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Aims Increased resistin (Retn) levels are associated with development of cardiovascular diseases. However, the role of
Retn in heart failure (HF) is still unclear. Here we probed the functional and molecular mechanism underlying the
beneficial effect of Retn deletion in HF.

....................................................................................................................................................................................................
Methods
and results

Wild-type (WT) and adipose tissue-specific Retn-knockout (RKO) mice were subjected to transverse aortic con-
striction (TAC)-induced HF. Cardiac function and haemodynamic changes were measured by echocardiography and
left ventricular catheterization. Adipose tissue Retn deletion attenuated while Retn cardiac-selective overexpres-
sion, via a recombinant adeno-associated virus-9 vector, exacerbated TAC-induced hypertrophy, cardiac dysfunc-
tion, and myocardial fibrosis in WT and RKO mice. Mechanistically, we showed that Gadd45a was significantly
increased in RKO HF mice while cardiac overexpression of Retn led to its downregulation. miR148b-3p directly tar-
gets Gadd45a and inhibits its expression. Retn overexpression upregulated miR148b-3p expression and triggered
DNA damage response (DDR) in RKO-HF mice. Inhibition of miR148b-3p in vivo normalized Gadd45a expression,
decreased DDR, and reversed cardiac dysfunction and fibrosis. In vitro Retn overexpression in adult mouse cardio-
myocytes activated miR148b-3p and reduced Gadd45a expression. Gadd45a overexpression in H9C2-
cardiomyoblasts protected against hydrogen peroxide- and Retn-induced DDR.

....................................................................................................................................................................................................
Conclusion These findings reveal that diminution in circulating Retn reduced myocardial fibrosis and apoptosis, and improved

heart function in a mouse model of HF, at least in part, through attenuation of miR148b-3p and DDR. The results
of this study indicate that controlling Retn levels may provide a potential therapeutic approach for treating pressure
overload-induced HF.
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1. Introduction

Cardiac hypertrophy and ensuing heart failure (HF) are major causes of
morbidity and mortality throughout the world.1 Despite substantial
advances in the clinical management of HF, the diagnosis continues to
carry a grave prognosis, with an overall 5-year mortality rate of�50%.2,3

During the last decades, enormous efforts have been focused on eluci-
dating the signalling pathways mediating the complex response of cardio-
myocytes to various hypertrophic stimuli leading to the development of
cardiac hypertrophy and its progression to HF.4–6 Various types of inter-
nal and external stresses are generally known to contribute to the dis-
ease development.7 Despite the large body of research detailing the
mechanisms of HF, new pathological risk factors continue to be identi-
fied, underscoring the intricacy of HF. This suggests that no single risk
pathway seems to regulate the aetiology of HF alone; rather, it appears
more likely that each pathway operates as a component of an orches-
trated pathologic network driving the disease.

Resistin, a cysteine-rich hormone secreted by adipocytes in rodents,
has been proposed to be a link between obesity, insulin resistance, and
diabetes, all cardiovascular risk factors.8–10 Resistin was shown to impair
glucose transport in isolated mice cardiomyocytes11 and to be upregu-
lated by cyclic stretch and aorta-caval shunt.12 However, the pathophysi-
ological role of resistin in humans has been questioned because the
human homologue of resistin is only 59% identical to mouse resistin at

the amino acid level and the source of resistin appears to differ between
humans and mice.8,13 It is primarily secreted from adipose tissue in
mice,8 while macrophages and monocytes, and adipocytes to a lesser de-
gree,14 appear to be the predominant source of Retn in humans.15–17

However, recent reports, both in humans and in rodents, documented
Retn expression and production by other tissues such as the heart, the
liver, and the brain amongst others.12,18–21 Numerous cardiovascular
effects of Retn were reported, including induction of endothelial dys-
function and the promotion of ischemia/reperfusion myocardial dam-
age.22 However, the latter finding is debatable with at least one report
showing Retn promotes a protective effect against myocardial ischemia/
reperfusion injury23 while another study reported worsening out-
comes.24 Clinical and epidemiological studies have shown that plasma
Retn levels were elevated in patients with HF,25 were independently cor-
related with new onset HF,26,27 and were positively related to the sever-
ity and incidents of HF hospitalization.26,28 Higher serum levels of Retn
were elevated in female patients with coronary heart disease29 and dem-
onstrated to be a predictor of the presence and severity of coronary ar-
tery disease.30 We have previously reported that cardiac tissue from
diabetic experimental animal models and human diabetic HF patients
expressed high levels of Retn.18,19 We then showed that Retn overex-
pression in cultured rat ventricular cardiomyocytes induced cellular hy-
pertrophy and altered cardiomyocyte mechanics and calcium handling
in vitro.18,31 We have subsequently demonstrated that long-term in vivo
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overexpression of Retn in normal rats decreased myocardial contractil-
ity and induced a complex phenotype of ventricular remodelling.32 In ad-
dition, recombinant human resistin was shown to exacerbate cardiac
ischemia/reperfusion injury and stimulate TNFa secretion and upregu-
late cardiac injury markers such as atrial natriuretic peptide, brain natri-
uretic peptide, and creatine kinase through an NF-kB signalling
pathway.24 Humanized resistin mice, with macrophage-derived expres-
sion of human RETN but lacking adipocyte-derived murine Retn, devel-
oped aggravated adipose tissue inflammation, lipolysis, and insulin
resistance when challenged with diet-induced obesity.33 However, a
well-defined causative relationship between Retn and HF remains to be
demonstrated.

MicroRNAs (miRNAs) are endogenous small noncoding RNA mole-
cules, which belong to a class of small silencing RNAs that regulate their
target gene expression post-transcriptionally.34 miRNAs that promote
mRNA degradation and inhibit mRNA translation have been shown to
be important in cardiac development.35 Functional miRNA studies
reported that a variety of miRNAs play a role in pathogenic mechanisms
leading to HF, such as remodelling, hypertrophy, apoptosis, and hyp-
oxia.36 DNA damage and DNA damage response activation are ob-
served in the human failing heart37 and in mouse models of cardiac
hypertrophy.37–39 H2A histone family member X (H2AX) is a type of
histone protein from the H2A family encoded by the H2AFX gene.
cH2AX, the phosphorylated form of H2AX, is known be an early and
sensitive marker of DNA damage. Excessive DNA damage recruits and
activates/phosphorylates ataxia-telangiectasia-mutated (ATM) kinase,
which in turn phosphorylates cH2AX and triggers downstream DDR
signalling.40

In the present study, we demonstrate that Retn plays a critical role in
the development of heart disease. Loss of Retn led to downregulation of
miR148b-3p and upregulation of Gadd45a activity in a pressure overload
HF mouse model induced by transverse aortic constriction (TAC),
resulting in protected cardiac function and decreased cardiac fibrosis and
apoptosis. Retn overexpression, on the other hand, led to the develop-
ment of interstitial fibrosis with defective compensation mechanisms and
reverse signalling of miR148b-3p, Gadd45a activity in TAC-mice.
Furthermore, the data suggest that Retn controls pathological cardiac
remodelling through the regulation of Gadd45a-mitigated activation of
ATM and cH2AX. Collectively, the decline in circulating Retn expression
and attenuation of DDR may be involved in the cardiac protection and
repair process after injury.

2. Methods

2.1 Animal studies
Wild-type (WT) and RKO mice41 were used in this study. The Retn null
mice were generated by replacing the coding exons of the resistin gene
with the reporter gene lacZ specifically in the white adipose tissue as de-
scribed.41 WT mice are C57Bl6 background; resistin KO mice are on a
mixed 129SvEv/C57Bl6 background. All experimental procedures were
approved by the Mount Sinai Institutional Animal Care and Use
Committee, in accordance with the ‘Principles of Laboratory Animal
Care by the National Society for Medical research and the Guide for the
Care and Use of Laboratory Animals’ (National Institutes of Health
Publication No. 86-23, revised 1996).

