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Background: The cardiac remodelling process in advanced heart failure due to pressure overload has not been
clearly defined but likely involves mechanisms of cardiac fibrosis and cardiomyocyte hypertrophy. The aim of
this study was to examine pressure overload (PO)-induced cardiac remodelling processes and their reversibility
after unloading in both humans with heart failure and a mouse model of PO induced by aortic constriction.
Methods & Results: Speckle tracking echocardiography showed PO-induced cardiac dysfunction in mice was
reversible after removal of aortic constriction to unload. Masson's Trichrome staining suggested that PO-
induced myocardial fibrosis was reversible, however detailed analysis of 3-dimensional collagen architecture
by scanning electron microscopy demonstrated that matrix remodelling was not completely normalised as a
disorganised network of thin collagen fibres was evident. Analysis of human left ventricular biopsy samples
from HF patients revealed increased presence of large collagen fibres which were greatly reduced in paired
samples from the same individuals after unloading by left ventricular assist device implantation. Again, an
extensive network of small collagen fibres was still clearly seen to closely surround cardiomyocytes after
unloading. Other features of PO-induced remodelling including increasedmyofibroblast content, cardiomyocyte
disarray and hypertrophy were largely reversed upon unloading in both humans and mouse model. Previous
work in humans demonstrated that receptors for adiponectin, an important mediator of cardiac fibrosis and
hypertrophy, decreased in heart failure patients and returned to normal after unloading. Here we provide
novel data showing a similar trend for adiponectin receptor adaptor protein APPL1, but not APPL2 isoform.
Conclusions: LV unloading diminishes PO-induced cardiac remodelling and improves function. These findings
add new insights into the cardiac remodelling process, and provide novel targets for future pharmacologic
therapies.
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1. Introduction

Pressure overload (PO) induces pathological remodelling of the
left ventricle (LV) with changes in hypertrophy and fibrosis well
established, leading to a decline in cardiac function [1]. Beta-blockers,
angiotensin converting enzyme inhibitors and angiotensin II receptor
antagonists have been successful in reducing cardiac remodelling and
dysfunction [2,3]. Congestive heart failure patients have also benefitted
from aggressive surgical techniques such as valve replacement and LV
assist device (LVAD) implantation, both of which directly alleviate PO
of the LV [4–6]. Thus, accumulating clinical and experimental evidence
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supports the potential for restoration of cardiac function following
unloading of the LV [4,7].

PO is commonly generated in mice via surgical aortic constriction
(banding) and also allows for the study of LV unloading through removal
of the aortic band (debanding) [8,9]. Fibrosis is a well-established
feature of cardiac remodelling in failing hearts [10]. Considering the
impact of cardiac fibrosis in inducing diastolic dysfunction and disrup-
tion of electrical synchronicity [10], a clearer structural picture of the
three-dimensional architecture of collagen networks in failing hearts
and after unloading is needed. Another well-established remodelling
process induced by pressure PO is hypertrophy and this may initially
be a beneficial adaptive response which later becomes maladaptive
[18]. Thus, understanding if and when it is reversible is of importance.
More recently, changes in cellular autophagy have been shown to be
an important determinant of PO-induced cardiac dysfunction [11,12].
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However, little is known regarding reversibility of changes in autophagy
upon unloading.

Adiponectin is produced primarily by adipocytes and there is a
strong inverse correlation between adiponectin levels and obesity or
diabetes. Furthermore, adiponectin levels also inversely correlate with
various types and stages of heart failure and many studies have shown
that adiponectin stimulatesmany cardioprotective effects, aswe recently
reviewed [13]. Hence, there is great interest in therapeutically targeting
adiponectin action in the treatment of heart failure. Adiponectin acts
via at least two adiponectin receptor isoforms (AdipoR1/AdipoR2)
which activates downstream signalling via the adaptor protein
containing pleckstrin homology (PH) domain, phosphotyrosine binding
(PTB) domain, and leucine zipper motif (APPL1) isoform. Recently,
AdipoR expression was shown to be suppressed in the myocardium of
heart failure patients compared with control subjects, suggesting
adiponectin resistance, which was alleviated after mechanical unloading
[14]. However, little is knownabout changes in other critical components
of adiponectin signalling pathways, such as APPL1 in heart failure
patients or mice with pressure overload and after unloading.

The aim of our studywas to address existing gaps in the literature by
further investigating temporal changes in fibrotic and hypertrophic
remodelling and to examine their reversibility. We also examined
novel aspects of cardiac remodelling such as alterations in autophagy
and adiponectin signalling proteins. To do so, we used cardiac biopsy
from human patients with advanced heart failure ± LVAD and also a
mouse model of PO induced by aortic constriction ± unloading. Our
data revealed that cardiac remodelling and dysfunction induced by PO
were reversible, and that subtle differences in extracellular matrix
structure remained in the unloaded hearts.

2. Materials and methods

2.1. Materials

Western Lightening Plus ECL was obtained from PerkinElmer (Woodbridge, ON, CA).
TRIzol®Reagentwas purchased fromAmbion Inc. (Life Technologies Inc.). VECTASHIELD®
mounting medium with DAPI was obtained from Vector Laboratories (Burlington, ON,
Canada). RNeasy MinElute Cleanup and RT2 First Strand kits were purchased from
QIAGEN Inc. (Mississauga, ON, CA). The Pierce BCA Protein Assay Kit was purchased
from Thermo Scientific (Fisher Canada, Nepean, ON, CA). The custom fibrosis PCR array
was purchased from SABiosciences (QIAGEN Inc.). Anti-phospho-AMPKα (Thr172),
anti-AMPKα, anti-APPL1, Beclin-1, LC3B, anti-GAPDH primary antibodies, and mouse
and rabbit horseradish peroxidase (HRP)-conjugated secondary antibodies were
purchased from Cell Signalling Technology (New England Biolabs Ltd., Whitby, ON, CA).
Anti-P62 was obtained from BD Biosciences (Mississauga, ON, CA), anti-ATG7 was
obtained from Novus Biologicals (Oakville, ON, CA), Anti-APPL2 was obtained from
Abnova (Walnut, CA, USA), and Anti-phospho-p38 (pTpY180/182) was obtained from
Biosource (CA, USA). APPL1 and APPL2 antibodies were from Antibody Immunoassay
Services (Hong Kong).

