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epithelial cells after renal ischemia-reperfusion injury regulates
autophagy by targeting TRAF6
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Abstract
Background: Acute kidney injury (AKI) is a common complication in patients, especially elderly patients, who undergo cardiac
surgery with cardiopulmonary bypass. Studies have indicated a protective role of autophagy in AKI. However, the mechanisms
underlying the regulatory effect of autophagy in AKI among patients undergoing cardiac surgeries are poorly understood. In this
study, we aimed to test the hypothesis that exosomal microRNAs (miRNAs) regulate autophagy in tubular epithelial cells after
AKI.
Methods: Plasma exosomal RNAwas extracted from young and elderly AKI patients undergoing cardiac surgery, and the miRNAs
expression during the perioperative period were analyzed using next-generation sequencing. The screenedmiRNAs and their target
genes were subjected to gene oncology function and Kyoto Encyclopedia of Genes andGenome enrichment analyses. Renal tubular
epithelial cell line (HK-2 cells) was cultured and hypoxia/reoxygenation (H/R) model was established, which is an in vitro renal
ischemia/reperfusion (I/R)model.We usedWestern blot analysis, cell viability assay, transfection, luciferase assay to investigate the
mechanisms underlying the observed increases in the levels of renal I/R injury-mediated exosomal miRNAs and their roles in
regulating HK-2 cells autophagy.
Results: miR-590-3p was highly enriched in the plasma exosomes of young AKI patients after cardiac surgery. Increased levels of
miR-590-3p led to the increases in the expression of autophagy marker proteins, including Beclin-1 and microtubule associated
protein 1 light chain 3 beta (LC3II), and prolonged the autophagic response in HK-2 cells after H/R treatment. These effects were
achieved mainly via increases in the exosomal miR-590-3p levels, and the tumor necrosis factor receptor-associated factor 6
protein was shown to play a key role in I/R injury-mediated autophagy induction.
Conclusion: Exosomes released from HK-2 cells after renal I/R injury regulate autophagy by transferring miR-590-3p in a
paracrine manner, which suggests that increasing the miR-590-3p levels in HK-2 cell-derived exosomes may increase autophagy
and protect against kidney injury after renal I/R injury.
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Introduction

Acute kidney injury (AKI) is a syndrome characterized by
a sudden decrease in glomerular filtration function and is
classified into grades 1 to 3 according to severity.[1] AKI is
a common complication observed in patients, particularly
elderly patients, who undergo cardiac surgery with
cardiopulmonary bypass (CPB).[2,3] The rapid expansion
of the aging population has led to a concomitant increase
in the number of older adults undergoing cardiac surgery.
Therefore, AKI in elderly patients after cardiac surgery has
become an urgent clinical problem.
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The use of the CPB procedure during cardiac surgery often
leads to a unique low-flow, low-pressure, and non-
circulating perfusion state. After CPB, perfusion is
restored in the kidneys of the patients, and renal
ischemia/reperfusion (I/R) injury may occur. AKI caused
by I/R injury mainly manifests as sublethal damage to the
renal tubules, and incomplete repair of renal tubular
damage can lead to the progression of renal fibrosis.[4]

After kidney damage occurs, damage and repair mecha-
nisms are usually activated simultaneously. Residual renal
tubular epithelial cells are the main source of cells for
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replacing lost tubular epithelial cells.[5] Studies have shown
that young patients with AKI are often able to restore their
kidneys to a healthy state in terms of both structure and
function, but older patients have difficulty in recovering
from kidney damage.[6] The poor prognosis of elderly
patients with AKI after cardiac surgery with CPB may be
associated with decreased autophagic capacity. Moderate
levels of autophagy are currently thought to play an
important role in maintaining the structure and function of
tubular epithelial cells.[7-9] Recent research has suggested
that microRNAs (miRNAs) are closely related to autoph-
agy.[10] miRNAs are single-stranded non-coding RNAs of
19–23nucleotides that regulategeneexpression throughthe
posttranscriptional repression of their target mRNAs.
Recently, substantial evidence has implicated miRNAs in
kidney diseases, particularly AKI.[11] miR-590-3p inhibits
autophagy and promotes apoptosis by downregulating
Beclin1 expression, and these effects are involved in renal
cell injury caused by the contrast agent urografin.[12] In
addition, miR-590-3p expression is upregulated by the
combination of endothelial-monocyte-activating polypep-
tide-II and temozolomide, and upregulated miR-590-3p
expression inhibits metastasis-associated in colon cancer 1
(MACC1)-induced glioblastoma stem cell autophagy by
inhibiting the PI3K/AKT/mTOR pathway.[13]

Exosomes may contain miRNAs, which are released into
the peripheral circulatory system or extracellular matrix
to mediate intercellular communication.[14] Exosomes,
extracellular vesicles with a diameter of 40 to 160 nm, are
formed by the cellular process of exocytosis.[15]

In patients who undergo cardiac surgery with CPB,
tubular epithelial cells are thought to enhance autophagy,
facilitate adaptative responses to renal I/R injury, and
decrease renal damage soon after surgery. We herein
tested the hypothesis that exosomal miR-590-3p regulates
autophagy in tubular epithelial cells after renal I/R injury.
Methods

Ethics approval

The experimental procedures involving human samples
were approved by the Ethics Committee of Beijing
Tongren Hospital Affiliated to Captical Medical Univer-
sity (TRECKY2019-143V1.0). All the study samples were
anonymized during the analysis. Written informed
consent was obtained from each participant. The study
was conducted in accordance with the Declaration of
Helsinki.
Patient identification and selection