2.2 Transverse aortic constriction pressure
overload HF model
Male and female mice �8–10 weeks old (body weight of 20–25 g) were
subjected to pressure overload using TAC surgery. In brief, mice were
anaesthetized with 2.0% isoflurane (vol/vol) in 600 cc/min oxygen flow
via inhalation, and respiration was artificially controlled during surgery.
Mice were maintained under 2% isoflurane throughout surgery, and an-
aesthesia effects were assessed by a lack of response to toe pinching.
The aortic arch was reached through a midline incision in the anterior
neck, and the thoracic aorta at the arch was surgically constricted using a
27-gauge needle to generate trans-stenotic pressure.42 Sham mice
underwent the same procedure without aortic banding. Animals reach-
ing endpoints were euthanized with pentobarbital (200 mg/kg), an ac-
cepted method by the Panel on Euthanasia of the American Veterinary
Medical Association. Animals were euthanized in a small area separate
from the housing and research facilities.

2.3 Echocardiography analysis
Echocardiography was performed under sedation with an intraperito-
neal injection of ketamine (100 mg/kg). Sedation was optimized by (1)
giving the lowest dose of ketamine needed to restrain the animals and to
prevent motion artefact and (2) maintaining the heart rate as close as
possible to 550 beats/min. Two-dimensional images and M-mode trac-
ings were recorded on the short axis at the level of the mid-papillary
muscle to determine per cent fractional shortening and ventricular
dimensions (GE Vivid) as recommended by the American Society of
Echocardiography.43,44

2.4 In vivo haemodynamics by pressure–
volume loop analysis
One day after echocardiography, left ventricle (LV) pressure–volume
(P–V) loops were obtained as previously described.44,45 Briefly, mice
were anaesthetized with an intraperitoneal injection mixture of urethane
(800mg/g), etomidate (10mg/g), and morphine (1mg/g), and subsequently
intubated and mechanically ventilated. The chest was opened through a
median sternotomy. A 1.2 Fr pressure–volume (P–V) conductance cath-
eter (Scisense, Ontario, Canada) was inserted into the LV apex through
an apical stab performed with a 25GA needle. Haemodynamic record-
ings were performed after 5 min of stable heart rate. Pressure–volume
data were analysed using IOX2 software (EMKA technologies). Linear
fits were obtained for end-systolic pressure–volume relationships
(ESPVRs).

2.5 Animal sacrifice, serum collection, and
tissue harvesting
Upon termination of the invasive haemodynamics measurements, ani-
mals were sacrificed, and whole heart tissues were weighed. A ring of
heart tissue was embedded for histological studies, and the rest of the
heart tissue was frozen for RNA and protein analysis. Serum resistin con-
tent was determined using an ELISA assay kit specific for mouse resistin
(Cat# ELM-Resistin) according to manufacturer’s instructions (RayBio).

2.6 RNA sequencing
Transcriptome resequencing was performed. In brief, total RNA was
extracted from the hearts of WT-TAC and RKO-TAC mice at 4 weeks
after TAC injury using TRIzol reagent (Ambion, Life technologies). RNA
concentration and quality was determined and assessed by Agilent
Bioanalyser RNA chip (Agilent 2100, Agilent). RNA samples with an
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RNA integrity number of >8 were used to generate sequencing libraries
after depletion of the rRNA. Sequencing was performed on the
BGISEQ-500 instrument using the paired-end sample preparation chem-
istry. Rstudio was used to generate the volcano plots and heat maps for
dysregulated genes (www.rstudio.com).

2.7 Anti-microRNA administration
miR148b-3p inhibitor probe (product no.:199900, batch: 621044) and
negative control (product no.: 199900, batch: 621045) were purchased
from Exiqon and were each diluted with PBS to final doses of 10 mg/mL.
All solutions were mixed by vortexing for 10 s and incubated for at least
15 min at 37�C prior to injection. Three weeks after TAC surgery, the
mice received the inhibitor probe (10 mg/kg body weight per day) or
negative control for three consecutive days by intraperitoneal injections.

2.8 AAV9-mRetn recombinant virus pro-
duction and transduction
293T cells were co-transfected with pTR-Retn and pDG-9 (expressing
AAV9 capsid and helper functions) under the control of CMV promoter
by calcium phosphate method. Three days after transfection, cells were
harvested, washed in 1� PBS, and resuspended in 150 mM NaCl, 50 mM
Tris. Virus was released by three cycles of freeze/thaw, and Benzonase
and MgCl2 were added to a final concentration of 150 units/mL and
2 lM, respectively. The cell lysate was incubated for 30 min at 37�C then
centrifuged at 3400 g for 20 min. The supernatant was loaded onto an
iodixanol gradient and centrifuged for 1 h at 69,000 rpm at 18�C. The vi-
rus was extracted from the 40%–60% interface and the bottom portion
of the 40% fraction. The iodixanol fractions containing the virus were
concentrated, and at the same time, buffer was exchanged to Lactated
Ringer’s solution, then filtered with a 0.2-lm syringe-driven filter. Stocks
were stored at -80�C, and genome-containing particles were deter-
mined by real-time PCR.

2.9 Isolation of adult mouse
cardiomyocytes and adenoviral infection
Retn knockout (RKO) mice were anaesthetized with ketamine (100 mg/
kg ip). The heart was quickly removed from the chest and aortic per-
fused retrogradely at 37�C for 3 min with a Ca2þ-free bicarbonate-
based buffer containing (in mM) 120 NaCl, 5.4 KCl, 1.2 MgSO4, 1.2
NaH2PO4, 5.6 glucose, 20 NaHCO3, 10 2,3-butanedione monoxime
(BDM; Sigma), and 5 taurine (Sigma).46 The enzymatic digestion was initi-
ated by adding collagenase type II (0.5 mg/mL) to the perfusion solution.
Cardiomyocytes were plated in laminin (5lg/mL)-coated 6-well plates
in the presence of DMEM medium supplemented with 10% bovine se-
rum albumin and 1% of penicillin/streptomycin. Following attachment,
myocytes were infected with an adenovirus-encoding Retn (Ad.Retn) or
b-galactosidase (Ad-b-Gal), at a multiplicity of infection (MOI) of 100.
After 24 h of infection, myocytes were harvest for molecular analyses.

2.10 Real-time quantitative PCR analysis
Total RNA was prepared from heart tissue or cardiomyocytes using
TRIzol reagent (Ambion, Life technologies), and RNA was reverse-tran-
scribed using the High-Capacity cDNA Reverse Transcription Kits
(Applied Biosystems) or miRCURY LNATM Universal RT microRNA
PCR (Qiagen). The cDNAs were quantified using the PerfeCTa SYBR
Green FastMix (Quanta), and specific primers (Supplementary material
online, Table S6) or LNA enhanced miR148b-3p-specific primers
(miRCURY LNA PCR primer sets for miR148b-3p and 5S rRNA, from

Qiagen). Fold changes in gene expression were determined using the
2-DDCt method with normalization to endogenous 18S rRNA or 5 s
rRNA controls.

2.11 Protein quantification by Western blot
analysis
Protein samples were prepared from mouse heart tissue using a lysis
buffer containing protease inhibitor (11852700, Roche) and phosphatase
inhibitors (88667, Thermo Fisher scientific). Protein lysates were
matched for protein concentration; total protein (15 ng) was separated
by SDS–PAGE and transferred onto PVDF membranes (Bio-Rad) that
were incubated with appropriate antibodies (Supplementary material
online, Table S7). Densities of the immunoreactive bands from at least
three independent experiments were evaluated using NIH Image J.
Protein loading was verified against GAPDH densities.

