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Key points

� MicroRNA (miRNA)-based therapies are in development for numerous diseases, including
heart disease. Currently, very limited basic information is available on the regulation of specific
miRNAs in male and female hearts in settings of disease. The identification of sex-specific
miRNA signatures has implications for translation into the clinic and suggests the need for
customised therapy.

� In the present study, we found that a miRNA-based treatment inhibiting miRNA-34a (miR-34a)
was more effective in females in a setting of moderate dilated cardiomyopathy than in males.
Furthermore, the treatment showed little benefit for either sex in a setting of more severe
dilated cardiomyopathy associated with atrial fibrillation.

� The results highlight the importance of understanding the effect of miRNA-based therapies in
cardiac disease settings in males and females.

Abstract MicroRNA (miRNA)-34a (miR-34a) is elevated in the diseased heart in mice and
humans. Previous studies have shown that inhibiting miR-34a in male mice in settings of
pathological cardiac hypertrophy or ischaemia protects the heart against progression to heart
failure. Whether inhibition of miR-34a protects the female heart is unknown. Furthermore,
the therapeutic potential of silencing miR-34a in settings of dilated cardiomyopathy (DCM)
and atrial fibrillation (AF) has not been assessed previously. In the present study, we examined
the effect of silencing miR-34a in males and females in (1) a model of moderate DCM and
(2) a model of severe DCM with AF. The cardiac disease models were administered with a
locked nucleic acid-modified oligonucleotide (LNA-antimiR-34a) at 6–7 weeks of age when
the models display cardiac dysfunction and conduction abnormalities. Cardiac function and
morphology were measured 6 weeks after treatment. In the present study, we show that inhibition
of miR-34a provides more protection in the DCM model in females than males. Disease pre-
vention in LNA-antimiR-34a treated DCM female mice was characterized by attenuated heart
enlargement and lung congestion, lower expression of cardiac stress genes (B-type natriuretic
peptide, collagen gene expression), less cardiac fibrosis and better cardiac function. There was
no evidence of significant protection in the severe DCM and AF model in either sex. Sex- and
treatment-dependent regulation of miRNAs was also identified in the diseased heart, and may
explain the differential response of males and females. These studies highlight the importance of
examining the impact of miRNA-based drugs in both sexes and under different disease conditions.
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Introduction

Sex differences in the incidence, prevalence, symptoms,
age at onset and severity of disease are now well
documented in humans (Kim et al. 2010; Legato,
2016). This is particularly evident in cardiovascular
disease. In both animal and human studies, it is
apparent that there are sex differences in the degree of
cardiac pathology in response to cardiac insults such
as pressure overload (Bernardo et al. 2010). However,
the molecular mechanisms underlying sex dimorphism
are complex and are still not well understood. Data
from clinical trials also demonstrate that males and
females respond differently to cardiovascular drugs.
For example, conventional pharmacological therapies
including angiotensin-converting enzyme inhibitors and
β-blockers are generally less effective in women than
men, and show more side effects (Regitz-Zagrosek, 2006).
Furthermore, higher mortality has been reported in
women treated with digoxin (Rathore et al. 2002). Despite
these differences, biomedical research continues to use
many more male subjects than females in both animal
studies and human clinical trials (Editorial, 2010; Legato,
2016).

MicroRNAs (miRNAs) are a class of non-coding
RNAs that regulate gene expression by directing their
target mRNAs for degradation or translational repression
(Bernardo et al. 2012a). miRNAs are dysregulated in
a number of disease settings, including cardiovascular
disease (Hata, 2013). Targeting disease-induced miRNAs
is considered to be a promising therapeutic approach,
with a number of drugs being tested in clinical trials
and/or being developed (Janssen et al. 2013; Bernardo
et al. 2015). Although sex differences are well recognized
in human disease, relatively few studies have specifically
examined miRNA sex differences in humans (Sharma &
Eghbali, 2014). In the small number of human studies
performed, sex-based expression of miRNAs have been
identified in disorders including metabolic syndrome,
schizophrenia and cancer (Sharma & Eghbali, 2014). To
date, the study of sex differences in miRNAs in humans
with cardiovascular disease remains largely unexplored
and represents a key knowledge gap (Sharma & Eghbali,
2014).

One miRNA that has received particular interest in
the heart is miRNA-34a (miR-34a). The expression of
miR-34a is elevated in the mouse heart in a number of
cardiac stress settings, including pathological hypertrophy,
ischaemia as a result of myocardial infarction and ageing
(Bernardo et al. 2012b; Boon et al. 2013; Huang et al.
2014; Bernardo et al. 2014a; Yang et al. 2015). Of clinical
relevance, the expression of miR-34a is also elevated in
the human failing heart (Thum et al. 2007; Tabuchi et al.
2012). Therapeutic inhibition of miR-34a has been shown
to be beneficial by at least four independent laboratories
in cardiac disease models (Bernardo et al. 2012b; Boon
et al. 2013; Huang et al. 2014; Bernardo et al. 2012b; Yang
et al. 2015). However, in each of these studies, only male
mice were examined. To date, the therapeutic potential
of silencing miR-34a in females with cardiac pathology
has not been explored. Furthermore, the role of miR-34a
in models of dilated cardiomyopathy (DCM) and atrial
fibrillation (AF) had not previously been assessed. The
present study aimed to examine whether inhibition of
miR-34a provides protection in mouse models with DCM
and AF, in both males and females.

Methods

Ethical approval

Animal care and experimentation were conducted in
accordance with the Australian code for the care and use
of animals for scientific purposes (National Health and
Medical Research Council, 2013) and approved by the
Alfred Medical Research and Education Precinct Animal
Ethics Committee. Age- and sex-matched male and female
heart disease mice of �13 weeks of age were killed by
an I.P. injection of sodium pentobarbital (80 mg kg−1).
Adequacy of anaesthesia was confirmed by the lack of
pedal withdrawal reflex.

