
Global microRNA profiles and signaling
pathways in the development

of cardiac hypertrophy

H.J. Feng1, W. Ouyang1, J.H. Liu1, Y.G. Sun1, R. Hu1, L.H. Huang1, J.L. Xian1,

C.F. Jing2 and M.J. Zhou2

1Department of Nuclear Medicine, Zhujiang Hospital, Southern Medical University, Guangzhou, China
2National Engineering Research Center, South China Sea Marine Biotechnology, Sun Yat-Sen University, Guangzhou, China

Abstract

Hypertrophy is a major predictor of progressive heart disease and has an adverse prognosis. MicroRNAs (miRNAs) that

accumulate during the course of cardiac hypertrophy may participate in the process. However, the nature of any interaction

between a hypertrophy-specific signaling pathway and aberrant expression of miRNAs remains unclear. In this study, Spague

Dawley male rats were treated with transverse aortic constriction (TAC) surgery to mimic pathological hypertrophy. Hearts

were isolated from TAC and sham operated rats (n=5 for each group at 5, 10, 15, and 20 days after surgery) for miRNA

microarray assay. The miRNAs dysexpressed during hypertrophy were further analyzed using a combination of bioinformatics

algorithms in order to predict possible targets. Increased expression of the target genes identified in diverse signaling pathways

was also analyzed. Two sets of miRNAs were identified, showing different expression patterns during hypertrophy. Bio-

informatics analysis suggested the miRNAs may regulate multiple hypertrophy-specific signaling pathways by targeting the

member genes and the interaction of miRNA and mRNA might form a network that leads to cardiac hypertrophy. In addition,

the multifold changes in several miRNAs suggested that upregulation of rno-miR-331*, rno-miR-3596b, rno-miR-3557-5p and

downregulation of rno-miR-10a, miR-221, miR-190, miR-451 could be seen as biomarkers of prognosis in clinical therapy of

heart failure. This study described, for the first time, a potential mechanism of cardiac hypertrophy involving multiple signaling

pathways that control up- and downregulation of miRNAs. It represents a first step in the systematic discovery of miRNA

function in cardiovascular hypertrophy.
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Introduction

Heart failure is the major cause of morbidity in the

elderly (1). Cardiac hypertrophy is an adaptive process of

various cardiovascular disorders including heart failure

(2). The major identifying characteristic of cardiac

hypertrophy is the abnormal growth of cardiomyocytes,

which leads to heart failure and even sudden death (3,4).

MicroRNAs (miRNAs) are short noncoding RNAs that

negatively regulate gene expression at the posttranscrip-

tional level, providing a novel mechanism of gene

regulation (5,6). Some miRNAs are specifically present

in certain tissues or cell types such as the heart, while

others not restricted to the heart can also have heart-

specific roles. For example, miR-1, miR-133a and miR-

133b, which are highly expressed in the skeletal muscle

and in the heart, are induced and function during muscle

differentiation (7). However, several open questions

remain regarding miRNAs and their role in cardiac

hypertrophy. 1) What is the fine-expression pattern of

miRNAs during pathological hypertrophy? 2) Which

miRNAs are involved in cardiac hypertrophy-specific

signaling pathways? 3) How do miRNAs interact with

these signaling pathways? To better understand the

relationships between miRNAs and cardiac hypertrophy-

specific signaling pathways, transverse aortic constriction

(TAC) surgery was performed in rats to identify cardiac

hypertrophy-specific miRNAs using an miRNA microarray

screening approach. The relevant miRNA/mRNA signaling

pathways were also analyzed using bioinformatics tools.
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Material and Methods

Animal preparation
Sprague Dawley male rats (6-8 weeks old, 200-300 g)

were housed at 20±26C and 55±20% humidity with 12-h

light/dark cycles and free access to food and water in

the Animal Care Facility at the Sun Yat-Sen University

(SYSU) School of Medicine. This study was approved by

the Laboratory Animal Ethics Committee of Sun Yat-Sen

University Life and Science School (Guangzhou, China).

