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Summary

MicroRNAs (miRNAs) are noncoding RNAs of 18-25 nucleotides that post-transcriptionally regu-
late gene expression and are involved in a wide range of physiological and pathological conditions.
The B-adrenergic signaling pathway plays a fundamental role in regulation of heart function. The
present study was designed to investigate the expression profile of miRNAs and functional impli-
cations under conditions of B-adrenoceptor activation or inhibition in rat heart.

Hemodynamic parameters were measured to assess heart function in Wistar rats treated with iso-
proterenol (ISO) or propranolol (PRO). miRNA expression was analyzed by miRNA Microarray
and confirmed by real-time quantitative reverse transcription PCR (real-time qRT-PCR).

Isoproterenol (ISO, a f-adrenoceptor activator) and propranolol (PRO, a f-adrenoceptor inhib-
itor) induced differential miRNA expression profiles. Out of 349 miRNAs measured, 43 were up-
regulated and nine downregulated in the ISO group, while five miRNAs were upregulated and 28
downregulated in PRO group. Among these altered miRNAs in both PRO and ISO groups, 11 were
cardiac abundant and 11 showed opposite profiles between the PRO and ISO groups. The recog-
nized anti-hypertrophic miRNAs miR-1, miR-21 and miR-27b, and the pro-hypertrophic miRNAs
miR-22, miR-24, miR-199a, miR-212 and miR-214, were upregulated in the ISO group. In the PRO
group, pro-hypertrophic miRNA miR-30c was upregulated, whereas miR-212 was downregulated.

B-adrenoceptor intervention alters miRNA expression profile, and miRNAs may be involved in the
B-adrenoceptor signaling pathway. Cardiomyocyte hypertrophy is a balanced process between pro-
hypertrophic and anti-hypertrophic regulation and involves, at the very least, miRNA participation.
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BACKGROUND

B-adrenoceptor (B-AR) stimulation or inhibition is one of the
main neurohumoral mechanisms which modulate cardiac func-
tion in physiological and pathophysiological states. Three -AR
subtypes — B -AR, B,-AR, and B,-AR — have been identified in the
heart. B,- and B,ARs are the predominant f-ARs that regulate
cardiac contractility, frequency, and rate of relaxation by stimu-
lating the Gs-protein/adenylate cyclase/protein kinase A path-
way [1,2]. B,-AR preferentially couples to inhibitory G proteins
(Gi) and induces negative inotropic effects [3]. B,-AR stimu-
lation is also related to release of nitric oxide via activation of
the endothelial NO-synthase in the heart [3,4]. Stimulation of
B-AR in cardiomyocytes activates adenyl cyclase (AC) that cata-
lyzes cyclic adenosine-3’,5” monophosphate (cAMP) formation,
which in turn stimulates cAMP-dependent protein Kinase-A
(PKA), resulting in phosphorylation of a series of regulatory
proteins including sarcoendoplasmic reticulum Ca? transport
ATPase (SERCA), transcription factors, and L-type Ca* chan-
nels. The B-ARs are the main regulator of cardiac hypertrophy,
a potential predictor of heart disease [5]. Chronic stimulation
or overexpression of B-AR induces cardiomyocyte hypertrophy,
which can progress to heart failure [6,7].

MicroRNAs (miRNAs) are small, functional non-coding
RNAs 18-25 nucleotides in length that post-transcriptionally
regulate mRNA gene expression by acting on its 3’untrans-
lated region (3’'UTR). Accumulating evidence has demon-
strated that miRNAs are involved in a variety of biological
and pathological processes, including development, prolif-
eration, differentiation, apoptosis, cell death, patterning of
the nervous system, oncogenesis and drug resistance, cardi-
ac remodeling and heart failure [8-15]. A unique biologi-
cal property of miRNAs is that one miRNA may repress hun-
dreds of genes, and one mRNA can receive regulation from
one to several miRNAs. Thus, miRNAs provide fine-tuning
of gene regulation. Altered miRNA expression has been im-
plicated in cellular development [16], oncogenesis [17,18],
and heart diseases [19-21]. Eva van Rooij et al reported that
more than 12 miRNAs are up- or down-regulated in hyper-
trophied cardiac tissue in mice and a similar alteration is
observed in failing human heart, implying the presence of
similar miRNA-controlled hypertrophic mechanisms [20].
Tatsuguchi et al demonstrated that miR-21 and miR-18b are
important regulators of cardiac hypertrophy in vivo and in
vitro [22]. Notably, miRNAs are potentially involved in car-
diac hypertrophy and play dual roles in regulation of cardi-
ac hypertrophy. miR-1, miR-9, and miR-133 [15,23], termed
anti-hypertrophic miRNAs, negatively regulate cardiac hyper-
trophy; in contrast, miR-23a, miR-195, miR-199a-5p, and miR-
208a [15,20], termed pro-hypertrophic miRNAs, positively
regulate cardiac hypertrophy. miRNAs are emerging as im-
portant regulators of cardiac hypertrophy. In view of miRNA
involvement in modulating cellular biological functions, we
hypothesized that changes of B-AR function may alter miRNA
expression profiles. This, in turn, may have implications for
the functional performance of the f-AR signaling pathway.