2.2. Human tissue preparation and ethics statement

Human cardiac tissue was collected during the implantation of a left ventricular assist
device (LVAD) (HF group, n = 6) and at the time of LVAD explanation (LVAD group, n =
6). A strength of this study is that representative data shown is from the same individual
before and after LVAD implantation. Control tissue was collected from hearts not used for
heart transplantation due to recipient issues (Control group, n = 5). Tissue was collected
from the LV free wall. All subjects provided written informed consent and the study
protocol was approved by the Institutional Review Board at Columbia University Medical
Center.

2.3. Experimental animals and plan

Male C57BL6 (wt) mice (Charles River Laboratories, St. Constant, QC) were housed in
animal facilities that met the guidelines of the Canadian Council on Animal Care, under
protocols approved by the Animal Care Committee of York University. Upon arrival,
animals were acclimated a minimum of 5 days to a standard housing environment:
temperature and humidity-controlled rooms (21 ± 2 °C,35–40%), with a daily 12:12 h
light–dark cycle (lights on at 0700) with access to regular chow diet ad libitum. Forty
(n = 40) 6–8 week old male C57BL/6 mice were used in this study. At day −5, n = 5
mice received baseline echocardiography assessment. Mice were then randomly
allocated into 2 groups: Pressure Overload (PO) n = 30; and Sham PO (Sham) n = 10.
At day 0, mice received minimally invasive transverse aortic banding (MTAB) surgery
(Pressure Overload group; PO), or sham surgery (Sham group). Mortality at this time
was 0%. Echocardiography assessment was performed on Sham (n = 3) and PO (n =
10) mice at 1, 2, 3, and 4 weeks after surgery. Following the 4 week assessment, 5 Sham,
and 10 POmicewere sacrificed, and their hearts extracted and divided formRNA, protein,
and microscopy (electron microscopy, immunofluorescence, histology) analysis. The
remaining 20 PO mice were allocated into 2 groups and received a second surgery:
Debanding surgery n = 10 (Unloading group; UL); Sham-debanding surgery n = 10
(PO group). Mortality for the second surgerywas 25%. All deaths occurred during surgery.
Surviving mice (8 UL, 7 Sham-UL) received echocardiography analysis 1 and 2 weeks
following debanding/sham-debanding surgery, and were then sacrificed to extract
mRNA, protein, and microscopy (electron microscopy, immunofluorescence, histology)
samples for analysis. For discussion purposes 2 week Sham-UL animals are also referred
to as 6 week PO.

2.4. Minimally invasive transverse aortic banding and debanding

Under general anaesthesia (IP Xylazine 0.15 mg/g; Ketamine 0.03 mg/g), mice were
kept in a supine position. The fur on the ventral skin was removed with a depilatory
cream and the surface sterilized with betadine. A medial cranio-caudal incision was
made through the skin from the neck to the bottom of the rib cage, and the neckmuscles,
fat, and thyroid were retracted to expose the trachea down to the suprasternal notch.
An incision was made through the suprasternal notch 2–3 mm down the rib cage. The
transverse aorta was visualised under low magnification between the innominate and
left common carotid arteries. A titanium micro-ligation clip was applied across the
transverse aorta using banding callipers calibrated to the width of a 26 g needle. The
sham surgery was performed as outlined above without the placement of the ligation
clip. Upon completion of the procedure, the rib cage and skin were closedwith silk suture,
the mice were injected with Buprenorphine (s.c. 0.05 mg/kg), and placed face down on a
warming pad until they awake. The debanding procedure was performed as above but
titanium band was removed in debanded animals and not removed in sham-debanded
animals.

2.5. Assessment of cardiac function by echocardiography

Cardiac function and heartmorphologywere evaluated by transthoracic echocardiog-
raphy (Vevo 2100, VisualSonics). The animals were sedated using 4% isoflurane and
maintained with 1–2% isoflurane. The parasternal long axis view (B-mode, M-mode)
was obtained and measurements of cardiac structure and function were determined as
described previously [15]. Speckle-tracking based strain analysis was performed for each
echocardiographic assessment as described previously [15]. Blood flow velocity was
assessed by Pulse-Wave Doppler measured along the transverse aorta, proximal to the
site of constriction. LV Mass (corrected) was taken from the LV trace function assessed
in M-mode.

