
Contents lists available at ScienceDirect

Journal of Inorganic Biochemistry

journal homepage: www.elsevier.com/locate/jinorgbio

Mir-215-5p induces autophagy by targeting PI3K and activating ROS-
mediated MAPK pathways in cardiomyocytes of chicken☆

Jingzeng Caia, Jie Yanga, Qi Liua, Yafan Gonga, Yuan Zhanga, Yingying Zhenga, Dahai Yua,
Ziwei Zhanga,b,⁎

a College of Veterinary Medicine, Northeast Agricultural University, Harbin 150030, PR China
b Key Laboratory of the Provincial Education, Department of Heilongjiang for Common Animal Disease Prevention and Treatment, PR China

A R T I C L E I N F O

Keywords:
Autophagy
miR-215-5p
PI3K
MAPK
Cardiomyocytes

A B S T R A C T

Our previous study revealed that selenium (Se) deficiency can cause myocardial injury through triggering au-
tophagy. MicroRNAs (miRNAs) play crucial roles in autophagic cell death. However, the relationship between
miRNAs and myocardial autophagy injury caused by Se deficiency remains unclear. We selected differential
microRNA-215-5p (miR-215-5p) in Se-deficient myocardial tissue using high-throughput miRNA-sequencing. To
further explore the role of miR-215-5p in myocardial injury, overexpression/knockdown of miR-215-5p in
primary cardiomyocyte model was established by miRNAs interference technology. In this study, we report that
miR-215-5p can promote myocardial autophagy by directly binding to the 3′untranslated region (3′UTR) of
phosphatidylinositol-4, 5-bisphosphate 3-kinase (PI3K). Its target gene PI3K was confirmed by dual luciferase
reporter assay, quantitative real-time polymerase chain reaction (qRT-PCR) and western blot in cardiomyocytes.
Our results showed that overexpression of miR-215-5p could trigger myocardial autophagy through PI3K-
threonine-protein kinase (AKT)-target of rapamycin (TOR) pathway. Further studies revealed that autophagic
cell death was dependent on the activation of extracellular signal-regulated kinase1/2 (ERK1/2), c-Jun N-
terminal kinase (JNK), p38 kinase (p38) and generation of reactive oxygen species (ROS) in overexpression of
miR-215-5p in cardiomyocytes. On the contrary, miR-215-5p inhibitor can enhance cell survival capacity against
autophagy by inhibiting ROS-mitogen-activated protein kinase (MAPK) pathways and activating the PI3K/AKT/
TOR pathway in cardiomyocytes. Together, our findings support that miR-215-5p may modulate cell survival
programs by regulating autophagy, and miR-215-5p acts as an autophagic regulator in the regulatory feedback
loop that regulates cardiomyocyte survival by modulating the PI3K/AKT/TOR pathway and ROS-dependent
MAPK pathways.

1. Introduction

Selenium (Se), a trace element with antioxidant properties, plays a
vital role in maintaining the normal biochemical and physiological
functions of many species [1,2]. During the last decades advances in Se
research and applications have proved that Se deficiency can induce a

series of diseases and injuries in the heart, including myocardial injury
[3], Keshan disease [4], mulberry heart of swine [5] and chronic heart
failure in rats [6]. Our previous study proved that Se deficiency may
cause myocardial injury and autophagy based on establishing success-
fully Se deficient myocardial model in chickens [7]. In the absence of
Se, excessive reactive oxygen species (ROS) could cause oxidative
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damage of myocardial tissues through wrecking the biofilm system [8].
MicroRNAs (miRNAs) are ~22 nt endogenous noncoding RNAs.

Their functions are to regulate the different biological reactions by
targeting mRNAs of translational repression, and these functions could
affect the abundance of many genes-coding protein. Numerous studies
have shown that miRNAs play a crucial role in various pathological and
physiological processes in the heart, such as arrhythmia [9], myocardial
fibrosis of cardiovascular disease [10], cardiac hypertrophy [11], car-
diac remodeling and heart failure [12]. And miRNAs are also associated
with autophagy [13]. Indeed, recent studies proved that miRNAs can
regulate autophagy by modulating genes related to autophagy, such as
miR-376b can inhibit mammalian target of rapamycin (mTOR) to ac-
tivate autophagy by targeting autophagy related 4C (ATG4C) and Be-
clin1 [14]. Se deficiency could cause a large number of abnormal ex-
pressions of miRNAs, but we still don't know the specific mechanism of
these miRNAs in Se deficiency diseases. Previous results of transcrip-
tional group from our laboratory indicated that expression level of miR-
215-5p was rising in the heart of Se-deficient chickens with using high-
throughput sequencing [3]. We predicted that phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K) could be a target gene of microRNA-215-
5p (miR-215-5p) using the website-based miRNA target gene prediction
databases.