Experimental heart disease models

In the present study, we used two cardiac disease models:
(1) a model of moderate dilated cardiomyopathy (referred
to as DCM) and (2) a model of more severe DCM
with atrial fibrillation (referred to as AF). These models
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are cardiac-specific transgenic mouse models and were
generated as described previously (Pretorius et al. 2009).
In brief, mice develop DCM as a result of transgenic
expression of mammalian sterile 20-like kinase 1 (Mst1)
(Yamamoto et al. 2003) and the AF model is generated
by mating Mst1 mice with a model with reduced cardiac
phosphoinositide 3-kinase (PI3K) activity (as a result
of the expression of dominant negative PI3K; dnPI3K)
(Shioi et al. 2000). The Mst1 model is considered clinically
relevant because the mice develop DCM as a consequence
of increased apoptosis. Male hemizygous Mst1 mice and
female hemizygous dnPI3K were bred to generate: (1)
DCM mice (mice expressing Mst1 alone, Mst1+/−);
(2) AF model (mice expressing both Mst1 and dnPI3K;
i.e. Mst1+/−dnPI3K+/−); and (3) non-transgenic
littermate controls (Ntg; Mst1−/−dnPI3K−/−). All
mice were littermates, on the same genetic back-
ground (C57BL/6-FVB/N). Litters containing the range
of models of both sexes were selected and mice were
body weight-matched before randomly being assigned
to treatment. The animal groups comprised: Ntg
LNA-control (females n = 4, males n = 6); Ntg
LNA-antimiR-34a (females n = 4, males n = 5);
DCM LNA-control (females n = 5, males n = 6);
DCM LNA-antimiR-34a (females n = 8, males n = 7);
AF LNA-control (females n = 4, males n = 9);
and AF LNA-antimiR-34a (females n = 5, males
n = 5). No animals died before the end-point of the
study.

LNA-oligonucleotide synthesis and in vivo delivery

A 15-mer antimiR-34a was synthesized as a LNA:DNA
mixmer with a complete phosphorothioate backbone
(5′-AgCtaAGacACTgCC-3′; LNA indicated by uppercase
letters, DNA indicated by lowercase letters; Roche
Innovation Centre, Copenhagen, Denmark), as described
previously (Bernardo et al. 2012b; Bernardo et al. 2014a).
The LNA-control sequence (5′-TcAtaCTatAtGaCA-3′) is
a random sequence designed to have no perfect match
binding sites in the transcriptome and has been validated
in vivo as not differing from untreated or saline treated
animals (Obad et al. 2011; Bernardo et al. 2012b; Bernardo
et al. 2014a; Bernardo et al. 2014b; Bernardo et al. 2016).
In the present study, there were no differences observed
between mice administered LNA-control or saline (data
not shown).

At 6–7 weeks of age (after assessment of cardiac
function by echocardiography and ECG), mice (Ntg,
DCM model, AF model) were randomized to receive
a loading dose (25 mg kg−1 S.C.) of LNA-control or
LNA-antimiR-34a (Monday) and two subsequent doses at
10 mg kg−1 (Wednesday and Friday), which were followed
by treatment three times per week (10 mg kg−1 S.C.;
Monday, Wednesday and Friday) for an additional 5 weeks

(i.e. a total treatment period of 6 weeks) (Fig. 1A). This
was followed by a final assessment of cardiac function
and ECG prior to tissue collection (measurement of body
weight, heart weight, atria weight, lung weight and tibia
length).

Assessment of left ventricular dimensions
and function

Cardiac function was assessed non-invasively before and
after treatment by echocardiography (two-dimensional
M-mode) in anaesthetized mice (1.8% isoflurane) using
an iE33 ultrasound machine (Philips, Amsterdam,
Netherlands) with a 15 MHz linear array transducer.
LV wall thickness (LV posterior wall: LVPW), LV
chamber dimensions (LV end-diastolic dimension:
LVEDD; LV end-systolic dimension: LVESD),
heart rate (HR) and fractional shortening (FS)
([(LVEDD – LVESD)/LVEDD] × 100%) were measured
from the short-axis view. All measurements were
performed with an off-line analysis system (ProSolv
Cardiovascular Analyser 3.5; Fuji Film, Tokyo, Japan)
from at least three beats that were averaged. Prior to
treatment, cardiac function was comparable in the DCM
groups of the same sex (e.g. male DCM LNA-control vs.
male DCM LNA-antimiR-34a) and AF groups (data not
shown).

Cardiac conduction by ECG

Direct ECGs were recorded from anaesthetized mice (1.8%
isoflurane) by placing a pair of 27 gauge needle electro-
des S.C. (right arm and chest lead equivalent to V5).
Signals were sampled for at least 5 min using the Powerlab
system and BioAmp (ADInstruments, Sydney, Australia).
ECG parameters (PR, RR, P and R-amplitudes, HR) were
measured using Chart 5 (ADInstruments) (ECG analysis
module). Because the shape of P waves can be abnormal
in the DCM and AF models (making detection by the
ECG analysis module difficult), PR intervals were also
confirmed manually.

Histological analysis

Ventricle samples were fixed in 4% paraformaldehyde,
dehydrated and embedded in paraffin. Cardiac collagen
deposition/interstitial fibrosis was assessed by a Masson’s
trichrome stain (Alfred Pathology, Melbourne, Australia).
Images of the LV were obtained using a light microscope
(Olympus, Tokyo, Japan) at 40× magnification. Collagen
stained blue, which was measured and analysed using
Image-Pro Analyser, version 7.0 (Meyer Instruments,
Houston, TX, USA). Percentage fibrosis was calculated
by dividing the total area of collagen by the total area
of the LV and multiplying by 100%. Photogaphs of
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whole hearts were taken for visualization of cardiac
chambers.

