon-
strated that Ago2 can mediate the internalization of mircoR-
NAs in previous studies [34, 35]. Therefore, we hypothesized
that the increased internalization of plasma miR-21a-3p
mediated by Ago2 could be an important mechanism medi-
ated the rise of intracellular miR-21a-3p in TECs during
sepsis.

Using in vitro cell lines for further study can eliminate the
interference of in vivo confounding factors and be more
accurate. In rats, sepsis is induced at 12 h post-CLP operation
[19], and septic plasma from CLP rats at 12h were used for
the in vitro study. The monoclonal antibodies can bind to
their target protein specifically and inhibit their biological
activity. Additionally, it has been shown that immunoprecip-
itation can remove Ago2 out of solution or cell lysis effec-
tively [36, 37] but may cause some nonspecific clearance. In
our present study, septic plasma from CLP rats was treated
with either Ago2 monoclonal antibody (Ago2+Ab) or Ago2
immunoprecipitation  (Ago2+IP). Immunoprecipitation
effectively decreased the levels of Ago2 and miR-21a-3p in
the plasma. Treatment with anti-Ago2 monoclonal antibody
did not significantly affect the levels of Ago2 and miR-21a-
3p. However, the biological activity of Ago2 was inhibited
upon treatment with the anti-Ago2 antibody. Furthermore,
we stimulated the TECs of the NRK-52E cell line with normal
rat plasma, septic plasma treated with Ago2 monoclonal anti-
body, septic plasma treated with Ago2 immunoprecipitation,
and septic plasma. It was verified from the results that septic
plasma could significantly increase the intracellular Ago2
and miR-21a-3p contents, while the reduction of Ago2 in
septic plasma could suppress this phenomenon. It can be
concluded from the results that Ago2 was the key factor in
the rise of miR-21a-3p in TECs stimulated by septic plasma
and that conclusion further supported our hypothesis that
Ago2 may mediate the internalization of exogenous miR-
21a-3p into TECs during sepsis.

There must be receptors expressed on the cell membrane
of TECs which can mediate internalization so that miR-21a-
3p could be internalized associated with Ago2. Neuropilin-1
(Nrp-1) is known to be the receptor that can bind various
ligands via its extracellular part consisted of several domains
[38]. The original study has shown that Nrp-1 was expressed
by neurons as an adhesion receptor [39]. However, it has
been clarified that not only neurons but also several other
kinds of cells such as renal cells express Nrp-1 [40, 41].
Recent studies have indicated that Nrp-1 could implicate in
the signal events of VEGF, TGF- 3, and PDGF [42, 43]. More-
over, the number of Nrp-1-related signaling receptor com-
plexes kept on growing. Nowadays, it has been reported
that Nrp-1 was able to transport other extracellular mole-
cules into cells as playing a cell “cargo” role [44]. It was dem-
onstrated that Ago2 can interact with Nrp-1 and can be
transported into cells mediated by Nrp-1. To further study
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whether Nrp-1 also acted as the receptor which can mediate
the internalization of Ago2 and miR-21a-3p in TECs, it was
pivotal to find out whether Nrp-1 was expressed by TECs,
especially during sepsis. The location of which Nrp-1 was
expressed during sepsis was also needed to be revealed. In
our present study, it can be demonstrated from both the
in vivo and in vitro results that Nrp-1 was expressed on the
membrane of the TECs and that expression was enhanced
when TECs were stimulated with the septic plasma during
sepsis. Hence, we assumed that Nrp-1 expressed by TECs
was the receptor that could mediate the internalization of
miR-21a-3p as well as Ago2. To verify our assumption, firstly
we need to find out the role that Nrp-1 plays in the rise of
intracellular Ago2 and miR-21a-3p when TECs were stimu-
lated with septic plasma. Here, in our present study, Nrp-1
siRNA was used to suppress the expression of Nrp-1 in TECs
stimulated with septic plasma. It can be verified from the
results that Nrp-1 knockdown significantly suppressed the
increase of either Ago2 or miR-21a-3p content in the TECs
stimulated with septic plasma. These results strongly sug-
gested that Nrp-1 was crucial for the rise of intercellular
Ago2 and miR-21a-3p. Hence, we hypothesized that Ago2
binding miR-21a-3p from septic plasma may be internalized
by TECs via Nrp-1 during sepsis.

