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ARTICLE INFO ABSTRACT

Keywords: Clinical application of doxorubicin (DOX), an anthracycline antibiotic with potent anti- tumor effects, is limited
Cardiotoxicity because of its cardiotoxicity. However, its pathogenesis is still not entirely understood. The aim of this paper was
Doxorubicin to explore the mechanisms and new drug targets to treat DOX-induced cardiotoxicity. The in vitro model on
miR-140-5p H9C2 cells and the in vivo models on rats and mice were developed. The results showed that DOX markedly
IS\II';?Z decreased H9C2 cell viability, increased the levels of CK, LDH, caused histopathological and ECG changes in rats

and mice, and triggered myocardial oxidative damage via adjusting the levels of intracellular ROS, MDA, SOD,
GSH and GSH-Px. Total of 18 differentially expressed microRNAs in rat heart tissue caused by DOX were
screened out using microRNA microarray assay, especially showing that miR-140-5p was significantly increased
by DOX which was selected as the target miRNA. Double-luciferase reporter assay showed that miR-140-5p
directly targeted Nrf2 and Sirt2, as a result of affecting the expression levels of HO-1, NQO1, Gst, GCLM, Keapl
and FOXO3a, and thereby increasing DOX-caused myocardial oxidative damage. In addition, the levels of in-
tracellular ROS were significantly increased or decreased in H9C2 cells treated with DOX after miR-140-5p
mimic or miR-140-5p inhibitor transfection, respectively, as well as the changed expression levels of Nrf2 and
Sirt2. Furthermore, DOX- induced myocardial oxidative damage was worsened in mice treated with miR-140-5p
agomir, and however the injury was alleviated in the mice administrated with miR-140-5p antagomir. Therefore,
miR-140-5p plays an important role in DOX-induced cardiotoxicity by promoting myocardial oxidative stress via
targeting Nrf2 and Sirt2. Our data provide novel insights for investigating DOX-induced heart injury. In addition,
miR-140-5p/ Nrf2 and miR-140-5p/Sirt2 may be the new targets to treat DOX-induced cardiotoxicity.

Oxidative damage

1. Introduction

Doxorubicin (DOX), a kind of anthracycline antibiotics, is widely
used in clinical to treat some kinds of tumors because of its high effi-
ciency and wide-spectrum [1]. However, DOX can produce some ser-
ious side effects on body after long-term use, especially to cardiotoxicity
[2-5]. DOX can lead to left ventricular dysfunction, or even heart
failure, and DOX-induced heart injury is closely related to the accu-
mulation in the body [6]. In addition, the risk of DOX-induced cardi-
otoxicity will be exacerbated in patients as the cumulative dose of DOX
is increased. When the accumulation dose of DOX is increased from
400 mg/m? to 700 mg/m?, the incidence of heart failure will rise from

5% to 48% [7-9]. Once the heart failure occurs, the patients' mortality s
will be significantly increased. Thus, DOX-caused cardiotoxicity limits
its clinical application.

The pathogenesis and prevention of DOX-induced cardiotoxicity has
become a hotspot in recent years. Many researches have revealed that
DOX-induced myocardial injury may be related to oxidative stress,
calcium overload, mitochondrial damage, cardiomyocyte apoptosis and
autophagy [10-17]. However, oxidative stress attracts the most atten-
tion during DOX-induced myocardial damage. Studies have shown that
the semi-quinone DOX, resulting from metabolic process of DOX, can
quickly transfer its unpaired electrons to the molecular oxygen, then
produce a large number of superoxide anion free radicals (057, which
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can lead to cell damage, mitochondrial dysfunction and DNA injury. In
addition, DOX can also combine with iron to destroy the iron home-
ostasis, and then produce a large number of reactive oxygen species
(ROS) [18-20]. Besides, the interaction of ROS with phosphorlipid on
the mitochondrial membrane of cells can also lead to mitochondrial
dysfunction, and further affect the energy metabolism [21]. Thus,
oxidative stress is one potential mechanism of DOX- induced heart
damage, and inhibiting oxidative stress may be one effective prevention
and treatment method against cardiotoxicity caused by DOX.

MicroRNA (miRNA), belonging to the small non-coding RNAs
(ncRNAs), can regulate gene expression through binding with target
mRNA [22]. There have growing evidences that miRNAs play key roles
in the development of various diseases, suggesting that miRNAs can be
considered as the potential drug targets to treat human diseases
[23-26]. Some reports have shown that the aberrant expression of miR-
499 can lead to irreversible damage of heart via causing arrhythmia and
myocardial hypertrophy, indicating that miR-499 may be a potential
target for the treatment of heart diseases [27]. In addition, the works of
DOX- induced cardiotoxicity have shown that miR-532-3p and miR-
208a play important roles in heart diseases [28,29].

Microarrays technology is an effective method for high-throughput
screening miRNAs from biological samples, which has been widely used
in disease diagnosis, target selection and new drug development. Lu Y
et al. assessed the potential role of miRNAs in regulating experimental
atrial fibrillation using microarray technology, and found that miR-328
is a potential therapeutic target for the disease [30]. Therefore, mi-
croarrays technology is of great importance to pick out differentially
expressed miRNAs for deeply investigating molecular mechanisms and
drug discovery.