MATERIAL AND METHODS

Hemodynamic measurements

Adult male Wistar rats, weighing between 200-250 g, were
studied. The rats were treated with either isoproterenol (ISO;

1.0 mg/kg subcutaneous injection every 12 h for 24 h), or
propranolol (PRO; 10 mg/kg/day intragastric administra-
tion once a day for 7 consecutive days); the corresponding
control group of animals received an equivalent volume of
physiological saline. Cardiac function was assessed with he-
modynamic parameters measured through a pressure vol-
ume control unit (Scisense Inc., London, Ontario, Canada).
The rats were anaesthetized with 1% sodium phenobarbi-
tal (40-60 mg/kg, i.p.) and the degree of anaesthesia was
adjusted to the level where rats just started responding to
toe pinch. A pressure-sensing catheter (1.9F, Scisense Inc.)
was inserted and advanced in a retrograde direction via the
right common carotid artery into the left ventricle. After
stabilization for 10 min, the signals were continuously re-
corded. Measured parameters included heart rate, left ven-
tricular end-systolic pressure (LVESP, mmHg), maximum
rate of increase of left ventricular pressure (+dP/dtmax,
mmHg/s), and maximum rate of reduction of left ventric-
ular pressure (-dP/dtmax, mmHg/s). After the hemody-
namic measurements had been obtained, the rats were sac-
rificed, their hearts removed promptly, washed in ice-cold
0.9% saline, and were then frozen in liquid nitrogen for
later use. Animal experiments involved in this study were
approved in advance by the Animal Ethics Committee of
Harbin Medical University.

MiRNA microarray

For microRNA array analysis, TRIzol reagent (Invitrogen,
CA, USA) was used to extract total RNA from left ventricles
of rat hearts from control, ISO, and PRO groups. Hearts
were removed from sacrificed rats and RNA samples from
three animals in each group were pooled and used for
miRNA expression analysis using miRCURY™ Array. Total
RNA of 5 pg was labeled by miRCURY™ Array Labelling
kit (Exiqon, DK) and hybridized with miRCURY™ Array
microarray (Exiqon, DK). The hybridization signal intensi-
ties were detected with a GenePix® 4000B microarray scan-
ner (Molecular Devices, CA, USA), and were saved as TIF
files. The images were analyzed by Genepix Pro 6.0 soft-
ware (Axon Instruments, CA, USA), and the results saved
in EXCEL files.

Real-time quantitative reverse transcription PCR

Total RNA was isolated from the left ventricle of experi-
mental animals by using the mirVana miRNA Isolation Kit
(Ambion Inc., Austin TX). The RNA sample was treated
with RNase-free DNase prior to the reverse transcription
step. Total RNA 0.5 pl was used for cDNA synthesis with
MultiScribe™ Reverse Transcriptase (Applied Biosystem,
Foster City, CA, USA) and microRNA-specific primers
(Sangon Biotech, Shanghai, China). Real-time quantita-
tive reverse transcription PCR (real-time qRT-PCR) was per-
formed using special miRNA primers and SYBR® Green
PCR Master Mix (Ambion Inc.), according to the manufac-
turer’s protocol. All experiments were conducted in dupli-
cate. DNA was amplified in ABI 7500 fast system (Applied
Biosystem, Foster City, CA, USA), using the same cycling
parameters as follows: 95°C for 10 min, followed by 40 cy-
cles of a three-stage temperature profile of 95°C for 15 sec
and 60°C for 15 sec, then 72°C for 30 sec. All real-time qRT-
PCR analyses were carried out using the 2 delta-delta Ct vari-
ant (22¢T) method with the expression level of U6 as an
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Table 1. Haemodynamic parameters in control, propranolol, and isoproterenol groups.