RNA extraction and mRNA gene expression analyses

Total RNA was extracted from mouse ventricles using
TRI-reagent (Sigma Aldrich, St Louis, MI, USA). For
mRNA Northern blotting, 20 μg of total RNA was
electrophoresed in a 1.3% denaturing formaldehyde
agarose gel in 1 × MOPS, and transferred onto Hybond
N membranes (GE Healthcare, Waukesha, WI, USA).
Membranes were blocked in hybridization solution (50%
deionized formamide, 6X SSC, 5X Denhardt’s solution,
0.5% SDS) containing 1 mg ml−1 denatured salmon sperm
DNA at 42°C for 1 h prior to hybridization. Radio-
labelled probes ([α-32P]dCTP) were prepared using a
Prime-a-Gene Labelling System (Promega, Madison, WI,
USA). Membranes were hybridized with denatured radio-
labelled probes at 42°C overnight (2 × 106 cpm ml−1 of
hybridization solution). Membranes were rinsed twice at
room temperature in 2X SSC, twice at 42°C in 2X SSC/1%
SDS for 5 min and twice in 0.1X SSC for 30 min. Amersham

Hyperfilm MP autoradiography films (GE Healthcare)
were exposed to membranes with an intensifying screen
at −80°C. Membranes were probed for B-type natriuretic
peptide (Nppb/Bnp) and collagen 3 (Col3a1), as well as
glyceraldehyde-3-phosphate dehydrogenase (Gapdh).

miRNA expression

For Northern blotting, 15 μg of total RNA was
electrophoresed in a 20% TBE acrylamide gel using
high-density TBE sample buffer and transferred
to Amersham Hybond-NTM+ nylon membrane (GE
Healthcare) by electrophoresis. The membrane was
cross-linked in an UV cross-linker, pre-hybridized (45°C
for 30 min in ULTRAhyb R©-Oligo Hybridization Buffer;
Life Technologies, Carlsbad, CA, USA) and probed
with LNA-modified oligonucleotides (Exiqon, Vedbæk,
Denmark), complementary to mature miR-34a and
sno-U6 (used as a loading control). Next, 10 pmol of each
LNA oligonucleotide was end-labelled with [γ-32P]ATP
(Perkin Elmer, Waltham, MA, USA) using T4 poly-
nucleotide kinase (New England Biolabs, Ipswich, MA,
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Figure 1. miR-34a is elevated in the
heart in a setting of DCM and AF, and
silenced with LNA-antimiR-34a
A, experimental time line. B, quantification
of miR-34a relative to snoU6 by quantitative
PCR. Data are expressed as the
mean ± SEM. Ntg: n = 4–5 per group,
DCM: n = 4–6 per group, AF: n = 4–9 per
group. ∗P < 0.05 vs. LNA-control of the
same group; †P < 0.05 vs. Ntg LNA-control.
One-way ANOVA with Fisher’s post hoc test.
C, Northern blot of miR-34a and snoU6 in
hearts of Ntg, DCM and AF 6 weeks post
administration with LNA-control (con) or
LNA-antimiR-34a (anti).
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USA) for 1 h at 37°C. Hybridization with labelled probes
(5 min at 100°C prior to addition) was conducted
at 45°C overnight in ULTRAhyb R©-Oligo Hybridization
Buffer (Life Technologies). After hybridization, the
membranes were washed for 30 min in NorthernMax R©
Low Stringency Wash Buffer (Life Technologies) at 45°C,
a high stringency wash in 0.5X SSC for 30 min at 45°C (for
LNA-oligonucleotide miR-34a) or 0.1X SSC for 30 min at
45°C (for LNA-oligonucleotide sno-U6). The membranes
were exposed using autoradiography film.

For quantitative PCR analysis, 2 μg of total RNA
was DNAse treated with a TURBO DNA-free kit (Life
Technologies) in accordance with the manufacturer’s
instructions. To detect the level of miR-27a, miR-34a,
miR-34b and miR-34c, a quantitative RT-PCR was
performed using TaqMan R© MicroRNA Assays (Life
Technologies) using 50 ng of total RNA on an
Applied Biosystems Quant Studio 6 and 7 real-time
PCR instrument (Life Technologies). Expression was
normalized against snoU6 using the 2−��Ct method of
quantification.

miRNA-Seq for miRNA expression analysis

Two samples from the following groups were used
for miRNA-Seq: male Ntg control (one saline treated
mouse, one LNA-control), female Ntg control (two
LNA-control), male DCM control (two LNA-control),
male DCM antimiR-34a (two LNA-antimiR-34a),
female DCM control (two LNA-control), female
DCM antimiR-34a (two LNA-antimiR-34a), male AF
control (two LNA-control), male AF antimiR-34a
(two LNA-antimiR-34a), female AF control
(two LNA-control), female AF antimiR-34a (two
LNA-antimiR-34a).

Standard miRNA-Seq libraries were prepared in
accordance with the manufacturer’s instructions
(Illumina, Inc., San Diego, CA, USA). Samples (24 per
lane) were multiplexed and sequenced on the Illumina
Genome Analyser HiSeq 2000 (read length: 50 bp,
Ramaciotti Centre for Genomics, University of NSW,
Australia). MiRNA-Seq reads were aligned to the mouse
reference genome (mm10) using Partek Flow, version 3.0
(Partek Inc., Chesterfield, MO, USA) with default settings
unless otherwise indicated. After removing adaptor
sequences, the bases of unaligned reads were trimmed for
a minimum Phred quality score of 20 (default settings
used except minimum read length = 17). Fastq files were
then aligned to the mm10 reference genome with Bowtie 1
(default parameters used except seed mismatch limit = 0,
seed length = 22, alignments reported per read = 10) and
Bowtie 2 (default parameters except interval between seeds
S,1,1.25, ambiguous characters function L,O.15, default
reporting mode = false, max alignments reported per
read=10; http://bowtie-bio.sourceforge.net/index.shtml)

(Langmead et al. 2009). Prealignment and postalignment
quality control was performed, and read counts were
filtered for reads with minimum mapping quality of 20
(99% of reads met this criteria). The trimmed, aligned
and filtered data were quantitated to known miRNAs
using the miRBase mature miRNA database, version 21
(released 3 July 2014; http://www.mirbase.org). Reads
are presented as log2 transcript counts from miRNA
sequencing normalized to reads per kilobase of transcript
per million mapped reads (Genomics Suite, version
6.6; Partek Inc.). For comparisons between the two
Ntg groups, a t test was performed. For comparisons
between the four DCM/AF groups, a one-way ANOVA
was performed. Unadjusted P-values are presented in
the Supporting information. Heat maps were generated
using MeV, version 4.8.1 (TIGR MultiExperiment Viewer;
http://www.tm4.org) with the specific parameters (t test
based on Welch approximation, P-value based on
t-distribution and hierarchical clustering using Pearson
correlation) (Saeed et al. 2003).