2.6. Animal tissue collection and histology

Mice were weighed and then euthanized using cervical dislocation. Hearts were
excised and perfused briefly with KCl to arrest the heat in diastole. Hearts were then
weighed and divided for further analysis. Mid-ventricular cross-sections were fixed in
10% formalin solution for 1 h then stored in 70% ethanol at 4 °C until further processing.
Fixed heart tissueswere dehydrated to xylene and embedded in pure paraffinwax blocks.
Sections (5 μm thick) were placed on glass slides then deparaffinized in xylene,
re-hydrated in sequential baths of ethanol:ddH2O, and incubated in 0.1% picrosirius red
stain for 90 min at room temperature, followed by two washes in acidified water (0.5%
acetic acid). Sections were dehydrated to xylene, then covered with coverslips using
Premount. The sections were imaged using an inverted Zeiss microscope (Axiovert
200M, Thornwood, NY) using polarized light obtained as described previously [16].
Images were recorded on DVD discs in real time, and then converted to avi files using
Virtual Dub software (www.virtualdub.org). The monochrome files were then colourized
using GIMP software (www.gimp.org) to match representative colours observed live. For
immunofluorescence staining, we used primary antibodies directed against α-SMA
(α-SM1, Giulio Gabbiani, University of Geneva, Switzerland), desmin (M076029, Dako,
Burlington, ON), and vimentin (D21H3, Cell Signals), were used. Isotype-specific
secondary antibodies were Alexa488-conjugated goat anti-mouse IgG1, Alexa647-
conjugated IgG2a and Alexa568-conjugated goat anti-rabbit (Molecular Probes, Life
Technologies Inc.). Micrographs were acquired using an upright Zeiss Axio Observer M35
epifluorescence microscope equipped with structured illumination (Apotome) and an
Axiocam HR camera (Carl Zeiss, Jena, Germany). All images were assembled using Adobe
Photoshop CS4 (Adobe Systems, San Jose, CA). Contrast and brightness were enhanced
identically over all images for publication purposes.

2.7. Scanning electron microscopy

Heart tissue was fixed in 2% EM grade glutaraldehyde in 0.1 M sodium cacodylate
buffer pH 7.3 for 1 h at room temperature, then stored in 0.1 M sodium cacodylate buffer,
pH 7.3, 0.2M sucrose until further processing [17]. Sampleswere post-fixed in 1% osmium
tetroxide in 0.1 M buffer for 1 h, dehydrated with progressive washes of ethanol (30, 50,
80, 100%), and chemically dehydrated in hexamethyldisilazane, then mounted on stubs
and sputter-coated (Hummer VI Au/Pd 40/60). Samples were examined with a high-
resolution scanning electron microscope (Hitachi S-520) at an accelerating voltage of
20 kV equipped with a passive image capture system (Hitachi, Quartz PCI Version 6).

http://www.virtualdub.org
http://www.gimp.org
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For detailed imaging of the cardiac ECM, a cell maceration technique was used to remove
all non-fibrous elements. Briefly, heart tissue was fixed in 10% neutral buffered formalin,
rinsed with distilled water, and immersed in 10% NaOH for 6 days at room temperature.
Samples were then carefully rinsed in distilled water until transparent, immersed in 1%
tannic acid for 4 h, rinsed in distilled water overnight, then post-fixed in 1% osmium
tetroxide for 2 h and processed as described above.

2.8. Western blot analysis

Heart or cell culture lysis and protein sample preparation were conducted according
to methods detailed by us before [15]. Primary antibodies were used at 1:1000 dilutions,
and appropriate HRP-conjugated secondary antibodies were used at 1:10,000 dilutions.
Proteins were detected by chemiluminescence, quantified by densitometry using Scion
Image software (Scion Corp., Frederick, MD, USA) and thennormalized to relevant loading
control as indicated.

2.9. RNA isolation and quantitative real-time PCR

Total RNA was isolated from cultured CFs using TRIzol® Reagent according to the
manufacturer's instructions, and purified using the RNeasy MinElute Cleanup Kit to attain
an A260/A280 ratio between 1.9 and 2.0. First-strand cDNA, synthesized from 1 μg RNA
using the RT2 First Strand Kit, was used in a custom PCR array comprising 96-well plates
pre-coated with primers listed in Table 1. Quantitative real-time PCR was conducted
using a Chromo4™ Detection system (Bio-Rad Laboratories Canada Ltd., Mississauga,
ON, CA) according to cycling conditions outlined by the PCR array manufacturer. Data
were analysed using RT2 Profiler PCR Array Data Analysis software (Version 3.5; QIAGEN
Inc.) and normalized to GAPDH mRNA expression. Autophagy (ULK1, ULK2, Beclin-1,
ATG7, Pik3c3, ATG4b, ATG5, Gabarapl1, Map1lc3b) and adiponectin signalling (AdipoR1,
AdipoR2, APPL1, APPL2) related genes were analysed relative to GAPDH mRNA expression
by quantitative real-time PCR (primers sequences listed in Table 2) using DyNAmo HS
SYBR® Green qPCR Kit (Finnzymes, Woburn, MA) with a Chromo4 Detection system
and the following cycling conditions: Hot start: 95 °C for 15 min; 35 cycles of: 95 °C for
30 s, annealing temp (5 °C + Tm listed in Table 2) for 30 s, 72 °C for 30 s; final extension:
72 °C for 10 min.

2.10. Statistical analysis

Data are expressed asmean values± SEM (n), where n represents the number of ex-
periments conducted. Three-way analysis of variance (ANOVA) was used to determine
significant differences (P b 0.05) between groups. All statistical analyses were conducted
using SigmaStat 3.5 Software (Systat Software Inc., San Jose, CA, USA).

3. Results

We used a mouse model of PO and subsequent unloading. Aortic
banding and debanding surgeries were validated by quantifying blood
flow dynamics of the transverse aorta at the origin of the innominate
artery using pulse-wave and colour Doppler echocardiography (see
video files in Suppl. Fig. 1). Quantitation of blood flow up to 4 weeks
after surgery showed that trans-aortic peak gradient (TAPG) and peak
velocity (TAPV) were significantly reduced by aortic banding (Fig. 1A,
B). TAPG and TAPV were restored to normal values 1 week following
debanding surgery and became higher than sham values 2 weeks after
debanding surgery (Fig. 1A, B). Measures of cardiac hypertrophy
showed that PO significantly increased heart weight to body weight
ratio after 4 weeks and this was almost completely reversed 2 weeks
Table 1
Quantitative RT-PCR primer sequences and Tm for mouse autophag

