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Abstract

Background

Heart failure is a complex end stage of various cardiovascular diseases with a poor progno-

sis, and the mechanisms for development and progression of heart failure have always

been a hot point. However, the molecular mechanisms underlying the post transcriptional

regulation of heart failure have not been fully elucidated. Current data suggest that micro-

RNAs (miRNAs) are involved in the pathogenesis of heart failure and could serve as a new

biomarker, but the precise regulatory mechanisms are still unclear.

Methods

The differential miRNA profile in a rat model of post-infarction heart failure was determined

using high throughout sequencing and analyzed through bioinformatics approaches. The

results were validated using qRT-PCR for 8 selected miRNAs. Then the expression pat-

terns of 4 miRNAs were analyzed in different periods after myocardial infarction. Finally,

gain- and loss-of-function experiments of rno-miR-122-5p and rno-miR-184 were analyzed

in H2O2 treated H9c2 cells.

Results

In the heart failure sample, 78 miRNAs were significantly upregulated and 28 were downre-

gulated compared to the controls. GO and KEGG pathway analysis further indicated the

likely roles of these miRNAs in heart failure. Time-course analysis revealed different expres-

sion patterns of 4 miRNAs: rno-miR-122-5p, rno-miR-199a-5p, rno-miR-184 and rno-miR-

208a-3p. Additionally, rno-miR-122-5p and rno-miR-184 were proved to promote apoptosis

in vitro.

Conclusions

Differential profile and expression patterns of miRNAs in the rats model of post-infarction

heart failure were found, and the pro-apoptotic roles of rno-miR-122-5p and rno-miR-184
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were revealed. These findings may provide a novel way that may assist in heart failure diag-

nosis and treatment.

Introduction
Heart failure(HF) is one of the common end stages of cardiovascular diseases with a poor prog-
nosis highlighted by a 5-year mortality of nearly 70%[1]. HF is the response to injury caused by
significant ventricular remodeling, and is characterized by cardiac dysfunction, cardiomyocyte
apoptosis, upregulation of fetal gene expression, impaired myocardial vascularization, unfavor-
able changes in extracellular matrix composition and fibrosis[2–4]. Although the mechanisms
for development and progression of HF have been extensively studied, the molecular mecha-
nisms underlying the post transcriptional regulation of HF have not been fully elucidated.

MicroRNAs (miRNAs) are small, non-coding regulatory RNA molecules that either pro-
mote degradation or suppress the translation of their target mRNAs with full or partial comple-
mentary sequences[5]. Thus far, 2588 mature unique miRNAs (miRbase release 21, June 2014)
have been identified in human, 1915 in mice, and 765 in rats. In human, miRNAs target
approximately 60% of protein coding genes[6]. Most miRNAs are evolutionarily conserved in
vertebrates and play crucial roles in a variety of cellular and physiological activities, such as
cell growth, proliferation, apoptosis, hypertrophy and excretion. However, precise regulatory
mechanisms of most miRNAs remain unclear.

Accumulating evidences suggest that miRNAs may play an important role in the pathogenesis
of heart failure through regulating the expression levels of related genes in cardiac remodeling.
Cardiomyocyte-specific deletion of decr8 in the mice, a gene required for miRNA biogenesis,
revealed a progression of left ventricular dysfunction[7]. In the first miRNA deletion animal
model in 2007, miR-208, a cardiac-specific miRNA, was found to be required for cardiomyocyte
hypertrophy and fibrosis[8]. Furthermore, therapeutic silencing of miR-208a via subcutaneous
delivery of antimiR-208a prevents pathological cardiac remodeling, functional deterioration, and
lethality during heart disease, which indicated the potential therapeutic roles of modulating car-
diac miRNAs during heart failure[9].

Recently, several expression profile studies using cloning or microarray approaches have
identified certain miRNAs differentially expressed in HF caused by dilated cardiomyopathy
[10, 11] in human hearts, but the differential miRNA profile of infarction induced heart failure
has not been illuminated. For the present study, we employed Solexa deep sequencing technol-
ogy to extend the repertoire of heart miRNAs in rats and compared the miRNA profile changes
in post-infarction heart failure. Furthermore, the dynamic changes of miRNA expression pat-
terns in different periods post-MI were investigated in vivo and the effects of two dysregulated
miRNAs on cardiomyocyte apoptosis were explored in vitro. Consequently the possible regula-
tory mechanisms of miRNA in HF were discussed.

Materials and Methods

Establishment and evaluation of rat model of HF
Female wistar rats (n = 50, weighing 210±10g) were obtained from the Center for Laboratory
Animals, Medical College, Jilin University, China. They were housed 2–3 per cage in a con-
trolled environment (21°C±1°C, 45%-50% relative humidity, fixed 12-hour light/dark cycle).
As previously described[12], after three-day acclimation, animals were fixed on an operating
table after anesthetized by diethyl ether. An incision of the skin and intercostal muscles was
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made between the third and fourth ribs. A thoracotomy was performed and the pericardium
was opened, which left the heart adequately exposed. For the operation group (n = 35), left
anterior descending (LAD) coronary arteries were ligated with silk sutures. Then, the heart was
returned to its normal position, the muscles and skins were sutured immediately. The sham-
operated animals (the control group, n = 15) underwent the same procedure except that the
silk suture was placed around the left coronary artery without being tied. After the surgery,
all animals were injected with penicillin for three days to prevent infection. Eight rats with
induced myocardial infarction died during or shortly after the operation and no rats in the
sham group died. All rats were fed with standard diet and tap water. For both the control and
operation groups, the rats were randomly selected to execute in the 4, 8 and 10 week after sur-
gery (MI-4, MI-8, HF and Control). All animals received humane care and the experimental
procedures were approved by the Animal Ethics Committee of Jilin University.

Echocardiography (Phillips HD7) was performed before execution. Under anesthesia by
diethyl ether, rats were fixed on their backs with fur shaved and skin cleaned. Using a high-
frequency linear-array transducer, the structural and functional parameters of the heart
were examined and recorded, including heart rate (HR), interventricular septal thickness in
diastole (IVSd), interventricular septal thickness in systole (IVSs), left ventricular internal
dimension in diastole (LVIDd), left ventricular internal dimension in systole (LVIDs), left
ventricular posterior wall thickness in diastole (LVPWd), left ventricular posterior wall thick-
ness in systole (LVPWs), ejection fraction (EF) and fractional shortening (FS). To make the
EF difference more intuitive, we calculate ratio of HF group to control group in EF value. EF
ratio = EFHF/EFcontrol×100%

Rats were executed death through over dosage of inhalation anesthetics. Hematoxylin and
eosin (HE) staining and masson’s trichrome staining were performed to evaluate morphologi-
cal changes and myocardial fibrosis in the left ventricular (LV) tissue of control, MI-4, MI-8
and HF group respectively. The detailed procedures are as the former reports[13]. In order to
evaluate the apoptosis in vivo, immunohistochemical staining for caspase 3 was performed
according to Yang et al[14]. Beside, caspase 3 activity colorimetric assay kit (BestBio, Beijing,
China) was used according to the kit instructions.

Blood samples were collected in EDTA tubes, which were then places on ice and centrifuge
within 30 min at 4°C. Enzyme linked immunosorbent assay (ELISA) for rat nt-proBNP was
performed.