Statistical analysis

Results are presented as the mean ± SEM. All statistics
were performed using StatView (SAS Institute Inc., Cary,
NC, USA) and Prism, version 6.02 (GraphPad Software
Inc., San Diego, CA, USA), unless otherwise indicated.
Differences between groups were identified using one-way
ANOVA followed by Fisher’s least significant difference
post hoc pairwise tests (when the ANOVA was significant).
Unpaired t tests were used when comparing two groups
for a single measure. For small animal groups (n = 4) in
which the data were not normally distributed, differences
between groups were identified using a Mann–Whitney
non-parametric t test. P < 0.05 was considered statistically
significant. All relative units are expressed as the fold
change with the relevant control group normalized to 1.

Results

miR-34a levels are elevated in the DCM and AF cardiac
disease models and inhibited by LNA-antimiR-34a

Tissue was harvested from mice 6 weeks after commencing
treatment with LNA-antimiR-34a or LNA-control
(Fig. 1A). miR-34a expression levels were increased in
the hearts of the female DCM and AF models compared
to Ntg (Fig. 1B; see LNA-control groups). A similar
observation was made in the male disease models,
although miR-34a was only significantly elevated in the
hearts of the male AF model compared to Ntg (Fig. 1B).
Administration of LNA-antimiR-34a significantly reduced
miR-34a levels in both males and females (Fig. 1B).
Inhibition of miR-34a was confirmed in a subset of
samples by Northern blotting (Fig. 1C). The presence of
the shifted miR-34a:LNA-antimiR-34a band (duplex) on

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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the Northern blot indicates that LNA-antimiR-34a has
sequestered miR-34a in a stable heteroduplex, inhibiting
its function, as reported previously (Bernardo et al. 2012b).

Inhibition of miR-34a is more effective at attenuating
DCM-induced morphological changes in female mice
than male mice

Prior to administration of LNA-antimiR-34a or
LNA-control, the DCM and AF models displayed
cardiac dysfunction, atrial enlargement and ECG
abnormalities (Fig. 2A and B; arrhythmia also present
in the AF model). At tissue dissection (6 weeks after

LNA-antimiR-34a/control), the DCM and AF models
were associated with dilatation of LV chambers and
thinning of ventricular walls (Fig. 2C). Female DCM mice
displayed heart enlargement compared to Ntg controls
(Fig. 3A) and this was accompanied by atrial enlargement
and increased lung weights (both markers of a failing
heart) (Fig. 3B and C and Table 1). Male DCM mice also
had increased heart weights, atria weights and lung weights
compared to Ntg controls (Fig. 3 and Table 2); however, the
percentage increases in males were generally more modest
than that observed in females (e.g. HW/TL increased
�33% in females and 9% in males). LNA-antimiR-34a
treatment prevented significant increases in normalized
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Figure 2. The DCM and AF models are associated with cardiac dysfunction, ECG abnormalities and
dilatation of cardiac chambers
A, representative echocardiography images (upper panels, M-mode; lower panels, long-axis view highlighting
differences in left atrial size, LA). B, ECG traces of Ntg, DCM and AF mice prior to treatment. Dots on the ECG
traces are positioned above the R waves and highlight the irregular rhythm of the AF model. Red arrows highlight
P-waves. C, transverse sections of hearts highlighting dilated chambers in the female and male DCM and AF
models. LV, left ventricle chamber; RV, right ventricle chamber. Scale bar = 1 mm.
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heart, atria and lung weights in the DCM female model
(Fig. 3 and Table 1). Although LNA-antimiR-34a also pre-
vented significant increases in normalized heart and lung
weights in the DCM male model, it had no effect on
atrial weight (Fig. 3 and Table 2). The AF model was
also associated with increased atrial and lung weights
(Fig. 3B and C). Treatment with LNA-antimiR-34a was
not associated with significant improvements in cardiac
morphology or lung weights in female and male AF mice
(Fig. 3 and Tables 1 and 2).
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Figure 3. Inhibition of miR-34a improves cardiac morphology
more in female DCM mice than male DCM mice
Graphs of (A) heart weight/tibia length (HW/TL), (B) atria weight/TL
(AW/TL) and (C) lung weight/TL (LW/TL) in female and male Ntg,
DCM and AF mice. Data are expressed as the mean ± SEM. Female
Ntg: n = 4 per group, female DCM: n = 5–8 per group, female AF:
n = 4–5 per group. Male Ntg: n = 5–6 per group, male DCM:
n = 6–7 per group, male AF: n = 5–9 per group. ∗P < 0.05 vs. Ntg
of same treatment group; †P < 0.05 (one-way ANOVA with Fisher’s
post hoc test of Ntg, DCM and AF groups); ˆP < 0.05 vs. Ntg of same
treatment group (unpaired t test); #P < 0.05 (one-way ANOVA with
Fisher’s post hoc test of Ntg and DCM groups only), P = 0.057
(Mann–Whitney non-parametric t test).

Inhibition of miR-34a was associated with better
cardiac function in the DCM model but not the AF
model

Hearts of the DCM and AF models display cardiac
dilatation, thinning of the ventricular walls and a fall
in cardiac function (assessed by calculating FS). The
models are also associated with ECG abnormalities. On
the majority of parameters, abnormalities in cardiac
dimensions, function and ECG parameters are more severe
in the AF model than the DCM model (Tables 3–6,
see LNA-control groups for Ntg, DCM and AF).
Administration of LNA-antimiR-34a for 6 weeks was
associated with more favourable cardiac function and
LV wall thickness in female DCM mice compared to
female DCM mice administered LNA-control (Fig. 4 and
Table 3). Cardiac function also tended to be greater in
LNA-antimiR-34a treated male DCM mice compared
to LNA-control male DCM mice, although this was
not statistically significant. There was also no notable
improvement in other echocardiography parameters
(Table 4). LNA-antimiR-34a provided no benefit in the
AF model of either sex (Fig. 4 and Tables 3 and 4).
ECG parameters were not significantly changed by
LNA-antimiR-34a in the disease models (Tables 5 and 6).