The investigation conformed to the Guide for the Care and

Use of Laboratory Animals published by the China

National Institute of Health.

TAC
To construct a left sided pressure-overload hypertro-

phy animal model, the rats (n=20) were subjected to TAC

surgery. Rats were anesthetized with barbital sodium

administered intraperitoneally at 200 mg/kg body weight.

An incision approximately 2 cm long was made from the

level of the cricoid process and dissected to the clavicle.

After cutting the right clavicle, the thymus was retracted

gently to expose the aortic arch. A constriction of the

aortic arch was made between the carotid arteries using

an 18-gauge angiocatheter. Sham operated rats (n=20)

underwent a similar surgical procedure without constric-

tion of the aorta. After TAC surgery, the chest was closed

with a 5-0 nylon suture, and the rats were placed on a

heating pad at 376C until they had completely recovered

from anesthesia.

Evaluation of cardiac hypertrophy in vivo

The rat cardiac hypertrophy model was evaluated by

histopathology. Five rats were sacrificed with an overdose

of pentobarbital 5, 10, 15, and 20 days after TAC surgery,

The hearts were carefully isolated, heart and body

weights measured and the ratios of heart to body weight

(HW/BW) were calculated. The hearts were then fixed in

4% paraformaldehyde, dehydrated, embedded in paraffin,

sectioned and stained with hematoxylin and eosin (H&E).

Five rats were sacrificed on each of the 5-day intervals

after sham surgery on the same schedule as above. The

hearts were collected and processed in the same way as

the TAC samples.

MicroRNA microarray assay
Total RNA was isolated from hearts at 5, 10, 15, and

20 days after TAC or sham surgery using TRIzol

(Invitrogen Life Technologies, USA) and an miRNeasy

Mini kit (QIAGEN, USA) according to the manufacturers’

instructions. RNA quality and quantity were measured

using a Nanodrop spectrophotometer (ND-1000, Thermo

Fisher Scientific, USA), and RNA integrity was deter-

mined by denaturing agarose gel electrophoresis.

After RNA isolation from the hearts, 1 mg of each

sample was 39-end-labeled with a Hy3TM fluorescent label

(Exiqon, Denmark) using T4 RNA ligase. After the labeling

procedure, the Hy3TM-labeled samples were hybridized

to an miRCURYTM LNA Array (v.16.0, Exiqon), which

contains more than 1891 capture probes covering all of

the human, mouse and rat miRNAs annotated in miRBase

16.0, as well as all viral miRNAs related to these species.

The entire datasets (for miRNAs) described here are

available from the Gene Expression Omnibus (GEO,

http://www.ncbi.nlm.nih.gov/geo/) through the accession

number GSE38599.

Data analysis
The images on the microarray chip were scanned and

imported into the GenePix Pro 6.0 software (Axon; http://

axon-genepix-pro.software.informer.com/) for grid align-

ment and data extraction. The replicates were averaged,

and miRNAs with intensities .50 in all samples were used

to calculate the normalization factor. Gene expression

data were normalized using the median normalization and

differentially expressed miRNAs were identified by fold-

change filtering (fold-change §2). Hierarchical clustering

was performed using the MeV software (v4.6, TIGR;

http://www.tm4.org/mev.html).

Bioinformatics analysis
Potential targets of the identified miRNAs were

analyzed using an online algorithmic prediction program,

miRMap 2.0 (http://miRNAMap.mbc.nctu.edu.tw/), which

collected the results from multiple miRNA target predic-

tion programs and filtered them according to the following

criteria: targets located in the 39-UTR region, seed length

of at least 7 bp, and P,0.05. The prediction programs

included in miRMap were miRanda, miRDB, miRWalk,

RNAhybrid, TargetScan, PITA, RNA22, and DIANA-mT.