Total RNA isolation and small RNA library sequencing
The non-infarcted left ventricular tissues were dissected and frozen in liquid nitrogen immedi-
ately and stored at -80°C.As described by Lian et al[15], total RNA was extracted using Trizol
reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol, and the
RNA concentration and purity were determined by the Agilent Technologies 2100 Bioanalyzer.

For small RNA library construction, total RNA isolated from the left ventricular tissues of
the HF group and the Control group in the 10th week after operation were pooled and prepared
according to the Solexa EAS Small RNA Sample Prep Protocol. In brief, Solexa sequencing was
performed as follows: For each library, approximately 10μg total RNA was size-fractionated on
a 15% Tris /borate /EDTA urea denaturing PAGE gel to enrich for molecules in the range of
18–30 nucleotides in length and ligated with proprietary adaptors to the 5’ and 3’ termini of
the RNA with T4 RNA ligase (Ambion, Austin, TX, USA). The adaptor-ligated small RNA was
then converted to single-stranded cDNA using Superscript II reverse transcriptase (Invitrogen,
Carlsbad, CA, USA). The resulting cDNA was amplified with 15PCR cycles using Illumina’s
small RNA primer sets. The purified PCR products were quantified on an Agilent Technologies
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2100 Bioanalyzer and diluted to 10 nM for sequencing on the Genome Analyzer GA-I (Illu-
mina, San Diego, CA, USA) at the Beijing Genomics Institute (BGI, Shenzhen, China) accord-
ing to the manufacturer’s protocol.

Analysis of sequencing data
Raw sequence reads were processed into clean reads using the BGI small RNA reads pipeline
as previously reported[16]. First, all low-quality reads were removed from the raw sequence
reads. Then, the 3’ adaptor sequences were trimmed and the 5’ adaptor contaminations,
sequences containing the polyA tail as well as those smaller than 18 nucleotides, were also dis-
carded. The remaining 18–30 nucleotide high-quality identical sequences were counted, and
the unique sequences with their associated read counts were mapped to the Norway rat genome
assembly with no mismatch by the soap program[17]. All clean reads were annotated as one of
the known classes of small RNA based on their overlap with publicly available genome annota-
tions. To identify sequence tags originating from repeats, rRNA, tRNA, small nuclear RNA
(snRNA) and small nucleolar RNA (snoRNA), we used the Rfam and NCBI GenBank data-
bases (http://www.ncbi.nlm.nih.gov/). To identify known Rattus norvegicusmiRNAs, unique
sequences were aligned with precursor miRNA sequences from miRBase 14.0 [18]. To avoid
repeat annotation, these unique sequences were traversed in the order rRNA etc. (rRNA,
tRNA, snRNA, snoRNA)>known rat miRNAs> repeat-associated small RNAs. To identify
conserved miRNA homologs in rats, all clean sequences were additionally blastn (with a maxi-
mum of two mismatches) searched against the currently known human, mouse and rat mature
miRNAs deposited in the miRBase(release 14.0)[18]. All unannotated small RNA sequences
were also searched against known piRNAs retrieved from the RNAdb (http://jsm-research.
imb.uq.edu.au/rnadb/default.aspx) with blastn, and only perfectly matched sequences were
considered as candidate piRNAs. Potentially novel miRNAs were identified by folding the
flanking genome sequence of unique small RNAs using mireap (https://sourceforge.net/
projects/mireap/). To compare the differential expression of miRNAs between the two librar-
ies, the Bayesian method developed for the analysis of digital gene expression profiles was used
[19]. For more reasonable comparisons of both libraries, the count of the most abundant iso-
miR of each library was normalized against total counts of all known miRNAs detected in this
library. miRNA target prediction and gene functional annotation was performed using the
miRGen database [20] (http://www.diana.pcbi.upenn.edu/cgi-bin/miRGen/v3/Targets.cgi) and
the DAVID gene annotation tool (http://david.abcc.ncifcrf.gov/), respectively.

Stem-loop quantitative RT-PCR
A real-time quantification assay for miRNA was conducted as previously described[21].
Briefly, the assay was performed using stem-loop RT followed by quantitative PCR. First, 1 μg
total RNA was reverse-transcribed to cDNA using ReverTra Ace reverse transcriptase (Toyobo
Co.,Osaka, Japan) and miRNA-specific stem-loop RT primer. The mix was incubated at 37°C
for 15 min, 85°C for 5 min and then held at 4°C using an Applied Biosystems 9700 Thermocy-
cler. Then, quantitative PCR was performed on the Agilent TechnologiesMx3000P /Mx3005P
Real-Time PCR Detection System by using a standard SYBR Green Real-time PCRMaster Mix
(Toyobo: QPK-201). In each reaction, 25 μL reaction mixtures containing 1 μL cDNA (1: 10
dilution) were prepared and incubated at 95°C for 5 min, followed by 40 cycles of 95°C for 15 s
and 60°C for 45 s in a 96-well optical plate. The melting curve analysis and agarose gel electro-
phoresis were used to confirm the specific PCR products. All reactions were run in triplicate
and porcine U6 snRNA was used as an endogenous reference. To calculate the expression level
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differences of miRNAs between samples examined, the44Ct method was used [22]. Three
independent samples were analyzed for each rat.

Regulation of miRNAs in vitro
During the pathological progress of myocardial infarction induced heart failure, oxidative
stress contributes to ventricular remodeling. H2O2 was used to set the HF model in vitro H9c2
cells. H9c2 embryonic rat myocardium-derived cells, a cell line that conserves the biological
features of myocytes to study myocardial cell ischemia, hypertrophy and apoptosis[23], were
kindly provided by the central laboratory of China-Japan union hospital, Jilin University. The
cells were cultured in DMEM (Dulbecco’s Modified Eagle) medium supplemented with 10%
fetal bovine serum at 37°C under 5% CO2.Cells were plated at a concentration of 3–8×105/well
in 6-well plates and cultured 24 hours to reach 70–90% confluence. Then they were treated
with 200 nM H2O2 for 24 hours respectively. To examine the effects of rno-miR-122-5p and
rno-miR-184, cells were transfected with rno-miR mimics, rno-miR inhibitors, or scrambled
controls (Guangzhou Ruibo biology Science & Technology Co,; Ltd; China).Thirty hours after
transfection, the cells were tested for the transfection efficiency and harvested.

Flow cytometry analysis was performed to measure H9c2cell apoptosis with Annexin-
V-FLUOS Staining. Cells were analyzed using 488 nm excitation, a 515 nm band pass filter for
fluorescein detection and a filter>600 nm for PI detection. Each treatment was performed
three times. The results were expressed as means ± SD of the separate samples.

Statistical Analysis
Data were analyzed with the SPSS16.0 version. All data were expressed as means ± SD. Com-
parisons were made between different groups using ANOVA followed by the Dunnett post hoc
test for differences. The data for percent changes were analyzed using the Kruskal-Wallis H-
test. A value of P<0.05 was considered statistically significant. All experiments conformed to
the Chinese Academy of Medical Sciences ethics code of practice.