In this study, the differentially expressed miRNAs in DOX-induced
heart tissue of rats were tested by using microarrays technology, and
then the biological functions of the aimed miRNAs on DOX-induced
heart damage were examined, which will provide potential mechanisms
and new drug targets for the treatment of DOX-induced cardiotoxicity.

2. Materials and methods
2.1. Chemicals and materials

DOX was purchased from Sigma (Santa Clara, CA, USA). Tissue
Protein Extraction Kit was obtained from KEYGEN Biotech. Co., Ltd.
(Nanjing, China). The bicinchoninic acid (BCA) protein assay kit, ROS
assay kit, cell lysis buffer and phenylmethanesulfonyl fluoride (PMSF)
were obtained from Beyotime Institute of Biotechnology (Jiangsu,
China). Creatine kinase (CK), lactate dehydrogenase (LDH), mal-
ondialdehyde (MDA), superoxide dismutase (SOD), glutathione (GSH)
and glutathione peroxidase (GSH-Px) detection kits were purchased
from Nanjing Jiancheng Institute of Biotechnology (Nanjing, China).
Sodium dodecyl sulfate (SDS), hydroxymethyl aminomethane (Tris)
and 4’,6’-Diamidino-2-phenylindole (DAPI) were purchased from Sigma
(St. Louis, MO, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) was provided by Roche Diagnostics (Basel,
Switzerland). Lipofectamin2000, TransZolTM, TransScript® All-in-One
First-Strand cDNA Synthesis SuperMix for qPCR (One-Step gDNA
Removal), TransStart® Top Green qPCR SuperMix were purchased from
Beijing TransGen Biotech Co., Ltd. (Beijing, China). SanPrep Column
MicroRNA Mini-Preps Kit, MicroRNA First Strand cDNA Synthesis Kit
and MicroRNAs Quantitation PCR Kit were purchased from Sangon
Biological Engineering Technology & Services Co., Ltd. (Shanghai,
China).

2.2. Cell culture
The H9C2 cells were purchased from the Shanghai Institutes for

Biological Sciences (Shanghai, China), and the cells were maintained in
DMEM supplemented with 10% FBS and antibiotics (100 IU/mL
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penicillin and 100 mg/mL streptomycin) in a humidified atmosphere of
5% CO, and 95% O, at 37 °C.

2.3. DOX-induced cell injury

DOX was prepared to make a series of working dilutions in serum-
free DMEM. The H9C2 cells were plated in 96-well plates at a density of
5 x 10* cells/mL per well for 24 h before challenged with various
concentrations of DOX (0-10 uM). After incubation with DOX for 24 h,
10 pL of MTT (5 mg/mL) solution was added to each well. After in-
cubation at 37 °C for 4 h, the medium with MTT was removed. Next,
150 uL. of DMSO was added to each well to dissolve the formazan
crystals, and the absorbance at 490 nm was measured using a
POLARstar OPTIMA multi-detection microplate reader (BioRad, San
Diego, CA, USA).

2.4. Measurement of intracellular ROS

The HIC2 cells were plated in 6-well culture plates at a density of 5
x 10* cells/ mL and then treated with DOX (5 uM) for 24 h. After re-
moving the medium, 1.5 mL of DCFH-DA (10.0 uM) was added at 37 °C
for 25 min, and then the samples were analyzed by fluorescence mi-
croscopy (Olympus, Tokyo, Japan) at 200 X magnification.

2.5. Animals and ethical approval

Male SD rats weighing 200 = 20 g and Male C57BL/6J mice
weighing 20 + 2 g were obtained from the Experimental Animal Center
at Dalian Medical University (Dalian, China) (SCXK: 2013-0003). All
experimental procedures were performed in strict accordance with PR
China Legislation Regarding the Use and Care of Laboratory Animals,
and all experiments involving animals were approved by the Animal
Care and Use Committee of Dalian Medical University (Approval
number: 20150658). The animals were group-housed with 2-3 rats or
mouse per cage on a 12 h light/dark cycle in a temperature-controlled
(25 = 2 °C) room with free access to water and food, and were allowed
one week to acclimatize before experiment. Randomization was used to
assign samples to the experimental groups and to collect and process
data. The experiments were performed by investigators blinded to the
groups for which each animal was assigned. Animal studies have been
reported in compliance with the ARRIVE guidelines [31,32].

2.6. DOX-induced myocardial damage injury in vivo

Twenty rats and twenty mice were all randomly divided into two
groups (n 10): control group (0.9% saline) and DOX group. The
animals in DOX groups were intraperitoneally injected with DOX
(15 mg/kg diluted with 0.9% saline for eight days [33,34]), whereas
the animals in control groups were intraperitoneally injected with equal
volumes of 0.9% saline. After that, the electrocardiograms (ECG) of rats
and mice were detected, then all animals were sacrificed and the blood
samples were harvested. The serum samples were obtained by cen-
trifugation (3000 r/min, 4 °C) for 10 min, and the heart samples were
promptly removed. Part of heart tissue was fixed and the remaining
samples were stored at —80 °C for further assay.