Great majority of heart diseases have a relationship with cardiac
myocyte death, and autophagy is one of culprits for causing myocardial
injury [15]. Accompanied with the increasing of autophagic lysosome,
autophagy is one of the crucial cellular mechanisms for organisms that
could lead to cell death [16,17]. And mTOR can regulate negatively the
induction of autophagy [18], and activation of c-Jun N-terminal kinase
(JNK) may trigger autophagy and aggravate myocardial injury in the
heart of male Sprague–Dawley rats [19]. Additionally, increasing evi-
dence has demonstrated that autophagy can play an important role in
regulating neurodegenerative diseases, liver disease, muscle disease
and cardiac disease [20]. Some researchers have reported that the
PI3K/AKT/mTOR (AKT, threonine-protein kinase) pathway could be
involved in processes of advanced glycation end products (AGEs) and
regulate autophagy in neonate cardiomyocytes of rat [21]. Intracellular
ROS is a generally small highly reactive molecule, and the accumula-
tion of ROS may activate various defense mechanisms in intracellular
processes. The high level of ROS production may cause cellular dys-
function, lipid peroxidation, mitochondria DNA damage and ultimately
led to autophagic cell death by dying in the heart and skeletal muscle
[22,23]. Accumulating reports revealed that autophagy was activated
by ROS-dependent JNK and p38 kinase (p38) mitogen-activated protein
kinase (MAPK) pathways under the influence of palmitate [24], and
extracellular signal-regulated kinase1/2 (ERK1/2) of another sub-
channel of MAPKs also acted as an important role in autophagy of
glioma cell [25].

In the present study, we aimed to elucidate whether miR-215-5p
could play a regulatory role in autophagy of cardiomyocytes. Our data
showed that miR-215-5p may regulate the PI3K/AKT/TOR (TOR, target
of rapamycin) pathway and ROS-MAPK pathways that give rise to au-
tophagy. We provided evidence that miR-215-5p can regulate the PI3K/
AKT/TOR pathway by targeting PI3K in cardiomyocytes. Further, we
observed that overexpression of miR-215-5p could induce the genera-
tion of ROS and activation of MAPK (p38, ERK1/2 and JNK) pathways
to activate autophagy related genes. These results suggest that miR-
215-5p is potential regulator in autophagy of cardiomyocytes.
Additionally, current and future treatment strategies targeting autop-
hagy in diseased myocardium as well as emerging miRNA-based
therapies will be showed.

2. Materials and methods

2.1. RNA-Protein Interaction Prediction (RPISeq)

To investigate the connection between the miRNA of miR-215-5p

and the protein of PI3K, the website (http://pridb.gdcb.iastate.edu/
RPISeq/index.html) was used to determine the interaction probabilities
generated by RPISeq, the probability score indicated that the target
RNA and protein were likely to interact. Using this threshold, the ac-
curacy of classifier was ranged from 87 to 90% in cross-validation
evaluation experiments on benchmark datasets, when classifiers were
tested on independent (blind) datasets of RPISeq.

2.2. Primary cardiomyocytes culture

Briefly, cardiomyocytes isolated from the cardiac apical tissues of
12-day-old chicken embryos were digested with 0.1% collagenase II
(Invitrogen, Carlsbad, CA, USA) at 37 °C for 5min, and terminated by
use DMEM/F12 (Dulbecco's Modified Eagle Medium/Nutrient Mixture
F-12, GIBCO, Grand Island, NY, USA) with 10% fetal bovine serum.
Repeat that step until the small tissue fragments were completely di-
gested. The cell suspension was centrifuged at 900 rpm for 6min, dis-
carded the liquid supernatants, and resuspended the cell use DMEM/
F12 [26]. All supernatants were collected with 300 meshes and 500
meshes filter, respectively. The non-adherent cells were collected by
differential adhesion method (the first was 1 h, second was 1.5 h).
Cardiomyocytes were inoculated into 6-well culture plates (Jet, China)
at a density of 3× 105 cells/cm2 in 5% CO2 at 37 °C, for 24 h. All ex-
periments were carried out at least three times independently.

2.3. Transfection of miR-215-5p mimic and miR-215-5p inhibitor

Synthetic, chemically modified short RNA oligonucleotides were
purchased from Shanghai Gene Pharma Co. Ltd. The miR-215-5p mimic
and mimic negative control (mimic-NC) sequences were 5′-AUGACCU
AUGAAUUGACAGAC-3′ and 5′ UUUGUACUACACAAAAGUACUG-3′,
respectively. The miR-215-5p inhibitor and inhibitor negative control
(inhibitor-NC) sequences were 5′-mGmUmCmUmGmUm-
CmAmAmUmUmCmAmUmAmGmGmUmCmAmU-3′ and 5′-mCm-
AmGmUmAmCmUmUmUmUmGmUmGmUmAmGmUmAmCmAmAm-
A-3′, respectively. An m represents – Ome (Methylation modification).
Cardiomyocytes were plated in 6-well culture plates at 80% confluence
and cells were transfected with the miR-215-5p (100 nM), mimic-NC
(50 nM), miR-215-5p inhibitor (150 nM), or inhibitor-NC (50 nM),
which was separately transfected into cardiomyocytes. Lipofectamine
2000 reagent (Invitrogen) and Opti-Minimum Essential Medium (MEM)
were added into cells in control group (group C). Mir-215-5p mimic
(100 nM) was transfected into cardiomyocytes with Lipofectamine 2000
reagent and Opti-MEM (group M). Mir-215-5p inhibitor (150 nM) was
transfected into cardiomyocytes with Lipofectamine 2000 reagent and
Opti-MEM (group I). At 24 h post-transfection, cells were harvested,
and the protein and RNA levels of identified target genes were analyzed
by western blot analysis and quantitative real-time polymerase chain
reaction (qRT-PCR), respectively.