Gene Primer sequ

ULK1 (Tm: 60 °C) F: TGGCAGA
ULK2 (Tm: 60 °C) F: TGGCTCC
Beclin-1 (Tm: 60 °C) F: ATGTGGA
ATG7 (Tm: 60 °C) F: ACTTGTG
Pik3c3 (Tm: 60 °C) F: CTCCTCCG
ATG4b (Tm: 60 °C) F: GTGCTTT
ATG5 (Tm: 60 °C) F: TAGAGCC
Gabarapll (Tm: 60 °C) F: TCGTG CA
Map1lc3b (Tm: 60 °C) F: AGCCACA
AdipoRl (Tm: 65 °C) F: ACGTTGG
AdipoR2 (Tm: 65 °C) F: TCCCAGG
APPL1 (Tm: 55 °C) F: GCT AACA
APPL2 (Tm: 60 °C) F: AGACCGA
GAPDH (Tm: 65 °C) F: TTGCCAT
after unloading (Fig. 1C). LV mass increased after 4 weeks of PO and
decreased after unloading (Fig. 1D). LV posterior wall diameter
(LVPWD), increased significantly after 2, 3, and 4 weeks following PO
and was significantly decreased after both 1 and 2 weeks of unloading
(Fig. 1E). Furthermore, gross histological overview of picrosirius red
stained sections of themyocardium at the level of the papillary muscles
showed a clear thickening of the LV wall following 4 weeks of PO that
persisted until 6 weeks (ShamUL), andwas reversed 2weeks following
unloading. (Fig. 1F).

Strain analysis derived from speckle tracking echocardiography was
used to provide more detailed analysis of global and regional cardiac
dysfunction. Radial LV strain was increased by PO, and was ameliorated
after unloading by debanding surgery (Fig. 2A, B). Longitudinal LV strain
was not significantly affected by PO (Fig. 2A). Overlay of LV anterior and
posterior wall motion through successive cardiac cycles showed that
normal synchronous wall motion was still maintained after 2 weeks of
PO (Fig. 2C). It became evident that diastolic dyssynchrony between
the opposing walls developed after 4 weeks of PO and was resolved
2 weeks after debanding (Fig. 2C). Segmental synchronicity analysis
showed a significant difference in time-to-peak radial strain in the
posterior mid-ventricular endocardial wall (61 ms) as compared to
the anterior mid-ventricular endocardial wall (83 ms). This difference
was resolved after debanding (Fig. 2D). Quantitative analysis showed
that radial strain rate of the posterior, but not anterior, LVwall increased
after PO and was resolved by debanding surgery (Fig. 2E). Basic mea-
sures of cardiac function, including ejection fraction and fractional
shortening were not significantly altered (Table 2), indicating the
strength of strain analysis in detecting early stages of PO-induced
changes in cardiac function and reversal by unloading.

To detect alterations in cardiac fibrosis we used immunofluorescent
analysis to determine the myofibroblast content in the myocardium. In
sham-operated animals (Fig. 3A), few vimentin+/α-SMA−/desmin –
fibroblasts interspaced desmin+/α-SMA−/vimentin – cardiomyocytes,
being more abundant around small vessels (Fig. 3A). Expression of
α-SMA was restricted to vascular smooth muscle cells that expressed
desmin but not vimentin (Fig. 3A). After 4 weeks of aortic banding,
the fibroblast fraction accumulating between cardiomyocytes was
substantially increased (Fig. 3B), becoming even more prominent in
the sham-debanding group (=6 weeks banding, Fig. 3C). Cardiomyo-
cyte diameter clearly increased with banding and over time, indicating
cardiomyocyte hypertrophy (Fig. 3B, C). Debanding resulted in a
substantial reduction in vimentin-expressing fibroblasts compared
with 4-week and 6-week banded animals, with vimentin levels compa-
rable to sham-operated control animals (Fig. 3D). Cardiomyocyte
hypertrophy was comparable to 4 week-banded animals and thus not
fully reversed by unloading (Fig. 3D).

In agreement with the above observations, myocardial fibrosis
visualized using polarised microscopy of picrosirius red stained
sections, showed increased myocardial collagen after 4 weeks of PO
y and adiponectin signalling genes.

ences

CTGTCCTCAACAC R:ACTTCTCGGCACCATACCTG
CGAGGTTATTATG R: TCTGAAGCAAACCCAAAAGG
AAAGAACCGCAAG R: TTGATTGTGCCAAACT GT CC
CCTCACCAGATCC R: TGTGGTTGCTTGCTTCAGAC
ATGAAGCTGAAC R: AGGTCCAGGCGGAACTTATC

GAGAACCCAGACC R: GCCTCCTGATGAGCGACTTC
AATGCTGGAAACC R: TGTTGCCTCCACTGAACTTG
GTTTCATCAGAGG R: TTTTGGTCCCTTAGGTGTGG
CCCTTTCACTCAG R: GTCTGGAGCATTGGACTTGC
AGAGTCATCCCGTAT R: CTCTGTGTGGATGCGGAAGAT
AAGATGAAGGGTTTAT R: TTCCATTCGTTCGATAGCATGA
TT GGAACAAGTGTACA R: TCTATC CCAGGTAGATGACACCA
CGATACTGCTTC R: GCTACTGCCTCTGGGTTGTC
CAACGACCCCTC R: TTGTCATGGATGACCTTGGC



Table 2
Echocardiographic analysis of WT and Ad-KO mice following pressure overload surgery.