2.7. Measurement of electrocardiograms in rats and mice

According to the previous method [35], the animals were anaes-
thetized and fixed on the table with the supine position. Subcutaneous
needle electrodes of the commercial computer-based ECG device (BL-
420F Biological Function Experiment System, Chengdu Thai Union
Technology Co, Ltd., China) were connected to the animals, and elec-
trocardiograms were recorded.
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Fig. 1. DOX causes myocardial injury in vitro and in vivo. (A) The viability of HOC2 cells treated by DOX. (B) The morphology of H9C2 cells treated by DOX. (C) Serum levels of CK and
LDH in rats caused by DOX. (D) Serum levels of CK and LDH in mice caused by DOX. (E) HE staining images of heart tissues in rats treated by DOX ( X 200 magnification). (F) HE staining
images of heart tissues in mice treated by DOX (x 200 magnification). (G) Electrocardiograms of rats treated by DOX. (H) Electrocardiograms of mice treated by DOX. All data are
expressed as the mean = SD (n = 5 for in vitro test and n = 10 for in vivo test). *p < 0.05, **p < 0.01 compared with control group.

2.8. Measurement of CK, LDH, MDA, SOD, GSH and GSH-Px levels 2.9. Histopathologic assay

The serum levels of CK and LDH were detected using the commer- The heart tissues were fixed in 10% formalin and embedded in
cial kits according to the instructions. The heart tissues were placed in paraffin, and the 5-um -thick sections were stained with hematoxylin-
cold saline (1: 10, w/v), homogenized with a homogenizer machine, eosin (H&E). Images of the stained sections were obtained using a light
and then centrifuged at 3000r/min for 15 min to produce the super- microscope (Nikon Eclipse TE2000-U, Japan) with 200 X magnifica-

natant for detecting the levels of MDA, SOD, GSH and GSH-Px using the tion.
commercial kits according to the respective instructions.
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Fig. 2. DOX aggravates oxidative damage in vitro and in vivo. (A) Intracellular ROS level in H9C2 cells treated by DOX. (B) The levels of MDA, SOD, GSH and GSH-PX in heart tissues
of rats caused by DOX. (C) The levels of MDA, SOD, GSH and GSH-PX in heart tissues of mice caused by DOX. All data are expressed as the mean + SD (n = 10). **p < 0.01 compared

with control group.

2.10. miRNA microarray assay

The total RNA samples from DOX group and control group of rats (n
= 5) were isolated using TRIzol reagent (Invitrogen, USA) and purified
using RNeasy mini kit (Qiagen, Germany) according to the manufac-
turer's instructions. RNA quality and quantity were measured using a
Nanodrop spectrophotometer (ND-1000, Nanodrop Technologies,
Rockland, DE, USA), and RNA integrity was assessed by gel electro-
phoresis. RNA labeling and array hybridization were carried out ac-
cording to Exiqon's manual. After quality control, the miRCURY™
Hy3™/Hy5™ Power labeling kit (Exiqon, Vedbaek, Denmark) was used
for miRNA labeling. After stopping the labeling procedure, the Hy3™-
labeled samples were hybridized using the miRCURYTM LNA Array
(v.18.0) (Exiqon, Vedbaek, Denmark) according to the array manual.
Finally, the slides were scanned using an Axon GenePix 4000B micro-
array scanner (Axon Instruments, Foster City, CA). Scanned images
were then imported into GenePix Pro 6.0 software (Axon) for grid
alignment and data extraction. Replicated miRNAs were averaged and
miRNAs that intensities = 30 in all samples were chosen for calculating
normalization factor. Expressed data were normalized using the Median
normalization. After normalization, significant differentially expressed
miRNAs between two groups were identified through Fold change and
P-value. Differentially expressed miRNAs between two samples were
filtered through Fold change. Finally, hierarchical clustering was per-
formed to show distinguishable miRNA expression profiling among
samples.

2.11. Validation of the differentially expressed miRNAs

The total miRNA samples were extracted from H9C2 cells or heart
tissues using SanPrep Column MicroRNA Mini-Preps Kit following the
manufacturer's protocol. The primers of miRNAs are given in
Supplementary Table S1. The purity of the extracted miRNA was de-
termined, and the reverse transcripttion polymerase chain reaction (RT-
PCR) was carried out using a microRNA First Strand cDNA Synthesis Kit
following the manufacturer's instructions with a TC-512 PCR system
(TECHNE, UK). Quantitative real-time PCR assay was performed with a
MicroRNAs Quantitation PCR Kit and ABI 7500 Real Time PCR System
(Applied Biosystems, USA). For the data of each sample, the Ct value of
the target gene was normalized to that of U6 (Sangon Biological

Engineering Technology & Services Co., Ltd., China). The unknown
template was calculated using the standard curve for quantitative
analysis. Eventually, the expression level of each gene was performed
normalization for controlling unwanted sources of variation.

2.12. Prediction of target genes

The target genes of the differentially expressed miRNAs validated
above were screened by the “mirbase”, “mirdb” and “miranda” data-
bases, and each target gene must be searched in at least two databases.
Ultimately, we obtained the potential target gene tree.