2.12 Assessment of the histology of the
heart
For histological analysis, hearts were arrested in diastole, perfusion-fixed
with 4% paraformaldehyde, embedded in paraffin and cut into 5-lm sec-
tions. Paraffin sections were stained with Masson’s trichrome staining for
routine histological analysis and FITC-labelled wheat-germ-agglutinin
(WGA, Cat. No. L4895, Sigma) diluted 1/100 (10mg/mL) to visualize and
quantify the cell cross-sectional areas. Incubation time was 1 h protected
from light. After three washing steps, the sections were cover-slipped
with a water-soluble anti-fading mounting medium. Slides were visualized
using a Zeiss Axiocam microscopy, Nikon Eclipse E400 microscope, or
AMG EVOS FL inverted microscope. Quantification of the myocardial
collagen fraction and cell surface areas was determined using NIH ImageJ
software (NIH). Cell surface areas were quantified in at least 60 cells per
group.

2.13 Dual-luciferase reporter assay
The Gadd45a microRNA-target pairs were predicted by miRDB,
microT-CDS, Targetscan (Release 7.2), and miRSearch (V3.0). Luciferase
reporters were constructed by cloning sequences from the 3’ untrans-
lated regions (UTRs) of Gadd45a mRNAs into the psiCHECK-2 vector
(Cat. No. C8021, Promega). Briefly, the WT 3’ UTRs of these genes,
which contain the predicted miR148b-3p response element, as well as
mutant 3’ UTRs were synthesized, and then inserted in the multiple clon-
ing region behind the synthetic Renilla luciferase gene. HEK293T cells
were co-transfected with the constructed reporter plasmid (500 ng) and
mmu-miR-148b-3p mimics (100 nM) (Cat. No. YM00471310, Qiagen)
or miRNA mimic negative control (Cat. No. YM00479902, Qiagen) us-
ing Lipofectamine 2000 transfection reagent (Cat. No. 11668-019,
Invitrogen). Reporter assays were performed 48 h after transfection us-
ing the Dual Luciferase Reporter Assay System (Cat. No. E1910,
Promega) and EnVision plate reader (PerkinElmer) according to the
manufacturer’s protocol. Data are presented as a ratio of firefly lucifer-
ase activity normalized to Renilla luciferase.

2.14 Creation of Gadd45a stable cell lines
and treatment
pLXSN Retroviral Vector (Cat. No. 631509, Clontech) and pCMV6-
Gadd45a (Cat. No. MR201332, OriGene) were used. The 566-bp DNA
fragment containing Gadd45a open-reading frame was removed
from pCMV6-Gadd45a by EcoRI and XhoI digestion, and cloned into
the EcoRI/XhoI sites of pLXSN to create Retroviral-Gadd45a vector.
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pLXSN Retroviral vector (control) and Retroviral-Gadd45a vector
were transfected into two different 60-mm plates of 70% confluent
293 T cells. Retrovirus-containing conditioned medium was harvested
and used to transduce H9C2 cardiomyoblasts. 48 hours post-
transfection, H9C2-Gadd45a and H9C2-Control cells were selected for
10 days with complete DMEM containing 10% foetal bovine serum,
100 IU/mL penicillin, 100 lg/mL streptomycin, and 1 mg/mL G418
(Sigma Chemical, St. Louis, MO). The expression level of Gadd45a was
determined by real-time PCR. DNA damage was induced by treatment
with 200 lM hydrogen peroxide (H2O2) for 24 hours or 100 ng/mL re-
combinant Retn for 48 hours.

2.15 Immunofluorescence
Cultured cells were fixed with 4% paraformaldehyde in PBS for 15 min.
Samples were blocked with 1% BSA and 1% Triton-X100 for 1 h, and
subsequently incubated with anti-pATM (1:200) overnight at 4�C. After
washing with PBS, secondary antibody conjugated to Alexa Fluor 488
(1:200) was added and incubated for 1 h at room temperature. Finally,
the cells were counterstained with DAPI and mounted with mounting
medium. Foci numbers of pATM were assessed using NIH ImageJ soft-
ware (NIH, Bethesda, MD, USA).

2.16 Terminal deoxynucleotidyl transferase
dUTP nick-end labelling (TUNEL) assay
A TUNEL kit (Cat. No. S7165, EMD Millipore) was used to assess myo-
cardial apoptosis following the manufacturer’s instructions. Briefly, tissue
sections were deparaffinized and rehydrated, then pretreated with pro-
teinase K (20mg/mL) for 15 min at room temperature. The TdT reaction
was performed for 1 h at 37�C in a humidified chamber. Finally, sections
were stained with DAPI for 5 min and mounted with mounting medium.
Slides were visualized using AMG EVOS FL inverted microscope with
40� magnification. Quantification of the apoptotic cells was determined
using NIH ImageJ software (NIH, Bethesda, MD, USA). The apoptosis
rate refers to the number of TUNEL positive nuclei divided by the total
number of DAPI-stained cells�100%.

2.17 Human left ventricle samples
The current investigation conforms to the principles outlined in the
Declaration of Helsinki. Human heart tissue specimens were obtained
from the National Disease Research Interchange through the Human
Tissues and Organs for Research Resource program. In accordance with
the Institutional Review Board of the Icahn School of Medicine at Mount
Sinai, the authors had no access to any identifying patient information
(e.g. name, social security number, medical record number, pathology
accession number, or any other code) that would permit specimens
used in this study to be linked to individually identifiable living individuals.
These specimens were completely de-identified and were treated as any
commercially available cell line. Failing heart samples were obtained
from explanted hearts at the time of cardiac transplantation from
patients with ischaemic heart disease: 1) Caucasian, female, 66 years old,
died on 10/11/2000; 2) Afro-American, female, 62 years old, died on 10/
12/2001; or dilated cardiomyopathy 3) Caucasian, male, 53 years old,
died on 9/23/1997. The average EF of the patients was 20± 3%. Control
non-failing heart samples were obtained from donors who had normal
cardiac function and died from neurological diseases or road traffic acci-
dents: 1) Caucasian, male, 54 years old, died on 4/19/1994; 2) Caucasian,
male, 58 years old, died on 9/24/2000; and 3) Caucasian, female, 68 years
old, died on 9/1/1993.

2.18 Statistical analysis
The results are presented as mean ± standard error of the mean
(S.E.M.). Unpaired Student’s t-test or one-way ANOVA with Tukey’s
post-hoc test was performed as indicated to determine statistical differ-
ences. Probability values of P < 0.05 were considered significant.
Statistical analyses were conducted using GraphPad Prism 5 software
(Graph Pad, CA, USA).