Parameter (unit) 2 Wk 4 Wk 1 Wk 2 Wk

Sham-PO PO Sham-PO PO Sham-UL UL Sham-UL UL

Heart rate (BPM) 457 ± 39 434 ± 17 425 ± 12 447 ± 11 429 ± 23 453 ± 9 452 ± 13 434 ± 8
Diameter;s (mm) 2.99 ± 0.05 2.93 ± 0.15 3.06 ± 0.2 2.93 ± 0.1 2.91 ± 0.18 2.91 ± 0.19 3.14 ± 0.15 3.04 ± 0.23
Diameter;d (mm) 4.21 ± 0.02 4.04 ± 0.13 4.23 ± 0.17 4.07 ± 0.09 4.28 ± 0.1 4.18 ± 0.15 4.33 ± 0.09 4.26 ± 0.18
Volume;s (μL) 34.77 ± 1.38 34.79 ± 4.25 37.29 ± 5.77 33.83 ± 3.03 34 ± 5.21 34.22 ± 5.27 39.83 ± 4.45 38.86 ± 6.71
Volume;d (μL) 78.91 ± 1.06 73.08 ± 5.35 80.38 ± 7.5 73.58 ± 3.82 82.68 ± 4.75 78.77 ± 6.51 84.71 ± 4.16 82.93 ± 8.18
Stroke volume (μL) 44.13 ± 2.44 38.28 ± 1.79 43.1 ± 2.92 39.75 ± 1.46 48.68 ± 2.79 44.56 ± 1.7 44.88 ± 1.49 44.07 ± 3.04
Ejection fraction (%) 55.96 ± 2.36 54.21 ± 2.68 54.11 ± 3.52 54.67 ± 1.85 59.98 ± 4.34 58.35 ± 3.3 53.68 ± 3.16 55.64 ± 4.34
Fractional shortening (%) 28.95 ± 1.57 27.93 ± 1.66 27.83 ± 2.17 28.13 ± 1.14 32.28 ± 2.99 30.82 ± 2.2 27.74 ± 1.99 29.32 ± 2.88
Cardiac output (mL/min) 20.09 ± 0.75 16.5 ± 0.88 18.3 ± 0.96 17.76 ± 0.83 20.77 ± 1.29 20.15 ± 0.61 20.3 ± 0.95 18.96 ± 1.17
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(Fig. 4E, F) that was clearly reduced after 2 weeks of unloading (Fig. 4G,
H). Analysis of three-dimensional collagen architecture by scanning
electron microscopy demonstrated increased collagen deposition after
4 weeks of PO (Fig. 4A, B) and this was reversible, as shown by reduced
fibrosis after unloading but not after sham unloading surgery (Fig. 4C,
D). Using a cellmaceration technique to removenon-fibrousmyocardial
tissue, the absence of thick collagen fibres after unloading became
evident (Fig. 4E–H). However, a unique pattern of disorganized thin
fibres persisted after unloading (Fig. 4H) that was different from
controls. Molecular analysis of collagen, MMP and TIMP isoform
mRNA expression revealed a distinct fibrotic profile between banded
and debanded animals. Collagens 3α1 and 4α1, as well as TIMP-2 and
-3were preferentially up regulated in animals subject to aortic banding,
while MMP-8, -9, and -13 were unregulated after debanding (Fig. 5).
Fig. 1. Pressure overload induced hypertrophy is attenuated following unloading. Various pa
brown), sham-PO (green), or unloading (UL; blue) surgery at times indicated. Blood flow in th
Doppler quantification of (A) transverse aorta peak gradient (TAPG; mm Hg) and (B) transver
heart weight adjusted for body weight (mg/g; C), and echocardiographic determinants of cor
heart was assessed in picrosirius red stained paraffin embedded mid-ventricular sections (F). n
Collagen 4α1 levels decreased slightly after PO and were not altered
by debanding, whereas MMP- 2, -8, -9, -13, and -14 were all reduced
only after PO (Fig. 5).

Mouse heart homogenates were analysed for markers of autophagy
via quantitative PCR and Western blot analysis. We observed a general
trend of up regulation in expression of message for various autophagy-
related genes in response to PO, with the highest magnitude and only
significant change observed for Atg7 (Fig. 6A). This observation was
confirmed by Western blotting which also showed increased Atg7
protein expression (Fig. 6B). No significant changes in other markers
of autophagy which we studies were found (Fig. 6B). Unloading did
not significantly altermRNA levels of the autophagy related genes tested
(Fig. 6C). However, a statistically significant elevation in level of p62 and
reduction of Beclin1 were observed after unloading (Fig. 6D). We used
rameters were measured in mice before surgery (grey), or after pressure overload (PO;
e transverse aorta proximal to the site of aortic constriction was assessed by pulse-wave
se aorta peak velocity (TAPV; mm/s). Cardiac hypertrophy was assessed by post mortem
rected LV mass (mg; D), and LV posterior wall thickness (mm; E). Gross histology of the
≥ 4 per group; * = p ≤ 0.05 vs Sham. # = p ≤ 0.05 vs PO.

Image of Fig. 1


Fig. 2. LV strain altered by PO is localized to the LV posterior wall and normalized by unloading. LV strain analysis assessed inmice after pressure overload (PO; brown), sham-PO (green),
or unloading (UL; blue) surgery at times indicated. (A) Averaged left-ventricular radial and longitudinal strain assessed by echocardiography fromm-mode recordings. (B) Representative
data of radial strain rate assessed weekly in one sham (green) and two PO (brown, blue) mice. (C) Spatial-tracking of the anterior LV wall (blue dot, line) and posterior LV wall (red dot,
line) over four consecutive contractile cycles. (D) LV segmental synchronicity analysis of radial strain. Increased radial strain is indicated by darker pink; decreased radial strain is indicated
by white. (E) Quantification of posterior and anterior LV wall radial strain rate n ≥ 4 per group; * = p ≤ 0.05 vs Sham. Δ = p ≤ 0.05 vs band.
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transmission electron microscopy (TEM) of myocardium and observed
that PO-induced mitochondrial structural abnormalities developed fur-
ther in sham-UL mice but appeared to revert to a normal appearance
after UL (Fig. 7).