LNA-antimiR-34a induced protection in the female
DCM model is associated with an improved cardiac
molecular profile

The DCM and AF models have previously been shown
to be associated with increased expression of cardiac
stress and collagen genes, which probably contribute
to cardiac dysfunction and conduction abnormalities
(Pretorius et al. 2009; Sapra et al. 2014). In the pre-
sent study, BNP and collagen 3 gene expression levels
were elevated in the hearts of both male and female
DCM and more significantly in AF mice (Fig. 5A and
B, see LNA-control groups). BNP was elevated less
in LNA-antimiR-34a treated female DCM hearts than
LNA-control female DCM hearts (Fig. 5A). Collagen 3
gene expression was lower in LNA-antimiR-34a treated
female DCM mice than LNA-control female DCM mice
(Fig. 5B). Consistent with this finding, LNA-antimiR-34a
treated female DCM mice displayed less cardiac fibrosis
than LNA-control female DCM mice (Fig. 5C). Inhibition
of miR-34a had no effect on gene expression in any other
group (Fig. 5A and B).

Sex- and treatment-dependent regulation of miRNAs
in the diseased heart

To assess whether differential expression of other miRNAs
might contribute to the phenotype of male and female
DCM and AF models, we examined the expression of
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Table 1. Morphological data of Ntg, DCM and AF LNA-control and LNA-antimiR-34a female mice after 6 weeks of treatment

Ntg DCM AF

Females LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a

Number of animals 4 4 5 8 4 5
Age (weeks) 13.2 ± 0.4 14.0 ± 0.9 13.1 ± 0.6 12.4 ± 0.5 12.9 ± 0.5 12.4 ± 0.3
Body weight (g) 24.1 ± 0.8 24.9 ± 0.5 26.0 ± 1.0 25.5 ± 0.7 25.2 ± 1.1 26.8 ± 0.3
Tibial length (mm) 16.7 ± 0.1 16.7 ± 0.1 16.4 ± 0.3 16.6 ± 0.1 16.7 ± 0.2 16.8 ± 0.1
HW (mg) 106.7 ± 3.6 110.4 ± 1.6 138.5 ± 8.3∗ 130.4 ± 7.0 136.8 ± 20.1∗ 138.0 ± 3.2∗

AW (mg) 5.3 ± 0.4 5.9 ± 0.3 16.7 ± 2.5∗ 12.6 ± 1.3 25.0 ± 10.6∗ 16.4 ± 0.8
LW (mg) 133.7 ± 3.9 144.6 ± 3.2 176.6 ± 24.2∗ 155.4 ± 6.8 177.8 ± 21.4∗ 196.6 ± 7.9∗

HW/TL (mg/mm) 6.4 ± 0.2 6.6 ± 0.1 8.5 ± 0.5∗ 7.8 ± 0.4 8.2 ± 1.2∗ 8.2 ± 0.2∗

AW/TL (mg/mm) 0.31 ± 0.02 0.35 ± 0.02 1.02 ± 0.15∗ 0.75 ± 0.07 1.49 ± 0.63∗ 0.98 ± 0.05
LW/TL (mg/mm) 8.0 ± 0.3 8.7 ± 0.2 10.8 ± 1.4∗ 9.3 ± 0.3 10.7 ± 1.2† 11.7 ± 0.5∗

BW, body weight; TL, tibial length; HW, heart weight; AW, atrial weight; LW, lung weight. Data are shown as the mean ± SEM.
∗P < 0.05 vs. Ntg of the same treatment. One-way ANOVA with Fisher’s post hoc test. †P = 0.057 vs. Ntg of same treatment
(Mann–Whitney non-parametric t test).

Table 2. Morphological data of Ntg, DCM and AF LNA-control and LNA-antimiR-34a male mice after 6 weeks of treatment

Ntg DCM AF

Males LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a

Number of animals 6 5 6 7 9 5
Age (weeks) 13.6 ± 0.6 13.6 ± 0.7 13.3 ± 0.5 13.6 ± 0.5 13.7 ± 0.3 13.3 ± 0.7
Body weight (g) 32.6 ± 1.0 31.7 ± 1.0 32.3 ± 0.5 31.7 ± 0.6 32.6 ± 0.6 33.4 ± 0.6
Tibia length (mm) 16.6 ± 0.1 16.8 ± 0.1 16.9 ± 0.1 16.8 ± 0.1 16.8 ± 0.2 17.0 ± 0.2
HW (mg) 132.9 ± 3.0 136.6 ± 4.8 146.8 ± 3.4 139.9 ± 2.0 135.6 ± 4.0 133.0 ± 8.9
AW (mg) 6.7 ± 0.4 6.9 ± 0.2 12.5 ± 0.7∗ 12.1 ± 0.9∗ 12.2 ± 1.4∗ 12.3 ± 1.2∗

LW (mg) 147.6 ± 1.7 154.2 ± 5.2 166.5 ± 4.7∗ 150.8 ± 3.2† 168.0 ± 5.2∗ 168.3 ± 8.8
HW/TL (mg/mm) 8.0 ± 0.1 8.1 ± 0.3 8.7 ± 0.2ˆ 8.3 ± 0.1 8.1 ± 0.3 7.8 ± 0.4
AW/TL (mg/mm) 0.40 ± 0.02 0.41 ± 0.01 0.74 ± 0.04∗ 0.72 ± 0.05∗ 0.73 ± 0.09∗ 0.72 ± 0.06∗

LW/TL (mg/mm) 8.9 ± 0.1 9.2 ± 0.3 9.9 ± 0.3∗ 9.0 ± 0.2† 10.0 ± 0.3∗ 9.9 ± 0.4

BW, body weight; TL, tibia length; HW, heart weight; AW, atrial weight; LW, lung weight. Data are shown as the mean ± SEM. One-way
ANOVA with Fisher’s post hoc test. ∗P < 0.05 vs. Ntg of the same treatment; ˆP < 0.05 vs. Ntg of the same treatment (unpaired t test);
†P < 0.05 vs. DCM LNA-control.

other miR-34 family members (miR-34b and miR-34c)
by quantitative PCR, as well as other miRNAs by
miRNA-Seq. Expression of miR-34b and miR-34c was
previously shown to be elevated in other cardiac disease
settings and to contribute to cardiac pathology (Bernardo
et al. 2012b). Furthermore, although miR-34 family
members share some common targets, miR-34b and
miR-34c are also predicted to target genes that are distinct
from miR-34a (see Supporting information, Fig. S1 and
Tables S1 and S2). Cardiac expression levels of miR-34b
and miR-34c were generally higher in the DCM and AF
models of both sexes (Fig. 6). However, there were no
distinct differences related to sex or the disease model
to explain why LNA-antimiR-34a treatment provided
more protection in the female DCM model, as well as no
protection in the AF model.