2.13. Dual-luciferase reporter assay

The plasmids containing the wild-type miR-140-5p-Nrf2 (wtLuc-
Nrf2) and miR- 140-5p- Sirt2 (wtLuc-Sirt2) response element and the
corresponding mutant (mut-Luc-Nrf2 and mut- Luc-Sirt2) were pur-
chased from RiboBio. Co., Ltd. (Guangzhou, China). Plasmid DNA (wt-
Luc- Nrf2, wtLuc-Sirt2, mut-Luc-Nrf2 or mut-Luc-Sirt2) and miR-140-5p
mimic or miR-140-5p negative controls were co-transfected into H9C2
cells. When appropriate, the cells were incubated with DOX (5 pM) or
without DOX for 24 h after transfection. The luciferase activity was
assessed with a Double-Luciferase Reporter Assay Kit, purchased from
Promega Biotech Co., Ltd. (Beijing, China), using the Dual-Light
Chemiluminescent Reporter Gene Assay System (Berthold, Germany),
which was normalized to firefly luciferase activity.

2.14. Immunofluorescence assay

Immunofluorescence staining for Sirt2 in tissue sections or cells was
performed using anti-Sirt2 antibody in a humidified box at 4 °C over-
night, and followed by incubation with an Alexa fluorescein-labeled
secondary antibody for 1 h at 37 °C. The cell nuclei were stained with
DAPI (5.0 pg/mL). Immunostained samples were imaged by fluores-
cence microscopy (Olympus, Japan) at 200 X magnification.

2.15. Quantitative real-time PCR assay

The total RNA samples were obtained from H9C2 cells and heart
tissues of rats and mice using TransZol according to the manufacturer's
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Fig. 3. Differentially expressed miRNAs in heart tissues of rats induced by DOX based on microarrays assay. (A) Hierarchical clustering analysis of the differentially expressed
miRNAs between DOX and control samples in rats. (B) Validation of the eight differentially expressed miRNAs in rats caused by DOX based on real-time PCR assay. (C) A schematic

diagram used to search the target genes of miRNAs in three databases. (D) Prediction of thi
(n = 5). *p < 0.05, **p < 0.01 compared with control group.

protocol. Each RNA sample was reverse transcribed into cDNA using the
kit of TransStart Top Green qPCR SuperMix. The forward (F) and re-
verse (R) primers of RNA are given in Supplementary Table S2. The CT
value of genes among the data from each sample was normalized to
GAPDH.

2.16. Western blotting assay

The total protein samples from the cells and heart tissues were
homogenized using RIPA lysis buffer containing protease and phos-
phatase inhibitors. The protein concentrations of the samples were
determined using a BCA Protein Assay Kit (Bio-Rad, Hercules, CA,
USA). After determination of the contents, the proteins were separated
by SDS-PAGE (8-12%), and then transferred to PVDF membranes
(Millipore, Massachusetts, USA). After being blocked with 5% skim
milk for 3 h at room temperature, the membranes were incubated with
primary antibodies (listed in Supplementary Table S3) overnight at
4 °C. After addition of the anti-rabbit or anti-mouse secondary antibody
for 2 h at room temperature, the protein bands on the membranes were
detected using an enhanced chemiluminescence system and a Bio-
Spectrum Gel Imaging System, respectively (UVP, California, USA).
Intensity values of the relative protein levels were normalized to

e target genes of miR-140-5p screened by the database. All data are expressed as the mean + SD

GAPDH.

2.17. MiR-140-5p mimic and inhibitor transfection tests in vitro

Transfection was performed to up-regulate or down-regulate the
expression levels of miR-140-5p. Briefly, the miR-140-5p mimic, mimic
negative control, miR-140-5p inhibitor or inhibitor negative control
was separately dissolved in Opti- MEM. The solutions were then equi-
librated for 5 min at room temperature. Each solution was combined
with Lipofectamine 2000 transfection reagent according to the manu-
facturer's protocol. Then, the solution was mixed gently and allowed to
form inhibitor liposomes for 20 min. The H9C2 cells were transfected
with the transfection mixture in serum-free cell medium. The cell
medium was replaced by fresh Medium after incubated at 37 °C for 6 h.
Then, the expression levels of nuclear erythroid factor 2-related factor 2
(Nrf2), kelch like ECH-associated protein 1 (Keapl), heme oxygenase-1
(HO-1), NAD(P)H Quinone Dehydrogenase 1 (NQO1), silent informa-
tion regulator factor 2-related enzyme 2 (Gst), glutamate-cysteine ligase
modifier subunit (GCLM), silent information regulator factor 2-related
enzyme 2 (Sirt2) and Forkhead box O3 (FOXO3a) were detected after
24 h of administration with DOX (5 uM) or without DOX.
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2.18. Agomir and antagomir transfection of miR-140-5p in mice