The inclusion of multiple programs could increase the

accuracy of the predicted targets. The predicted target

genes were enriched using the KEGG orthology-based

annotation system (KOBAS) (http://kobas.cbi.pku.edu.cn/

home.do).

Statistical analyses
Multiple comparisons between experimental groups

were made by analysis of variance followed by the

Dunnett test. P,0.05 was considered to be significant.

Results

Physiological characteristics of hypertrophy
To validate whether the hypertrophic animal model

was constructed successfully, H&E-stained histological

sections were evaluated, and the ratio HW/BW in grams

was calculated. In the sham group, the myocyte histology

was within the normal range, the nuclei were small and

thin, and the muscle fibers aligned regularly (Figure 1A;

Sham). In response to TAC, after 5 days, the cardiac

muscle cells underwent hypertrophic growth without
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increase in the cell number (Figure 1A; D5). The heart

showed a pronounced and continuous increase in cardiac

mass accompanied by the hypertrophic growth of

cardiomyocytes and ventricular fibrosis at 15 days after

TAC surgery (Figure 1A; D15); the remodeling process

was also confirmed in hearts isolated at 20 days after

surgery (Figure 1A; D20). The process of heart remodel-

ing was accompanied by an increase in the HW/BW ratio.

After TAC treatment, the heart weight relative to body

weight increased steadily, while that of the sham group

did not (Figure 1B). This result showed that hypertrophic

growth occurred in this rat model.

Global miRNA expression profile during cardiac
hypertrophy

To identify miRNAs that were spatiotemporally

expressed during cardiac hypertrophy, we conducted a

comprehensive miRNA microarray analysis of samples

from rat hearts that were subjected to TAC or sham

operation. Hearts were isolated from rats at 5, 10, 15, and

20 days post-TAC or sham operation (n=5, each). Of the

769 miRNAs on the microarray chip, 260 were differen-

tially expressed (Figure 2). The miRNAs that exhibited a

§2-fold difference in expression in the TAC compared

with the sham groups were selected for analysis. The

seed lengths of the miRNAs and the identities of the target

genes, as well as the associated P values, are reported

in Supplementary Files 1 and 2. Upregulated and down-

regulated miRNAs and downregulated miRNAs during the

20 days after TAC surgery are shown in Tables 1 and 2,

respectively. The upregulated miRNAs might be required

for the development of hypertrophy. Some miRNAs

increased immediately after TAC surgery, including miR-

331*, miR-3596b, miR-3557-5p, and miR-375. Their

expression increased 15- to 48-fold at day 5 post-TAC

surgery. Meanwhile, several miRNAs were observed to

increase dramatically at day 20 after TAC treatment. For

example, the expression of rno-miR-221* was below the

detection level on day 5, but increased significantly on day

20 after TAC. Similar results were observed for rno-miR-

34c. At the same time, the downregulated miRNAs might

be less required for the development of hypertrophy; the

expression of several miRNAs was observed to decrease

dramatically at day 20 after TAC. For example, the

expression of miR-190 and miR-451 downregulated

immediately to 2.6 and 6.6%, respectively, compared

with sham-operated controls on day 5 post-TAC surgery.

miR-352 and miR-98 downregulated to 39.2 and 56.6%

compared with controls, respectively, on day 20.

Comprehensive prediction of miRNA targets and
signaling pathway analysis

Using miRNAMap 2.0, we analyzed the potential

targets of miRNAs that are differentially expressed during

hypertrophy, with the criteria that the miRNAs must bind

the 39-UTR of the mRNA with longest stretch of base

pairing, have a seed length of at least 7 bp and a P,0.05.

The prediction programs included miRanda, miRDB,

miRWalk, RNAhybrid, and TargetScan/TargetScanS.