To examine potential changes in adiponectin sensitivity following
PO and unloading we first analysed adiponectin receptor (AdipoR1,
AdipoR2) and the two principle intracellular adiponectin receptor
binding proteins APPL1 and APPL2 at the transcript level (Fig. 8A). We
observed a slight but non-significant decrease in all of these at the
mRNA level after 4 weeks of PO and although there was a strong trend
to restore normal AdipoR2 and APPL2 expression after unloading, the
changeswere not statistically significant (Fig. 8A). APPL1, and to a lesser
extent APPL2, protein expression also appeared to decrease following
PO and no significant change was observed following unloading
(Fig. 8B). Phospho-AMPK and phospho-p38 levels were significantly
decreased following PO, while their levels were unchanged following
unloading (Fig. 8C). Previouswork in cardiac biopsy tissue frompatients
with advanced heart failure showed reduced AdipoR expression which
was restored to normal after unloading [14]. Here we showed reduced
levels of APPL1 in patients with heart failure. APPL1 increased after
LVAD in 67% of the patients sampled, although overall it did not reach
statistical significance (Fig. 8D). APPL2 protein expression did not
change significantly in the hearts of patients with heart failure nor
after unloading, although a small increase was seen in 83% of the
patients sampled (Fig. 8D).
To investigate how unloading influences human myocardial
structure, we analysed cardiac biopsy samples taken from end-stage
heart failure patients before (HF) and after LVAD implantation
(HF + LVAD). Controls were non-diseased hearts not used for heart
transplantation. When cardiac fibrosis was assessed by scanning
electron microscopy, large collagen fibres were prevalent in samples
from end-stage heart failure samples (Fig. 9Ab,f), but not in control
samples (Fig. 9Aa,e). The presence of large fibres was greatly reduced
in paired samples from unloaded hearts of the same patient, although
an extensive network of small fibres was still clearly seen to closely
surround cardiomyocytes (Fig. 9Ac,g). Accordingly, polarisedmicroscopy
imaging of picrosirius red stained paraffin sections showed sparse
positive (light coloured) staining in control samples, and large distinct
areas of collagen accumulation in HF samples (Fig. 9B). Collagen
accumulation was clearly diminished in samples obtained from the
same individual following LVAD implantation (Fig. 9B). We also noted
a distinct, generalized difference in cardiomyocyte morphology and
linearity in unloaded samples compared to control (Fig 9Ac versus
Fig. 9Aa). Immunostaining of human heart tissue (Fig. 9C) showed
that overloaded heart muscle, in contrast to control, was characterized
by abundant myofibroblasts (α-SMA-smooth muscle actin and
vimentin-positive) accumulating between disorganized cardiomyocytes
(desmin-positive). Cardiomyocytes of unloaded hearts exhibited
moderate signs of disarray and hypertrophy but clearly less severe
than loaded conditions (Fig. 9C). Heart arteries were stained as control

Image of Fig. 2


Fig. 3.Myofibroblast and collagen expression following PO and UL. Mice were (A) sham operated and sacrificed after 6 weeks, (B) subject to aortic banding for 4 weeks (C) banded for
4 weeks, followed by sham-operation and sacrifice after another 2 weeks, and (D) banded for 4 weeks, followed by de-banding and animal sacrifice after another 2 weeks. Transmural
blocks of the left ventricular myocardium were sectioned and immunostained for α-SMA (blue, smooth muscle cells), desmin (red, cardiomyocytes), and vimentin (green, fibroblasts).
Scale bar: 25 μm. (E–H) Polarized microscopy of picrosirius red stained paraffin embedded histological mouse heart sections taken 4 weeks following PO (F), or sham-PO (E) surgery,
or 2 weeks following unloading (UL; H), or sham-UL (G) surgery. Collagen appears light (yellow/orange), cardiomyocytes appear green. Representative images of n ≥ 4 mice per
group, 2–3 myocardial tissue samples per mouse, 5–10 arbitrary fields of view per sample.
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to show that smoothmuscle cells are co-expressingα-SMA, desmin and
vimentin in contrast to desmin-negative myofibroblasts in the intersti-
tium (Fig. 9C).

4. Discussion

Cardiac remodelling in response to PO is well characterized to
include events such as hypertrophy, fibrosis, andmetabolic dysfunction
while there has been great recent interest in autophagy [11,18,19].
Fig. 4. Debanding induces reverse remodelling of the ECM. Structure of the extracellular matr
sham-PO (A, E) surgery, or 2 weeks following unloading (UL; D, H), or sham-UL (C, G) su
preparation for SEM. E–F: representative images of myocardial tissue following cell-macerat
group, 2–3 myocardial tissue samples per mouse, 5–10 arbitrary fields of view per sample. Ma
Several adaptive remodelling events are initially beneficial yet extended
and severe PO leads to heart failure [18]. Several studies in animal
models have demonstrated that at least some features of detrimental
cardiac remodelling are reversible [8,9] and the same is true in individ-
uals with HF where unloading of the LV, such as with an LVAD, has
significant beneficial functional effects [4,7,14]. However, there is a
need for additional insight into reversibility of established remodelling
events and to investigate novel aspects of PO-induced remodelling
and their subsequent reversibility.We used samples fromHFpatients±
ix (ECM) imaged by scanning electron microscopy (SEM) 4 weeks following PO (B, F), or
rgery. A–D: representative images of myocardial tissue following conventional tissue
ion technique to remove non-matrix material. Representative images of n ≥ 4 mice per
gnification: ×10,000.

Image of Fig. 3
Image of Fig. 4


Fig. 5. FibrosismRNAprofile shifts following POorunloading. Quantitative PCRanalysis of Collagen, TIMP, andMMPmRNA isolated frommyocardial tissue 4weeks following PO surgery or
2weeks following unloading surgery. Each axis corresponds to fold-change of header gene compared to respective sham. Pressure overload values (brown line) represented as fold C(t) vs
sham-PO; Unloading values (blue) represented as fold C(t) vs. sham-UL. n ≥ 4 per group.
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LVAD and aortic banding surgery to induce PO inmice for up to 4weeks,
followed by debanding to study the effects of unloading for a further
2 weeks, and studied changes in cardiac function, hypertrophy, fibrosis,
mitochondrial structure, autophagy and adiponectin signalling.