Next, to further verify our hypothesis, it was important to
find out whether Nrp-1 can mediate the internalization pro-
cess of extracellular Ago2 and miR-21a-3p in TECs. First of
all, to verify if exogenous Ago2 could be internalized by TECs
via Nrp-1, His-tagged recombinant Ago2 was used to incu-
bate with either normal TECs or Nrp-1 knockdown TECs
and relative measurements were carried out in the present
study. It can be demonstrated from the results that Nrp-1
was crucial for the increase of intercellular Ago2 in TECs
incubated with His-tagged recombinant Ago2. However,
these findings do not indicate if the increased Ago2 in the
cells is due to the internalization of exogenous Ago2 or the
active syncretization of the cells after being stimulated. His
tag is an amino acid residue consisting of 6 histidines, and
it is one of the most common tags used to facilitate the puri-
fication of recombinant proteins [45]. His tag monoclonal
antibody is used to monitor the His-tagged proteins, and this
monoclonal antibody can recognize His tags placed at the N-
terminal, C-terminal, and internal regions of the recombi-
nant proteins. Because the recombinant Ago2 we used in
the present study was labeled with His tag and the molecular
weight of Ago2 was about 99 Kd, Western Blot was used to
verify the cytoplasm content of His residue illustrated at
99Kd in the TECs of different groups. It was demonstrated
from the results that although Ago2 was expressed in normal
TECs, the His residue appeared at 99 Kd only can be found in
the TECs incubated with His-tagged Ago2. Moreover, Nrp-1
knockdown in TECs could significantly mitigate this phe-
nomenon. To further verify whether the His residue at
99Kd found with Western Blot was from the His-tagged
Ago2, immunoprecipitation of His residue with Ago2 mono-
clonal antibody was carried out and the results indicated that
it was the His-tagged Ago2 that was visualized by His mono-
clonal antibody at 99 Kd when tested with Western Blot.
Taken together, it can be concluded that Nrp-1 mediated
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the internalization of the exogenous Ago2 in TECs. Further-
more, we found out that both Ago2 stimulation and internal-
ization via Nrp-1 did not change the intercellular miR-21a-
31p level in TECs. Hence, next was to find out whether exog-
enous miR-21a-3p could be internalized via Nrp-1 in TECs
and the role Ago2 played in this process.

Previous studies have demonstrated that Nrp-1 was the
receptor for receptor-mediated cell internalization of many
exogenous molecules such as VEGF in neurons and tumor
cells [46, 47]. For the occurrence of receptor-mediated cell
internalization, ligands must be able to bind to the receptors
directly. In our present study, Ago2 was determined to be
able to bind Nrp-1 directly with a coimmunoprecipitation
test. Hence, consistent with the findings of previous studies,
Nrp-1 was demonstrated to function as a cell membrane
receptor for the internalization of exogenous Ago2 into the
TECs. Moreover, miRs are stable in the plasma when they
bind to Ago2 or are enclosed in the exosomes, while only
the Ago2 binding miRs can be internalized into cells via a
receptor-mediated cell internalization pathway. Hence, to
verify whether miR-21-3p could be internalized via Nrp-1,
it was also important to find out if miR-21a-3p could bind
to Nrp-1 in the presence or absence of Ago2. With RNA
pull-down assay, we demonstrated that miR-21a-3p can bind
to TEC-derived Nrp-1 directly even in the absence of Ago2.
Therefore, the results mentioned above provided a strong
biological basis for our hypothesis. Finally, miR-21a-3p
single-strain mimics with or without FAM label were used
to examine the Nrp-1-mediated internalization of miR-21a-
3p into the TECs and the role of Ago2 in this process. Our
results indicated that miR-21a-3p can be internalized by
TECs via Nrp-1 and Ago2 facilitated this process.

To the best of our knowledge, this is the first study to
demonstrate that Ago2 binding miR-21a-3p from septic
plasma can be actively internalized by TECs via Nrp-1-
mediated cell internalization, which enhances the intracellu-
lar miR-21a-3p levels in the TECs during sepsis. Although
further researches are needed to verify some unsolved ques-
tions such as (1) through which specific pathway that
Ago2-miR-21a-3p enters the TECs under the mediation of
Nrp-1, (2) what other cellular mechanisms can mediate this
process; (3) does exosome miR-21a-3p also participate in
the rise of intracellular miR-21a-3p in TECs during sepsis;
(4) does the mechanism elucidated in this study also exist
in other cell types; and (5) is the internalization mecha-
nism of miR-21a-3p also applicable to other miRs in
TECs. For miR-21a-3p can manipulate cell metabolisms
of TECs during sepsis, which is one of the most important
mechanisms that induced SAKI, our findings will provide
a novel basis for understanding the mechanisms underly-
ing SAKI and aid in developing new relative therapeutic
strategies accordingly.

5. Conclusions

The internalization of plasmatic Ago2 binding miR-21a-3p
mediated by membrane Nrp-1 is an important mechanism
underlying miR-21a-3p accumulation in TECs during sepsis.
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