After strict prediction, the targets were enriched using the

KOBAS software to identify the most significantly repre-

sented signaling pathways. The identified pathways

Figure 1. Histopathological characteristics of a rat model of cardiac hypertrophy. A, H&E stained cross-sections of transverse aortic

constriction (TAC)-treated and sham-treated rat hearts. Arrows indicate myocardial hypertrophy. B, Ratios of heart weight to body

weight (HW/BW, mg/g) after TAC and sham surgeries. D: day.
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included the MAPK, JAK/STAT, Calcineurin/NFAT, WNT,

apoptosis, heterotrimeric G-protein signaling (Gq alpha-

and Go alpha-mediated pathway), and the renin-angioten-

sin system (RAS) signaling pathways, all of which have

previously been reported to play a role in the development

of hypertrophy. The upregulated and downregulated

miRNAs, their targets, and the involved signaling pathways

are reported in Supplementary Tables S1-S7.

Discussion

Role played by miRNAs in cardiac hypertrophy
through modulating various signaling pathways

Many diseases are characterized by an abnormal

miRNA expression pattern. In the field of cardiovascular

biology, a multitude of research emphasizes the profound

role of miRNAs in cardiovascular diseases. Stress-

regulated miRNAs can trigger either a positive or a

negative influence on the hypertrophic growth response.

A number of reports have demonstrated pathological

processes such as cardiac remodeling to result from the

activation or repression of genes encoding proteins that

regulate cardiac contractility and structure (8). Hence,

identification of signals and pathways that miRNAs

interfere with is important for understanding of the

mechanism of hypertrophy and rational design of future

drugs for heart failure therapy (9). Previous publications

demonstrated that miR-1 and miR-133 belong to the same

transcriptional unit and play a critical role in cardiomyo-

cyte hypertrophy. The inhibition of miR-133 caused

significant cardiac hypertrophy (10). Here we found that

miR-133 was involved in MAPK, RAS and Gq signaling

by targeting different genes. Downregulation of miR-1 is

necessary for the relief of growth-related target genes

from repression (11) and induces hypertrophy (12); miR-1

downregulates calcium-calmodulin signaling through cal-

cineurin to nuclear factor of activated T-cells (NFAT) (13),

which was also confirmed with our data. Furthermore, by

using bioinformatics, we found that miR-1 was involved in

the MAPK, JAK/STAT and Gq signaling pathways.

Apoptosis can be initiated by a variety of miRNAs, and

functional studies reported that miR-101 and miR-125b

are able to inhibit apoptosis (14), suggesting that these

two miRNAs are less required during hypertrophy. miR-

101 and miR-29b exert their proapoptotic function via

targeting of Mcl-1 (15). The expression patterns of the

miR-101, miR-29b, and miR-125b isoforms in the present

study were consistent with this observation. Furthermore,

these two miRNAs participated in the MAPK, JAK/STAT,

apoptosis, WNT and calcineurin/NFAT signaling path-

ways by negatively regulating different targets, which

could offer some clues of the detailed mechanism of

apoptosis signaling during hypertrophy.

miRNAs could interact with several signaling path-

ways. MiR-195 is known to be upregulated during

hypertrophy, which is consistent with the findings of

others. The cardiac overexpression of miR-195 in vivo can

drive cardiac hypertrophy that rapidly transitions to heart

failure (8). However, the mechanism by which miR-195

promotes hypertrophy is not well understood. In the

present study, miR-195 potentially targeted several genes

that are involved in multiple signaling pathways, i.e., the

Gadd45g, Map2k1, Mras, and Raf1 genes, which are

involved in the MAPK signaling pathway. Meanwhile, miR-

195 targets the Irak2 gene, which is involved in apoptosis

signaling, and the Rock1 gene, which is involved in WNT

signaling. These findings suggest potential mechanisms

underlying the pathological role of miR-195 during

hypertrophy.