Group HR (beat/min) LVESP (mmHg) +dP/dt (mmHg/s) —dP/dt (mmHg/s)
Ctl (8) 40723 104.7+15.3 7127.7+£1296.5 6420.9+1170.8
PRO (8) 403+29 99.6+15.9 6758.0+1610.9 6786.8+1642.7
(9 405+24 94.6+13.8 7220.3+£2299.8 5998.1+1622.0
150 (9) 417416 117.5+15.8* 10801.9+1316.1% 7743.1+1671.3*

(tl — control; HR — heart rate; LVESP — left ventricular end-systolic pressure; +dP/dt — maximum rate of increase of left ventricular pressure; —dP/dt
— maximum rate of reduction of left ventricular pressure. Numbers in brackets indicate number of rats in each group. * P<0.05 vs. Ctl.

Table 2. Expression of miRNAs in rat heart treated with PRO or 1SO.

Upregulated miRNAs in PRO group

Upregulated miRNAs in ISO group

miR-10a-5p miR-1, miR-7a, miR-15b, miR-17

miR-30c miR-19a/b, miR-20a/b, miR-21, miR-22,
miR-100 miR-24, miR-27b, miR-29a/b/c,

miR-181c miR-30b-3p, miR-31, miR-34b/c, miR-92b,
miR-192 miR-99b*, miR-130b, miR-142, miR-146b,

miR-184, miR-193, miR-199a-5p, miR-204%,

miR-206, miR-212, miR-214, miR-219-5p,

miR-221, miR-222, miR-223, miR-325-5p,

miR-329, miR-333,miR-338%, miR-340-5p,

miR-363*, miR-382%, miR-409-5p, miR-466¢,

miR-471, miR-483, miR-484, miR-532-5p

Downregulated miRNAs in PRO group

Downregulated miRNAs in 1S group

miR-30b-3p, miR-34c*, miR-125b-3p

let-7b/c/d/d*/7e, miR-10a-5p, miR-30c-1%,

miR-129, miR-183%, miR-184

miR-30c-2*, miR-185, miR-320,

miR-204*, miR-212, miR-290

miR-331, miR-339-3p, miR-342-3p,

miR-291a, miR-300-5p, miR-326

miR-329, miR-345-3p, miR-378*

miR-330%, miR-338%, miR-340-5p

miR-344-3p, miR-381, miR-382

miR-382*, miR-434, miR-466b/c

miR-483, miR-551b, miR-743b

miR-877

internal control. A miRNA was considered to be undetect-
able when cycle threshold values of this miRNA exceeded
35 in the sample tissue.

Statistical analysis

All data are presented as mean +SD. For relative miRNA ex-
pression, the mean value of the control group is defined as 1.
Statistical comparisons were performed using the Student’s
t-test, with a value of p<0.05 considered significant.

REsuLTS

Hemodynamic parameters are presented in Table 1. ISO
resulted in significant increase in left ventricular end-sys-
tolic pressure (LVESP), maximum rate of increase of left
ventricular pressure (+dP/dt), and maximum rate of reduc-
tion of left ventricular pressure (—dP/dt), indicating its pos-
itive inotropic action on contractility. In contrast, PRO pro-
duced negative inotropic effects on cardiac contractility, as
indicated by decreases in LVESP and +dP/dt, but changes
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Figure 2. Expression profile of anti- and pro-hypertrophic miRNAs
in animals treated with [S0. miRNAs in red circles indicate
promotion of cardiomyocyte hypertrophy; miRNAs in blue
circles indicate suppression hypertrophy.

were not statistically significant. Heart rates (HR) were not
significantly altered by ISO or PRO.