The study was conducted in patients who underwent
coronary artery bypass surgery at Beijing Tongren
Hospital between December 2019 and August 2020.
Evaluations regarding the inclusion and exclusion criteria
were performed during the preoperative visit by study
personnel after informed consent was obtained. The
exclusion criteria were the following: (1) lack of consent;
(2) age �18 years; (3) pregnancy; (4) severe organ
dysfunction (liver or renal); (5) preoperative acute or
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chronic renal insufficiency or previous use of renal
replacement therapy; (6) mental illness or psychotropic
drug use; and (7) secondary surgery. The patients from the
youngAKI groupwere aged 18 to 44 years, and the patients
from the old AKI group were at least 60 years of age.[16]

We evaluated the clinical history and laboratory exami-
nation results of all patients. Plasma samples were
collected from patients with AKI after cardiac surgery,
and exosomes were extracted. Plasma exosome RNA was
extracted from young and elderly patients with AKI, and
miRNAs that were significantly changed before and after
surgery were identified using high-throughput sequencing.
After excluding patients with <750,000 labeled miRNA
reads at each time point, the final study population
included 12 young and 13 elderly AKI patients.
Anesthesia process and sample collection

All the subjects were anesthetized and monitored in a
standardized manner. Electrocardiogram (ECG), pulse
oximetry, and invasive blood pressure measurements were
obtained from all the patients; and these measurements
were initiated before anesthesia induction. Detailed
descriptions of the anesthesia process are provided in
the Supplemental Materials, http://links.lww.com/CM9/
B169.

Before and after the surgery, approximately 10 mL of
venous blood was collected from each patient under
aseptic conditions, stored in a vacuum tube containing
ethylenediaminetetraacetic acid (EDTA), gently inverted,
and mixed several times; the supernatant was promptly
harvested by centrifugation at 1500� g and 4°C for
15min. The plasma samples were stored at �80°C.
Exosome isolation, identification, and trafficking assay

To separate plasma exosomes, plasma sampleswere further
filtered intonewcleanEppendorf tubesusinga syringeanda
0.45mm filter (Millipore-Sigma,Massachusetts, USA), and
the exosomes were then isolated from the plasma samples
using a ExoQuick ULTRA EV Isolation Kit (System
Biosciences, Bay area, USA). The cell-derived exosomes
were separated by ultracentrifugation. Detailed descrip-
tions of the process are provided in the Supplemental
Materials, http://links.lww.com/CM9/B169. The sizes and
numbers of the exosomes were determined by nanoparticle
tracking analysis (NTA) with a ZetaView PMX 110
(ZetaView, ParticleMetrix, Germany). The exosomeswere
identified by transmission electron microscope (TEM) at
Shanghai Umibio Biotechnology Co., Ltd (China).

Exosomes were isolated from the culture medium of HK-2
cells subjected to H/R for 6 h. To monitor exosome
trafficking, the isolated exosomes were labeled with the
red fluorescent dye PKH26 (Sigma-Aldrich, MO, USA),
and then ultracentrifuged again for 120min at
140,000� g at 4°C, and excessive staining was stopped
by the addition of complete medium. An additional
ultracentrifugation step was then performed at the same
high speed for 70min. After washing with phosphate
buffered saline (PBS), exosomes were added to HK-2 cells,
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and 12 h later, the cell cytoskeletons were stained with
Actin-Tracker Green (C1033, Beyotime, Shanghai,
China). The human renal proximal tubular cell line
HK-2 cells were obtained from the Cell Data Center,
Shanghai Institute of Biological Sciences, Chinese Acade-
my of Sciences. The exosomal trafficking was visualized
with a fluorescence microscope (Leica, Germany).

RNA extraction, library preparation, and next-generation
sequencing (NGS)

Total RNA was extracted from plasma exosomes using
TRIzol reagent (Thermo Fisher Scientific, Waltham, USA).
The concentrationandquality ofRNAwere evaluatedusing
a nanodrop spectrophotometer (ND-2000; Thermo Fisher
Scientific). In addition, complementary DNA (cDNA)
synthesis and real-time quantitative polymerase chain
reaction (RT–PCR) were performed using the Hairpin-it
miR-590-3p/mRNA RT–PCR Quantitation Kit (Gene
Pharma, Shanghai, China) with corresponding primers
according to the manufacturer’s protocol. U6 was used as
the internal control for miR-590-3p. RT–PCR was
performedwith theQ5system(ThermoFisher) todetermine
theCt values, and the relative expression of target geneswas
determinedusing the2�DDCtmethod.The followingprimers
were synthesized by Gene Pharma Co. (Shanghai, China):
miR-590-3p, forward 50CGGGGG AA TTTTATGTA-
TAAGCTAGT-30 and reverse 50-CTCAACTGGTGTCG
TGGA-30; U6, forward 50-CTCGCTTCGG CAGCACA-30
and reverse 50-AACG CTTCACGAATTT GCGT-30.