3. Results

3.1 Inhibition of Retn prevents and partially
reverses cardiac remodelling and
dysfunction in pressure overload-induced
HF
We first sought to examine the effect of direct manipulation of Retn lev-
els on the pathogenesis of cardiac hypertrophy and HF. To this end, WT
and adipose tissue RKO mice41 were used; the RKO mice showed com-
plete deletion of resistin in adipose tissue and significant reduction in cir-
culating serum levels compared to WT (Supplementary material online,
Figure S1A and B), in agreement with previous findings.41 However, WT
and RKO mice expressed comparable levels of resistin in heart samples
(Supplementary material online, Figure S1C and D). WT and RKO mice
were subjected to either sham operation or TAC pressure overload for
4 or 10 weeks (Figure 1A). The heart weight/body weight (HW/BW) and
HW/tibia length (HW/TL) ratios were significantly increased 4 weeks
(Supplementary material online, Figure S2A) and 10 weeks after TAC in-
jury in both WT-TAC and RKO-TAC mice compared to sham mice
(Figure 1B). Consistent with these data, histological analysis confirmed
the cardiac chamber remodelling and increased cardiomyocytes cross-
sectional areas in both groups (Figure 1C; Supplementary material online,
Figure S2B for 4 weeks group). Interestingly, RKO-TAC mice developed
a concentric hypertrophic phenotype characterized by marked increase
in left ventricular (LV) thickness with increased cell size (Figure 1C;
Supplementary material online, Figure S2B for 4 weeks group) and in-
creased foetal genes expression (i.e. albeit less apparent compared to
WT-TAC; Figure 1D; Supplementary material online, Figure S2C for
4 weeks group). Physiological and functional assessment was performed
to confirm the apparent gross hearts abnormalities. Transthoracic echo-
cardiographic analysis showed a significant increase in contractility, as
assessed by the fractional shortening at 4 weeks (RKO-TAC
50.52 ± 0.49% vs. WT-TAC 35.17± 0.73%, P < 0.001; Supplementary
material online, Figure S1D and Table S1) and at 10 weeks RKO-TAC
52.21 ± 0.54% vs. WT-TAC 30.91 ± 1.81%; Figure 1E and Supplementary
material online, Table S2, P< 0.0001) and the ejection fraction (RKO-
TAC 68.14± 4.59% vs. WT-TAC 49.66± 6.82%, P < 0.05;
Supplementary material online, Table S3), accompanied by a marked de-
crease in ventricular geometry, characterized by significantly decreased
LV internal dimension at end-systole (LVIDs) in RKO-TAC mice com-
pared to WT-TAC mice (Figure 1E; Supplementary material online,
Figure S2D and Table S1 for 4 weeks group). In addition, LV catheteriza-
tion and haemodynamic analysis revealed decreased LV chamber dimen-
sions and improved contractility, assessed by end-systolic pressure–
volume relationship (ESPVR), in RKO-TAC mice compared to WT-TAC
mice (Figure 1F and Supplementary material online, Table S3), which is in
agreement with the echocardiographic measurements. Moreover, dia-
stolic parameters were also preserved in the RKO-TAC group as evi-
denced by the decrease in the time constant of LV pressure decay during

Anti-resistin in heart failure 1951

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data


Figure 1 Resistin inhibition attenuates TAC-induced hypertrophy, cardiac dysfunction, and fibrosis in RKO mice. (A) Study protocol for TAC induction in
WT or RKO mice. (B) Gravimetric analysis of heart weight/body weight (left panel; n = 7–8), heart weight/tibia length (middle panel; n = 7–8), and lung
weight/tibia length (right panel; n = 5) in WT and RKO mice subjected to sham or TAC for 10 weeks. (C) Representative images of Masson’s trichrome (top
panels, scale bar, 2 mm) and WGA (lower panels, scale bar, 100mm, n = 60) stained hearts sections; quantification of cardiomyocytes cross-sectional area.
(D) Real-time PCR analysis of the expression levels of Anf, Myh7, Myh6, and Acta1 (n = 4). (E) Representative echocardiographic images; quantification of frac-
tional shortening and LVIDs of WT or RKO mice subjected to sham or TAC for 10 weeks (n = 7–8). (F) Assessment of the load-independent parameter
ESPVR by pressure–volume conductance catheters (n = 4). (G) Survival curve of WT or RKO mice subjected to sham or pressure overloaded 10 weeks
post-TAC (n = 7–14). (H) Representative images of Masson’s trichrome-stained hearts sections and cardiac fibrosis quantification as percentage of blue
stained area vs. control (scale bar, 100mm) in the indicated groups of mice (n = 4). Real-time PCR analysis of the expression levels of Col1a1, FN, CCN2, and
LOX (n = 4). N, each animal is shown as an individual point whereas horizontal lines represent median values. Values are shown as mean ± S.E.M. with each
experiment performed in biological and technical replicates as indicated. Significance was evaluated by Student’s t-test or one-way ANOVA with Tukey’s
post-hoc test. P values <0.05 were considered significant.
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the isovolumic relaxation phase tau at 10 weeks post-TAC (17.6± 1.46
vs. 33.36± 7.5; P < 0.05; Supplementary material online, Table S3). These
data suggest that Retn loss of function reverses pressure overload-
induced myocardial dysfunction and remodelling and blunted the pro-
gression of HF, eventually leading to a longer survival rate in RKO-TAC
mice compared with WT-TAC (Figure 1G).

3.2 Loss of resistin inhibits cardiac fibrosis
Since cardiac fibrosis and ventricular stiffness are prominent features in
the transition from compensatory hypertrophy to HF, we sought to ex-
amine the potential involvement of Retn deletion in the regulation of car-
diac extracellular matrix (ECM) remodelling. Fibrosis is a pathological
feature of cardiac adaptation to stress, where the proliferation of fibro-
blasts and increased deposition of ECM components results in myocar-
dial stiffness and diastolic dysfunction. Histological examination of
stained LV sections and subsequent quantification of the fibrotic area
revealed that TAC induced, as expected, a profound increase in intersti-
tial fibrosis in the WT-TAC hearts compared to WT sham-operated
hearts both at 4 weeks (Supplementary material online, Figure S2E) and
at 10 weeks groups (Figure 1H). In contrast, RKO-TAC hearts showed a
significant decrease in fibrosis (Figure 1H; Supplementary material online,
Figure S2E for 4 weeks group), paralleled by reductions in the mRNA ex-
pression of the pro-fibrotic genes, collagen type I alpha 1 (Col1a1), fibro-
nectin (FN), cellular communication network factor 2 (CCN2), and lysyl
hydroxylase (LOX) in the RKO-TAC hearts when compared to WT-
TAC hearts (Figure 1H; Supplementary material online, Figure S2F for
4 weeks group). These findings are in agreement with the observed pres-
ervation of diastolic parameters in the RKO-TAC group (Supplementary
material online, Table S3).

3.3 Resistin overexpression exacerbates
pressure overload-induced cardiac dysfunc-
tion and myocardial fibrosis in Retn KO
mice
To directly validate the action of Retn on cardiac performance, we over-
expressed Retn using a recombinant adeno-associated virus 9 vector
that confers high tropism to cardiac tissue and then performed physio-
logical and functional assessment of RKO failing hearts after TAC induc-
tion. RKO mice received gene transfer of AAV9-empty or AAV9-mRetn
for 6 weeks, and then subjected to TAC for an additional 7 weeks
(Figure 2A). Post-mortem analysis revealed that the HW/BW and HW/
TL ratios weren’t different between AAV9-empty and AAV9-mRetn-
treated mice after pressure overload setting (Figure 2B). AAV9-mediated
Retn gene transfer in vivo showed increased Retn protein and mRNA ex-
pression in the heart (Figure 2C). Molecular analysis of the re-induction of
the hypertrophic foetal cardiac genes showed a significant increase in
atrial natriuretic factor (Anf) and a decrease in alpha myosin heavy chain
(Myh6) but no change in beta-myosin heavy chain (Myh7) or skeletal
muscle alpha-actin (Acta1) (Figure 2D).

Echocardiographic analysis revealed significant changes in cardiac con-
tractility and systolic function. A decrease in fractional shortening
(50.14 ± 0.39% vs. 33.34 ± 0.37%, P < 0.0001; Figure 2E and
Supplementary material online, Table S4) accompanied by a marked in-
crease in LV internal dimension at end-systole (LVIDs) (1.61 ± 0.06 vs.
2.79± 0.05 mm, P < 0.0001, Figure 2E and Supplementary material online,
Table S4) are documented in AAV9-mRetn mice when compared to
AAV9-empty mice. In vivo haemodynamic analysis further confirmed the
pronounced defect in systolic and diastolic functions caused by Retn

overexpression. The end-systolic pressure volume relationship (ESPVR)
was significantly decreased (6.45 ± 1.01 vs. 1.94± 0.1 mmHg/ll, P < 0.01;
Figure 2F, Supplementary material online, Table S4) while the relaxation
tau constant was increased (20 ± 2.67 vs. 30.86 ± 4.18 msec, P < 0.05;
Supplementary material online, Table S4) in AAV9-mRetn mice com-
pared to AAV9-empty mice. The Retn-induced decline in cardiac perfor-
mance led to shorter survivals in the AAV9-mRetn groups (Figure 2G).
These functional data suggest that Retn gain of function contributes to
the deterioration of myocardial function and further exacerbates pres-
sure overload HF.