By miRNA-Seq, the expression levels of miRNAs
in hearts from normal adult mice which have been
characterized as cardiac specific/selective were comparable
in both sexes (Ntg; Fig. 7A, e.g. miR-133a-3p,
miR-208a-3p). Interestingly, there was distinct regulation
of less well characterized miRNAs in male and female Ntg
hearts (Fig. 7B; see also Supporting information, Table S3).
Next, we interrogated miRNAs in the DCM and AF models
with and without LNA-antimiR-34a treatment. Pre-
sentation of differentially expressed miRNAs in heatmaps
highlighted the distinct regulation of some miRNAs
between sexes in the disease models, as well as with
LNA-antimiR-34a treatment (Fig. 7C and D; see also
Supporting information, Tables S4 and S5). Expression
of 3 miRNAs in Fig. 7 has been validated by quantitative
PCR (see Supporting information, Fig. S2).
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Table 3. Echocardiography measurements in Ntg, DCM and AF LNA-control and LNA-antimiR-34a female mice 6 weeks post-treatment

Ntg DCM AF

Females LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a

Number of animals 4 4 5 7 4 5
HR (beats min–1) 622 ± 22 628 ± 12 578 ± 14 524 ± 26 515 ± 44 448 ± 69∗

LVPW (mm) 0.80 ± 0.01 0.81 ± 0.00 0.65 ± 0.02∗ 0.69 ± 0.01∗† 0.53 ± 0.02∗‡ 0.50 ± 0.01∗‡

LVEDD (mm) 3.76 ± 0.02 3.76 ± 0.07 4.28 ± 0.17∗ 4.29 ± 0.10∗ 4.66 ± 0.29∗ 4.54 ± 0.18∗

LVESD (mm) 2.01 ± 0.08 2.14 ± 0.03 3.20 ± 0.23∗ 2.99 ± 0.09∗ 3.89 ± 0.35∗‡ 3.84 ± 0.19∗‡

FS (%) 46 ± 2 43 ± 1 26 ± 2∗ 30 ± 1∗† 17 ± 2∗§ 16 ± 1∗‡

HR, heart rate; LV, left ventricular; LVPW, LV posterior wall thickness; LVEDD, LV end-diastolic dimension; LVESD, LV end-systolic
dimension; FS, fractional shortening. Data are shown as the mean ± SEM. ∗P < 0.05 vs. Ntg of same treatment; †P < 0.05 vs.
LNA-control of same model; ‡P < 0.05 vs. DCM of same treatment. One-way ANOVA with Fisher’s post hoc test. §P = 0.063 vs. DCM of
same treatment (Mann–Whitney non-parametric t test).

Table 4. Echocardiography measurements in Ntg, DCM and AF LNA-control and LNA-antimiR-34a male mice 6 weeks post-treatment

Ntg DCM AF

Males LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a

Number of animals 5 5 6 7 9 5
HR (beats min–1) 588 ± 16 609 ± 22 560 ± 21 562 ± 20 597 ± 19 567 ± 26
LVPW (mm) 0.86 ± 0.02 0.84 ± 0.02 0.69 ± 0.01∗ 0.70 ± 0.02∗ 0.53 ± 0.01∗‡ 0.53 ± 0.01∗‡

LVEDD (mm) 4.04 ± 0.05 3.81 ± 0.16 4.45 ± 0.09∗ 4.19 ± 0.10∗ 4.63 ± 0.08∗ 4.63 ± 0.2∗‡

LVESD (mm) 2.29 ± 0.03 2.13 ± 0.13 3.17 ± 0.06∗ 2.82 ± 0.08∗† 3.67 ± 0.11∗‡ 3.69 ± 0.27∗‡

FS (%) 43 ± 1 44 ± 2 29 ± 1∗ 33 ± 1∗† 21 ± 1∗‡ 21 ± 2∗‡

HR, heart rate; LV, left ventricular; LVPW, LV posterior wall thickness; LVEDD, LV end-diastolic dimension; LVESD, LV end-systolic
dimension; FS, fractional shortening. Data are shown as the mean ± SEM. One-way ANOVA with Fisher’s post hoc test. ∗P < 0.05 vs.
Ntg of same treatment, †P = 0.06 vs. LNA-control of same model, ‡P < 0.05 vs. DCM of same treatment.

Table 5. Electrocardiography measurements in Ntg, DCM and AF LNA-control and LNA-antimiR-34a female mice 6 weeks
post-treatment

Ntg DCM AF

Females LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a

Number of animals 3 3 4 5 4 4
HR (beats min–1) 581 ± 9 534 ± 3 520 ± 16 509 ± 17 533 ± 31 514 ± 23
RR (ms) 104 ± 2 112 ± 1 116 ± 4 120 ± 4 115 ± 8 118 ± 5
PR (ms) 34 ± 1 36 ± 1 49 ± 1∗ 51 ± 3∗ 53 ± 1∗ 58 ± 4∗

R amplitude (mV) 1.64 ± 0.13 1.77 ± 0.08 1.17 ± 0.11∗ 1.13 ± 0.12∗ 0.96 ± 0.22∗ 0.89 ± 0.12∗

Data are shown as the mean ± SEM. One-way ANOVA with Fisher’s post hoc test. ∗P < 0.05 vs. Ntg of same treatment; †P < 0.05 vs.
LNA-control of same model.

Discussion

Despite numerous studies examining the role of miRNAs
in settings of cardiac disease, and the development
of miRNA-based therapies, very little is known about
whether these disease-induced miRNAs are regulated
similarly in both sexes (Sharma & Eghbali, 2014). The
present study is the first to examine the effect of
silencing miR-34a in the female heart. To our knowledge,
it also represents the only study to have specifically

compared the effect of inhibiting any miRNA in the adult
heart in both sexes. The results highlight the need to
characterize the expression of miRNAs in both males and
females, as well as in different cardiac disease settings.
This information will be critical for determining which
patient groups wil respond favourably to therapeutic
interventions.