MiR-499 in cardiac stem cells has been shown to

enhance cardiomyogenesis in vitro and after infarction

in vivo, which indicates that it can enhance myocyte

differentiation/hypertrophy (16). Another study found that

increased miR-499 in human and murine cardiac hyper-

trophy and cardiomyopathy is sufficient to cause murine

heart failure and accelerates maladaptation to pressure

overloading (17). These findings are similar to our results

showing that the expression of miR-499 increased after

Figure 2. Heat maps of the global expression of miRNAs during hypertrophy. A, Upregulated miRNAs; B, downregulated miRNAs

during hypertrophy.
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TAC surgery. The bioinformatics analysis indicated that

miR-499 might interfere with WNT, JAK/STAT, and

apoptosis signaling pathways during the development of

hypertrophy. miR-23 and miR-24 were recently shown to

be upregulated in hypertrophic and ischemic cardiomyo-

pathy (18), which show similar expression patterns, and

were predicted in this study to regulate MAPK and WNT

signaling.

Surprisingly, miRNAs and signaling pathways could

interact in the development of pathological hypertrophy

through gene targeting. Improved knowledge of this

network provides a better understanding of the fine

mechanisms involved in hypertrophy and heart failure.

More importantly, these findings could potentially be

translated into pharmacological therapies for the treat-

ment of various cardiac diseases that are adversely

affected by hypertrophy (2).

Novel potential biomarkers contribute to the
prognosis of cardiac disorders

The profile of miRNA expression is dependent on the

disease state as specific pathological processes are often

associated with a particular gene expression pattern.

These signature patterns can aid in the diagnosis and

prognosis in cardiovascular diseases (19). miR-21, miR-

34b/c, miR-27a, and miR-181a have been shown to

regulate cell stress and proliferation processes (20). In

previous publications (11,21-23), miR-10a, miR-221, miR-

1, miR-101, miR-451, and miR-133 were shown to be

downregulated during hypertrophy. Using a high-through-

put miRNA microarray method in this study, the expres-

sion of most of the miRNAs mentioned above was found

to increase. miR-133 is expressed specifically in cardio-

myocytes, miR-133 knockout mice develop severe fibro-

sis and heart failure (24). The decreased expression of

miR-1 and miR-133 observed in present study is

consistent with previous reports (25,26), which demon-

strates the reliability and accuracy of our data, and our

analyses provide hypothetical mechanistic explanations

for some previously unexplained observations, although

experimental validation is still required.

Moreover, the current study highlights the large

Table 1. Upregulated miRNAs during heart hypertrophy in rats.