2.4. Sections for electron microscopy

For the cell ultrastructural examination, cardiomyocytes were col-
lected into a tube and centrifuged at 250×g for 10min, and then the
supernatant was discarded. Cells at the bottom of the tube were mixed
with 2.5% glutaraldehyde phosphate-buffered saline (v/v, pH 7.2), post
fixed in 1% osmium tetroxide (v/v) and dehydrated in a graded series of
ethanol concentrations, followed by embedding in Embed812 resin.
Next, the ultra-thin sections were cut, mounted, washed, impregnated,
post-stained and incubated with lead citrate for analysis by microscopy.
The microphotographs were acquired using a transmission electron
microscope (GEM-1200ES, Japan).
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2.5. Preparation of the luciferase construct of PI3K and luciferase activity
assay

Double stranded DNA fragments were synthesized by annealing
single stranded oligonucleotides of wild PI3K and mutant PI3K in which
there was 3′untranslated region (3′UTR) interacting with miR-215-5p
binding site (Sangon Biotech synthesis). Those DNA fragments were
inserted into the pmicroRNA-report (pMIR-REPORT, Thermo Fisher)
vector to generate the pMIR-PI3K constructs (WT, wild type and MUT,
mutant type). Cardiomyocytes were co-transfected with the plasmid
constructs of pMIR-PI3K-WT or pMIR-PI3K-MUT with Lipofectamine
2000 (Invitrogen) according to the protocol of manufacturer. The
empty of pMIR-REPORT vector was used as the negative control. The
luciferase assay was carried out on the extracts from the cells at 48 h
post transfection and activity was measured using the Dual-Luciferase
Assay System (Promega). Promoter Hsv-thymidine kinase (pRL-TK)
expressing Renilla luciferase was co-transfected as an internal control.
Data were normalized using the ratio of Firefly and Renilla luciferase
activities.

2.6. Detection of intracellular ROS accumulation

Cardiomyocytes were collected and the level of ROS was detected
by using the ROS assay kit (Nanjing Jiancheng Bioengineering institute,
China). DCFH-DA (2, 7-dichlorofurescin diacetate, 10 μM) was added
into the culture medium containing cell samples and cardiomyocytes
were then incubated at 37 °C for 45min. Cells were washed with
phosphate buffer saline (PBS) three times. Ultimately, collect cells for
detecting the activities of ROS in excitation wavelength 500 ± 15 nm
and emission wavelength 530 ± 20 nm.

2.7. RNA extraction

Total RNA was isolated from myocardial tissues using Trizol reagent
according to the instructions of manufacturer (Invitrogen, Shanghai,
China). The dried RNA pellets were re-suspended in 50 μL of diethyl-
pyrocarbonate treated water. The concentration and purity of the total
RNA were determined by spectrophotometer. cDNA was synthesized
from 5 μg of the total RNA using oligo dT primers and Superscript II
reverse transcriptase according to the instructions of manufacturer
(Promega, Beijing, China). cDNA was diluted at a ratio of 1:5 with
sterile water and stored at −80 °C.

2.8. qRT-PCR analysis for mRNA and miRNA quantification

Primer Premier 6.0 Software (PREMIER Biosoft International, USA)
was used to design specific primers for PI3K, AKT, TOR, Light Chain 3-1
(LC3-1), Light Chain 3-2 (LC3-2), autophagy related 5 (ATG5), Dynein
heavy chain 64C (Dynein), Beclin1, ERK1/2, p38, JNK, U6 and β-actin,
and all of the genes of interest were based on known chicken sequences
(Tables 1 and 2). Primer specificity was confirmed by qRT-PCR. Reverse
transcription was performed using the miRcute microRNA First-Strand
cDNA Synthesis Kit or miRcute miRNA cDNA Synthesis Kit (Tiangen
Biotech Co. Ltd., Beijing) according to the manufacturer's instructions
(Roche). The levels of miR-215-5p and mRNA were detected by qRT-
PCR using the Light Cycler®480 System (Roche, Basel, Switzerland) and
Fast Universal Sybr Green Master Mix (Roche, Basel, Switzerland), re-
spectively. Either β-actin or U6 was used as an internal reference. For

each PCR reaction, Dissociation Curve 1.0 Software (Applied Biosys-
tems) was used to analyze dissociation curves in order to detect possible
primer-dimers. The relative abundance of each mRNA and miRNA was
calculated according to the method of Pfaffl.