Results

General condition of HF and control rats model
A rat model of HF after myocardial infarction(MI) was established and the morphological
changes between the HF group and control group were examined. Ten weeks after left anterior
descending(LAD) ligation, the hearts in the HF group showed abnormal, ventricular chamber
with large, fibrotic scar in the anterior wall of left ventricle (Fig 1A). Meanwhile, the echocar-
diographic assessment showed decreased EF, FS, and CO as well as increased HR and LVIDs
(Fig 1B). Serum nt-proBNP level, a specific marker of HF, was significantly promoted in the
HF group (P<0.01)(Fig 1C). The HE staining results showed that the myocardial cells from the
control group were neatly arranged, and cross-striations appeared clearly. While in the MI-4
and the MI-8 group, the morphology and cell arrangement were more and more irregular, and
in the HF group, besides the change mentioned above, considerable fibrous tissue proliferation
appeared (Fig 1D). It can be observed from the Masson’s trichrome staining results that there
was the least area of green-stained collagen fiber tissue between the myocardial cells in the con-
trol group; whereas there were progressively more green-stained collagen fibers in theMI-4,
MI-8 and HF groups (Fig 1E). EF ratio was 54.9%, which indicated the ejection function of HF
rats was 54.9% of the control rats. Caspase 3 is a key factor in the apoptosis pathway, and the
expression level is positively correlated with apoptosis. We evaluated caspase 3 expressions in
vivo through immunocytochemistry which showed that caspase 3 expression was increased in
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Fig 1. Evaluation of the heart functions of HF and control rats. (A) Representative images of HF and control hearts. (B) Echocardiographic
index, including EF, FS, IVSd, IVSs, LVIDd, LVIDs, LVPWd, LVPWs and HR. EF, ejection fraction; FS, fractional shortening; IVSd, interventricular
septal thickness in diastole; IVSs, interventricular septal thickness in systole; LVIDd, left ventricular internal dimension in diastole; LVIDs, left
ventricular internal dimension in systole; LVPWd, left ventricular posterior wall thickness in diastole; LVPWs, left ventricular posterior wall thickness
in systole; HR, heart rate.(C) The levels of plasma nt-proBNP in HF and control rats. (D) Hematoxylin and eosin (HE) staining of left ventricular (LV)
tissue showed pathological and morphological changes in control, MI-4, MI-8 and HF group (magnification, ×200). (E)Masson’s trichrome staining
of LV tissure showed progressively cardiac interstitial and perivascular fibrosis in MI-4, MI-8 and HF group compared to control group
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the MI-4, MI-8 and HF group compared with the control group (Fig 1F). Caspase 3 activity in
HF group was 151.5% of the control group (p<0.05). These results suggest that post-infarction
heart failure was accompanied by progressive myocardial fibrosis and apoptosis.

Small RNA sequencing, annotation and analysis
To obtain a comprehensive view of the expression of small RNAs in both HF (H) and control
(C) rats’ hearts, solexa deep sequencing technology was employed on small RNA libraries from
ventricle tissue. In all, 11927604 (C) and 12889151 (H) raw reads were generated from the two
libraries respectively. After discarding the low-quality sequences, trimming the 3’ adapter and 5’
adapter sequences, 11822808 clean reads (99.12%, representing 227579 unique sequences) rang-
ing from 14 to 29 nucleotides were generated for the C library, and 12733011 clean reads
(99.07%, representing 300209 unique sequences) ranging from 12 to 31 nucleotides were gener-
ated for the H library. Notably, the number of unique sequences in the H library was over 1.3
fold more than that in the C library even though the total reads were approximately same in
both libraries. As for the distributing of sRNAs in H and C library, 12.17% unique sRNAs fell
into both libraries but they accounted for 97.97% of the total reads (Fig 2). The results indicated
that the overall small RNA composition in the two groups was different, and the specific sRNAs,
though expressed at low level,might play essential roles in the development of heart failure.

We further mapped these clean reads onto the rattus genome assembly with no mismatch
using the SOAP program. After mapping, 67039 (C) and 106090 (H) unique sequences were
represented by 6708481(C) and 7583745 (H) reads, respectively (Table 1). 2393 known miR-
NAs in the HF group and 2144 in the controls were identified, while 12 novel miRNAs in the
HF and 26 novel ones in the control group were predicted. The most highly expressed miRNAs
were rno-miR-1-3p, rno-let-7 family, rno-miR-29a-3p, rno-miR-133a-3p, rno-miR-499-5p
and rno-miR-140-3p in both HF and control group.

The frequency of an individual miRNA can be used to compare the relative expression of
miRNAs between libraries. Thus, we tested the differential expression of miRNAs in the HF and
control libraries based on the normalized reads. In total, 106 known and/or homologous miR-
NAs showed differential expressions (p<0.05) between the HF and control samples; 78 miRNAs
were significantly upregulated and 28 were downregulated in HF samples. Among them, 12 miR-
NAs (rno-miR-10b-5p, rno-miR-122-5p, rno-miR-184, rno-miR-1843-5p, rno-miR-196c-5p,
rno-miR-199a-5p, rno-miR-202-5p, rno-miR-206-3p, rno-miR-208b-5p, rno-miR-224-5p, rno-
miR-298-5p and rno-miR-31a-5p) were significantly upregulated(p<0.01, fold-change>1)
compared to the control group and only rno-miR-208a-3p were significantly downregulated
(p<0.01, fold-change<-1) (Fig 3). Among the top 13 differentially expressed miRNAs, the five
most abundantly expressed miRNAs were rno-miR-122-5p, rno-miR-184, rno-miR-31a-5p, rno-
miR-199a-5p and rno-miR-208a-3p. Meanwhile, rno-miR-10b-5p, rno-miR-184, rno-miR-1843-
5p, rno-miR-196c-5p, rno-miR-202-5p, rno-miR-206-3p, rno-miR-224-5p, rno-miR-298-5p and
rno-miR-31a-5p were reported for the first time to be differentially expressed in HF tissue.

Verification of the miRNAs sequencing and detection of the dynamic
expression pattern
To confirm the results of the miRNA sequencing data, 4 upregulated miRNAs (rno-miR-122-
5p, rno-miR-199a-5p, rno-miR-184 and rno-miR-202-5p) and 4 downregulated miRNAs

(magnification, ×200). (F) Immunohistochemical staining of Caspase 3 in LV tissue showed apoptosis in MI-4, MI-8 and HF group (magnification,
×200). Data were presented as means ± SD. **P<0.01 and *P<0.05.

doi:10.1371/journal.pone.0160920.g001
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(rno-miR-208a-3p, rno-miR-208a-5p, rno-miR-6314 and rno-miR-22-3p) were chosen to be
further examined using real-time quantitative PCR. The miRNAs varied significantly in
expression levels from less than 1 (rno-miR-631 in HF group) to more than 1200 (rno-miR-
22-3p in control group) in the sequencing data, so thay could represent miRNAs of different
expression levels. The fold change of the expression levels was calculated. The qRT-PCR results
were consistent with our sequencing results (Fig 4A) which confirmed the accuracy of sequenc-
ing results.

To further confirm the results of the miRNA sequencing and analyze the dynamic expres-
sion pattern of specific miRNAs in HF rats, the dynamic changes of miR-208a-3p (Fig 4B),
miR-184 (Fig 4C), miR-122-5p (Fig 4D) and miR-199a-5p (Fig 4E) in the process of post-
infarcted heart failure were analyzed. The expression levels of the miRNAs in rat heart at 4
weeks, 8 weeks and 10 weeks post MI operation and the corresponding controls were examined
respectively. The results showed that the expression of rno-miR-199a-5p and rno-miR-184
gradually increased with time after MI operation. The expression of rno-miR-122-5p was
barely changed at the early stage of post-MI, but markedly increased when overt HF developed.