There are three major new findings arising from the pre-
sent study. First, the inhibition of miR-34a provided more
protection in the female DCM model than the male DCM
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Table 6. Electrocardiography measurements in Ntg, DCM and AF LNA-control and LNA-antimiR-34a male mice 6 weeks post-treatment

Ntg DCM AF

Males LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a LNA-control LNA-antimiR-34a

Number of animals 5 5 4 4 4 4
HR (beats min–1) 569 ± 7 574 ± 16 572 ± 2 538 ± 28 547 ± 2 529 ± 20
RR (ms) 106 ± 1 105 ± 3 105 ± 0 113 ± 6 110 ± 1 116 ± 5
PR (ms) 33 ± 1 34 ± 1 44 ± 2∗ 43 ± 1∗ 55 ± 2∗‡ 53 ± 6∗‡

R amplitude (mV) 1.63 ± 0.08 1.70 ± 0.08 1.11 ± 0.05∗ 1.22 ± 0.08∗ 0.97 ± 0.07∗ 0.91 ± 0.08∗‡

Data are shown as the mean ± SEM. One-way ANOVA with Fisher’s post hoc test. ∗P < 0.05 vs. Ntg of same treatment; ‡P < 0.05 vs.
DCM of same treatment.

model. Second, silencing miR-34a provided no significant
benefit in the more severe model of DCM associated
with AF in either males or females. Third, we identified
miRNAs that were differentially regulated in the diseased
heart of males and females, and some of these were
differentially affected by LNA-antimiR-34a treatment.
Collectively, these findings have important implications
for the development of miRNA-based therapies for heart
disease.

In the present study, we assessed the potential of
attenuating expression of miR-34a in a model of DCM
with moderate cardiac pathology and dysfunction, and a
more severe model of DCM also associated with cardiac
conduction abnormalities including AF (referred to as
the AF model). LNA-antimiR-34a treatment was able to
provide some benefit in the DCM model in both males
and females but, interestingly, the therapeutic intervention
was more effective in females than males. This could
partly be a result of miR-34a playing a more dominant

role in the DCM-induced phenotype in females than
males. Consistent with this hypothesis, the fold increase
in miR-34a expression levels in the female DCM heart
compared to Ntg was higher than those found in the male
DCM heart.

The AF model is a more severe model than the
DCM model, characterized by more dilatation of cardiac
chambers, higher expression of cardiac stress genes and
more severe cardiac conduction abnormalities (Pretorius
et al. 2009). Even though miR-34a was elevated in the
hearts of the AF model in both sexes, the silencing of
miR-34a provided no protection against cardiac pathology
and dysfunction. The therapeutic benefit of inhibiting
miR-34a in the moderate DCM model but not the more
severe DCM model with AF is consistent with our previous
study in which LNA-antimiR-34a provided protection in
a setting of moderate pressure overload but not severe
pressure overload (Bernardo et al. 2014a). In a more severe
setting, additional miRNAs are probably dysregulated.
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Figure 4. Administration of LNA-antimiR-34a is associated
with better cardiac function in the DCM model, but not
the AF model
Quantification of (A) fractional shortening and (B) left
ventricular posterior wall thickness (LVPW) 6 weeks
post-treatment. Data are the mean ± SEM. Ntg n = 4–5 per
group, DCM n = 5–7 per group, AF n = 4–9 per group.
∗P < 0.05 vs. Ntg of same treatment; †P < 0.05 vs. LNA-control
of same model; ‡P < 0.05 vs. DCM of same treatment (one-way
ANOVA with Fisher’s post hoc test of Ntg, DCM and AF groups).
P = 0.064 (Mann–Whitney non-parametric t test).

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society



J Physiol 594.20 miR-34a and sex differences in cardiac disease 5969

Thus, it may be necessary to target a group of miRNAs
concurrently rather than a single miRNA (Bernardo et al.
2012b; Bernardo et al. 2014a).

To further explore why LNA-antimiR-34a
administration may have been more effective in the
female DCM model than the male DCM model, and
why the treatment was ineffective in the AF model, we
undertook additional experiments. First, we assessed the
expression of other miR-34 family members that have also

been associated with cardiac pathology. In mammals, the
miR-34 family consists of three homologous transcripts:
miR-34a, miR-34b and miR-34c. In the mouse, miR-34a
is located on chromosome 4, whereas miR-34b/c are
located on chromosome 9. In humans, the miR-34a gene
maps to chromosome 1p36.22, whereas the genes coding
for both miR-34b and miR-34c map to chromosome
11q23.1 (Agostini & Knight, 2014). Expression levels of
miR-34b and miR-34c were elevated in the hearts of the
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Figure 5. LNA-antimiR-34a treatment is associated with a more favourable cardiac molecular profile in
female DCM mice but not male DCM mice
A, quantification of BNP (Nppb) and (B) collagen 3 (Col3a1) relative to Gapdh in hearts of female and male Ntg,
DCM and AF LNA-control and LNA-antimiR-34a treated mice. Data are the mean ± SEM. Ntg: n = 3–4 per group,
DCM: n = 4–6 per group, AF: n = 4–5 per group. ∗P < 0.05, ∗∗P < 0.005 and ∗∗∗P < 0.001 vs. Ntg of same
treatment group (one-way ANOVA with Fisher’s post hoc test of Ntg, DCM and AF groups). †P < 0.05 (one-way
ANOVA with Fisher’s post hoc test of Ntg and DCM groups only). C, LV cross-sections stained with Masson’s
trichrome and quantification of LV fibrosis in female DCM LNA control and LNA antimiR-34a treated hearts. n = 4
per group. ∗P < 0.05 (unpaired t test). Scale bar = 200 µM.
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DCM and AF models, as reported previously in other
cardiac stress models (pressure overload and myocardial
infarction; higher expression in more severe cardiac
stress settings) (Bernardo et al. 2012b; Bernardo et al.
2014a). However, there were no notable differences in
the expression of miR-34b and miR-34c between sexes
in the DCM model that might contribute to the better
outcome in LNA-antimiR-34a treated female DCM mice.
Furthermore, even though the AF model is a more severe
model than the DCM model, miR-34b and miR-34c
were expressed at comparable levels in the two models.
Thus, heightened expression of miR-34b and miR-34c
probably does not account for the differences observed.
Next, we performed miRNA-Seq to examine the global
expression of all miRNAs in the diseased models with
and without LNA-antimiR-34a. To our knowledge, a
direct comparison of miRNAs regulated in the female
and male adult heart in cardiac disease settings, together
with a therapeutic intervention, has not been reported
previously. Evangelista et al. (2013) profiled 609 miRNAs
in hearts from 15-week-old adult male and female
C57BL/6J mice under basal conditions using a miRNA
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Figure 6. Expression of miRNA-34b and miRNA-34c are
elevated in the DCM and AF models
Quantification of (A) miR-34b and (B) miR-34c relative to snoU6 by
quantitative PCR in LNA-control hearts. Data are expressed as the
mean ± SEM. The Ntg group for females and males has been
normalized to 1.0. Ntg: n = 4 per group, DCM: n = 3–5 per group,
AF: n = 4–5 per group. ∗P � 0.05 vs. Ntg.