2.9. Protein extraction and western blot analysis

For total protein extraction, protein lysis solutions were subjected to
15% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
under reducing conditions. Then the separated proteins were trans-
ferred to a nitrocellulose membrane for 1 h at 200mA in a tank transfer
apparatus containing Tris-glycine buffer and 20% methanol.
Nitrocellulose membranes were blocked for 1 h with 5% bovine serum
albumin at 37 °C and incubated overnight at 4 °C with diluted primary
antibodies against PI3K (1:1000, Santa Cruz Biotechnology, USA), AKT
(1:1000, Sigma, USA), TOR (1:500, Sigma, USA), light chain 3 (LC3,
1:500, wanleibio, china), Beclin1 (1:1000, Sigma, USA), JNK (1:2000,
Sigma, USA), ERK (1:1000, Sigma, USA), p38 (1:1000, Sigma, USA),
PhosphoPlus JNK (P-JNK, 1:1000, Sigma, USA), PhosphoPlus ERK (P-
ERK, 1:2000, Sigma, USA) and PhosphoPlus p38 (P-p38, 1:1000, Sigma,
USA) at 4 °C, followed by a horseradish peroxidase (HRP)-conjugated
secondary antibody against rabbit IgG (1:5000, Santa Cruz
Biotechnology, USA). The signal was detected with X-ray films
(TransGen Biotech Co, Beijing, China). The optical density (OD) of each
band was determined using an Image vertical overflow drain (VCD) gel
imaging system, and the relative abundance of these proteins was cal-
culated and presented as the ratios of OD of each of these proteins to
that of β-actin.

2.10. Autophagy detection

The autofluorescent agent, monodansylcadaverine (MDC) was used
to analyze the formation of autophagolysosome during autophagy
processes. After 24 h transfected cells were washed twice times with
PBS, and 50 μM MDC was added and kept for 30min in 5% CO2. After
30min, cells were washed with 3 times with PBS and the fluorescence
was examined by a cell imaging station.

Table 1
microRNA primer sequence.

Primer sequence

gga-mir-215-5p 5′-CGATGACCTATGAATTGACAGAC-3′
U6 5′-CACGCAAATTCGTGAAGCGTTCCA-3′

Table 2
The primers used in the present study.

Target gene Primer sequence (5′ - 3′)

PI3K Forward 5′-GTCCTTGAGCCACTGATG-3′
Reverse 5′-TGTTGCCTTACGGTTGTT-3′

AKT Forward 5′-AGGAGGAAGAGATGATGGAT-3′
Reverse 5′-GAATGGATGCCGTGAGTT-3′

TOR Forward 5′-GGACTCTTCCCTGCTGGCTAA-3′
Reverse 5′-TACGGGTGCCCTGGTTCTG-3′

LC3-1 Forward 5′-TTACACCCATATCAGATTCTTG-3′
Reverse 5′-ATTCCAACCTGTCCCTCA-3′

LC3-2 Forward 5′-AGTGAAGTGTAGCAGGATGA-3′
Reverse 5′-AAGCCTTGTGAACGAGAT-3′

ATG5 Forward 5′-GGCACCGACCGATTTAGT-3′
Reverse 5′-GCTGATGGGTTTGCTTTT-3′

Dynein Forward 5′-CGGCTTGACCTATGGAATCT-3′
Reverse 5′-CATCACTGCGAGGAACTGC-3′

Beclin1 Forward 5′-CGACTGGAGCAGGAAGAAG-3′
Reverse 5′-TCTGAGCATAACGCATCTGG-3′

ERK Forward 5′-TGGTACAGGGCTCCTGAAAT-3′
Reverse 5′-GGAAAGATGGGTCTGTTGGA-3′

P38 Forward 5′-GCATCCATCTTCGTCGTCAT-3′
Reverse 5′-TCATCTACAGCAACCCAGAGG-3′

JNK Forward 5′-CAGATAAGCAGTTAGATGAGAG-3′
Reverse 5′-GACAGATGACGACGAAGAT-3′

β-actin Forward 5′-CCGCTCTATGAAGGCTACGC-3′
Reverse 5′-CTCTCGGCTGTGGTGGTGAA-3′
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2.11. Statistical analysis

Statistical analysis of all data was performed using GraphPad
Software Prism 5 (version 5.01, GraphPad Software, Inc., La Jolla,
USA). When a significant value (P < 0.05) was obtained by one-way
analysis of variance, further analysis was done. All data showed a
normal distribution and passed equal variance testing. Differences be-
tween means were assessed by Tukey's honestly significant difference
test for multiple comparisons. In addition, correlation analysis was used
to define the relationship between individual variations using
GraphPad Software Prism 5 (version 5.01, GraphPad Software, Inc., La
Jolla, USA).

3. Results

3.1. RPISeq

In performance evaluation experiments, the prediction with prob-
abilities was 0.8 and it was considered “positive”, indicating that the
corresponding miR-215-5p and PI3K was likely to interact (Fig. S1).
When classifiers were tested on independent (blind) datasets of RPIs,
the result of svm classifier was 97% in cross-validation evaluation ex-
periments on benchmark datasets (Fig. S1). All predictions indicated
that there was a closely connection between miR-215-5p and PI3K.