D5 D10 D15 D20

rno-miR-221* N/A 2.136 15.784 13.023

rno-miR-34c N/A N/A N/A 9.164

rno-miR-330* N/A N/A 1.278 9.110

rno-miR-487b* N/A 4.864 10.364 7.191

rno-miR-103-1* N/A N/A 0.322 7.049

rno-miR-340-3p 1.146 1.481 2.118 5.067

rno-miR-17-1-3p N/A N/A N/A 3.473

rno-miR-139-5p N/A N/A 2.301 3.408

rno-miR-29b-2* N/A N/A N/A 3.215

rno-miR-10a-5p N/A N/A N/A 2.623

rno-miR-218 N/A N/A N/A 2.170

rno-miR-221 N/A N/A N/A 1.781

rno-miR-485* N/A N/A N/A 1.741

rno-miR-877 N/A N/A N/A 1.600

rno-miR-142-5p N/A N/A N/A 1.558

rno-miR-193 N/A N/A N/A 1.245

rno-miR-34c N/A N/A N/A 9.164

rno-miR-331* 47.647 5.043 4.638 6.067

rno-miR-3596b 22.496 6.727 0.095 2.017

rno-miR-3557-5p 17.390 4.404 0.957 0.821

rno-miR-375 15.492 16.400 4.137 3.537

rno-miR-434 13.977 6.096 1.770 2.616

rno-miR-1249 12.120 4.000 3.586 5.374

rno-let-7c 9.895 6.633 3.938 1.604

rno-miR-363* 7.649 3.511 1.605 1.655

rno-miR-874 7.020 1.393 1.494 1.791

rno-miR-3541 6.996 2.684 1.817 1.574

rno-miR-347 6.933 5.291 1.564 1.452

rno-miR-3571 6.709 3.205 3.149 1.243

rno-miR-465 6.695 2.122 N/A 0.984

rno-miR-743b 6.336 2.139 1.733 1.656

rno-miR-551b* 6.322 6.355 2.204 1.937

rno-miR-138-2* 5.415 2.515 1.109 0.947

rno-miR-138-1* 5.309 1.919 1.607 1.490

rno-miR-124 4.661 4.901 1.727 2.215

rno-miR-1188-3p 4.658 2.896 1.227 0.896

rno-miR-34b* 4.633 4.181 1.353 1.061

rno-miR-3573-3p 4.563 1.994 1.529 1.221

rno-miR-344b-2-3p 4.458 1.732 1.604 1.423

rno-miR-344b-1-3p 4.166 2.026 1.048 0.872

rno-miR-207 4.105 2.047 1.365 0.874

rno-miR-872* 3.856 2.129 1.291 1.245

rno-miR-466b-1* 3.726 1.853 1.139 1.222

rno-miR-340-5p 3.567 3.036 1.570 1.159

rno-miR-206 3.559 2.236 1.169 0.810

rno-miR-3596c 3.494 1.833 1.468 1.208

rno-miR-503* 3.161 2.074 N/A 0.610

rno-miR-134* 2.924 2.091 1.341 1.166

rno-miR-294 2.815 2.458 2.002 1.382

rno-let-7a 2.695 1.356 0.623 0.607

rno-miR-667 2.514 1.554 1.369 1.077

Continued in next column

Table 1. Continued.

D5 D10 D15 D20

rno-miR-21 2.422 2.046 0.819 1.153

rno-miR-27a 2.286 1.733 0.732 0.635

rno-miR-181a-1* 1.361 2.302 1.362 1.056

rno-miR-194 1.320 1.231 1.936 2.656

rno-miR-21* 1.261 0.858 1.598 2.675

Data are reported as the ratios of miRNA microarray signals

between TAC and sham-operated animals. N/A: not applicable;

D: day.
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Table 2. Downregulated miRNAs during heart hypertrophy in rats.