Fig 2. Summary of data cleaning and length distribution of tags. (A) Venn chart for total sRNA distribution. (B) Venn chart for unique sRNA
distribution.

doi:10.1371/journal.pone.0160920.g002
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There was a prominent increase of rno-miR-208a-3p in early stage of post-MI, but decreased
gradually.

Pathway analysis for the top 13differentially expressed miRNAs
The potential targets of the differentially expressed miRNAs were predicted using the miRGen
database, which predicts targets using both PICTAR and TARGETSCANS. As a result, 71768
miRNA-mRNA interaction sites corresponding to 29115 target genes were identified which
could be potentially regulated by the 13 top differentially expressed miRNAs. As expected,
most of the miRNAs identified targeted hundreds of genes, of which 70% of the targets were
regulated by more than one miRNA. Sik 2 (salt-inducible kinase 1) and Prkcb (protein kinase
C, beta) were targeted by the highest number of miRNAs.

To fully understand the functions of the differentially expressed miRNAs, we performed a
GO term and KEGG pathway annotation of the predicted miRNA targets using the DAVID
gene annotation tool. Go term annotation results showed that protein phosphorylation,
enzyme linked receptor protein signaling pathway, and regulation of signaling and regulation

Table 1. Small RNA sequence statistics for the control (C) and HF (H) libraries.

# counts % of total # unique % of total

H library

Raw reads 12889151 -

High-quality reads 12852634 100.00

30 adaptor sequence 5009 0.04

50 adaptor contaminants 42256 0.33

Sequences < 18 nt removed 68921 0.54

Poly A 80 0.00

Clean reads 12733011 99.07 300209

Clean reads 12733011 100 300209 100.00

Sequences mappingrattusdraft genome 7583745 59.56 106490 35.47

Known rattusmiRNAs 7351138 55.73 2393 0.80

Non-coding RNA (rRNAetc.) 224066 1.76 28880 9.6

Repeat-associated small RNAs 73891 0.58 9800 3.26

Unann 4981153 39.12 180317 60.06

C library

Raw reads 11960005 -

High-quality reads 11927604 100.00

30 adaptor sequence 4756 0.04

50 adaptor contaminants 70924 0.34

Sequences < 18 nt removed 57878 0.49

Poly A 41 0

Clean reads 11822808 99.12 227579

Clean reads 11822808 100.00 227579 100.00

Sequences mapping rattus draft genome 6708481 56.74 67039 29.46

Known rattusmiRNAs 6590964 55.75 2144 0.94

Non-coding RNA (rRNAetc.) 152299 1.29 22249 9.8

Repeat-associated small RNAs 35537 0.30 7406 3.3

Unann 4947214 41.84 141592 62.22

rRNAetc. Represents the total reads of four non-coding RNAs (rRNA, snRNA, tRNA and snoRNA).unann represents the remaining small RNAs which failed

to be mapped by any of them.

doi:10.1371/journal.pone.0160920.t001
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of cell communication were the most significantly enriched terms that has been known to regu-
late cellular physiological and pathological process. KEGG analysis identified 36 pathways that
were over-represented, suggesting that these pathways are significantly regulated in the HF
group. The pathways with the top 20 significant gene-enrichment are shown in table 2, which
included “Wnt signaling pathway”, “Phosphatidylinositol signaling system”, “VEGF signaling
pathway”, “Aldosterone-regulated sodium reabsorption”, “MAPK signaling pathway”, “Long-

Fig 3. Scatter plot of the differential expression. Each plot represents a miRNA. Ratio: standard expression level(HF/C). Red plots:
ratio>2; green plots: ratio<1/2; blue plots: 1/2�ratio�2.

doi:10.1371/journal.pone.0160920.g003
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Fig 4. Prospective validation and time course analysis of miRNA sequencing analysis by qRT-PCR. (A)4 up-regulated miRNAs and 4
down-regulated miRNAs were selected for validation. The fold changes of selected miRNAsmeasured by qRT-PCR were statistically significant
(p<0.05). miRNA expression difference was considered to be valid if the direction of change was the same. Time course analysis of miR-208a-
3p (B), miR-184 (C), miR-122-5p (D) and miR-199a-5p (E)were studied. *p<0.05 and **p<0.01 vs the control group; ##p<0.01 vs the MI-4
group.

doi:10.1371/journal.pone.0160920.g004
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term depression” and “Gap junction”. Wnt/β-Catenin signaling has been reported to contrib-
ute to skeletal myopathy in heart failure through direct interaction with forkhead box O[24].
Phosphatidylinositol signaling system contributes to signal transduction, and VEGF signaling
pathway and MAPK signaling pathway were highlighted to regulate heart fibrosis[25]. The
pathways directly or indirectly regulate HF progression.

Effect of rno-miR-122-5p and rno-miR-184 on cell apoptosis
Based on the above-mentioned results, we found that rno-miR-122-5p and rno-miR-184
expression were increased during the development of heart failure. Apoptosis is one of the
main causes of cardiac dysfunction in HF. In addition, miR-122-5p and miR-184 have been
reported to be involved in the regulation of apoptosis under particular conditions, so we specu-
lated that these two miRNAs could play important roles in the pathogenesis of heart failure
through apoptosis.

We evaluated the H2O2-induced cardiomyocyte apoptosis using the MTS assay and flow
cytometry. The gain-of–function and loss-of-function experiments indicated that miR-122-5p
transfection could significantly promote cardiomyocyte apoptosis with H2O2 treatment
(p<0.05) and even without H2O2 challenging (p<0.05). Transfection of miR-184 mimic could
increase H2O2-induced cardiomyocyte apoptosis compared with the negative control (8.93%
vs. 5.75%, p<0.05), and over-expression of miR-31a-5p in H9c2 cells without H2O2 treatment
could only slightly increase apoptosis rate (6.54% vs. 5.43%, p>0.05). Transfection of miR-184
inhibitor had no obvious effect on apoptosis (p>0.05) (Fig 5).

Discussion
The differential miRNA profiles of HF in a post-infarction HF rat model were determined,
which could help to further define the potential miRNA regulatory networks during HF

Table 2. Pathway analysis of the predicted targets of the 18 most differentially expressedmiRNAs.

Pathway Target genes with pathway annotation Pvalue

Tight junction 552 1.66E-07

Wnt signaling pathway 362 5.00E-07

Pancreatic secretion 212 7.03E-07

Protein digestion and absorption 202 1.61E-06

Focal adhesion 566 6.19E-06

Adherens junction 224 9.54E-06

Bile secretion 124 1.18E-05

Phosphatidylinositol signaling system 256 1.61E-05

VEGF signaling pathway 195 1.76E-05

Melanogenesis 200 5.68E-05

Aldosterone-regulated sodium reabsorption 133 6.56E-05

Leukocyte transendothelial migration 351 7.59E-05

Meiosis–yeast 100 0.000106889

Oocyte meiosis 205 0.000154027

MAPK signaling pathway 558 0.000155636

Pathways in cancer 686 0.000224762

Long-term depression 157 0.000316915

Progesterone-mediated oocyte maturation 176 0.000320886

Cell cycle 194 0.000327893

Gap junction 171 0.00045674

doi:10.1371/journal.pone.0160920.t002
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pathogenesis. In this study, 2939 known miRNAs and 7 novel miRNAs were identified with
Solexa sequencing. We report here for the first time that 9 known miRNAs were significantly
differentially regulated in HF group. In addition, we also analyzed the expression patterns of 4
miRNAs, explored the regulatory functions of miR-122-5p and miR-184during the process of
HF pathogenesis.