microarray (Affymetrix, Santa Clara, CA, USA). Eight
miRNAs were identified to be differentially regulated in
the heart between the sexes; four miRNAs had higher
relative expression in males than females (miR-144,
miR-34b-3p, miR-205, miR-222) and 4 miRNAs had
higher relative expression in females (miR-1, miR-106b,
miR-720, miR-29b) (Evangelista et al. 2013). In another
study, the expression of miR-1 was found to be expressed
at lower levels in female but not male adult rat ventricular
myocytes following stimulation with a pathological
stimulus, phenylephrine (no significant differences were
observed in unstimulated control myocytes) (Stauffer
et al. 2011). A more recent study examined tissue and
sex associated miRNAs in zebrafish under basal settings
(Vaz et al. 2015). Sex-associated miRNAs were identified
in the brain and liver; hearts from male and female
zebrafish were not examined specifically (Vaz et al.
2015). Queiros et al. (2013) examined the expression
of a group of miRNAs (miR-21, -24, -27a, -27b, -106a,
-106b) in the hearts of male and female mice with
pathological hypertrophy as a result of pressure overload
induced by aortic constriction. Each of these miRNAs
was more highly expressed in the hypertrophied male
heart than the female heart. In humans, previous studies
have identified miRNAs that are dysregulated in the
heart or circulation in cardiac disease settings (Thum
et al. 2007; Devaux et al. 2013; Matsumoto et al. 2013).
However, these studies have not specifically examined sex
differences in miRNA expression, or were heavily biased
towards male subjects. In the present study, miRNA-Seq
analyses demonstrated that a number of miRNAs were
differentially expressed in the male and female DCM and
AF models, and LNA-antimiR-34a differentially regulated
some of these miRNAs. The underlying mechanisms
responsible for this finding will require further study.
However, it is noteworthy that sex steroid hormones and
X-linked genes can influence the regulation of miRNAs
(Sharma & Eghbali, 2014) and also that oestradiol can
regulate miR-34a (Li et al. 2014). LNA-antimiR-34a is
reported to directly target miR-34a specifically (Bernardo
et al. 2012b). However, as a result of miR-34a regulating
the expression of numerous target genes, including
transcription factors (which can regulate other miRNAs),
and also as a result of feedback loops, other miRNAs
can be differentially regulated as a ‘secondary’ response
(Matkovich et al. 2013; Ooi et al. 2016). Altogether, this
highlights the differential regulation and complexity
of miRNA–drug interactions in the male and female
heart.

It is important to acknowledge that no animal model
will perfectly mimic human disease and that differences
in species need to be considered (Riley et al. 2012). For
example, the high heart rate and small atrial size of mice
compared to humans are factors that contribute to the
absence of permanent AF in mice. The disease animal
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models used in the present study (DCM and AF) were
selected because they display some characteristics that
are similar to human cardiac disease (e.g. left ventricular
dilatation, fibrosis, lung congestion, molecular changes
observed in human diseased hearts) (Yamamoto et al.

2003; Pretorius et al. 2009; Sapra et al. 2014). Furthermore,
the genetic alterations in the hearts of the mouse models
(i.e. increased Mst1 and decreased PI3K) are also features
that have been observed in human DCM and AF (Pretorius
et al. 2009; Maejima et al. 2013).
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Figure 7. Sex- and treatment-dependent regulation of miRNAs in the diseased heart
Expression of (A) cardiac specific/selective miRNAs and (B) differentially expressed miRNAs in hearts from male and
female Ntg mice (control). No differentially expressed miRNAs identified in (A). Differentially expressed miRNAs
in hearts from male and female DCM mice (C) and AF mice (D) with LNA-control or LNA-antimiR-34a. Each
row represents a miRNA and each column represents an individual heart sample. Yellow represents upregulation
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the wide variation in expression of numerous miRNAs within the DCM model. An additional heat map with a scale
optimized for miR-34a-5p and a comparison of Ntg with DCM is provided in the Supporting information (Fig. S3).
This visualization is consistent with the sex difference in miR-34a in the DCM model presented in Figure 1B.
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The success of miRNA therapeutics in preclinical
models of disease has led to the development and trans-
lation of miRNA therapies into the clinic for hepatitis
C virus (Janssen et al. 2013) and liver cancer (Bader,
2012). miRNA-based therapies have also shown potential
in preclinical models of cardiac pathology but are yet
to enter the clinic for cardiovascular disease. One of
the biggest steps for the translation of a miRNA-based
therapy for heart failure is identifying strategies for specific
and efficient delivery to the heart (Ooi et al. 2014;
Bernardo et al. 2015). Nonetheless, with improvements
and developments in delivery tools (including the use of
nanoparticles, liposomes and antibodies), miRNA-based
therapies remain a promising approach for the treatment
of heart failure (Bernardo et al. 2015).

In conclusion, the present study contributes to the
growing body of literature showing that inhibition of
miR-34a represents a promising therapeutic approach
in a number of cardiac disease settings (Bernardo et al.
2012b; Boon et al. 2013; Huang et al. 2014; Bernardo et al.
2014a; Yang et al. 2015). However, the lack of benefit in
the more severe DCM model with AF is also consistent
with previous work showing that silencing miR-34a is less
effective in settings of severe cardiac pathology (Bernardo
et al. 2012b; Bernardo et al. 2014a). The present study
also uncovered differential responses of the male and
female heart to LNA-antimiR-34a treatment in a setting
of DCM. Our subsequent identification of sex-, disease-
and treatment-regulated miRNAs has important and
broad implications for the development of miRNA-based
therapies for cardiovascular disease, and potentially other
diseases.
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