As shown in Supplementary online movie files, we observed signifi-
cantly impaired blood flow dynamics of the transverse aorta after
banding and experimental PO which was restored to normal after
debanding surgery. Indeed, debanding resulted in supra-normal blood
flow across the transverse aorta and initiated regression of hypertrophic
Fig. 6. Regulation of autophagymarkers and structure of myocardial mitochondria following PO
markers of autophagy. Pressure overload values (brown) represented as (A) C(t) fold over sha
values (blue) represented as (C) C(t) fold over sham-UL, or (D) target protein fold over PO
column. n ≥ 4 per group. * = p ≤ 0.05 vs respective sham.
changes of the LV. The decoupling of aortic blood flow and LV geometry
may represent a transient phenomenon as myocyte contractile force
exceeds hemodynamic load, implying a pressure ‘underload’ condition
in which the contractile capacity of the remodelled left ventricle
exceeds pressure and volumetric demands. Having validated the effec-
tiveness of the surgery we then performed temporal echocardiography
analyses to examine functional changes. The banding surgery
performed in this study was designed as a mild form of PO (HW/BW
ratio = 5.5 ± 0.2) when compared with similar approaches used by
or unloading. Quantitative PCR andWestern blot analysis of myocardial tissue samples for
m-PO, or (B) target protein fold over sham (green), normalized to beta-actin. Unloading
(brown), normalized to beta-actin. Representative western blot are shown in middle

Image of Fig. 5
Image of Fig. 6


Fig. 7. Analysis of myocardial mitochondrial structure by transmission electron microscopy. Transmission electron microscope imaging of myocardial tissue isolated 4 weeks following
PO or sham-PO surgery, or 2 weeks following unloading (UL) or sham-UL surgery. Representative images (magnification ×24.5K) of n ≥ 4 mice per group, 2–3 myocardial tissue
samples per mouse, 2–3 arbitrary fields of view per sample. Representative mitochondria (white square) were digitally magnified (magnification ×294.00K) to show cristae damage
in PO and sham-UL groups.
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others (5.9 ± 0.2: [20], 6.2 ± 0.2 to 9.1 ± 0.6 [21]. Timing is vital in
understanding remodelling and reversibility since chronic/severe PO
was found to induce non-reversible LV remodelling [20]. Thus, we rea-
soned that a mild form of PO to induce remodelling but not extreme
dysfunction would represent a suitable model to investigate reverse
remodelling, the main aim of this study. Indeed, only the sensitivity of
speckle tracking strain analysis in echocardiography [22] allowed
detection of early stages of mild cardiac dysfunction in our model.
Nevertheless, even subtle disturbances in cardiac function were
improved upon unloading.

The cellular mechanisms of compensatory cardiac remodelling, and
their potential reversal, are numerous and yet to be fully defined [18].
Firstly, increased deposition of collagen in the heart undergoing
compensatory concentric hypertrophy is well established to create a
stress-tolerant myocyte scaffold which enhances systolic force genera-
tion, prevents diastolic over filling, and protects against myocyte

Image of Fig. 7


Fig. 8. Regulation of adiponectin signalling following PO or unloading. (A) Quantitative PCR analysis of tissue samples 4 weeks following PO surgery (brown) represented as C(t) fold over
sham-PO, or 2weeks following unloading surgery (blue) represented as C(t) normalized to GAPDH, fold over sham-UL. (B)Western blot analysis of APPL1 and APPL2 protein expression in
mouse heart samples shown in representative blots, and quantified following normalization to beta-actin, then expressed as fold PO over sham or fold unloaded over PO.
(C) Phosphorylated AMPK and p38-MAPK are shown as representative blots and quantified following normalization to total protein, then expressed as fold over respective control
group (PO over sham-PO; UL over PO). (D) Western blot analysis of APPL1 and APPL2 protein expression in human myocardial biopsy tissue from healthy subjects (Control), or end
stage heart failure patients before (PO) or after (UL) LVAD implantation. Representative blots are shown on the left, with matched PO-UL samples from the same individual run at the
same time. Change in protein expression following unloading was quantified in the line graphs where each individual is indicated by a separate line colour/marker style. Data was
normalised to loading control and expressed as fold UL over PO. n ≥ 4 per group. * = p ≤ 0.05 vs respective sham.
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slippage [10]. Our previous temporal analysis of PO-induced fibrosis in
mice using scanning electron microscopy showed the increased pres-
ence of small ECM fibres after 1 week, followed by the appearance of
thick, disorganized fibres after 4weeks of PO [17]. Here, amore detailed
analysis of the collagen ECM structure using a cell-maceration tech-
nique to remove all non-fibrous material revealed a collagen network
lacking the thick collagen strands commonly associated with cardiac
fibrosis, but instead containing more, in apparent number, highly
disorganized thin collagen fibres than normal myocardium. Overall,
we have shown that although standard measures of gross fibrosis
indicate reversibility of fibrosis in both the human HF ± LVAD biopsy
samples and mice with PO ± UL, detailed analysis using SEM indicates
that in fact a different pattern of ECM remodelling occurs. We believe
this ECM composition is highly significant, perhaps especially over
time. For example, there may be negative electrophysiological
consequences to this pattern of enhanced fibrosis as exacerbated
cardiac fibrosis has been shown to disrupt cardiomyocyte electrical
coupling, leaving the myocardium vulnerable to impairments such as
arrhythmias [23].