We isolated total RNA samples from control, ISO-, and PRO-
treated rat hearts and performed miRNA microarray analy-
sis using miRCURY™ Array microarray version 11.0, which
included 349 mature rat miRNAs. We found that expres-
sion profiles were altered in both ISO- and PRO-treated rat
hearts. Compared to the control group, 5 miRNAs were up-
regulated by >1.3-fold, and 28 downregulated by <30% in
the PRO group; 43 miRNAs were upregulated by>1.3-fold
and 9 were decreased by <30% in the ISO group (Table 2).

To confirm microarray results, we performed real-time qRT-
PCR (qPCR) to quantify the expression of 10 miRMAs ran-
domly chosen from the pool of miRNAs whose expression
was significantly altered, as revealed by microarray analysis.
As anticipated, the qPCR results were in good agreement
with the microarray data; all 10 miRNAs assayed demon-
strated the same pattern of changes as with the microarray
methods (Figure 1).

Based on a previous report [24], the top 26 abundant miR-
NAs in rat heart are miR-1, miR-133a/b, miR-26a/b, miR-
30a/b/c/d/e/a*/e*, miR-21, miR-24, miR-125a/b, miR-
126, miR-126%, miR-23a/b, miR-16, miR-27a/b, miR-34a,
miR-100, miR-29a/c, miR-99a, miR-191, miR-195, miR-212,
miR-145, miR-22, miR-150, miR-320, miR-378, miR-494, and
let-7a/b/c/d/e/f. In the present study, 11 of these cardi-
ac-enriched miRNAs were found to have altered expres-
sion in the PRO and ISO groups, including miR-1, miR-21,
miR-22, miR-24, miR-27b, miR-29a/c, miR-30c, miR-100,

miR-212, miR-320, and let-7b/c/d/e. These were upregu-
lated or downregulated in the PRO or ISO group. Out of
these 11 miRNAs, 9 were observed in the ISO group; 2 were
observed in the PRO group.

In the ISO group, 43 miRNAs were upregulated, while 9
were downregulated. In contrast, only 5 miRNAs were up-
regulated in the PRO group, whereas 28 miRNAs were
downregulated.

In addition, 11 miRNAs were simultaneously altered in
both ISO and PRO groups, out of which miR-10a was up-
regulated in the PRO group and downregulated in the ISO
group. miR-30b-3p, miR-184, miR-204*, miR-212, miR-329,
miR-338%, miR-340-5p, miR-382*, miR-466¢, and miR-483
were downregulated in the PRO group, but were upregu-
lated in the ISO group.

DiscussIoN

miRNA expression is tissue-specific and plays a significant
role in many physiological and pathological processes. In
the current study, we demonstrated that either activation
or inhibition of the B-AR pathway can alter miRNA expres-
sion profiles; B-AR activation primarily upregulates miR-
NAs, whereas B-AR inhibition downregulates them. Such
opposite expression profiles indicate that miRNAs might
be involved in opposing effects between B-AR activation
and inhibition; for example, the positive inotropic effects
of B-AR activation as opposed to the negative inotropic ef-
fects of B-AR inhibition.

miRNAs are transcribed from their genes by RNA poly-
merase II (Pol II) [25,26], which binds to promoter re-
gions for transcription in the presence of transcription fac-
tors (TFs). Numerous studies have shown that endogenous
miRNAs expression is regulated by TFs [27-30]. B-AR signal-
ing mediates a variety of biological functions in the cardio-
vascular system, including heart rate [31], cardiac contrac-
tility [32], cardiomyocyte apoptosis [33], and hypertrophy
[34]. Importantly, TFs are potentially involved in perfor-
mance of B-AR biological functions; for instance, p-adren-
ergic stimulation induces cardiac ankyrin repeat protein ex-
pression through activation of protein kinase A (PKA) and
Ca?"/Calmodulin-Dependent Protein Kinase (CaMK) [35];
cAMP-responsive element modulator (CREM) is important
for contractile performance and response to B-AR stimu-
lation in the heart [36]; microphthalmia transcription fac-
tor (MITF) is essential for f-AR-induced cardiac hypertro-
phy [37]; signal transducers and activators of transcription 3
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(STAT3) regulates atrial natriuretic factor expression by p-AR
stimulation in cardiomyocytes [38]; and serum response fac-
tor (SRF) induces miR-1 expression [39].