3.2. Transfection of miR-215-5p mimic and miR-215-5p inhibitor

The present results showed that we have established successfully
overexpression and knockdown model of miR-215-5p in chicken car-
diomyocytes (Fig. 1A). Moreover, these data indicated that the op-
timum concentration of miR-215-5p mimic (M) and miR-215-5p in-
hibitor (I) were 100 nM and 150 nM, respectively. The results showed
that the level of miR-215-5p mimic (100 nM) has increased 90-fold than
that of group C and it was reduced by 55% in group I (150 nM). In
addition, the level of miR-215-5p in mimic negative control (mimic-NC)
or inhibitor negative control (inhibitor-NC) has no significant differ-
ence, compared with that of group C.

3.3. PI3K is a direct target of miR-215-5p

These differentially expressed genes were analyzed for miR-215-5p
binding sites by the TargetScan website. By this means, PI3K was se-
lected as a novel potential target gene of miR-215-5p because the
mRNA level of PI3K was downregulated 83% in group M relative to
group C. In the contrary, compared with group C, the mRNA expression
level of PI3K was increased 39% in group I (Fig. 1B). Concordant ten-
dency was showed about the protein expression levels (Fig. 1C). Our lab
has showed that the mRNA and protein levels of PI3K were reduced in
Se-deficient myocardial tissue [7]. These results suggested that PI3K
was a specific downstream target gene of miR-215-5p in myocardial
autophagy induced by Se deficiency.

In addition, the luciferase reporter assay was performed to de-
termine whether the miR-215-5p can combine with a conserved binding
site in the 3′UTR of PI3K. Wild-type and mutant-type of PI3K 3′UTR
sequences were constructed and inserted into PMIR vectors (Fig. 1D).
As presented in Fig. 1E, the luciferase reporter represented a significant
decrease in 3′UTR binding of PI3K for miR-215-5p mimic (PMIR-PI3K-

WT-mimic), compared with the miR-NC (PMIR-PI3K-WT-NC). Unlike
wild-type luciferase reporter, miR-215-5p mimic restrained negatively
the luciferase activities driven by the binding site of PI3K mutation
sequence (Fig. 1E). Therefore, PI3K was identified as a direct target
gene of miR-215-5p in cardiomyocytes.

3.4. The ultrastructural observation of cardiomyocytes

Transmission electron microscopy (TEM) analysis demonstrated
that there were no obviously visible ultrastructural changes in normal
myocardial cells and it exhibited the normal myocardial morphology
(Fig. 2A). Contrastingly, typical autophagy characteristics, such as the
numerous autolysosome and autophagic vacuolization was observed in
group M. Consistent with the results observed in group C, and normal
myocardial morphology was showed in group I. These findings in-
dicated that overexpression of miR-215-5p can induce autophagic
myocardial death in cardiomyocytes.

3.5. MDC staining of miR-215-5p induced autophagy in cardiomyocytes

MDC is a specific marker for a detection of autophagy vacuoles
formation and it appears as a dot-like structure in the green cytoplasm
(Fig. 2B). In overexpression of miR-215-5p group, there was a number
of a dot-like structures compared with normal cells and the level of
MDC has increased 79.66% in comparison with group C (Fig. 2C). The
opposite results in group I showed that autophagic vacuoles of cardi-
omyocytes with knockdown of miR-215-5p were decreased by 49.64%
(Fig. 2C). These results indicated that the increasing miR-215-5p
strongly can induce autophagy in chicken cardiomyocytes.

3.6. MiR-215-5p targeted regulation of PI3K mediated autophagy

The results showed that the effects of miR-215-5p overexpression on
mRNA levels of the PI3K/AKT/TOR pathway (AKT, TOR) and the au-
tophagy related genes (LC3-1, LC3-2, ATG5, Dynein and Beclin1) were
displayed in Fig. 3A. Compared with group C, qRT-PCR results showed
that the mRNA expression levels of AKT and TOR significantly de-
creased by 82% and 72% in group M, but the mRNA level of autophagy
related genes (LC3-1, LC3-2, ATG5, Dynein and Beclin1) was increased
30%, 120%, 202%, 60% and 145%, respectively (Fig. 3A). Contrarily,
the mRNA levels of AKT and TOR increased by 44% and 82% in group I
and mRNA expression levels of LC3-1, LC3-2, ATG5, Dynein and Be-
clin1 decreased by 43%, 33%, 84%, 87% and 32%, respectively, com-
pared with group C (Fig. 3A).

Western blot was performed to determine the protein expression of
autophagic markers genes (LC3-1, LC3-2 and Beclin1) and PI3K/AKT/
TOR pathway related genes (AKT, TOR) in chicken cardiomyocytes
(Fig. 3B). In vitro cardiomyocytes treated with miR-215-5p mimic
(group M) showed that the protein abundance of AKT, P-AKT and TOR
decreased by 36%, 46% and 41%, while the protein level of Beclin1
increased by 120% and that of LC3-2/LC3-1 was increased 26%, com-
pared to group C (Fig. 3B). Opposite results were observed in cardio-
myocytes with knockdown of miR-215-5p, the protein levels of AKT, P-
AKT and TOR were increased by 58%, 78% and 72%, autophagic pro-
tein Beclin1 decreased by 37% and the protein levels of LC3-2/LC3-1
decreased by 81% (Fig. 3B). Moreover, the protein level of the ratio of
P-AKT and AKT was 84% in autophagic pathway in group M, and in