Autophagy is now established as an important contributor to heart
failure in response to various forms of stress [11,12]. For example, in
failing human hearts there were decreases in markers of autophagy
which were alleviated after LVAD [24]. However, studies have shown
both beneficial and detrimental effects of enhancing autophagic flux in
the heart [25,26]. Nevertheless, it is generally assumed that autophagy
is enhanced as a compensatory and protective mechanism. In this
study,we foundno significant change to commonmarkers of autophagy,
nor change in apparent autophagosome content following experimental
PO in mice. Nevertheless, subtle or transient changes in autophagy may
not have been detected in the samples studied here. Furthermore, the
fact that TEM analysis clearly indicated mitochondrial damage after PO,
which was reversed after unloading, indicates that mitophagy is likely
needed to be up regulated for effective mitochondrial quality control in
overloaded hearts.

Echocardiographic analysis, gross heart weight/body weight, and
also immunostaining analysis confirm that cardiomyocytes undergo
hypertrophy and atrophy following aortic banding and debanding
surgery, respectively. Recent studies have shown that atrogin-1 and
MuRF-1, two genes known to play a role in skeletal muscle atrophy
[27], are involved in cardiomyocyte hypertrophy, and also play a role
in atrophic remodelling of heart unloaded through heterotrophic trans-
plantation [28,29]. Considering this, studies targeting cardiomyocyte
atrophy with the aim to initiate reverse remodelling in the overloaded
condition may yield interesting results and provide a new therapeutic
avenue in the treatment of dilated cardiomyopathy.

Defining the natural time course of pathologic remodelling and
the extent of reversibility is critical in justifying intervention for PO
related HF, even in the absence of symptoms. Early treatment has
been advocated, for example, in the setting of PO HF with severe aortic
stenosis without symptoms and also in moderate aortic stenosis with
depressed ejection fraction (Severe Asymptomatic TAVR Study,
UNLOAD TAVR Study). Both subsets of patients may demonstrate detri-
mental histologic and biochemical ventricular remodelling, by parame-
ters of the current investigation, but not meet current indications for
surgical or transcatheter therapy. The current study information is an
important step in defining the mechanisms of disease and of benefit
specifically in these patients. Our findings also highlight the importance
of the adiponectin system for cardiac remodelling in advanced heart

Image of Fig. 8


Fig. 9.Unloading induces reverse remodelling of the extracellularmatrix (ECM) (A) Structure of the ECM imaged by scanning electronmicroscopy (SEM) inhealthy subjects (control; a, e),
or end-stage heart failure patients before (HF; b, f), or after LVAD implantation (HF+ LVAD; c, g) to unload the left ventricle. Representative images of n= 4 individuals per group, 5–10
arbitrary fields of view per sample. Magnification: ×2.00K (a–c) or ×5.00K (e–f). (B) Polarised microscopy of picrosirius red stained paraffin embedded histological heart sections taken
fromnormal (control), or heart failure patients before (HF) or after LVAD implantation (HF+ LVAD). Collagen appears light (yellow/orange), cardiomyocytes appear green. Images shown
are representative of 4 images of n = 4 individuals per group. (C) Tissue sections were sectioned and immunostained for α-SMA (blue, smooth muscle cells), desmin (red,
cardiomyocytes), and vimentin (green, fibroblasts). Images shown are representative of 4 images of n = 4 individuals per group.
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failure. Of note, reversibility of key features of advanced heart failure
abnormalities are related to changes in this endo- and auto-crine
system which we believe provides an attractive target for future
pharamacologic therapies.

The association between adiponectin and various types and stages of
heart disease is well established [13]. Adiponectin actions are generally
viewed as cardioprotective, although there are suggestions that
adiponectin may be permissive in end-stage heart failure. The latter
has also been interpreted to reflect a compensatory elevation of
adiponectin in the face of adiponectin resistance, although this
phenomenon has been difficult to establish [30,31]. A study in cardiac
biopsy of patients with advanced heart failure showed that adiponectin
receptor expression, in particular AdipoR1, as well as phosphorylation
of a downstream effector, AMPK, was suppressed when compared to
control [14]. All of these were increased after mechanical unloading.
APPL isoforms are important binding partners for AdipoR in mediating
adiponectin signalling and action, with APPL1 facilitating signalling
and APPL2 repressing although their expression in failing hearts is
unknown [32]. Our current data suggests that adiponectin sensitivity
may also be depressed in failing human hearts by reduced levels of
APPL1, which were increased slightly but not to control values after
LVAD. In mouse hearts after 4 weeks of POwe found a general suppres-
sion of gene expression for proximal adiponectin signalling proteins and
reduced phosphorylation levels of AMPK and p38 MAPK. Although no
direct conclusion can be drawn from such experiments the data support
the emerging concept of adiponectin resistance occurring in heart
failure. Given the current interest in [33] and promise of [34]
adiponectin therapeutics, cardiomyopathic adiponectin resistance

Image of Fig. 9
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must be appreciated as a potential factor limiting therapeutic efficacy of
adiponectin mimetics.

In conclusion, our data highlights the ability of the heart to initially
adapt to an increase in LV pressure by eliciting remodelling events
that act to preserve function and that many of these events are revers-
ible if the load is alleviated by surgical techniques in both humans and
mice. Although remodelling of the ECMclearly reverts to amore normal
phenotype, our detailed analyses indicated that the matrix structure
following LV unloading is still abnormal and this may impact future
risk of cardiovascular mortality. Therapeutics designed to specifically
limit this type of non-pathological fibrosis may hold long term benefits
to individuals at high risk of progressing to heart failure. In addition, our
data suggests that thephenomenonof adiponectin resistancemay occur
in overloaded hearts yet is alleviated upon unloading. There is currently
great interest in adiponectin-based therapeutics and, based on our data,
when and how these agonists are used may dictate their success.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijcard.2016.03.240.
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