To determine the functional role of miR-140-5p in DOX-induced
cardiotoxicity, twenty- four mice were randomly divided into four
groups (n = 6): agomir NC group, antagomir NC group, agomir (miR-
140-5p agonist) group and antagomir (miR-140-5p inhibitor) group.
miR-140-5p agomir and antagomir were synthesized by Ribobio Co.
(Guangzhou, China). The animals in agomir group and its negative
control group were injected via tail vein with miR-140-5p agomir (1
nmol/g/day) or same dosage of agomir NC for 3 consecutive days (on
dayl to day 3). The mice in antagomir group and its negative control
group were injected via tail vein with miR-140-5p antagomir (5 nmol/
g/day) or same dosage of antagomir NC for 4 days (on day0, day3, day7
and day 11). On day 4, the animals in agomir and antagomir groups
were intraperitoneally injected with DOX (15 mg/kg), whereas all re-
mained mice were injected with equal volumes of 0.9% saline. On day
11, the ECGs of the animals were detected at first, and then all of them
were sacrificed. The blood samples were collected and the serum
samples were obtained by centrifugation (3000 r/min, 4 °C) for 10 min
and stored at —20 °C until assay. After the animals were sacrificed, the
heart samples were promptly removed. Part of heart was fixed and the
remaining tissues were stored at —80 °C for further assay.

2.19. Data analysis

The data are expressed as the mean =+ standard deviation (SD).
Statistical analysis was performed with GraphPad Prism 5.0 software
(San Diego, CA, USA). It was performed with one-way analysis of var-
iance (ANOVA) followed by Tukey's post-hoc test when comparing
multiple groups; with unpaired t-test when comparing two different
groups. Statistical significance was considered to be P < 0.05 or
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P < 0.01. The data and statistical analysis comply with the re-
commendations on experimental design and analysis in pharmacology
[36].

3. Results
3.1. DOX causes myocardial injury in vitro and in vivo

As shown in Fig. 1A, the viability of H9C2 cells treated with dif-
ferent concentrations of DOX for 24 h was significantly inhibited
compared with control group. As shown in Fig. 1B, the numbers of
HIC2 cells administrated with 5 uM of DOX for 24 h were significantly
reduced as well as the remarkable changed morphology compared with
control group. Based on above data, 5 uM of DOX for 24 h treatment
was optimized for subsequent experiments. As shown in Fig. 1C-D, the
levels of serum CK and LDH in rats and mice in DOX groups were ob-
viously increased compared with control groups. As shown in Fig. 1E-F,
the myocardial cells in heart tissues in control groups were arranged
neatly, with no bleeding, edema and other abnormalities. However, the
animals in DOX-treated groups showed myocardial cell damage in-
cluding obvious myocardial tissue texture unclear, pyknosis and plasma
dissolve. In addition, the most obvious abnormalities in ECG of DOX-
treated groups were the changes in ST-segment compared with control
groups (shown in Fig. 1G-H).

3.2. DOX aggravates oxidative damage in vitro and in vivo

The intracellular ROS level in H9C2 cells in control group was low,
which was markedly increased by 5 uM of DOX for 24 h (Fig. 2A). In
addition, as shown in Fig. 2B-C, the levels of SOD, GSH and GSH-Px in
heart tissues of DOX-treated rats and mice were markedly decreased,
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and MDA levels were significantly increased compared with control
groups. These results indicated that DOX aggravated oxidative damage
in vitro and in vivo.