In the ISO group, 43 miRNAs were upregulated and 9 down-
regulated; in contrast, only 5 miRNAs were upregulated and
28 downregulated in the PRO group. These results indicate
that B-AR stimulation mainly induces miRNAs upregulation,
whereas -AR inhibition results mainly in miRNAs downreg-
ulation. It is reasonable to speculate that ISO activates the
B-AR signaling pathway, which results in activation of the
corresponding TFs and other regulators, in turn inducing
the corresponding miRNAs expression. In contrast, PRO
induces negative regulation of miRNA expression, likely
by inhibiting the B-AR signaling pathway. Interestingly, 11
miRNAs showed opposite expression trends between stimu-
lation and suppression of B-AR signaling pathways in heart
tissue. It is speculated that these opposite expressions of
miRNAs participate in opposing effects between B-AR acti-
vation and inactivation in the heart.

Cardiac hypertrophy is a complex pathological process
involving a number of cellular pathways and regulators.
Recent studies have demonstrated that miRNA is poten-
tially involved in the process of cardiac hypertrophy and
miRNA expressions display very consistent profiles in dif-
ferent models of cardiac hypertrophy. B-AR stimulation is
a common pathway for induction of cardiac hypertrophy,
which can be a predictor for progression to heart failure
[40,41]. Recent studies have documented that the altera-
tions in miRNA expression patterns occur in cardiac hyper-
trophy [20-24,42]. For example, miR-21 upregulation was
observed in hypertrophy-induced aberrant miRNA expres-
sion in five studies [20-24,42], miR-214 upregulation in three
studies [20,21,42], and miR-27b upregulation in two stud-
ies [20,21]. Similar results were also observed in our study.
We observed that 18 altered miRNAs in the PRO and ISO
groups have been implicated in different models of hyper-
trophy, including miR-1 [42, 43], miR-10a [42], miR-15b
[42], miR-19b [22], 20b [22], miR-21 [20-22, 42], miR-24
[20,42], miR-27b [20,21,42], miR-29a/b/c [20,21,42], miR-
30c [42], miR-31 [42], miR-184 [22], miR-185 [21,42], miR-
199a-5p [20,42], miR-214 [20, 21, 42], miR-221 [22,42],
miR-222 [22,42], and let-7b/c/d* [42]. Among these dys-
regulated miRNAs, miR-24 [20], miR-214 [20], miR-199a-
5p [20], miR-30c [24], miR-22 [24] and miR-212 [24] have
been shown to produce pro-hypertrophic effects, while miR-
1 [15,42,43], miR-21 [21,22], and miR-27b [24] have anti-
hypertrophic effects. Notably, ISO induced upregulation
of the recognized anti-hypertrophic miRNAs miR-1, miR-
21, and miR-27b, and also of the pro-hypertrophic miR-
NAs miR-22, miR-24, miR-1992a-5p, miR-212, and miR-214;
PRO induced upregulation of the pro-hypertrophic miR-
NA miR-30c and downregulation of the pro-hypertrophic
miRNA miR-212. These results indicate that miRNAs may
be involved in the process of cardiomyocyte hypertrophy,
which results from perturbations in the dynamic and del-
icate balance between prohypertrophic and antihypertro-
phic regulators, including miRNAs (Figure 2). Upregulation
of miR-199a-5p was also observed in B1AR- and B2AR-over-
expressing mice hearts and rat neonatal cardiac myocytes
treated with isoproterenol [44]. It plays a role in cardio-
myocyte survival in hypoxic states by targeting hypoxia-in-
ducible factor-1 alpha (Hif-1at) and Sirtl. This implies that

miR-199a-5p is not only involved in cardiomyocyte surviv-
al, but also in cardiac hypertrophy. miRNAs are, at least in
part, involved in B-adrenoceptor function.

CONCLUSIONS

miRNAs regulate a large number of genes by binding to the
3’UTR of their mRNAs, leading to degradation or transla-
tional repression of those targets, which serve a variety of
biological functions. It can be speculated that the altered
miRNAs induced by B-AR stimulation or inhibition partici-
pate in regulation of B-AR-mediated cardiac functions. With
increasing numbers of miRNAs being identified, their roles
in the B-AR signaling pathway remain to be elucidated. Our
results indicate that miRNA may be an important compo-
nent in the B-AR pathway in the rat heart, thereby provid-
ing a new target for modulating B-AR function.
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