Fig. 1. (A) Cardiomyocytes with transfecting different concentrations of miR-215-5p-mimic (M), miR-215-5p inhibitor (I), mimic negative control (mimic-NC) and
inhibitor negative control (inhibitor-NC) for 24 h, and C indicates the control group. miR-215-5p was determined by RT-PCR. U6 was selected as the reference. Values
are mean±SEM (n=3). (B) The relative mRNA levels of PI3K in groups C, M and I. β-Actin was selected as the reference. Values are mean ± SEM (n=3). (C) The
protein level of PI3K in groups C, M and I. (D) The results between PI3K and miR-215-5p in luciferase reporter gene assay. PMIR-PI3K-WT plasmids were mutated in
the miRNA target sites, and designated as PMIR-PI3K-MUT. miR-215-5p-mimic inhibited PI3K-WT expression but not mutant PI3K-MUT expression. The results were
calculated fromat least three independent experiments, n=3. Bars that do not share the same letters are significantly different (p < 0.05) from each other. Data are
expressed as mean ± SD. (E) The binding sequence and mutation sites of PI3K were shown.
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group I the ratio of that was 126% when compared to group C (Fig. 3B).

3.7. Detection of intracellular ROS accumulation

To further verify whether miR-215-5p could affect the level of ROS
in cardiomyocytes, we validate the level of intracellular ROS accumu-
lation. The production of ROS has significantly increased 153%
(P < 0.05) in group M compared with group C, and it decreased by
32% in cardiomyocytes treated with miR-215-5p inhibitor (Fig. 4).

3.8. Mir-215-5p mediated modulation of MAPK activation

We set out to determine whether changes of MAPK signaling path-
ways may be associated with the mRNA (p38, ERK and JNK) and pro-
tein (p38, P-p38, ERK, P-ERK, JNK and P-JNK) levels in chicken car-
diomyocytes. The results were showed in Fig. 5A, compared to group C,
the mRNA expressions of p38, ERK and JNK was increased 155%, 121%
and 172% respectively in group M, additionally the mRNA levels

decreased by 40%, 41% and 68% in group I, respectively (P < 0.05).
The results showed the changes in phosphorylated protein of MAPK

pathway key kinases p38, ERK and JNK in cardiomyocytes treated with
miR-215-5p mimic/inhibitor (P < 0.05) in Fig. 5B. The protein (group
M) levels of p38, P-p38, ERK, P-ERK, JNK and P-JNK increased by 23%,
61%, 41%, 61%, 25% and 35% respectively in comparison to control
cells (group C), whereas the protein expression levels decreased by
25%, 42%, 24%, 40%, 41% and 40% in group I (Fig. 5B), respectively.
In this study, the expression level of MAPK pathways related protein
and mRNA was the same as ROS in cardiomyocytes.

4. Discussion

The most important findings of this study was that miR-215-5p can
reduce the cell viability by targeting PI3K to inhibit the PI3K/AKT/TOR
pathway, and it also could enhance ROS-MAPK signaling pathways to
induce autophagy in cardiomyocytes.

Se is an essential micronutrient that protects the tissues and organs

Fig. 2. (A) The ultrastructural changes of cardiomyocytes transfected with miR-215-5p mimic (M), miR-215-5p inhibitor (I). Control cardiomyocytes (C). Numerous
autolysosomes (red boxes) appeared in the group treated with miR-215-5p mimic. Values are mean ± SEM (n=3). (B) MiR-215-5p-mimic induced autophagosome
formation. C indicates the control group; M indicates the miR-215-5p-mimic overexpression group. I indicates the miR-215-5p-inhibitor group. Cardiomyocytes were
stained with 50μM MDC and images were taken with a cell imaging station (920). In cells treated miR-215-5p-mimic, green fluorescence particle indicates au-
tophagosome formations. MDC fluorescence quantification data (P < 0.05). Values are mean ± SEM (n=3). (C) Three wells were analysed per treatment and per
time. Values are mean ± SEM (n=3). The experiment was repeated three times. (For interpretation of the references to color in this figure legend, the reader is
referred to the online version of this chapter.)
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against oxidative damage. Previously, Se deficiency may cause severe
oxidative stress, and excessive oxidative stress can destroy the anti-
oxidant defense system in the body [27–29]. Myocardial injury induced

by Se deficiency indicated that the importance of autophagic cell death
was manifested in maintaining cardiac function. The results of miR-
NAomics in a Se-deficient myocardial model showed that there was a
significant difference of miR-215-5p. To date, the study of miR-215 has
focused primarily on cell proliferation, invasion and migration, and it
can promote cell apoptosis to suppress the tumorigenicity of human
non-small cell lung cancer by targeting zinc finger E-box binding
homeobox 2 (ZEB2) in vitro [30,31]. We screened the Se-deficient
myocardium-specific miRNA (miR-215-5p) and its target protein PI3K.
And miR-215-5p has not been reported and functions remain unknown
in poultry. The results showed that Se deficiency can result in the up-
regulation of miR-215-5p expression level. Numerous experiments and
clinical studies have confirmed that miRNAs may play a unique role
during myocardial injury [32]. The disorder of miR-215-5p in myo-
cardial tissues of chickens is caused by Se deficiency, and miR-215-5p
could participate in the regulation of injury. Mir-215-5p may be in-
volved in the regulation of ROS and the occurrence of oxidative stress,
but whether or not miR-215-5p actually participates in myocardial
autophagy still needs further investigation. During the up-regulation of
miR-215-5p, we further examined various signaling pathways when
autophagosomes formation was further increased, and identified that
PI3K could be a target gene of miR-215-5p in vitro.