Plasma exosomal RNA was extracted from young and
elderly AKI patients, and miRNAs that showed significant
change before and after surgery were analyzed using high-
throughput sequencing. After harvesting the total RNA,
18–30 nt fragments were separated using agarose gel
electrophoresis (AGE). The 30 and 50 junctions were
ligated separately, and the small RNAs from both sides of
the ligated junctions were amplified by reverse transcrip-
tion and PCR. After recovery and purification using AGE,
140 bp bands were obtained and used to construct the
library, and the resulting library was subjected to quality
control using an Agilent 2100 system (Agilent Technolo-
gies, Palo Alto, USA) and Real-time Quantitative PCR
Detecting System, then sequenced with the instrument.
Western blot analysis

Protein extracts were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred
to polyvinylidene fluoride membranes (0.22 mm, Milli-
pore, Massachusetts, USA). The membranes were then
blocked with 5% skimmed milk for 1.5 hours. Secondary
antibodies were then added for cultivation. An electro-
chemiluminescence system was subsequently used for the
detection of the immunoreactive bands.

The antibodies included were anti-CD63 (Abcam, Cam-
bridge, UK), anti-Alix (Abcam, USA), anti-CD 81 antibody
(Abcam,UK),microtubuleassociatedprotein1 light chain3
beta (anti-LC3B) (Abcam, UK), anti-p62 (Abcam, UK),
anti-Caspase-3 (Abcam, UK), anti-Bcl-2 (Abcam, UK),
tumor necrosis factor (TNF) receptor-associated factor 6
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(TRAF6) (Abcam, UK), glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (Abcam,UK)horseradish peroxidase-
conjugated goat anti-rabbit IgG (Proteintech, Wuhan,
China), and horseradish peroxidase-conjugated goat anti-
mouse immunoglobin (IgG) (Proteintech, Wuhan, China).
Bioinformatic analysis

Among the miRNAs that were significantly changed in
young and elderly AKI patients undergoing surgery, those
with direct or inverse changes in expression as well as their
target genes were subjected to gene ontology (GO)
function and Kyoto Encyclopedia of Genes and Genomes
(KEGG) biological pathway enrichment analyses using
Gene-Sifter software (PerkinElmer, Inc., Shanghai, China)
and DAVID online tool (ncifcrf.go; https://david.ncifcrf.
gov/tools.jsp).
Cell culture, hypoxia/reoxygenation (H/R) model, and
transfection

The human renal proximal tubular cell line HK-2 cells
were cultured in Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F12) supplemented with
10% fetal bovine serum (FBS) and penicillin–streptomycin
(100U/mL) in 5%CO2 at 37°C. Themediumwas changed
every day. The cells were exposed to hypoxia (5% CO2,
1% O2, and 94% N2) without nutrients (glucose-free,
serum-free) for 12 h, and then subjected to 0.5 h, 3 h, 6 h,
12 h, and 24 h of reoxygenation (5% CO2, 21% O2,
and 74% N2) to construct the H/R model, which is an
in vitro renal I/R model.[10,17] The control group
maintained adequate nutrition and normoxic environ-
ment as described above.

The miR-590-3p mimic (50-UAAUUUUAUGUAUAAG-
CUAGU-30) and its correspondingnegative control (NC,50-
UUCUCCGAACGUGUCACGUTT-30), aswell as themiR-
590-3p inhibitor (50-ACUAGCUUAUACAUAAAA UUA-
30) and its corresponding NC (50-CAGUACUUUUGU-
GUAGUACAA-30) were purchased fromGene PharmaCo.
(Shanghai, China). HK-2 cells were transfected with
lipofectamine 3000 transfection reagent at a final concen-
tration of 50 nmol/L. The transfected cells were cultured in
an incubator, and the medium was replaced with complete
medium supplemented with antibiotics 4–6 h later. After
48 h of transfection, the cells were prepared for subsequent
experiments. The changes in the expression of miR-590-3p
inHK-2 cells and their exosomesweremeasured usingRT–
PCR to evaluate the effect of the transfection.

Cell viability assay

Cells were counted and seeded in 96-well plates at a
density of 5000 cells per well, and cell viability was
measured using the cell counting kit-8 (CCK-8) cell
viability assay (10 mL/well, Tongren, Tokyo, Japan). At a
specified time point, HK-2 cells were treated with CCK-8
reagent for 2 h according to the manufacturer’s instruc-
tions, and the absorbance was recorded at 450 nm using a
microplate absorbance meter. Empty wells served as blank
controls, and the experiment was performed three times
under the same operating conditions.
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Luciferase assay

The potential binding sites between miR-590-3p and
TRAF6 were identified using Target Scan (https://www.
targetscan.org/). The TRAF6-30 untranslated region
sequence containing the miR-590-3p-binding site and a
corresponding mutated sequence were synthesized using
PCR amplification. Briefly, 293T cells were seeded in 12-
well plates, and 24 h later, the cells were transfected with
50 nmol/L miR-590-3p mimic or NC using lipofectamine
3000. The cells were then cotransfected with 2 mg of the
wildtype (WT) or mutant TRAF6-30 untranslated region
(UTR) sequence, and 48 h after transfection, the luciferase
activities were measured using the Luciferase Reporter
Detection Kit (C0037, Promega, Madison, USA) in
accordance with the manufacturer’s instructions. Each
sample was assessed at least three times.
Statistical analysis

The DESeq2.0 algorithm was used to analyze differential-
ly expressed miRNAs, and a fold change (FC) >2
indicated statistically significant difference in miRNA
expression. The data were expressed as the mean± stan-
dard deviation. The statistical analyses were performed
using SPSS 22.0 (SPSS, Inc., Chicago, IL, USA). The
Table 1: Comparison of intraoperative characteristics between young A