Extending these observations, histological analysis showed advanced
cardiac fibrosis in heart receiving AAV9-mRetn gene transfer after TAC
induction (Figure 2H), as well as increased expression of fibrotic markers
(Figure 2I) compared to AAV9-empty hearts. Collectively, these data
demonstrate that Retn cardiac-specific overexpression exacerbates sys-
tolic and diastolic functions following cardiac injury.

3.4 Resistin controls cardiac remodelling
through regulation of miR148b-3p and
Gadd45a
To gain an insight into the molecular function of Retn in the setting of
cardiac failure, we employed transcriptional and experimental
approaches for the identification of biologically relevant target genes.
Interrogation of whole-genome transcriptional responses by RNA se-
quencing of WT-TAC and RKO-TAC mouse hearts showed a total of
2,486 transcripts were dysregulated (P < 0.05) with 1,790 upregulated
and 696 downregulated genes (Figure 3A). The RNA-seq data showed
that inhibition of Retn was associated with a significant upregulation of
the growth arrest DNA-damage-inducible protein 45 alpha (Gadd45a)
(Figure 3A and B), a suggested diabetes-associated gene which may be in-
volved in diabetic cardiomyopathy.47,48 Ingenuity pathway analysis (IPA)
showed that the top enriched biological processes are associated with
pathways involved in cell apoptosis (i.e. p55 and JNK signalling), cell cycle,
and DNA damage [GADD45a, ATM, BRCA1 signalling (Supplementary
material online, Figure S3A)]. Interestingly, Gadd45a was represented in
all biological processes depicted (Supplementary material online, Figure
S3B), highlighting its critical role in apoptosis and DNA damage response
pathways. These observations prompted us to focus on Gadd45a and
probe its expression, and its involvement in Retn’s regulation of cardiac
function. Gadd45a protein and mRNA expression were significantly
downregulated in WT-TAC hearts (Figure 3C; Supplementary material
online, Figure S4A for 4 weeks group at the protein level). Retn inhibition
upregulated (Figure 3C; Supplementary material online, Figure S4A for
4 weeks group) while Retn overexpression (via AAV9-mRetn) downre-
gulated Gadd45a expression in the RKO-TAC hearts (Figure 3D). We
next determined whether Retn-driven downregulation of Gadd45a ex-
pression is regulated by non-coding RNAs, which have recently emerged
as key regulators of gene expression in cardiomyocytes.49 Using bioin-
formatics tools, Gadd45a was identified as a putative target gene of
miR148b-3p (Supplementary material online, Figure S5). The mRNA se-
quence of Gadd45a is predicted to contain a conserved ‘seed’ sequence
complimentary to miR148b-3p in the 30-untranslated region (3’-UTR)
(Figure 3E; Supplementary material online, Figure S5). We performed a
luciferase-based expression assays in vitro to verify that Gadd45a is bona
fide miR148b-3p target. A partial of the Gadd45a 30-UTR containing
miR148b-3p binding sites or a mutant fragment was cloned downstream
of the stop codon of the Renilla luciferase in a dual-luciferase reporter
vector. The construct was co-transfected in HEK293 cells with synthetic
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Figure 2 Resistin overexpression exacerbates TAC-induced hypertrophy, cardiac dysfunction, and cardiac fibrosis in RKO mice. (A) Study protocol for
Retn overexpression via AAV9 in TAC-induced RKO mice. (B) Analysis of heart weights (HW)/body weight (BW) and HW/tibia length ratios in AAV9-
empty or AAV9-mRetn RKO mice subjected to TAC for 7 weeks (n = 6–11). (C) Western blot quantification and mRNA heart expression of Retn in AAV9-
mRetn vs. AAV9-empty controls (n = 4–5). Protein levels were normalized to GAPDH, a loading control; mRNA levels were normalized to 18S. (D)
Real-time PCR analysis of the expression levels of Anf, Myh7, Myh6, and Acta1 (n = 5). (E) Representative echocardiographic images and quantification of frac-
tional shortening (FS%) and the left ventricular internal diameters in systole (LVIDs) of AAV9-empty or AAV9-mRetn RKO mice subjected to TAC for
7 weeks (n = 5). (F) Assessment of the load-independent parameter end-systolic pressure–volume relationship (ESPVR) by pressure–volume conductance
catheters (n = 5). (G) Survival curve of AAV9-empty or AAV9-mRetn RKO mice subjected to TAC for 7 weeks (n = 6–22). (H) Representative images of
Masson’s trichrome-stained hearts sections and myocardial fibrosis quantification as percentage of blue-stained area (fibrotic) vs. control (scale bar, 100mm,
n = 3). (I) Real-time PCR analysis of the expression levels of fibrosis-related factors: Col1a1, FN, CCN2, and LOX (n = 5). N, each animal is shown as an individ-
ual point whereas horizontal lines represent median values. Values are shown as mean ± S.E.M. with each experiment performed in biological and technical
replicates as indicated. Significance was evaluated by Student’s t-test. P values <0.05 were considered significant.
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Figure 3 Retn controls cardiac remodelling through regulation of miR148b-3p and Gadd45a. (A) Volcano plots showing differentially expressed genes
(P < 0.05) in the hearts of the RKO-TAC vs. WT-TAC mice. Blue reflects downregulated and red upregulated genes. The dash line denotes significance level
at P = 0.05. (B) Heat map of differentially expressed genes, red indicating gene-upregulated and blue indicating gene-downregulated. (C) Gadd45a mRNA
and protein expression in groups of mice indicated (n = 3–4). (D) Western blot and real-time PCR analysis of the expression of Gadd45a in TAC-induced
RKO mice hearts following AA9-empty or AAV9-mRetn overexpression (n = 3–4). (E) Bioinformatics analysis identified the Gadd45a gene as a putative tar-
get of miR148b-3p. Direct interaction was confirmed using dual-luciferase reporter assays (n = 3). (F) Real-time PCR analysis of the expression levels of
miR148b-3p in sham and TAC-induced WT or RKO mice hearts for 10 weeks (n = 4). (G) Real-time PCR analysis of the expression levels of miR148b-3p in
AAV9-empty or AAV9-mRetn overexpressing TAC-induced RKO mice hearts (n = 5). (H, I) Real-time PCR analysis of the expression levels of miR148b-3p
and Gadd45a following adenovirus-encoding resistin (Ad.Retn) or Ad.b-Gal infection of cardiomyocytes (MOI 100) isolated from RKO mice (n = 3). (J)
Western blot analysis and quantification (left panel), and real-time PCR verification (right panel) of Retn expression in cardiomyocytes (from H and I) follow-
ing Ad.b-gal or Ad.Retn infection (MOI 100) (n = 3). Protein levels were normalized to GAPDH, a loading control; mRNA levels were normalized to 18S. N,
each animal is shown as an individual point whereas horizontal lines represent median values. Values are shown as mean± S.E.M. with each experiment per-
formed in biological and technical replicates as indicated. Significance was evaluated by Student’s t-test or one-way ANOVA with Tukey’s post-hoc test.
P values <0.05 were considered significant.
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miR148b-3p mimics or control miR mimics. In the presence of miR148b-
3p, we observed a significant decrease (P < 0.05) in luciferase activity of
Gadd45a construct compared to control miR (Figure 3E). Additionally,
co-transfection of miR148b-3p mimics or control miR with construct
containing mutated Gadd45a 3’-UTR sequence had no effect on the lucif-
erase activity (Figure 3E).