Fig 5. The apoptosis ratio detected by flow cytometry after transfection. (A) Relative expression levels of miR-122-5p and miR-184 after
transfection. (B) Percentage of apoptotic cells after H2O2 treatment. (C) Percentage of apoptotic cells without H2O2 treatment. BC, blank control group;
NC, negative control miRNA group.

doi:10.1371/journal.pone.0160920.g005

Differential miRNA Profile in Rat Model of Heart Failure

PLOS ONE | DOI:10.1371/journal.pone.0160920 August 9, 2016 13 / 18



Multiple evidences proved our profiling data reliable. First, different detection methods of
miRNA expression levels have good consistency, such as high-throughput sequencing, micro-
array and qRT-PCR. Second, our results are largely concordant with previously reported find-
ings. For example, rno-miR-1-3p, rno-let-7 family, rno-miR-29a-3p, rno-miR-133a-3p, rno-
miR-499-5p and rno-miR-140-3p are most highly expressed in both HF and control group in
our study, which was consistent with the previous studies that rno-miR-133, rno-miR-1 and
rno-miR-499 are highly expressed in the heart[26], and miR-1, let-7 and miR-133 are highly
expressed in the murine heart[27]. In addition, the overall abundance of the miRNAs in failing
and non-failing myocardium differed not more than two-fold, which is in agreement with a
recent study by Yang et al[28].

The miRNA signature of failing myocardium in our study indicated for the first time that 9
miRNAs were associated with HF, including rno-miR-184 and rno-miR-31a-5p, which were
the most significantly differentially expressed between the two groups. Differential miR-184
expression has been reported to be responsible for the aberrant activation of Wnt signaling in
ischemia-induced retinal neovascularization[29], which is consistent with our results that Wnt
signaling pathway was significantly up-regulated in the HF group. It has been widely accepted
that WNT signaling modulates mobilization of vasculogenic progenitors and differentiation of
first heart field adult cardiac progenitor cells, thereby induces cardiac regeneration. On the
other hand, WNT signaling upregulation could also aggravate left ventricular remodeling in
HF, and WNT inhibition could attenuate left ventricular remodeling through inhibition of
adult cardiomyocyte hypertrophy and apoptosis as well as LV fibrosis[30]. Wang et al[31]
proved that oxidative modification of miR-184 participated in apoptosis through downregulat-
ing Bcl-xL and Bcl-w, which were not the native target of miR-184. However, the roles of non-
oxidative miR-184 in apoptosis and heart failure have not been studied. Our results suggested
that miR-184 expression was gradually increased during the post-infarction heart failure,
which indicate that miR-184 regulated the pathogenesis of heart failure. In vitro results also
found that miR-184 could promote apoptosis in H2O2 treated H9c2 cells. It was possible that
miR-184 might play an important role in the regulatory networks of heart failure through apo-
ptosis. Recent studies have found that miR-31 plays an important role in proliferation of vascu-
lar smooth muscle cells[32] and promotes the left ventricular remodeling of SHR. Katsure et al
[33] reported that miR-31 played an positive role in endothelial-mesenchyme transition
(EndMT) involved in development and pathogenesis through integrating TGF-β and TNF-α
signaling. Our results suggested that miR-31a expression was increased in heart failure group,
which indicated a potential role in the pathogenesis of heart failure.

MiR-208 family members are highly expressed in cardiomyocytes, and are closely related
with ventricular remodeling [34]. The miR-208 family includes two subfamilies: miR-208a and
miR-208b. It has been reported that miR-208a promotes heart failure progress through modu-
lating cardiac fibrosis through increasing endoglin and collagen I expression[35, 36] and hyper-
trophy, and could be a biomarker for diagnosis and therapeutic target in treatment of heart
failure[9, 37–39]. Although the pathways that directly related to fibrosis were not highlighted as
the miRNA library was more likely to present myocytes instead of fibroblasts because of the
high occupation, fibrosis was obviously significant in vivo. Whether or not miR-208 contributes
to fibrosis is not fully elucidated. We found that in the heart failure group, miR-208b were up
regulated, while the miR-208a-3p expression increased in the early stage after myocardial infarc-
tion, but decreased in the late stage, indicating that miR-208a-3p and miR-208b play different
even opposite roles in heart failure, which needs to be clarified by further research.

Huang et at[40] found a potential role of miR-122-5p in cardiomyocyte apoptosis through
Pax-8 knockout mice, which is consistent with our results that miR-122-5p expression
increased in the late stage after infarction. Huang et al[40] proved that miR-122 contributes to
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apoptosis in H9c2 cells through participating the apoptotic gene expression. In our results, we
found the apoptotic role of miR-122-5p in both normal and H2O2 treated H9c2 cells. We spec-
ulated that miR-122-5p participates in the heart failure progress via regulating apoptosis and
could be a biomarker of heart failure. However, other studies found that the expression of miR-
122 was downregulated in patients with severe fibrosis (SF) when compared with non-SF
patients and controls, possibly through the upregulation of transforming growth factor beta 1
(TGF-b1)[41]. The opposite trends and effects of miR-122-5p in heart failure further demon-
strated the complexity of miRNA regulation in diseases, and the exact function depends on dif-
ferent pathogenesis process and pathological state.

Van Rooij E et al[42] found that 7 miRNAs were upregulated in the heart failure sample,
including miR-199a-5p,which promotes heart failure by regulating UPS[43]. These studies
were consistent with our results of miR-199-5p in heart failure. Baμmgarten et al[44] found
that TWIST1/miR-199/214 pathway is downregulated in the end-stage dilated cardiomyopa-
thy, which might contribute to the loss of cardiac mass. In addition, Rane[45] suggested that
knockdown of miR-199 induced proapoptotic genes upregulation, and replenishing miR-199a
reduced apoptosis. However, we found miR-199 upregulated in the late post-infarction heart
failure when more cardiomyocyte apoptosis occurred. These conflicting results probably reflect
the diversified roles that miRNAs play in different pathological processes and states.

Among the predicted miRNA targets, SIK 2 and Prkcb were assigned to the highest number of
miRNAs. SIK2 functions as a negative modulator of the insulin-dependent survival pathway and
contributes to hyperglycemia-induced cell death of Muller glia. Prkcb plays a role in hexosamine
biosynthesis pathway induced transcriptional regulation. Our analysis suggested that Prkcb is the
target gene of 9 upregulated miRNAs, and is downregulated in the HF group, yet no related
study has identified the effects and mechanisms of Prkcb on heart failure. Prkcb encodes protein
kinase C β (PRKCB), and it has been proved that inhibition of PRKCB isoform ameliorates
methylglyoxal advanced glycation end product-induced cardiomyocyte contractile dysfunction,
possibly through modulation of oxidative stress, O2(-) generation, cell death, apoptosis and mito-
chondrial injury[46].We speculated that Prkcb could play a protective role in the HF progress.

The main limitation of the study was the small number of samples included. Second, the
experiments to modulate miRNA expression in animals were not conducted to further prove
the regulatory roles of related miRNA. Furthermore, the target genes and pathways of HF-asso-
ciated miRNAs remain elusive and deserve further investigations.