Parameters Young AKI (n=

Anesthetics for maintenance during surgery
Propofol, without volatile 3
Volatile, without propofol 1
Volatile, with propofol 8

Operative details
Aortic cross-clamp time (min) 63.83± 9.30
Circulatory arrest time (min) 98.58± 12.2

AKI grade
1 8
2 2
3 2

Data are shown as n or mean± standard deviation. AKI: Acute kidney inju

Figure 1: Characterization of plasma exosomes. (A) Pre- and post-operative exosomes in the
TSG101, and CD81. (B) The plasma exosomes were identified using TEM. (C) The size of exoso
Transmission electron microscope.
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parameters were analyzed using one-way analysis of
variance (ANOVA) with Tukey’s post hoc test. P < 0.05
was considered statistically significant.
Results

Basic clinical characteristics of patients

The 25 patients included in this study consisted of 12
young and 13 elderly AKI patients. The differences in
baseline data and perioperative indicators other than age
were not statistically significant (P > 0.05), as shown in
Table 1 and Supplementary Table 1, http://links.lww.com/
CM9/B169.
Isolation of plasma exosomes from patients and
identification of exosomes

The levels of exosome-enriched and exosome-non-enriched
proteins were analyzed using immunoblotting [Figure 1A].
The exosome markers Alix, TSG101, and CD81 were
detected in samples from both groups, and the signal
intensities of these proteins did not differ between vesicles
collected before and after the surgery. The TEM images
showed “cup-shaped” membrane vesicles in the field of
KI and elderly AKI groups.

12) Elderly AKI (n= 13) Statistics P value

2 – 0.645
2 – >0.999
9 – >0.999

65.31± 10.77 �0.365 0.718
1 101.54± 12.56 �0.596 0.557

6 – 0.529
5 – 0.378
2 – >0.999

ry; –: Not available.

young AKI (left) and elderly AKI (right) groups were positive for the protein markers Alix,
mes analyzed by NTA. AKI: Acute kidney injury; NTA: Nanoparticle tracking analysis; TEM:
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vision [Figure 1B]. The peak diameter of the particles was
further determined to be 40–160 nm [Figure 1C].

Characterization of the RNA in plasma exosomes from
patients

The sequencing libraries derived from patients in both
groups were consistent in size and composition [Supple-
mentary Figure 1, http://links.lww.com/CM9/B169]. The
presurgical baseline concentrations (young group:
7.36E6± 2.50E6; old group: 6.95E6± 2.25E6) were
similar between groups (P= 0.675). Compared to the
results before surgery, postsurgical mean library sizes were
lower in patients from young group (7.16E6± 2.53E6
reads) and elderly group (6.85E6± 2.23E6 reads), reach-
ing no statistical significance (P= 0.856) and (P= 0.906).
[Supplementary Figure 1A, http://links.lww.com/CM9/
B169]. Themean library sizes were 7.36E6± 2.50E6 reads
(preoperative/young group), 6.95E6± 2.25E6 (preopera-
tive/old group) and 7.16E6± 2.53E6 reads (postopera-
tive/young group), 6.85E6± 2.23E6 reads (postoperative/
old group). Analysis of the relative mapping frequencies
showed an enrichment of miRNA reads in both groups
[Supplementary Figure 1B, http://links.lww.com/CM9/
B169]. On average, 37± 9% (preoperative/young group),
40± 10% (postoperative/young group), 44± 11% (pre-
operative/old group), and 40± 8% (postoperative/old
group) of all the reads mapped to miRNAs. Four young
and two elderly patients were excluded from the original
cohort because of insufficient miRNA reads (<750,000).

After applying stringent filtering criteria for miRNA
expression andmagnitude of changes in expression, a total
of 56 miRNAs were found to be significantly differentially
expressed in the young AKI group (17 upregulated, log2-
FC range: 2.87–9.63; 38 downregulated, log2-FC range:
�8.97 to �2.74). The expression levels of 24 miRNAs
were significantly altered in the elderly AKI group vs. the
young AKI group (8 upregulated, log2-FC range: 4.63–
7.50; 16 downregulated, log2-FC range:�6.96 to�5.89).
In addition, we assessed potentially overlapping changes
in miRNA expression between the groups. As demon-
strated in Supplementary Figure 2A, http://links.lww.com/
CM9/B169 the postoperatively upregulated miRNAs
showed no overlap between the groups. One miRNA
showed significant downregulation after surgery in both
groups. Information about all the differentially expressed
miRNAs in the preoperative samples from young and
elderly AKI patients is provided in Supplementary Tables 2
and 3, http://links.lww.com/CM9/B169.

Among the miRNAs showing significantly differential
expression in the plasma exosomes of young and elderly
AKI patients before and after surgery, miRNAs showing
consistent and opposite changes in expression were
identified. By comparing the differences in exosomal
miRNA expression between the young and elderly AKI
groups, the expression of hsa-miR-590-3p was found to be
significantly increasedduring surgery in youngAKIpatients
(P= 0.049); however, hsa-miR-590-3p expression was
significantlydownregulated in exosomalmiRNAs inelderly
AKI patients perioperatively (P= 0.041; Supplementary
Table 4, http://links.lww.com/CM9/B169). Functional
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analysis of the target genes of the differentially expressed
miRNAs was performed using GO [Supplementary
Figure 2B, http://links.lww.com/CM9/B169], and biologi-
cal pathway enrichment was analyzed using the KEGG
Biological Pathway Database (http://www.genome.jp/)
[Supplementary Figure 2C, http://links.lww.com/CM9/
B169]. In addition, hsa-miR-590-3p expression was
shown to be significantly different between 10 young and
10elderlyAKIpatients. Inaddition,10youngand10elderly
AKI patients with were selected to verify the expression of
hsa-miR-590-3p in the plasma exosomes of the patients by
RT-PCR. A statistically significant difference in hsa-miR-
590-3p expression was detected between the two groups of
patients [Supplementary Figure 2D, http://links.lww.com/
CM9/B169].
H/R-induced autophagy in vitro