miRNAs D5 D10 D15 D20

rno-miR-29a* N/A N/A 0.385 1.000

rno-miR-1949 N/A 0.052 0.665 0.925

rno-miR-425 N/A 0.145 0.280 0.921

rno-miR-93 N/A 0.711 0.950 0.916

rno-miR-342-3p N/A 0.066 0.092 0.848

rno-miR-210 N/A 0.261 0.615 0.836

rno-miR-3585-5p N/A N/A 0.380 0.800

rno-miR-500 N/A 0.195 0.444 0.789

rno-miR-143* N/A N/A 0.091 0.772

rno-miR-328b-3p N/A N/A 0.341 0.772

rno-miR-547 N/A N/A 0.321 0.765

rno-miR-186 N/A 0.474 0.533 0.757

rno-miR-505 N/A N/A 0.359 0.748

rno-miR-674-3p N/A N/A N/A 0.731

rno-miR-140* N/A 0.501 0.628 0.700

rno-let-7a-1*/rno-let-7c-2* N/A 0.203 0.420 0.654

rno-miR-10a-5p N/A 0.034 0.490 1.736

rno-miR-221 N/A 0.017 0.061 1.136

rno-miR-222 N/A 0.303 0.124 0.842

rno-miR-133a 1.266 1.458 1.057 0.829

rno-miR-1 1.057 0.873 0.943 0.894

rno-miR-133b 0.963 1.152 1.057 0.823

rno-miR-98 0.830 0.794 0.577 0.566

rno-miR-352 0.791 0.570 0.640 0.392

rno-miR-19a 0.696 0.414 0.539 1.030

rno-miR-23a 0.536 0.525 0.716 0.905

rno-miR-29a 0.526 0.671 0.732 0.827

rno-let-7i 0.386 0.694 0.852 0.921

rno-miR-19b 0.356 1.137 0.931 0.960

rno-miR-103 0.347 0.292 0.744 0.836

rno-miR-140 0.344 0.520 0.653 0.751

rno-miR-101b 0.318 0.417 0.647 0.757

rno-miR-22 0.275 0.567 0.912 0.926

rno-miR-106b 0.258 0.635 0.807 0.904

rno-miR-145* 0.250 0.613 0.887 0.835

rno-miR-24-2* 0.248 0.392 0.576 0.619

rno-miR-100 0.232 0.710 0.527 0.569

rno-miR-32 0.181 0.480 0.678 0.899

rno-miR-181a 0.160 0.198 0.740 0.637

rno-miR-30e* 0.155 0.212 0.798 0.798

rno-miR-16 0.137 0.664 0.685 0.822

rno-miR-146b 0.134 0.320 0.604 0.982

rno-miR-101a 0.133 0.484 0.870 0.953

rno-miR-423 0.119 0.196 0.448 0.811

rno-miR-125b-5p 0.108 0.124 0.392 0.665

rno-miR-195 0.094 0.542 0.808 0.831

rno-miR-451 0.066 0.329 0.974 0.864

rno-miR-190 0.026 0.115 0.449 0.821

Data are reported as the ratios of miRNA microarray signals between TAC and sham-operated animals. N/A: not applicable; D: day.
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number of novel miRNAs that are expressed abnormally

in heart tissue during the course of hypertrophy, many of

which have not been reported before. Some of these

miRNAs undergo multifold changes in different stages of

hypertrophy, which highlight the potential of miRNAs as

targets for development of diagnostic and prognostic

biomarkers and/or for therapeutic purposes. Some

miRNAs are potential biomarkers for different stages of

cardiovascular disease in clinical diagnoses. As for the

highly expressedmiRNAs in the early stage of hypertrophy,

such as miR-331*, miR-3596b, miR-3557-5p, miR-375,

miR-434, miR-1249, the expression of these miRNAs

increased dramatically, nearly 12- to 48-fold. Some other

microRNAs, such miR-190, miR-451, miR-195, miR-423,

were remarkably decreased by nearly 8- to 38-times the

control group levels. These microRNAs could be used as

clinical biomarkers of the early stages of hypertrophy.

miRNAs highly expressed at the late stage of hypertrophy,

such as rno-miR-221*, miR-34c, miR-330*, miR-487b*,

miR-103-1*, miR-340-3p, increased dramatically by nearly

5- to 13-fold. Some other microRNAs, such as miR-352,

miR-98, miR-100, downregulated 39-57% of the control

group levels. These microRNAs could be used as clinical

biomarkers for late stage hypertrophy. The major changes

in the expression of these novel miRNAs associated with

cardiac hypertrophy provide novel and specific prognostic

biomarkers for clinical cardiovascular disease diagnosis.

Both increasing and decreasing expression of

miRNAs may be related to the initiation of pathogenic

processes in heart. Knowledge of the miRNAs that are

abnormally expressed during hypertrophy makes in vivo
regulation of miRNA levels a feasible therapeutic mea-

sure (27). Using anti-miRNAs, i.e., modified antisense

oligonucleotides targeting mature miRNA sequence,

can reduce the levels of highly expressed miRNAs.

Meanwhile, using mimics of mature miRNA can elevate

the miRNA levels (28). It has been reported that genetic

deletion of miR-208a prevents pathological cardiac

remodeling, and using an antisense oligonucleotide to

inhibit miR-208a during hypertension-induced heart failure

in rats prevented cardiac remodeling and improved

survival (29). Anti-miRNAs might also be effective against

the highly expressed miRNAs identified in the present

study, such as rno-miR-3596b, rno-miR-434, and rno-

miR-331*. Significantly, the oligonucleotide-based regula-

tion of miRNAs will soon provide deeper insights into the

biological effects that can be used in the fight against

hypertrophy-induced heart failure.
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