Conclusions
In conclusion, the current strudy indicated anetiological contribution of miRNAs in post-
infarction heart failure and validated the potential use of miRNAs in future studies concentrat-
ing on the roles of individual miRNAs in the miRNA-based diagnosis and therapy. A more
detailed understanding of the molecular mechanisms and regulatory pathways in heart failure
are called for assistance in improving the diagnostic and therapeutic strategies.

Acknowledgments
The project was supported by National Natural Science Foundation of China (81570360) and
Graduate Innovation Fund of Jilin University.

Author Contributions

Conceptualization: XL PY.

Data curation: SY.

Differential miRNA Profile in Rat Model of Heart Failure

PLOS ONE | DOI:10.1371/journal.pone.0160920 August 9, 2016 15 / 18



Formal analysis: CJ.

Funding acquisition: PY XL.

Investigation: HM.

Methodology: XL.

Project administration: XL.

Supervision: PY.

Validation:HM CJ.

Visualization: FC.

Writing - original draft: XL CJ.

Writing - review & editing: PY.

References
1. Levi F, Lucchini F, Negri E, La Vecchia C. Trends in mortality from cardiovascular and cerebrovascular

diseases in Europe and other areas of the world. Heart. 2002; 88(2):119–24. PMID: 12117828;
PubMed Central PMCID: PMC1767229.

2. Iemitsu M, Miyauchi T, Maeda S, Sakai S, Kobayashi T, Fujii N, et al. Physiological and pathological
cardiac hypertrophy induce different molecular phenotypes in the rat. American journal of physiology
Regulatory, integrative and comparative physiology. 2001; 281(6):R2029–36. PMID: 11705790.

3. De Boer RA, Pinto YM, Van Veldhuisen DJ. The imbalance between oxygen demand and supply as a
potential mechanism in the pathophysiology of heart failure: the role of microvascular growth and
abnormalities. Microcirculation. 2003; 10(2):113–26. doi: 10.1038/sj.mn.7800188 PMID: 12700580.

4. Hilfiker-Kleiner D, Limbourg A, Drexler H. STAT3-mediated activation of myocardial capillary growth.
Trends in cardiovascular medicine. 2005; 15(4):152–7. doi: 10.1016/j.tcm.2005.05.002 PMID:
16099380.

5. He L, Hannon GJ. MicroRNAs: small RNAs with a big role in gene regulation. Nature reviews Genetics.
2004; 5(7):522–31. doi: 10.1038/nrg1379 PMID: 15211354.

6. Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are conserved targets of micro-
RNAs. Genome research. 2009; 19(1):92–105. doi: 10.1101/gr.082701.108 PMID: 18955434; PubMed
Central PMCID: PMC2612969.

7. Rao PK, Toyama Y, Chiang HR, Gupta S, Bauer M, Medvid R, et al. Loss of cardiac microRNA-medi-
ated regulation leads to dilated cardiomyopathy and heart failure. Circulation research. 2009; 105
(6):585–94. doi: 10.1161/CIRCRESAHA.109.200451 PMID: 19679836; PubMed Central PMCID:
PMC2828903.

8. van Rooij E, Sutherland LB, Qi X, Richardson JA, Hill J, Olson EN. Control of stress-dependent cardiac
growth and gene expression by a microRNA. Science. 2007; 316(5824):575–9. doi: 10.1126/science.
1139089 PMID: 17379774.

9. Montgomery RL, Hullinger TG, Semus HM, Dickinson BA, Seto AG, Lynch JM, et al. Therapeutic inhibi-
tion of miR-208a improves cardiac function and survival during heart failure. Circulation. 2011; 124
(14):1537–47. doi: 10.1161/CIRCULATIONAHA.111.030932 PMID: 21900086; PubMed Central
PMCID: PMC3353551.

10. Zhu X, Wang H, Liu F, Chen L, LuoW, Su P, et al. Identification of micro-RNA networks in end-stage
heart failure because of dilated cardiomyopathy. Journal of cellular and molecular medicine. 2013; 17
(9):1173–87. doi: 10.1111/jcmm.12096 PMID: 23998897; PubMed Central PMCID: PMC4118176.

11. Naga Prasad SV, Duan ZH, Gupta MK, Surampudi VS, Volinia S, Calin GA, et al. Unique microRNA
profile in end-stage heart failure indicates alterations in specific cardiovascular signaling networks. The
Journal of biological chemistry. 2009; 284(40):27487–99. doi: 10.1074/jbc.M109.036541 PMID:
19641226; PubMed Central PMCID: PMC2785678.

12. Shao MJ, Wang SR, Zhao MJ, Lv XL, Xu H, Li L, et al. The Effects of Velvet Antler of Deer on Cardiac
Functions of Rats with Heart Failure following Myocardial Infarction. Evidence-based complementary
and alternative medicine: eCAM. 2012; 2012:825056. doi: 10.1155/2012/825056 PMID: 22611434;
PubMed Central PMCID: PMC3348708.

Differential miRNA Profile in Rat Model of Heart Failure

PLOS ONE | DOI:10.1371/journal.pone.0160920 August 9, 2016 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/12117828
http://www.ncbi.nlm.nih.gov/pubmed/11705790
http://dx.doi.org/10.1038/sj.mn.7800188
http://www.ncbi.nlm.nih.gov/pubmed/12700580
http://dx.doi.org/10.1016/j.tcm.2005.05.002
http://www.ncbi.nlm.nih.gov/pubmed/16099380
http://dx.doi.org/10.1038/nrg1379
http://www.ncbi.nlm.nih.gov/pubmed/15211354
http://dx.doi.org/10.1101/gr.082701.108
http://www.ncbi.nlm.nih.gov/pubmed/18955434
http://dx.doi.org/10.1161/CIRCRESAHA.109.200451
http://www.ncbi.nlm.nih.gov/pubmed/19679836
http://dx.doi.org/10.1126/science.1139089
http://dx.doi.org/10.1126/science.1139089
http://www.ncbi.nlm.nih.gov/pubmed/17379774
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.030932
http://www.ncbi.nlm.nih.gov/pubmed/21900086
http://dx.doi.org/10.1111/jcmm.12096
http://www.ncbi.nlm.nih.gov/pubmed/23998897
http://dx.doi.org/10.1074/jbc.M109.036541
http://www.ncbi.nlm.nih.gov/pubmed/19641226
http://dx.doi.org/10.1155/2012/825056
http://www.ncbi.nlm.nih.gov/pubmed/22611434


13. An Z, Yang G, He YQ, Dong N, Ge LL, Li SM, et al. Atorvastatin reduces myocardial fibrosis in a rat
model with post-myocardial infarction heart failure by increasing the matrix metalloproteinase-2/tissue
matrix metalloproteinase inhibitor-2 ratio. Chinese medical journal. 2013; 126(11):2149–56. PMID:
23769575.

14. Yang C, Liu Z, Liu K, Yang P. Mechanisms of Ghrelin anti-heart failure: inhibition of Ang II-induced car-
diomyocyte apoptosis by down-regulating AT1R expression. PloS one. 2014; 9(1):e85785. doi: 10.
1371/journal.pone.0085785 PMID: 24465706; PubMed Central PMCID: PMC3897516.