After H/R treatment, the expression of microtubule
associated protein 1 light chain 3 beta (LC3II) and
Beclin-1 in HK-2 cells was increased at 0.5 h, peaked at 6
h, and remained higher than that in the normoxic group at
24 h after reperfusion [Supplementary Figure 3A, 3B,
http://links.lww.com/CM9/B169]. The induction of
autophagy was also morphologically confirmed by
analyzing LC3 fluorescent spots. Immunofluorescence
studies have shown that at 6 h after H/R exposure in vitro,
many clear green LC3 spots indicate the induction of
autophagy, and autophagy continues until 24 h after H/R
treatment. In the control group, only weak background
immunofluorescence was observed [Supplementary
Figure 3C, http://links.lww.com/CM9/B169]. The results
showed that after H/R treatment, the rate of autophagy in
HK-2 cells peaked at 6 h and then gradually declined.

The levels of cleaved caspase 3, Bcl-2, and LC3 were
higher in the chloroquine (CQ) treatment group than in
the H/R group, and the cell viability of the H/R + CQ
group was significantly lower than that of the H/R group,
as determined by the CCK-8 assay [Supplementary
Figure 4, http://links.lww.com/CM9/B169]. These results
indicate that H/R treatment significantly induces autoph-
agy. The inhibition of autophagy after H/R in vitromay be
the cause of HK-2 cell damage, and autophagymay exert a
protective effect on renal I/R injury.

miR-590-3p is transferred between HK-2 cells via exosomes
after H/R treatment

Under normoxic and H/R conditions, HK-2 cells released
circular structures with diameters of 40–160 nm using
TEM [Figure 2A], which indicated that they secreted
exosomes under both conditions. The exosomes were
characterized using Western blot and NTA [Figure 2B,C].

Red fluorescence was observed after 12 h of incubation on
the membranes of normoxic HK-2 cells, suggesting the
efficient uptake and incorporation of exosomes from H/R-
treated HK-2 cells to normoxic HK-2 cells [Figure 2D, E].
We separated the culture media of HK-2 cells exposed to
H/R into exosome and supernatant fractions. Then, we
quantified the miR-590-3p levels in these fractions at
different time points. AfterH/R treatment, themiR-590-3p
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Figure 2: miR-590-3p is transferred between HK-2 cells via exosomes after H/R
treatment. (A) Secretory vesicles isolated from HK-2 cell culture medium were identified
using transmission electron microscopy. (B, C) Exosomes were quantified by Western blot
and NTA. Cell: Cell supernatant; Con: Control. (D) Levels of miR-590-3p in the exosome
(Exo) and supernatant (Sup) fractions of medium from HK-2 cells after 12 h of H/R as
detected by real-time reverse transcription-polymerase chain reaction (RT–PCR). Data are
expressed as the mean± standard deviation; N = 3 for NTA, N = 4–5 for Western blot.
∗
P< 0.01, vs. the control group. (E) Representative confocal microscopy images of HK-2
cells exposed to PKH26-labeled exosomes from HK-2 cells subjected to 12 h of H/R. Nuclei
were stained with DAPI. Red: PKH26; Green: Actin tracker; Blue: DAPI (nuclei). DAPI: 40,6-
diamidino-2-phenylindole; H/R: Hypoxia/reoxygenation; I/R: Ischemia/reperfusion; NTA:
Nanoparticle tracking analysis; NC: Negative control; PC: Positive control.
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level in exosomes increased in a time-dependent manner,
whereas that in supernatants did not increase, which
indicated that the exosomes in H/R-treated HK-2 cell
culture medium were highly enriched for miR-590-3p
[Figure 2D].

HK-2 cell-derived exosomes with high miR-590-3p levels
enhanced autophagy in adjacent cells after H/R treatment

HK-2 cells were transfected with miR-590-3p mimics or
the NC using lipofectamine 3000 reagent. The cells were
later collected, and the exosomes were isolated. Exosomes
with high expression of miR-590-3p and normal expres-
sion of miR-590-3p were obtained. Then, these exosomes
with differential expression levels of miR-590-3p levels
were then incubated with normoxic HK-2 cells exposed to
H/R, and the effects of exosomes with high miR-590-3p
expression on autophagy in HK-2 cells after H/R were
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assessed by measuring the changes in the expression of
autophagy-related proteins in the normoxic HK-2 cells.

First, the RT–PCR results showed that the transfection of
HK-2 cells withmiR-590-3pmimics after exposure toH/R
significantly increased the expression of miR-590-3p in
exosomes (P= 0.004) [Figure 3A]. This experiment was
divided into a control group, H/R group, H/R + miR-590-
3p exosome group, and H/R + control exosome group.
Compared with that in the control group, the expression
of miR-590-3p in HK-2 cells of the H/R group was
significantly increased as determined by RT–PCR
(P= 0.0027) . Compared with that in the H/R group,
the expression of miR-590-3p in cells of the H/R + miR-
590-3p exosome group was significantly increased
(P= 0.0004) [Figure 3B].