3.3. Differentially expressed miRNAs in heart tissues of rats induced by
DOX

A total of 18 differentially expressed miRNAs with at least 1.5-fold
changes and P-values less than 0.05 compared with control group were
identified in heart tissue of rats caused by DOX using microRNA mi-
croarray analysis (Supplementary Table S4). As shown in Fig. 3A, the
heat map indicated the results of a two-way hierarchical clustering of
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Fig. 5. DOX up-regulates the levels of miR-140-5p
and affects Nrf2 and Sirt2 signaling pathways in
vitro and in vivo. (A) The expression levels of miR-
140-5p in H9C2 cells, rats and mice treated by DOX
based on real-time PCR assay. (B) The expression
levels of Sirt2 in HIC2 cells, rats and mice treated by
DOX based on immunofluorescence staining assay
(% 200 magnification). (C) The expression levels of
Nrf2, keapl, HO-1, NQO1, Gst, GCLM, Sirt2 and
FOXO3a in HIC2 cells, rats and mice treated by DOX
based on western blotting assay. All data are ex-
pressed as the mean = SD (n = 5). **p < 0.01
compared with control group.
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the samples and the 18 differentially expressed miRNAs, which dis-
played the relative expression levels identified by microarray assay.
Then, six up-regulated and two down-regulated miRNAs were further
validated by real-time PCR assay. As shown in Fig. 3B, DOX sig-
nificantly increased the levels of miR-208b-3p, miR-34a-5p, miR-499-
5p, miR-140-5p and miR-29a-5p, and markedly decreased the levels of
miR-142-5p and miR-142-3p in heart tissues of rats compared with
control group. The interaction networks between the differentially ex-
pressed miRNAs and their target genes were predicted by Mirbase
(http://www.mirbase.org/), Mirdb (http://www.mirdb.org/) and
MiRanda (http://www.microrna.org/microrna/home.do). The results
in Fig. 3C-D revealed that miR-140-5p modulated by DOX can regulate
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Fig. 6. MiR-140-5p overexpression aggravates DOX-induced oxidative damage in vitro. (A) MiR-140-5p level in DOX-treated HOC2 cells with transfection of miR-140-5p mimic. (B)
The morphology of DOX-treated H9C2 cells with transfection of miR-140-5p mimic. (C) ROS level in DOX-treated H9C2 cells with transfection of miR-140-5p mimic. (D) The expression
level of Sirt 2 in DOX-treated HIC2 cells with transfection of miR-140-5p mimic. (E) The expression levels of Nrf2, keapl, HO-1, NQO1, Gst, GCLM, Sirt2 and FOXO3a in DOX-treated
H9C2 cells with transfection of miR-140-5p mimic. All data are expressed as the mean + SD (n = 5). *p < 0.05, miR-140-5p mimic + DOX group compared with DOX group.
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Fig. 7. MiR-140-5p inhibition alleviates DOX-induced myocardial oxidative damage in vitro. (A) MiR-140-5p level in DOX-treated HI9C2 cells with transfection of miR-140-5p
inhibitor. (B) The morphology of DOX-treated H9C2 cells with transfection of miR-140-5p inhibitor. (C) ROS level in DOX-treated H9C2 cells with transfection of miR-140-5p inhibitor.
(D) The expression level of Sirt 2 in DOX-treated H9C2 cells with transfection of miR-140-5p inhibitor. (E) The expression levels of Nrf2, keapl, HO-1, NQO1, Gst, GCLM, Sirt2 and
FOXO3a in DOX-treated HI9C2 cells with transfection of miR-140-5p inhibitor. All data are expressed as the mean + SD (n = 5). *p < 0.05 miR-140-5p mimic + inhibitor group
compared with DOX group.
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Fig. 8. MiR-140-5p agomir or antagomir affects DOX-induced heart damage in vivo. (A) The serum levels of CK and LDH in DOX-treated mice after administered with agomir or
antagomir of miR-140-5p. (B) The serum level of SOD in DOX-treated mice after administered with agomir or antagomir of miR-140-5p. (C) HE staining images of heart tissues in DOX-
treated mice after administered with agomir or antagomir of miR-140-5p. (D) Electrocardiograms of DOX-treated mice after administered with agomir or antagomir of miR-140-5p. All

data are expressed as the mean + SD (n = 5). **p < 0.01 compared with agomir NC group; *p < 0.05 compared with antagomir NC group.

multiple target genes. These findings prompted us to concentrate on
exploring the role of miR-140-5p in DOX-induced myocardial injury.

3.4. MiR-140-5p targets with Nrf2 and Sirt2

MiR-140-5p, which plays a critical role in cardiovascular disease
[37-39], was selected for investigating the possible mechanisms of
DOX-induced heart injury. Based on the interaction network illustrated
in Fig. 3D, we found that Nrf2 and Sirt2 should be the targets gene of
miR-140-5p. As shown in Fig. 4A, the RNA sequence alignment showed
that the 3’-UTR of Nrf2 and Sirt2 mRNA contained a complementary
site for the seed region of miR-140-5p. As shown in Fig. 4B-C, the dual-
luciferase reporter plasmid was obtained to perform the dual-luciferase
reporter assay. In the groups of Nrf2-Wt and Sirt2-Wt, the luciferase
activities were significantly repressed by miR-140-5p overexpression
compared with mimic control group. However, these effects were not
observed with the mutated Nrf2 and Sirt2 groups, suggesting that Nrf2
and Sirt2 are the target genes of miR-140-5p.

3.5. DOX up-regulates the levels of miR-140-5p in vitro and in vivo

As shown in Fig. 5A, the results of real-time PCR assay indicated
that DOX significantly up-regulated the expression levels of miR-140-5p
by 2.09-fold in HOC2 cells, 2.15 -fold in heart tissue of rats, and 1.66-
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fold in heart tissue of mice, respectively, compared with control groups.
These results were consistent with the data from microRNA microarray
assay.

3.6. DOX affects Nrf2 and Sirt2 signaling pathways in vitro and in vivo

As shown in Fig. 5B, the expression levels of Sirt2 were clearly
suppressed in DOX groups based on immunofluorescence assays com-
pared with control groups in vitro and in vivo. Then, the expression
levels of Nrf2, Sirt2 and some downstream signaling molecules were
assessed. As shown in Fig. 5C and Supplementary Figs. S1-3, the levels
of Nrf2, HO-1, NQO1, Gst, GCLM, Sirt2 and FOXO3a were markedly
decreased, and the levels of Keapl were significantly increased by DOX
compared with control groups in vitro and in vivo. In addition, our
results also showed that DOX significantly decreased the mRNA levels
of Nrf2, HO-1 and NQO1 compared with control groups
(Supplementary Figs. S4).