15. Lian C, Sun B, Niu S, Yang R, Liu B, Lu C, et al. A comparative profile of the microRNA transcriptome in
immature and mature porcine testes using Solexa deep sequencing. The FEBS journal. 2012; 279
(6):964–75. doi: 10.1111/j.1742-4658.2012.08480.x PMID: 22240065.

16. Li X, Jin F, Jin L, Jackson A, Ma X, Shu X, et al. Characterization and comparative profiling of the small
RNA transcriptomes in two phases of flowering in Cymbidium ensifolium. BMC genomics. 2015;
16:622. doi: 10.1186/s12864-015-1764-1 PMID: 26289943; PubMed Central PMCID: PMC4546042.

17. Li R, Li Y, Kristiansen K, Wang J. SOAP: short oligonucleotide alignment program. Bioinformatics.
2008; 24(5):713–4. doi: 10.1093/bioinformatics/btn025 PMID: 18227114.

18. Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ. miRBase: tools for microRNA genomics.
Nucleic acids research. 2008; 36(Database issue):D154–8. doi: 10.1093/nar/gkm952 PMID:
17991681; PubMed Central PMCID: PMC2238936.

19. Saha S, Sparks AB, Rago C, Akmaev V, Wang CJ, Vogelstein B, et al. Using the transcriptome to anno-
tate the genome. Nature biotechnology. 2002; 20(5):508–12. doi: 10.1038/nbt0502-508 PMID:
11981567.

20. Sethupathy P, Megraw M, Hatzigeorgiou AG. A guide through present computational approaches for
the identification of mammalian microRNA targets. Nature methods. 2006; 3(11):881–6. doi: 10.1038/
nmeth954 PMID: 17060911.

21. Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, Nguyen JT, et al. Real-time quantification of micro-
RNAs by stem-loop RT-PCR. Nucleic acids research. 2005; 33(20):e179. doi: 10.1093/nar/gni178
PMID: 16314309; PubMed Central PMCID: PMC1292995.

22. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402–8. doi: 10.1006/meth.2001.1262
PMID: 11846609.

23. Hescheler J, Meyer R, Plant S, Krautwurst D, Rosenthal W, Schultz G. Morphological, biochemical,
and electrophysiological characterization of a clonal cell (H9c2) line from rat heart. Circulation research.
1991; 69(6):1476–86. PMID: 1683272.

24. Okada K, Naito AT, Higo T, Nakagawa A, Shibamoto M, Sakai T, et al. Wnt/beta-Catenin Signaling
Contributes to Skeletal Myopathy in Heart Failure via Direct Interaction With Forkhead Box O. Circula-
tion Heart failure. 2015; 8(4):799–808. doi: 10.1161/CIRCHEARTFAILURE.114.001958 PMID:
26038536.

25. Tao H, Chen ZW, Yang JJ, Shi KH. MicroRNA-29a suppresses cardiac fibroblasts proliferation via tar-
geting VEGF-A/MAPK signal pathway. International journal of biological macromolecules. 2016;
88:414–23. doi: 10.1016/j.ijbiomac.2016.04.010 PMID: 27060017.

26. Beuvink I, Kolb FA, BudachW, Garnier A, Lange J, Natt F, et al. A novel microarray approach reveals
new tissue-specific signatures of known and predicted mammalian microRNAs. Nucleic acids research.
2007; 35(7):e52. doi: 10.1093/nar/gkl1118 PMID: 17355992; PubMed Central PMCID: PMC1874652.

27. Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W, Tuschl T. Identification of tissue-spe-
cific microRNAs frommouse. Current biology: CB. 2002; 12(9):735–9. PMID: 12007417.

28. Yang KC, Yamada KA, Patel AY, Topkara VK, George I, Cheema FH, et al. Deep RNA sequencing
reveals dynamic regulation of myocardial noncoding RNAs in failing human heart and remodeling with
mechanical circulatory support. Circulation. 2014; 129(9):1009–21. doi: 10.1161/CIRCULATIONAHA.
113.003863 PMID: 24429688; PubMed Central PMCID: PMC3967509.

29. Takahashi Y, Chen Q, Rajala RV, Ma JX. MicroRNA-184 modulates canonical Wnt signaling through
the regulation of frizzled-7 expression in the retina with ischemia-induced neovascularization. FEBS let-
ters. 2015; 589(10):1143–9. doi: 10.1016/j.febslet.2015.03.010 PMID: 25796186; PubMed Central
PMCID: PMC4406844.

30. BergmannMW.WNT signaling in adult cardiac hypertrophy and remodeling: lessons learned from car-
diac development. Circulation research. 2010; 107(10):1198–208. doi: 10.1161/CIRCRESAHA.110.
223768 PMID: 21071717.

31. Wang JX, Gao J, Ding SL, Wang K, Jiao JQ, Wang Y, et al. Oxidative Modification of miR-184 Enables
It to Target Bcl-xL and Bcl-w. Molecular cell. 2015; 59(1):50–61. doi: 10.1016/j.molcel.2015.05.003
PMID: 26028536.

Differential miRNA Profile in Rat Model of Heart Failure

PLOS ONE | DOI:10.1371/journal.pone.0160920 August 9, 2016 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/23769575
http://dx.doi.org/10.1371/journal.pone.0085785
http://dx.doi.org/10.1371/journal.pone.0085785
http://www.ncbi.nlm.nih.gov/pubmed/24465706
http://dx.doi.org/10.1111/j.1742-4658.2012.08480.x
http://www.ncbi.nlm.nih.gov/pubmed/22240065
http://dx.doi.org/10.1186/s12864-015-1764-1
http://www.ncbi.nlm.nih.gov/pubmed/26289943
http://dx.doi.org/10.1093/bioinformatics/btn025
http://www.ncbi.nlm.nih.gov/pubmed/18227114
http://dx.doi.org/10.1093/nar/gkm952
http://www.ncbi.nlm.nih.gov/pubmed/17991681
http://dx.doi.org/10.1038/nbt0502-508
http://www.ncbi.nlm.nih.gov/pubmed/11981567
http://dx.doi.org/10.1038/nmeth954
http://dx.doi.org/10.1038/nmeth954
http://www.ncbi.nlm.nih.gov/pubmed/17060911
http://dx.doi.org/10.1093/nar/gni178
http://www.ncbi.nlm.nih.gov/pubmed/16314309
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/1683272
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.114.001958
http://www.ncbi.nlm.nih.gov/pubmed/26038536
http://dx.doi.org/10.1016/j.ijbiomac.2016.04.010
http://www.ncbi.nlm.nih.gov/pubmed/27060017
http://dx.doi.org/10.1093/nar/gkl1118
http://www.ncbi.nlm.nih.gov/pubmed/17355992
http://www.ncbi.nlm.nih.gov/pubmed/12007417
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.003863
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.003863
http://www.ncbi.nlm.nih.gov/pubmed/24429688
http://dx.doi.org/10.1016/j.febslet.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25796186
http://dx.doi.org/10.1161/CIRCRESAHA.110.223768
http://dx.doi.org/10.1161/CIRCRESAHA.110.223768
http://www.ncbi.nlm.nih.gov/pubmed/21071717
http://dx.doi.org/10.1016/j.molcel.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/26028536


32. Ji R, Cheng Y, Yue J, Yang J, Liu X, Chen H, et al. MicroRNA expression signature and antisense-
mediated depletion reveal an essential role of MicroRNA in vascular neointimal lesion formation. Circu-
lation research. 2007; 100(11):1579–88. doi: 10.1161/CIRCRESAHA.106.141986 PMID: 17478730.