The Western blot analysis showed that the H/R + miR-
590-3p exosome group exhibited significantly higher in
LC3 II and Beclin-1 protein expression and a significantly
lower p62 protein expression compared with the H/R
group, and these differences were statistically significant
[Figure 3C]. Exosomes with high miR-590-3p expression
presented increased autophagy levels inHK-2 cells. TheH/
R + miR-590-3p exosome group exhibited lower LC3 II
(P= 0.0004) and Beclin-1 protein expression levels
(P= 0.0005) and higher p62 protein expression levels
than the H/R + miR-590-3p exosome group (P= 0.0082),
and these were significant. The autophagic vacuoles in
these four groups were observed and quantified using
TEM, and the results regarding the number of autophagic
vacuoles were similar to those obtained by Western blot
[Figure 3D]. The number of autophagic vacuoles was
increased in the H/R + miR-590-3p exosome group
compared with the H/R group and the H/R + control
exosome group. These results indicate that high levels of
miR-590-3p in exosomes from HK-2 cells after H/R may
enhance the autophagy of normoxic HK-2 cells.

HK-2 cells transfected with miR-590-3p mimics were
subjected to H/R treatment under the same conditions.
The Western blot was then performed to measure the
expression levels of the autophagy-specific proteins LC3
II/I and Beclin-1 in the cells after H/R treatment. The LC II
(H/R 6 h vs.H/R 12 h; P= 0.0001) and Beclin-1 (H/R 6 h
vs. H/R 12 h; P= 0.0001) expression in HK-2 cells
transfected with miR-590-3p mimics increased to the
highest level at 12 h after H/R, and the high expression
level was maintained for up to 12 h after H/R treatment
(P= 0.0001) [Figure 4].
TRAF6 is a target gene of miR-590-3p

TRAF6, a member of the TRAF protein family, plays a
pivotal role in the activation of autophagy induced by
Toll-like receptor 4 (TLR4) signaling.[18] Analysis of the
TargetScan online database revealed potential binding
sites between miR-590-3p and TRAF6 [Figure 5A]. To
confirm this finding, a pGL3 promoter-based TRAF6 30-
UTR was cotransfected with mimics or control sequences
of miR-590-3p into HK-2 cells. The luciferase activity of
the TRAF6 30-UTRwas significantly inhibited by the miR-
590-3p mimics compared with the NC; however, the
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Figure 3: Exosomal miR-590-3p derived from HK-2 cells after H/R enhanced the activation of autophagy. (A) miR-590-3p expression was significantly upregulated in HK-2 cell exosomes
after transfection with a miR-590-3p mimic as determined by RT–PCR. (B) miR-590-3p expression was upregulated in HK-2 cells after H/R and further increased significantly after
treatment with miR-590-3p-overexpressing exosomes as determined by RT–PCR. (C) Western blot analysis of autophagy-related proteins (LC3, p62, and Beclin-1) revealed that autophagy
was induced in cultured normoxic HK-2 cells after H/R. The activation of autophagy was increased by exosomes overexpressing miR-590-3p from HK-2 cells. (D) Representative images
and quantification of autophagic vacuoles in these groups. Autophagic vacuoles (red arrows) were detected by transmission electron microscopy at a magnification of�10,000. Scale bars
represent 2 mm. The data are expressed as the mean± SD; N= 3 for RT–PCR, N= 4–5 for Western blot.

∗
P< 0.05 vs. the control group; †P< 0.05, vs. the H/R group; ‡P< 0.05, vs. the

H/R + Exo-590 group. Exo: Exosome; H/R: Hypoxia/reoxygenation; I/R: Ischemia/reperfusion; LC3: Microtubule associated protein 1 light chain 3; SD: Standard deviation.
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luciferase activity of the mutated TRAF6 30-UTR was not
changed by transfection with the mimics or control
sequences of miR-590-3p (P= 0.005) [Figure 5B]. To
elucidate the relationship between miR-590-3p and
TRAF6, we further verified the presence of TRAF6 and
the changes in its expression in H/R-treated HK-2 cells
transfected with miR-590-3p inhibitor using Western blot
(H/R vs.H/R+miR-590 inhibitor; P= 0.0004) [Figure 5C].
Transfection of the miR-590-3p inhibitor into HK-2 cells
exposed toH/R increased theexpressionofTRAF6.The cell
viability of the H/R + miR-590 inhibitor group was
significantly lower than that of the H/R + NC inhibitor
group, as determined by the CCK-8 assay (H/R vs. H/R
+miR-590 inhibitor;P= 0.0362) [Figure 5D].Western blot
analysis of autophagy-related proteins (LC3, p62, Beclin-1)
(H/R vs. H/R +miR-590 inhibitor; LC3: P= 0.0296; p62:
P= 0.0032; Beclin-1: P= 0.0018) revealed that H/R
treatment-induced autophagy was inhibited in the H/R +
miR-590 inhibitor group [Figure 5E].
Discussion

Kidney tissues are susceptible to age-related damage, and
AKI is more common but not restricted to the elderly
population.[19,20] The increasing size of the population of
individuals aged >60 years has led to a further increase in
the incidenceofAKI.Theelderlypopulationofpatientswith
AKI after cardiac surgery involving CPB is of particular
concern. miRNAs have been shown to play important roles
in regulating gene expression in the pathophysiology of
2473
various renal diseases. miRNAs are stably expressed in
clinical plasma samples, and their stability is derived from
endogenous RNase activity.[21] Studies have shown the
stable presence of extracellular miRNAs in vesicles derived
from membrane structures, such as exosomes.[22,23] In the
present work, miR-590-3p was highly enriched in the
plasma exosomes of young AKI patients.