We next assessed the expression of miR148b-3p and found it to be
significantly increased in pressure overload WT-TAC hearts compared
to sham WT both at 4 weeks (Supplementary material online, Figure
S4B) and at 10 weeks (Figure 3F). Retn inhibition decreased (Figure 3F)
while Retn overexpression increased miR148b-3p expression in the
RKO-TAC hearts (Figure 3G). Furthermore, infection of isolated mouse
adult cardiomyocytes with adenovirus overexpressing Retn (Ad.Retn)
also showed an increase in miR148b-3p levels (Figure 3H) and a decrease
in Gadd45a mRNA expression compared to b-gal (Figure 3I). Increased
Retn expressions were confirmed at protein and mRNA levels
(Figure 3J). In addition, failing human cardiac tissues showed increased ex-
pression of RETN and miR-148b-3p and decreased expression of
GADD45a, further corroborating the mouse data (Supplementary ma-
terial online, Figure S6). These data suggest that Retn may regulate
Gadd45a expression through miR148b-3p.

3.5 miR148b-3p silencing prevents and par-
tially reverses myocardial dysfunction and
remodelling
Anti-sense oligonucleotides that inhibit the expression of miRNAs are
currently under development as therapeutic modalities for a diverse set
of diseases associated with miRNAs aberrant gain-of-function.
Therefore, we considered whether inhibition of miR148b-3p in the fail-
ing heart could have a beneficial effect in mitigating cardiac dysfunction
associated with pressure overload. To test the therapeutic potential of
silencing miR148b-3p in vivo, WT mice were subjected to pressure over-
load induced by TAC. After three weeks of TAC surgery, mice were ran-
domly assigned to receive either anti-miR148b-3p or control anti-miR
for 3 consecutive days (Figure 4A). At three weeks post-treatment (i.e.
6 weeks of TAC), mice treated with anti-miR148b-3p had a significant
decline in miR148b-3p cardiac expression (Figure 4B) and demonstrated
preserved systolic function when compared to control-treated animals
as assessed by fractional shortening (anti-miR148b-3p 47.79± 5.21% vs.
control 29.49 ± 5.72%, P < 0.05; Figure 4C, Supplementary material on-
line, Table S5). Anti-miR148b-3p treatment also prevented ventricular di-
latation as evinced by the preservation of LV diameter at systole in anti-
miR148b-3p-treated mice (Figure 4C and Supplementary material online,
Table S5). Furthermore, the improvement of systolic function was ac-
companied by a reduction in HW/BW and HW/TL ratios (Figure 4D),
and a decrease in Anf expression (Figure 4E) (at Week 6) in anti-
miR148b-3p-treated TAC mice, although the expression of other hyper-
trophic gene markers (i.e. Acta1, MyH7, MyH6) did not show changes
(Figure 4E), which might be very likely due to the relatively short treat-
ment time with the anti-miR148p. In addition, anti-miR148b-3p treat-
ment attenuated the interstitial myocardial fibrosis and fibrotic markers
associated with chronic pressure overload (Figure 4F). As expected,
TAC-operated mouse hearts treated with anti-miR148b-3p showed in-
creased Gadd45a mRNA and protein expression (Figure 4G). These data
suggest that miR148b-3p plays a role in cardiac dysfunction and mediates
Retn-induced HF potentially through negative regulation of Gadd45a.

3.6 Retn overexpression promotes/triggers
DNA damage response
To further delineate the molecular mechanisms driving Retn pathological
effect on cardiac function, we focused on the potential involvement of
DNA damage and the DNA damage response (DDR) given the role
Gadd45a plays in the maintenance of genomic stability and DNA re-
pair.50 We hypothesize that Retn promotes pathological cardiac remod-
elling through inhibition of Gadd45a and activation of DDR. To this end,
we found that the expression levels of the essential DNA repair-related
genes, Parp1 and Xrcc1, were decreased in WT-TAC-operated hearts
remarkably after 10 weeks (Figure 5A) or following AAV9-mRetn overex-
pression (Figure 5B), but no changes after 4 weeks of TAC
(Supplementary material online, Figure S7A). Retn inhibition on the other
hand restored and/or further increased the levels of Parp1 and Xrcc1 in
RKO-TAC or sham hearts (Figure 5A), suggesting that Retn, like TAC in-
jury, may compromise the DNA damage repair activity. Furthermore,
the expression of the phosphorylated histone variant H2AX (cH2AX),
known to be an early and sensitive marker of DNA damage,51 was signifi-
cantly increased in WT-TAC-operated hearts compared to sham mice
(Figure 5C; Supplementary material online, Figure S7B for 4 weeks group)
or following AAV9-mRetn overexpression (Figure 5D), suggesting that
TAC injury or Retn upregulation induces DNA damage. Retn inhibition,
in contrast, decreased cH2AX expression in the RKO-TAC hearts com-
pared to WT-TAC mice (Figure 5C), further indicating that Retn gene de-
letion indeed suppresses DNA damage activation. Collectively, these
data demonstrate that increased cH2AX activation in TAC and AAV9-
mRetn mice was likely due to defective DNA repair represented by
downregulation of Parp1 and Xrcc1 repair enzymes (Figure 5A and B).

We demonstrated earlier that Retn negatively regulates Gadd45a
through activation of miR148b-3p (Figures 3 and 4). We therefore
assessed the effects of miR148b-3p on DNA damage and repair activi-
ties. As expected, TAC-operated mouse hearts treated with anti-
miR148b-3p showed increased Parp1 and Xrcc1 expression (Figure 5E)
and decreased cH2AX expression (Figure 5F) compared to control
hearts, paralleling the Retn gene deletion data above. These results
clearly demonstrate that silencing Retn and miR148b-3p prevent DNA
damage and DDR and potentially protect against cardiac dysfunction in
response to TAC injury.

3.7 Gadd45a mitigates Retn-triggered
DNA damage response
We next examined the direct involvement of Gadd45a and whether
its overexpression prevents Retn-induced DNA damage and DDR.
To this end, we generated H9C2-Gadd45a stable cell lines (Figure 6A)
and challenged them with H2O2 or recombinant Retn to trigger DNA
damage. Following exposure to H2O2 or Retn, control cells showed
significant decrease in the abundance of Parp1 (Figure 6B, left panel)
and Xrcc1 (Figure 6B, right panel) whereas Gadd45a-overexpressing
cells showed increased expression of both enzymes (Figure 6B),
reflecting that the delayed repair caused by H2O2 or Retn was par-
tially rescued by Gadd45a expression. A similar pattern was ob-
served with the accumulation of cH2AX. Treatment with H2O2

(Figure 6C) or Retn (Figure 6C) increased cH2AX accumulation and el-
evated cH2AX compared to control cells. This increase in cH2AX
abundance was significantly reduced by Gadd45a (Figure 6C and D),
intuitively supporting the hypothesis that Gadd45a protects against
Retn-induced DNA damage.

B. Zhao et al.1956

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab234#supplementary-data


Figure 4 Inhibition of miR148b-3p prevents and partially reverses cardiac remodelling and dysfunction. (A) Study protocol for anti-miR-148 therapy in
TAC-induced WT mice HF. (B) Real-time PCR analysis of the expression levels of miR148b-3p in sham and TAC-WT mice ± anti-miR-148b-3p (n = 4). (C)
Representative echocardiographic images and quantification of fractional shortening (FS%) and the left ventricular internal diameters in systole (LVIDs)
(n = 4–6). (D) Analysis of heart weights (HW)/body weight (BW) and HW/tibia length ratios in sham and TAC-induced WT mice ± anti-miR-148b-3p
(n = 4–6). (E) Real-time PCR analysis of the expression levels Anf, Myh7, Myh6, and Acta1(n = 4). (F) Representative images of Masson’s trichrome-stained
hearts sections and myocardial fibrosis quantification as percentage of blue stained area (fibrotic) vs. control (scale bar, 50mm, n = 4). Real-time PCR analysis
of the expression levels of Col1a1, FN, CCN2, and LOX (n = 4). (G) Western blot (and densitometric quantification) and real-time PCR analysis of the expres-
sion of Gadd45a in sham and TAC-induced WT mice ± anti-miR-148b-3p (n = 4). Protein levels were normalized to GAPDH, a loading control; mRNA lev-
els were normalized to 18S. N, each animal is shown as an individual point whereas horizontal lines represent median values as indicated. Values shown are
mean± S.E.M., with each experiment performed in biological and technical replicates. Significance was evaluated by Student’s t-test or one-way ANOVA
with Tukey’s post-hoc test. P values <0.05 were considered significant.
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..To verify these findings of marked genomic damage further, we exam-
ined the phosphorylation of Ataxia telangiectasia mutated (ATM) kinase,
a well-established marker and inducer of DDR.40 Using immunostaining,
we detected significantly higher counts of foci in cells positive for p-ATP

after exposure to H2O2 (Figure 6E) or Retn (Figure 6F), reflecting in-
creased DDR. Gadd45a overexpression, in contrast, led to significant re-
duction in pATM-positive foci (Figure 6E and F), underscoring the role of
Gadd45a in mitigating the rates of DNA damage. Collectively, these