3.7. MiR-140-5p overexpression aggravates DOX-induced oxidative
damage in vitro

To investigate the role of miR-140-5p in DOX -induced cardiotoxi-
city, miR-140-5p mimic was transfected to H9C2 cells. As shown in
Fig. 6A, miR-140-5p mimic significantly increased the miR-140-5p
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Fig. 9. MiR140-5p agomir or antagomir adjusts

A 10- i B Sirt2 Agomlr NC Antagomlr NC Nrf2 and Sirt2 signaling pathways in vivo. (A) The
levels of miR-140-5p in DOX-treated mice after ad-
g 8- ministered with agomir or antagomir of miR-140-5p.
g l% (B) The expression level of Sirt2 in DOX-treated mice
=) 6 after administered with agomir or antagomir of miR-
E-E 140-5p. (C) The expression levels of Nrf2, keapl,
o m‘ HO-1, NQO1, Gst, GCLM, Sirt2 and FOXO3a in DOX-
.g € 4 treated mice after administered with agomir or an-
% ‘s o Adomir + DOX Antagomir + DOX tagomir of miR-140-5p. 1;\11 data are expressed as t-he
o mean = SD (n = 5). **p < 0.01 compared with
#Hi agomir NC group; *#p < 0.05 compared with an-
0- tagomir NC group.
& & o oF
& & xo xo
& & & &
& & & &
v & ) &
b s ¥ &
C L
DOX - + - +
Agomir NC + - & a
Antagomir NC - - + -
miR-140-5p Agomir - + - -
miR-140-5p Antagomir - = & +
Nrf2 |G w—— > e Gst
KeapT | e w——e o mmm— GCLM
HO-1 | | —— Sirt2
NQO1 FOXO3a[ ™
GAPDH| s sssssss ssmmme o | GAPDH

levels in HIC2 cells. As shown in Fig. 6B, transfection with miR- 140-5p
mimic markedly aggravated H9C2 cells morphological damage com-
pared with mimic negative control group. As shown in Fig. 6C, the
intracellular ROS levels in model group transfected with miR-140-5p
mimic was significantly higher than the un-transfected group. In ad-
dition, as shown in Fig. 6D-E and Supplementary Fig. S5, the levels of
Nrf2, HO-1, NQO1, Gst, GCLM, Sirt2 and FOXO3a in H9C2 cells were
notably decreased and the levels of Keapl were significantly increased
after treating with miR-140-5p mimic compared with negative control
group, and the changes were more significant than that the un-trans-
fected group, suggesting that miR-140-5p affected Nrf2 and Sirt2 sig-
naling pathways. These results suggested that overexpression of miR-
140-5p aggravated oxidative damage induced by DOX in cardiomyo-
cytes.

3.8. MiR-140-5p inhibition alleviates DOX-induced myocardial oxidative
damage in vitro

MiR-140-5p inhibitor was transfected to H9C2 cells to further in-
vestigate the role of miR-140-5p on DOX-induced cardiotoxicity. As
shown in Fig. 7A, the levels of miR-140-5p in H9C2 cells were sig-
nificantly decreased after administrated with miR-140-5p inhibitor. As
shown in Fig. 7B, transfection with miR-140-5p inhibitor markedly al-
leviated H9C2 cells morphological damage compared with negative
control group. As shown in Fig. 7C, the intracellular ROS level in DOX
group transfected with miR-140-5p inhibitor was significantly lower
than the un-transfected group. In addition, as shown in Fig. 7D-E
and Supplementary Fig. S6, the levels of Nrf2, HO-1, NQO1, Gst, GCLM,
Sirt2 and FOXO3a in HIC2 cells were notably increased, and the levels
of Keapl were significantly decreased after treating with miR-140-5p
inhibitor compared with DOX group, suggesting that miR-140-5p in-
hibition alleviated myocardial oxidative damage induced by DOX.
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3.9. MiR-140-5p promotes DOX-induced heart damage in vivo

To further determine whether increased miR-140-5p level can cause
increased heart damage induced by DOX, we intraperitoneally ad-
ministered DOX or saline (as control) into mice treated with miR-140-
5p agomir. We found that the levels of CK and LDH in agomir group
were obviously increased compared with agomir NC group (shown in
Fig. 8A). The levels of CK and LDH in antagomir group were increased
compared with antagomir NC group, but lower than those of in over-
expression group (Fig. 8A). In addition, as shown in Fig. 8B, SOD level
in agomir group was markedly decreased, and SOD level in antagomir
group was as the same as antagomir NC group. As shown in Fig. 8C-D,
administered with miR-140-5p agomir markedly aggravated abnormal
histopathology of myocardium and EEG recording induced by DOX.
However, miR-140-5p antagomir markedly alleviated abnormal histo-
pathology of myocardium and EEG recording induced by DOX. These
results indicated that overexpression of miR-140-5p aggravated oxida-
tive damage, and miR-140-5p inhibition alleviated the oxidative da-
mage of myocardium induced by DOX in vivo.

3.10. MiR140-5p adjusts Nrf2 and Sirt2 signaling pathways in vivo

As shown in Fig. 9A, the expression level of miR-140-5p was clearly
increased in miR-140-5p agomir group, and obviously suppressed in
miR-140-5p antagomir group. The results shown in Fig. 9B-C and
Supplementary Fig. S7 indicated that miR-140-5p overexpression
markedly decreased the protein levels of Nrf2, HO-1, NQO1, Gst,
GCLM, Sirt2 and FOXO3a, and significantly increased the protein level
of Keapl. However, the same results were not observed in miR-140-5p
inhibition group.