The KEGG analysis showed that miR-590-3p was closely
related to the PI3K-Akt signaling pathway and autophagy
pathway. Previous studies have shown that the PI3K-Akt
signaling pathway plays a key regulatory role in autoph-
agy.[24,25] Many studies have strongly demonstrated that
the activation of the PI3K-Akt signaling pathway is
associatedwithAKI.[26,27]Therefore, althoughthepathway
was not explicitly explored in the present study, miR-590-
3pmay regulate autophagy through thePI3K-Aktpathway.

The involvement of renal I/R injury in AKI and the
pathophysiology of renal I/R injury are closely related to
renal tubular epithelial cell injury.[28,29] HK-2 cells are
commonly used as model cells in studies of AKI in vitro
and, in the present study, we used HK-2 cells H/R-induced
human kidney proximal tubular epithelial cells as an
in vitro renal I/R injury model.[30] The pathophysiology of
AKI after cardiac surgery with CPB is complex and
includes renal I/R injury, inflammation, and oxidative
stress.[2] Renal I/R injury,[31] one of the most important
mechanisms, was selected for the establishment of a
cellular model.
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Figure 4: High expression of miR-590-3p and intracellular autophagy-related proteins
after H/R. (A) Expression levels of the HK-2 autophagy-related protein LC3II in HK-2 cells
transfected with miR-590-3p mimics at different time points of H/R culture. (B)
Expression levels of the autophagy-related protein Beclin-1 in HK-2 cells transfected
with miR-590-3p mimics at different time points of H/R culture. The data are expressed
as the mean ± standard deviation; N = 4–5 for Western blot.

∗
P < 0.05 vs. the control

group. †P < 0.05 vs. the H/R 12 h group. GAPDH: Glyceraldehyde-3-phosphate
dehydrogenase; H/R: Hypoxia/reoxygenation; LC3: Microtubule associated protein 1
light chain 3.

Figure 5: TRAF6 is a direct target of miR-590-3p. (A) Schematic representation of the
potential miR-590-3p binding sites in the 30 UTR of TRAF6 as predicted by the online
database. (B) Relative luciferase activity of the wild type (WT) and mutated (MUT) reporter
constructs cotransfected with either the miR-590-3p mimic or scrambled oligonucleo-
tides. (C) After the transfection of miR-590-3p inhibitors into HK-2 cells subjected to H/R,
the expression of TRAF6 was assessed using Western blot. (D) The cell viability of the H/R
+ miR-590 inhibitor group was significantly lower than of the H/R + NC inhibitor group by
the CCK-8 assay. (E) Western blot analysis of autophagy-related proteins (LC3, p62,
Beclin-1) revealed that H/R-induced autophagy was inhibited in the H/R + miR-590
inhibitor group. The data are expressed as the mean± standard deviation; N = 4–5 for
Western blot.

∗
P< 0.05 vs. the control group; †P< 0.05 vs. the NC inhibitor group. CCK-8:

Cell Counting Kit-8; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; H/R: Hypoxia/
reoxygenation; LC3: Microtubule associated protein 1 light chain 3; NC: Negative control;
SD: Standard deviation; TRAF6: Tumor necrosis factor receptor-associated factor 6.
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Recent studies have shown that cells can communicatewith
neighboring or distant cells through exosomes.[32,33] As
important vehicles for intercellular communication, exo-
somes can transmit genetic information that performs
regulatory functions, such as miRNAs.[34] In this study,
miR-590-3pwas enriched in the plasma exosomes of young
patients with AKI after cardiac surgery, which suggested
that miR-590-3p is delivered to distant locations via
exosomes. In fact, our experiments provide direct evidence
showing that intercellular communication between HK-2
cells ismediatedby exosomes.We confirmed that exosomes
released fromH/R-treated HK-2 cells could be taken up by
other normoxic HK-2 cells. The uniformly distributed red
fluorescence in the recipient cells indicated that exosomes
were efficiently phagocytosed by normoxic HK-2 cells.
Further experiments are needed to elucidate themechanism
underlying exosomal transfer between HK-2 cells and to
determine how miR-590-3p is sorted into exosomes.

Previous studies have suggested that autophagy protects
against cellular injury and plays a key role in delaying and
preventing the progression ofAKI to chronic kidney disease
(CKD). Westhoff et al[35] found that knockdown of the
telomerase gene affects the mTOR-mediated autophagic
pathway in renal tubular epithelial cells and delays the
repair process in the kidney after I/R injury. Several studies
have established renal proximal tubule-specific ATG-
knockout mouse models. As observed using these mouse
models, renal tubular injury and deterioration of renal
insufficiency are more pronounced in ATG-knockout mice
after I/R than in control mice, confirming that autophagy
exerts a protective effect on mouse renal I/R injury.[36,37]

Moreover, the inactivation of autophagy promotes apopto-
sis, which suggests that increased autophagy inhibits
apoptosis and plays a protective role.[8,38]

We obtained plasma exosomes from young and elderly AKI
patients after cardiac surgery with CPB and found that the
expression of miR-590-3p was significantly higher in
plasma-derived exosomes from young AKI patients than
in those derived from elderly patients. Therefore, we
hypothesized that miR-590-3p in exosomes derived from
renal tubular epithelial cells plays an important role in the
repair of renal tubular epithelial cell damage after AKI.
Numerous studies have shown that miRNAs can regulate
autophagyby targetingautophagy-relatedgenes.Therefore,
we hypothesize that renal tubular epithelial cell-derived
exosomes with high miR-590-3p expression enhance renal
I/R injury-activated autophagy through paracrine secretion.