33. Katsura A, Suzuki HI, Ueno T, Mihira H, Yamazaki T, Yasuda T, et al. MicroRNA-31 is a positive mod-
ulator of endothelial-mesenchymal transition and associated secretory phenotype induced by TGF-
beta. Genes to cells: devoted to molecular & cellular mechanisms. 2015. doi: 10.1111/gtc.12323 PMID:
26663584.

34. Thum T, Galuppo P, Wolf C, Fiedler J, Kneitz S, van Laake LW, et al. MicroRNAs in the human heart: a
clue to fetal gene reprogramming in heart failure. Circulation. 2007; 116(3):258–67. doi: 10.1161/
CIRCULATIONAHA.107.687947 PMID: 17606841.

35. Brucculeri S, Urso C, Caimi G. [The role of lactate besides the lactic acidosis]. Clin Ter. 2013; 164(3):
e223–38. Epub 2013/07/23. doi: 10.7417/CT.2013.1572 PMID: 23868642.

36. Shyu KG, Wang BW,Wu GJ, Lin CM, Chang H. Mechanical stretch via transforming growth factor-
beta1 activates microRNA208a to regulate endoglin expression in cultured rat cardiac myoblasts. Euro-
pean journal of heart failure. 2013; 15(1):36–45. doi: 10.1093/eurjhf/hfs143 PMID: 22941949.

37. Satoh M, Minami Y, Takahashi Y, Tabuchi T, Nakamura M. Expression of microRNA-208 is associated
with adverse clinical outcomes in human dilated cardiomyopathy. Journal of cardiac failure. 2010; 16
(5):404–10. doi: 10.1016/j.cardfail.2010.01.002 PMID: 20447577.

38. Wang BW,WuGJ, ChengWP, Shyu KG. MicroRNA-208a increases myocardial fibrosis via endoglin in
volume overloading heart. PloS one. 2014; 9(1):e84188. doi: 10.1371/journal.pone.0084188 PMID:
24392114; PubMed Central PMCID: PMC3879305.

39. Bostjancic E, Zidar N, Stajer D, Glavac D. MicroRNAs miR-1, miR-133a, miR-133b and miR-208 are
dysregulated in human myocardial infarction. Cardiology. 2010; 115(3):163–9. doi: 10.1159/
000268088 PMID: 20029200.

40. Huang X, Huang F, Yang D, Dong F, Shi X, Wang H, et al. Expression of microRNA-122 contributes to
apoptosis in H9C2myocytes. Journal of cellular and molecular medicine. 2012; 16(11):2637–46. doi:
10.1111/j.1582-4934.2012.01577.x PMID: 22453009; PubMed Central PMCID: PMC4118232.

41. Beaumont J, Lopez B, Hermida N, Schroen B, San Jose G, Heymans S, et al. microRNA-122 down-
regulation may play a role in severe myocardial fibrosis in human aortic stenosis through TGF-beta1
up-regulation. Clinical science. 2014; 126(7):497–506. doi: 10.1042/CS20130538 PMID: 24168656.

42. van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, Gerard RD, et al. A signature pattern of
stress-responsive microRNAs that can evoke cardiac hypertrophy and heart failure. Proceedings of the
National Academy of Sciences of the United States of America. 2006; 103(48):18255–60. doi: 10.1073/
pnas.0608791103 PMID: 17108080; PubMed Central PMCID: PMC1838739.

43. Haghikia A, Missol-Kolka E, Tsikas D, Venturini L, Brundiers S, Castoldi M, et al. Signal transducer and
activator of transcription 3-mediated regulation of miR-199a-5p links cardiomyocyte and endothelial
cell function in the heart: a key role for ubiquitin-conjugating enzymes. European heart journal. 2011;
32(10):1287–97. doi: 10.1093/eurheartj/ehq369 PMID: 20965886.

44. Baumgarten A, Bang C, Tschirner A, Engelmann A, Adams V, von Haehling S, et al. TWIST1 regulates
the activity of ubiquitin proteasome system via the miR-199/214 cluster in human end-stage dilated car-
diomyopathy. International journal of cardiology. 2013; 168(2):1447–52. doi: 10.1016/j.ijcard.2012.12.
094 PMID: 23360823.

45. Rane S, He M, Sayed D, Vashistha H, Malhotra A, Sadoshima J, et al. Downregulation of miR-199a
derepresses hypoxia-inducible factor-1alpha and Sirtuin 1 and recapitulates hypoxia preconditioning in
cardiac myocytes. Circulation research. 2009; 104(7):879–86. doi: 10.1161/CIRCRESAHA.108.
193102 PMID: 19265035; PubMed Central PMCID: PMC3332328.

46. Zhang L, Huang D, Shen D, Zhang C, Ma Y, Babcock SA, et al. Inhibition of protein kinase C betaII iso-
form ameliorates methylglyoxal advanced glycation endproduct-induced cardiomyocyte contractile
dysfunction. Life sciences. 2014; 94(1):83–91. doi: 10.1016/j.lfs.2013.11.011 PMID: 24269213.

Differential miRNA Profile in Rat Model of Heart Failure

PLOS ONE | DOI:10.1371/journal.pone.0160920 August 9, 2016 18 / 18

http://dx.doi.org/10.1161/CIRCRESAHA.106.141986
http://www.ncbi.nlm.nih.gov/pubmed/17478730
http://dx.doi.org/10.1111/gtc.12323
http://www.ncbi.nlm.nih.gov/pubmed/26663584
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.687947
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.687947
http://www.ncbi.nlm.nih.gov/pubmed/17606841
http://dx.doi.org/10.7417/CT.2013.1572
http://www.ncbi.nlm.nih.gov/pubmed/23868642
http://dx.doi.org/10.1093/eurjhf/hfs143
http://www.ncbi.nlm.nih.gov/pubmed/22941949
http://dx.doi.org/10.1016/j.cardfail.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20447577
http://dx.doi.org/10.1371/journal.pone.0084188
http://www.ncbi.nlm.nih.gov/pubmed/24392114
http://dx.doi.org/10.1159/000268088
http://dx.doi.org/10.1159/000268088
http://www.ncbi.nlm.nih.gov/pubmed/20029200
http://dx.doi.org/10.1111/j.1582-4934.2012.01577.x
http://www.ncbi.nlm.nih.gov/pubmed/22453009
http://dx.doi.org/10.1042/CS20130538
http://www.ncbi.nlm.nih.gov/pubmed/24168656
http://dx.doi.org/10.1073/pnas.0608791103
http://dx.doi.org/10.1073/pnas.0608791103
http://www.ncbi.nlm.nih.gov/pubmed/17108080
http://dx.doi.org/10.1093/eurheartj/ehq369
http://www.ncbi.nlm.nih.gov/pubmed/20965886
http://dx.doi.org/10.1016/j.ijcard.2012.12.094
http://dx.doi.org/10.1016/j.ijcard.2012.12.094
http://www.ncbi.nlm.nih.gov/pubmed/23360823
http://dx.doi.org/10.1161/CIRCRESAHA.108.193102
http://dx.doi.org/10.1161/CIRCRESAHA.108.193102
http://www.ncbi.nlm.nih.gov/pubmed/19265035
http://dx.doi.org/10.1016/j.lfs.2013.11.011
http://www.ncbi.nlm.nih.gov/pubmed/24269213