Autophagy is associated with many pathophysiological processes
and diseases, such as myocardial ischemia/reperfusion injury [33,34],
dilated cardiomyopathy and failing myocardium [35]. However, ex-
cessive up-regulation of autophagy [36] induced by the overexpression
of autophagy mark protein Beclin1 in cardiac myocytes [37,38] can

Fig. 3. (A) The autophagy-related gene mRNA levels of AKT, TOR, LC3-1, LC3-2, ATG-5, Dynein and Becline1 were determined by RT-PCR in three groups C, M and I.
The results were calculated at least three times. Values are mean ± SEM (n=3). (B) The effects of miR-215-5p-mimic and miR-215-5p-inhibitor on the expression
levels of AKT, P-AKT, TOR, LC3-1, LC3-2, and Becline1 proteins in cardiomyocytes. β-Actin was selected as the reference. The data are expressed as the means ± SD
(n=3). Bars that do not share the same letters are significantly different (P < 0.05) from each other.

Fig. 4. The effects of groups C, M and I on the ROS levels in cardiomyocytes. The
data are expressed as the means ± SD (n=3). The results were calculated at least
three times. Bars that do not share the same letters are significantly different
(p < 0.05) from each other. The experiment was repeated three times.
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cause cell death. Previous studies have proved that histone deacetylase
6 may induce autophagic cell death through activating Beclin1 and
LC3-2 [39] when moving from healthy toward autophagic area of the
human myocardium. As with other tissues, a steady-state mechanism of
cardiac autophagy is necessary for maintaining the size, structure and
function of cardiac cells [21]. In recent years, multiple tissue injuries
and diseases caused by excessive autophagy in human beings and ani-
mals have attracted more and more attention. Published data have been
proved that DNA damage, nutrient starvation and growth factor de-
privation could activate autophagy [40]. Many reports have shown that
autophagy was accompanied by the increasing expression levels of
Beclin1 and the ratio of LC3-2/LC3-1 during ischemia and reperfusion
in the heart [41,42]. In this study, we found that miR-215-5p mimic can
increase the number of autophagic vacuoles and impair the viability of
cardiomyocytes. An increase in LC3-2/LC3-1 in group M showed that
miR-215-5p mimic can activate the conversion of LC3 from LC3-1 to the
autophagic membrane type LC3-2. These findings indirectly supported
the results of this study that myocardial autophagy caused by Se defi-
ciency was related with the upregulation of miR-215-5p. Interestingly,
the silencing of miR-215-5p alleviated myocardial autophagy accom-
panied by reducing the expressions of Beclin1 and LC3-2, and amelio-
rated the ultra-structure of cardiomyocytes, suggesting that inhibition
of miR-215-5p can promote cell survival to alleviate myocardial au-
tophagy.

The PI3K family plays complex and extensive roles in many aspects
of cell biology and metabolism [43]. The PI3K/AKT signaling pathway
is an important pathway involved in the regulation of cell proliferation,
differentiation in mouse myogenic C2 cells [44], cell growth, cell cycle
and so on [45]. PI3K is a key signal molecule in many life activities,
such as apoptosis and autophagy [46]. Du Tao et al. reported that Li-
popolysaccharide can regulate macrophage autophagy through the
PI3K/AKT/mTOR pathway in the macrophage cell line RAW264.7 [47].
The PI3K/AKT/TOR signaling pathway is an important pathway for
regulating autophagy in the body [48]. Meanwhile, overexpression or
inhibition of miR-215-5p can regulate the expression level of PI3K in