Autophagic flux is an objective indicator of autophagy
activation and a dynamic indicator of successful auto-
phagosome formation and degradation. LC3 and Beclin-1
are two key proteins in the autophagy process. The p62
protein, also known as SQSTM1, has substrate specificity,
regulates the composition of autophagosomes, and is
degraded in the middle and late stages of autophagy, and
its expression level is inversely correlated with autophagic
activity.[39] Autophagic flux is a dynamic process that can
be evaluated by the simultaneous observation of p62
expression and LC3 II/I conversion. Autophagic flux is
activated by an increase in the conversion of LC3 I to LC3 II
and adecrease in p62protein expression. Basedonprevious
2475
studies,we successfullyestablishedan invitroH/Rmodelby
employing glucose-free medium and hypoxia-reoxygena-
tion.[40] In this H/R model, the LC3 II and Beclin-1
expression levels were significantly upregulated in a time-
dependent manner and peaked at 6 h post-H/R model.
Consistentwith thisobservation, theanalysisofLC3puncta
revealed the same trend, which could explain the time-
dependent increase in the autophagy inHK-2 cells afterH/R
treatment and suggests a potential mechanism through
which the autophagy pathway is regulated.

Several studies have shown that these miRNAs can
regulate autophagy by targeting various signaling path-
ways related to autophagy cascades.[41-43] miR-590-3p is a
recently identified miRNA that is encoded by a gene
located in intron 4H of the eukaryotic translation
initiation factor.[44] miR-590-3p promotes cardiomyocyte
proliferation and inhibits apoptosis by targeting RIPK1 to
reduce oxidative stress in mice exposed to I/R.[45] Using an
in vitro model of sepsis-induced cardiac dysfunction, Liu
et al[46] demonstrated that miR-590-3p regulates the
AMP-activated protein kinase (AMPK)/mTOR signaling
pathway, inhibits cardiomyocyte pyroptosis, promotes
autophagy by inhibiting NOD-like receptor family pyrin
domain containing 3 (NLRP3) expression, and regulates
AKI and podocyte apoptosis. In addition, some findings
suggest that HMGB2 is a target gene of miR-590-3p and
that HMGB2 is closely associated with the severity of IgA
nephropathy.[29]

We cultured exosomes secreted by HK-2 cells with
differentially expression levels of miR-590-3p with H/R-
treated HK-2 cells. HK-2 cell-derived exosomes expressing
high miR-590-3p levels enhanced H/R-induced cellular
autophagy, which further suggested that exosomes from
H/R-treated HK-2 cells enhance the autophagy of adjacent
cells through miR-590-3p transport. The high expression
levels of Beclin-1 andLC3 inHK-2 cells transfectedwith the
miR-590-3pmimics afterH/Rweremaintained longer than
those in untransfected cells (until 12 h after H/R), thus
confirming that the high expression of miR-590-3p
prolonged the autophagic response of HK-2 cells.

Numerous studies have shown that miRNAs perform their
biological functionsmainly by regulating the expression of
downstream target genes, and several studies have shown
that TRAF6 is involved in apoptosis and tumor suppres-
sion.[47,48] A previous study found that miR-590-3p
suppresses LPS-induced AKI and podocyte apoptosis by
targeting TRAF6.[49] In this study, we identified TRAF6 as
a potential target gene of miR-590-3p through bioinfor-
matics analysis. Our results showed that HK-2 cell-
derived exosomes enhance autophagy by transporting
miR-590-3p in a paracrine manner after H/R to directly
inhibit TRAF6 expression and thereby participate in the
pathogenesis of AKI.

This study has several limitations. First, this study did not
provide any evidence showing that exosomes extracted
from plasma originate from tubular epithelial cells. Lots of
exosome-related studies have reported that markers in
peripheral blood are closely related to patients’ compli-
cations. Further experiments are needed to explain how
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miR-590-3p is sorted into exosomes and why exosomes
extracted from plasma originate from tubular epithelial
cells. Second, although we performed sequencing using
clinical plasma samples and cell experiments to verify the
mechanism, there remains a lack of animal experiments. In
our future work, we will establish a renal I/R injury animal
model and will identify whether autophagy is increased
by abnormal serum creatinine in vivo. Finally, the effect
of the miR-590-3p-mediated inhibition of TRAF6 on
autophagy in HK-2 cells has not been studied in-depth,
and the next step is to refine the relevant research.

In summary, this study showed that exosomes released
from HK-2 cells may enhance autophagy by transferring
miR-590-3p in a paracrine manner after renal I/R injury.
Furthermore, our findings indicate that exosomes enriched
in miR-590-3p can induce autophagic signaling in H/R-
treated HK-2 cells by targeting TRAF6. These findings
provide an attractive new therapeutic approach for AKI
after cardiac surgery, especially in elderly patients.
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