Figure 5 Effect of Retn and inhibition of miR148b-3p on DNA damage and DDR after TAC-induced mice HF. (A) Real-time PCR analysis of the expres-
sion levels of DNA repair-related genes (Parp1 and Xrcc1) in WT and RKO mice subjected to sham or TAC for 10 weeks (n = 4). (B) Real-time PCR analy-
sis of the expression levels of Parp1 and Xrcc1 in AAV9-empty or AAV9-mRetn RKO mice subjected to TAC for 7 weeks (n = 5). (C) Western blot and
quantification heart expression of cH2AX in WT and RKO mice subjected to sham or TAC for 10 weeks (n = 3–4). (D) Western blot and quantification
heart expression of cH2AX in AAV9-mRetn vs. AAV9-empty controls (n = 5). (E) Real-time PCR analysis of the expression levels of Parp1 and Xrcc1 in
sham and TAC-induced WT mice ± anti-miR-148b-3p (n = 4). (F) Western blot and quantification heart expression of cH2AX in sham and TAC-induced
WT mice ± anti-miR-148b-3p (n = 4). Protein levels were normalized to GAPDH, a loading control; mRNA levels were normalized to 18S. N, each animal
is shown as an individual point whereas horizontal lines represent median values. Values are shown as mean± S.E.M. with each experiment performed in
biological and technical replicates as indicated. Significance was evaluated by Student’s t-test or one-way ANOVA with Tukey’s post-hoc test. P values
<0.05 were considered significant.
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Figure 6 Overexpression of Gadd45a protects H9C2 rat myocytes against hydrogen peroxide (H2O2) and recombinant Retn-induced DDR. H9C2 cells
were transfected with Gadd45a or empty control by Retroviral Gene Transfer and Expression system, then treated with 200 lM H2O2 for 24 h or 100 ng/
mL recombinant Retn for 48 h. (A) Real-time PCR analysis of the expression levels of Gadd45a in Gadd45a overexpressing H9C2 cells vs. control (n = 3).
(B) Expression levels of Parp1 and Xrcc1 were analysed by real-time PCR (n = 3). (C and D) Representative images and analysis of Western blots of cH2AX
(n = 3). Protein levels were normalized to GAPDH, a loading control; mRNA levels were normalized to 18S. (E and F). Representative images and analysis of
immunostaining of nuclear foci of pATM (green) and DAPI (blue) (n = 6, scale bar, 100mm). Values are shown as mean± S.E.M. with each experiment per-
formed in biological and technical replicates as indicated. Significance was evaluated by Student’s t-test or one-way ANOVA with Tukey’s post-hoc test. P
values <0.05 were considered significant.
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results strengthen our conclusion that Retn predisposes cardiomyocytes
to accumulation of DNA damage and defective DNA repair whereas
Gadd45a has an opposite effect on these processes.

3.8 Loss of Retn prevents induction of
myocardial apoptosis in vivo
To determine whether inhibition of Retn plays a role in the protection
against cardiomyocyte apoptosis and further support the findings regard-
ing DNA damage, we probed myocardial apoptosis in cardiac tissues fol-
lowing TAC. TUNEL analysis revealed that TAC induced increased
apoptotic nuclei in the WT-TAC hearts compared to WT sham-oper-
ated hearts both at 4 weeks (Supplementary material online, Figure S8)
and at 10 weeks groups (Figure 7). In contrast, RKO-TAC hearts showed
a marked decrease in DNA fragmentation of nuclei detected by TUNEL
compared to WT-TAC (Figure 7; Supplementary material online, Figure

S8 for the 4-week group). These results are in line with the DNA damage
findings and suggest that inhibition of Retn plays a critical protective role
against DNA fragmentation following pressure overload-induced HF.

4. Discussion

HF is a major and deadly health problem that is increasing in prevalence.
There is an increasing need to understand the molecular aetiologies of
HF in order to develop positive therapies to correct it potentially by di-
rectly affecting the molecular basis of the condition. The current study
represents the first detailed investigation documenting the direct impli-
cation of Retn in the modulation of cardiac function and remodelling.
Using gain/loss-of-function approaches, we demonstrated that Retn is
able and sufficient to negatively drive pathways promoting cardiac dys-
function and fibrotic remodelling after pressure overload injury.
Deletion of Retn in vivo blocked pressure overload-induced myocardial
dysfunction and remodelling, and partially attenuated the progression to
HF. This was evidenced by improvement in cardiac contractility parame-
ters, decreased myocardial fibrosis and apoptosis, and improved overall
survival following Retn deletion after pressure overload. On the other
hand, cardiac-selective overexpression of Retn was sufficient to deterio-
rate cardiac function and induce HF and premature death in Retn-KO
mice. It is worthy to note that our studies were performed on a mouse
model that lacks Retn specifically in the white adipose tissue and not
whole body knockout, highlighting the potential role of adipose-derived
Retn in driving the observed cardiac phenotypes. Although adipocytes
are considered the main source of secrete Retn, we and others have
nevertheless demonstrated that it is also detectable in cardiomyo-
cytes.11,12,18,31 Therefore, a clear limitation in our study is that the RKO
mice still have some residual Retn expressed in the heart, which may
conceivably exert its negative effects and therefore explain the partial re-
versal in cardiac function and remodelling observed in the study.
However, our findings still provide a strong evidence for a critical nega-
tive role of Retn in HF and add to a growing body of evidence associating
Retn with HF. Higher serum levels of Retn were found in patients with
HF25 and demonstrated to be a predictor of the presence and severity
of coronary artery disease30 and positively related to the severity and
incidents of HF hospitalization.26,28 Furthermore, Retn has been associ-
ated with markers of insulin resistance and inflammation which have in
turn been shown to predict HF incidence.30,47,52 Others, however, have
observed that higher circulating Retn levels were strongly associated
with increased risk of new-onset HF and the association of Retn with HF
persisted after adjustment for well-known HF risk factors, such as B-type
natriuretic peptide, obesity, insulin resistance, and inflammation,26,27 sug-
gesting that Retn may promote HF independent of insulin resistance and
inflammation, further supporting our findings for a direct effect.