the cultured primary cardiomyocytes. Further, the targeting relation-
ship between miR-215-5p and PI3K was verified by the luciferase re-
porter system. At the same time, we investigated the signal transduction
pathway of miR-215-5p overexpression to induce autophagy in cardi-
omyocytes. The decreasing of the phosphorylation of AKT and TOR
showed that miR-215-5p could trigger autophagy by the PI3K/AKT/
TOR signaling pathway. Although miR-215-5p could play a role in the
regulation of the PI3K/AKT/TOR signaling pathway by targeting PI3K,
whether it can mediate the PI3K/AKT/TOR pathway to regulate au-
tophagy of cardiomyocytes remains unclear. Thus, autophagy-related
genes were detected and the results showed that the up-regulation of
expression levels of autophagy related genes of Beclin1, Atg5 and LC3-
2/LC3-1 were showed in cardiomyocytes. By comparison to the au-
tophagy modulators Beclin1, LC3-2 and Atg5, which are modulated by
association with PI3K. PI3K can become activated when cells treated
with miR-215-5p inhibitor. Upon activation, PI3K, AKT and TOR may
induce signal transduction events that ameliorate the accumulation of
autophagosomes in cardiomyocytes by decreasing expression of Atg5,
Beclin1 and LC3-2. In addition, miR-215-5p inhibitor may activate the
PI3K/AKT/TOR pathway to reduce myocardial autophagy and improve
the cell viability by regulating its target protein, PI3K. More im-
portantly, the modulation of this pathway could induce various func-
tional changes in processes of myocardial injury, suggesting that miR-
215-5p was able to trigger autophagy of cardiomyocytes through the
PI3K/AKT mediated pathway, which may be a new miRNA molecular
mechanism in the regulation of autophagy in cardiomyocytes. Last but
not least, it should be pointed out that PI3K is not the only regulator of
autophagy.

The downregulating of the PI3K and activation of MAPK pathways
induced by Naringin may promote autophagy to inhibit advanced
gastric glands (AGS) cancer cells [49]. The results suggested that acute
exposure of crotonaldehyde can induce cell death mediated by autop-
hagy through down-regulating the activity of PI3K pathway and ele-
vating the activities of MAPK and AMP-activated protein kinase
(AMPK) pathways in human bronchial epithelial cells [50]. Extensive

Fig. 5. (A) The mRNA levels of p38, P-p38, ERK, P-
ERK, JNK and P-JNK were detected in groups C, M
and I in vitro. β-Actin was selected as the reference.
Values are mean ± SEM (n=3). (B) The protein
levels of p38, P-p38, ERK, P-ERK, JNK and P-JNK
were detected by western blot in groups C, M and I in
vitro. β-Actin was selected as the reference. The data
are expressed as the means ± SD (n= 3). Bars that
do not share the same letters are significantly dif-
ferent (p < 0.05) from each other. The experiment
was repeated three times.
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studies have indicated that PI3K and MAPK pathways could regulate
physiological processes in various cells, thus the expression levels of
genes associated with MAPK pathways were detected. MAPK pathways
can regulate various physiological processes by activating phosphor-
ylation transcription factors in cells, such as inflammation, cell growth,
cell development and death [51]. Several reports have showed that the
MAPK pathway was involved in the regulation of autophagy [52]. ROS
has the function of an endogenous signalling molecule that may reg-
ulate multiple signalling pathways in various intracellular processes,
and it is also associated with the initiation and promotion of autophagy
[53]. There is growing evidence that excessive ROS can cause the da-
mage of mitochondria and endoplasmic reticulum, even the autophagic
cell death in mammalian cells or yeast [54]. Previous studies indicated
that ROS was found to participate in the processes of autophagy to
activate Beclin1 in rat intestinal epithelial cells [55]. In our results,
direct involvement of the regulation of overproduction ROS was in-
duced by the miR-215-5p mimic which may be involved in the occur-
rence of autophagy. In addition, the ROS-activated autophagy was de-
pendent on the activation of MAPK family members (ERK1/2 and JNK)
in gastric carcinoma [56]. Comprised of ERK, p38 and JNK, the MAPK
pathway was the key downstream pathway associated with the gen-
eration of ROS, and MAPK pathways played a significant role in cellular
survival. ROS also may activate MAPK pathways in multiple cell types,
therefore we examined the possibility of whether MAPK pathways were
involved in cardiomyocytes treated miR-215-5p mimic. The results of
the present study revealed that the activation of autophagic proteins
Beclin1 and LC3-2 with a significant phosphorylation of protein of
MAPKs was confirmed by the increased autophagosomes in group M.
Taking these data into consideration, we came to a conclusion that miR-
215-5p mimic-induced autophagy was also dependent on the genera-
tion of ROS and activation of MAPK (p38, ERK1/2 and JNK) pathways
in cardiomyocytes, evidenced by the increased expression levels of the
phosphorylation of ERK1/2, p38 and JNK. An important observation in
this study showed that miR-215-5p inhibitor can block autophagy by
inhibiting the MAPK pathways and reduce the generation of ROS to
promote cardiomyocyte survival. Thus, the results showed that the
abnormal elevation of miR-215-5p could result in myocardial injury
through the ROS-MAPK autophagy pathways. Indubitability, there were
some other effective regulatory pathways and future researches on this
topic should continue to progress. These results revealed a possible
molecular mechanism for studying the cytoprotective effects of autop-
hagy by miR-215-5p inhibitor.

5. Conclusion

In conclusion, the results showed that mir-215-5p was a new au-
tophagy-related miRNA, and its targeting relationship with PI3K was
determined in cardiomyocytes. Combined with these results, we clar-
ified the mechanism that the up-regulation of miR-215-5p was one of
the reasons of myocardial injury, which was related to regulation of the
PI3K/AKT/TOR pathway and ROS-MAPK pathways to mediate autop-
hagy. These findings shed lights on the therapeutic potential of miR-
215-5p in the mechanism of myocardial autophagy.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jinorgbio.2019.01.010.
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