4. Discussion

Anticancer therapy can wusually demolish the physiological
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homeostasis and affect multiple organ damages during treatment pro-
cess. DOX, one of anthracyclines, has attracted much attention not only
in its anti-tumor therapeutic effects with broad spectrum, but also in its
serious side effects after long-term use [40,41]. The clinical application
of DOX is limited because of its toxicity to various organs especially to
heart, which can affect the levels of CK, LDH, and aggravate ECG ab-
normality and histopathological changes of heart.

Many scientists have made efforts to reduce DOX-induced cardio-
toxicity. However, encouraging progress has been hampered by the
complex pathological mechanism of the damage caused by DOX. Some
evidences have suggested that oxidative stress plays a critical role in the
pathogenesis of DOX-induced myocardial damage [42-44]. In addition,
some biological pointers have been verified to prompt oxidative stress.
Among them, MDA, an indicator of ROS, is an end-product of lipid
hydroperoxide. SOD is an enzyme that catalytically reduces 0% to hy-
drogen peroxide. GSH and GSH-Px can catalyze the reduction of hy-
drogen peroxide and other peroxides. In this paper, we found that DOX
caused oxidative damage of myocardium as evidenced by the high le-
vels of ROS in vitro, high levels of MDA and low levels of SOD, GSH,
GSH-Px in vivo. Therefore, oxidative stress may be a key factor that can
aggravate DOX - induced myocardial insult.

A large number of previous studies have proved that multiple mo-
lecular mechanisms and signaling pathways can regulate oxidative
stress. The growing evidences have confirmed that miRNAs can be
considered as the potential drug targets to treat human diseases
[23-26]. In the present study, total of 18 differentially expressed mi-
croRNAs in heart tissue of rat caused by DOX were screened out using
microRNA microarray assay, in which the levels of miR- 140-5p were
aberrantly up-regulated in H9C2 cells, and the heart tissues of rats and
mice with the cardiotoxicity induced by DOX, as well as the elevated CK
and LDH levels, histopathological changes and ECG abnormality. MiR-
140-5p has also been confirmed to play fundamental roles in cardio-
vascular disease [37-39]. However, there have no papers to report the
effects of miR-140-5p on DOX-induced cardiotoxicity, and thus miR-
140-5p may be considered as one potential drug target to treat DOX-
induced cardiotoxicity.

How did miR-140-5p promote DOX-induced cardiotoxicity? Based
on the database and double-luciferase reporter assay, the results
showed that miR-140-5p can directly target Nrf2 and Sirt2, which were
the target genes of it. Thus, miR-140-5p may be through adjusting Nrf2
and Sirt2 signal pathways to aggravate DOX-induced myocardial injury.

Nrf2, belongs to the transcription factor CNC family, can negatively
regulate the polymerization or dissociation with Keapl, thereby control
the expressions of various antioxidative genes and enzymes against
oxidative stress [45,46]. Briefly, Nrf2, an important member of the cap
‘n’ collar family of basic leucine zipper transcription factors, plays a
part in the anti-oxidative defense system by upregulating the expression
levels of anti-oxidant enzymes [47]. After activation, Nrf2 translocates
to the nuclear area and binds with antioxidant response element (ARE)
which is located in the promoter region of genes encoding the phase II
antioxidant enzymes including such as HO-1 and Gst [48]. Sirt2, a
member of deacetylation enzymes, can control oxidative stress through
activating FOXO3a, up-regulating MnSOD, and then decreasing ROS
levels [49]. In the present work, we found that miR-140-5p significantly
decreased the expression levels of Nrf2 and Sirt2, then affected the
expression levels of HO-1, NQO1, Gst, GCLM, Keapl and FOXO3a, and
thereby increased DOX-caused myocardial oxidative damage. In addi-
tion, the levels of intracellular ROS were significantly increased or
decreased in H9C2 cells administrated with DOX after miR-140-5p
mimic or miR-140-5p inhibitor transfection, as well as the changed
expression levels of Nrf2 and Sirt2 signals. Furthermore, DOX-induced
myocardial oxidative damage became more serious in mice treated with
miR-140-5p agomir. The expression levels of the proteins associated
Nrf2 and Sirt2 signal pathways were also controlled as well as the
elevated CK and LDH levels, histopathological changes and ECG ab-
normality. However, the injury was alleviated in mice administrated
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with miR-140-5p antagomir. Thus, our data demonstrated that miR-
140-5p directly targeted Nrf2 and Sirt2, and affected Nrf2 and Sirt2
signaling pathways to increase DOX- induced myocardial oxidative
damage (Supplementary Fig. S8).

Therefore, our study provided novel insight into the pathological
mechanisms of DOX- induced cardiotoxicity, and miR-140-5p/Nrf2 and
miR-140-5p/Sirt2 may be considered as the new targets for the treat-
ment of DOX-induced cardiotoxicity. Although our study confirmed
miR- 140-5p as an important factor in controlling DOX-induced myo-
cardial injury, other target genes of miR-140-5p or other differentially
expressed miRNAs found in this work are also necessary to be carefully
tested for DOX-induced cardiotoxicity.
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