Other lines of evidence from our laboratory and others strongly indi-
cate that hyper-resistinemia contributes to the impairment of cardiac
contractility and development of cardiac dysfunction. Cyclic stretch and
aorta-caval shut upregulated Retn.12 We have previously showed that
overexpression of Retn in cultured rat ventricular myocytes altered car-
diomyocyte function and calcium transients in vitro and induced cellular
hypertrophy.18,31 We have subsequently demonstrated that long-term
overexpression of Retn in vivo in normal rats impaired left ventricular
contractility and induced a complex phenotype myocardial remodelling
characterized by oxidative stress, fibrosis, and apoptosis.32 Furthermore,
by measuring cardiac tissue levels of Retn in several animal models of car-
diac hypertrophy and failure, we demonstrated that mouse models of

Figure 7 Inhibition of Retn blocks myocardial apoptosis. TUNEL
staining was performed on LV tissues from the different groups at
10 weeks post-TAC as indicated. (A) TUNEL-positive apoptotic cells
are shown as red-stained cells under fluorescent microscope. (B)
Quantification of apoptosis shown as a percentage of apoptotic nuclei
(red by TUNEL) vs. total nuclei (blue by DAPI) (scale bar, 100mm,
n = 4, 5–6 random fields/group were quantified). Values are shown as
mean ± S.E.M. Significance was evaluated by Student’s t-test or one-way
ANOVA with Tukey’s post-hoc test. P values <0.05 were considered
significant.
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.
cardiac hypertrophy that is associated with fibrosis (diabetes, pressure
overload, and HF) exhibited increased tissue levels of Retn compared to
non-fibrosing hypertrophy (volume overload) where Retn is not or mini-
mally augmented.53 These observations are corroborated by our finding
in the current study that Retn silencing attenuated while Retn overex-
pression exacerbated cardiac fibrosis in TAC-induced RKO mice.
Associating Retn with cardiac fibrosis is of particular clinical and thera-
peutic interest, since 1) the level of serum Retn is elevated in hypertro-
phy and HF conditions, diseases where cardiac fibrosis is emerging as a
predictor of arrhythmias and as a potential benchmark for device ther-
apy and 2) the accumulation of collagen fibres and their progressive or-
ganization and cross-linking into irreversible fibrosis are histological
characteristics of pressure overload HF.54

The mechanisms by which Retn promotes HF remain unknown. To
gain molecular mechanistic insight regarding Retn effects on HF signalling,
we explored potential transcriptional regulation mediated by
microRNAs, given the key roles these molecules play in cardiac function
and fibrosis.55 We have observed that miR148b-3p was significantly
upregulated by pressure overload, and interestingly, Retn inhibition de-
creased while Retn overexpression—in vitro and in vivo—increased
miR148b-3p expression in the TAC-induced mice heart, suggesting that
miR148b-3p may be associated with pressure overload HF. This assump-
tion is supported by a previous report indicating that circulating
miR148b-3p might function as a biomarker for HF in patients with mitral
regurgitation.56 Therefore, we considered whether inhibition of
miR148b-3p in the failing heart could have a beneficial effect in mitigating
cardiac dysfunction associated with pressure overload. Treatment with
anti-miR148b-3p partially preserved systolic function and ventricular di-
latation, and attenuated cardiac hypertrophy and interstitial myocardial
fibrosis associated with chronic pressure overload. The partial effects
exerted by anti-miR148b-3p on cardiac dysfunction and the hypertro-
phic response in our study were likely due to the short treatment time
(i.e. 3 weeks). Although this novel class of locked nucleic acid (LNA)-
based oligonucleotides (anti-miR148b-3p) are efficient and specific
silencers of endogenous miRNAs in mice, their efficiency is often limited
by the LNA dose, the treatment time, the delivery route (systemic vs. lo-
cal), and the cellular uptake in vivo. In our case, the inhibition of miR148b-
3p caused a significant reduction in the endogenous expression of
miR148b-3p following TAC injury; however, it potentially needs longer
treatment protocols to provide profound effects.

miR148b-3p belongs to the miR148/152 family which includes
miR148a, miR148b, and miR152 and are involved in various biological pro-
cesses including growth, development, and tumourigenesis.57 Currently
there is a paucity of information regarding the role of miR148b-3p in car-
diovascular function with a single report showing miR148b-3p regulates
cardiomyocyte apoptosis induced by hypoxia/reoxygenation injury
in vitro.58 Computational prediction of targets of miR148b-3p identified a
putative miR148b ‘seed sequence’ in the 3’-UTR of the Gadd45a gene.
Notably, only miR148b-3p family member was identified in all the four
databases intersection analysis as indicated in the ‘Methods’ section
(Supplementary material online, Figure S5), suggesting that Gadd45a is a
cognate target of miR148b-3p in the heart. Gadd45a is a member of a
group of genes that are induced by DNA damaging agents and growth ar-
rest signals. Gadd45a has been widely studied as a common expressed
protein involved in cell growth, DNA repair and apoptosis59

(Supplementary material online, Figure S3). It has been reported that
Gadd45a potentially acts as a linker between diabetic cardiomyopathy
and baroreflex dysfunction.48 Gadd45a attenuates hepatic fibrosis by reg-
ulating the activation of hepatic stellate cells inhibition of TGF-b/Smad

signalling,60 supporting its role in fibrotic response. We observed that the
downregulation of Gadd45a is strongly induced by TAC injury, Retn over-
expression and miR148b-3p stimulation both in cultured myocytes and
in vivo in mouse hearts. Inhibition of Retn and/or miR148b-3p correlated
with a significant upregulation of Gadd45a expression, strongly indicating
that miR148b-3p promotes cardiac dysfunction and mediates Retn-
induced HF potentially through the regulation of Gadd45a. Our study
uncovers the dysregulation of miR148b-3p in the heart during cardiac
remodelling and provides evidence that it is a crucial regulator recruited
by Retn to promote cardiac hypertrophy and fibrosis leading to the induc-
tion of HF after pressure overload. These findings have conceivably
prompted us to examine whether and how Gadd45a umpires Retn-
driven cardiac remodelling. We focused on the potential involvement of
DNA damage and DDR given the role Gadd45a plays in the maintenance
of genomic stability and DNA repair50 (Supplementary material online,
Figure S3). In addition, accumulation of unrepaired DNA damage and acti-
vation of DDR are observed in cardiomyocytes, including human failing
heart37 and mouse models of cardiac hypertrophy.37–39 We therefore hy-
pothesized that Gadd45a enhances base excision repair and mitigates
Retn-evoked pathological cardiac remodelling. In the current study, we
showed that pressure overload (TAC injury) and Retn overexpression
resulted in (i) insufficient DNA damage repair due to downregulation of
Parp1 and Xrcc1, (ii) significant increase in phosphorylated ATM and
cH2AX, primary effectors of DDR pathway, in cardiomyocytes, and (iii)
increased DNA fragmentation and cardiomyocyte apoptosis. However,
these changes were reversed by either Retn silencing or Gadd45a en-
hancement, clearly supporting our hypothesis that Retn predisposes cardi-
omyocytes to accumulation of DNA damage and defective DNA repair,
whereas Gadd45a protects against these processes. Our results are in
line with recent findings demonstrating that unrepaired DNA accumula-
tion was more pronounced in mice-deficient in Xrcc1,38 while knockdown
of ATM attenuated persistent DDR activation and protected against MI
and pressure overload-induced HF.38,39,61 In the light of these findings, it is
conceivable to suggest that Retn accentuates cardiac dysfunction through
compromising Gadd45a safeguarding of the genomic integrity.

Taken together, our present study demonstrates for the first time
that Retn directly controls cardiac remodelling though the activation of
the miR148b-3p/Gadd45a axis and activation of DDR. This proof-of-
concept study suggests that silencing of Retn and/or miR148b-3p activity
will protect the heart against DNA damage-induced pathological cardiac
remodelling and improve systolic function in patients with HF. Future
therapeutic approaches might benefit from targeted approaches, such as
adeno-associated virus-based Retn/anti-miR148/Gadd45a gene delivery,
which may restrict inhibition to the cardiac myocyte in patients.
Repression of aberrant DDR may also emerge as a potential objective in
the treatment of HF and in hyper-resistinemia conditions.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Heart failure (HF) is a major cause of morbidity and mortality worldwide. Various types of pathological risk factors contribute to HF development.
Population studies have associated the levels of the adipokine resistin with incidences of HF and worst cardiovascular outcomes; however, a direct
role of resistin in the development of HF has not been demonstrated. In this regard, resistin is documented to exert a critical negative role in directly
promoting cardiac dysfunction and fibrotic remodelling after pressure overload injury. Controlling resistin levels may provide a potential therapeutic
approach for treating HF, particularly if combined with targeted approaches restricting resistin silencing in cardiac myocyte in patients.
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