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Abstract

Aims The biological mechanisms conveying the salutary effects of cardiac resynchronization therapy in heart failure remain
elusive. We have recently developed a mouse model of heart failure with dyssynchrony/resynchronization. The aim of this study
was to characterize regional left ventricular heterogeneity in protein expression comparing early (septum) and late (lateral) ac-
tivated left ventricular wall segments in synchronous (SHF), dyssynchronous (DHF), and resynchronized heart failure (RHF).
Methods and results Mice subjected to ischaemia/reperfusion were divided into three groups: sinus rhythm for 4 weeks
(SHF), right ventricular pacing for 4 weeks (DHF), and right ventricular pacing for 2 weeks and 2 weeks of sinus rhythm
(RHF). Relative concentrations of 92 proteins from septal and lateral left ventricular wall segments (n = 10 per group) were
compared within each group. We also analysed the effect of DHF vs. SHF and RHF vs. DHF on protein expression pattern com-
paring the same left ventricular segments between the groups. Proteins with significantly differential expression between left
ventricular segments were analysed for protein—protein correlations, protein—protein interactions, and biological and signal-
ling pathways. Eight proteins were significantly down-regulated in the late activated (compared with early activated) lateral
wall uniquely in RHF (P < 0.05 adjusted for a 5% false discovery rate): Erbb4, Ntf3, Pdgfb, Tnf, Notch3, Qdpr, Tpp1l, and Itgb6.
Protein correlation matrix showed that six of these were strongly and positively correlated and five had known protein—protein
interactions. Biological pathways mainly down-regulated in late activated myocardium in RHF were MAPK signalling and hyper-
trophic cardiomyopathy. There were no significantly differentially expressed proteins comparing the same left ventricular seg-
ments between the DHF and SHF (range of P-values: 0.05—1.00) and RHF and DHF (range of P-values: 0.32-1.00).
Conclusions In a mouse model of heart failure with dyssynchrony and resynchronization, we observed down-regulation of sev-
eral proteins in the late activated lateral wall, compared with the septum, in resynchronized mice. These proteins display signif-
icant protein—protein correlation and share biological signalling pathways, including MAPK activation and hypertrophy signalling.
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Introduction

Cardiac resynchronization therapy (CRT) reverses remodelling
and reduces morbidity and mortality in patients with heart
failure and a dyssynchronous left ventricular activation
pattern.> The biological mechanisms involved in
dyssynchrony and resynchronization in failing hearts remain
incompletely understood.

Left bundle branch block and right ventricular pacing result
in a dyssynchronous left ventricular activation pattern where
the inter-ventricular septum contracts early and the left ven-
tricular later wall contracts late.® This dyssynchronous electri-
cal activation pattern induces left ventricular regional
differences in loading, contractile work, hypertrophy, myo-
cardial blood flow, and oxygen consumption (all elevated in
late activated left ventricular lateral wall segments).>™
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Several of these mechanisms are known to alter the tran-
scriptome in heart failure.®® Indeed, a previous canine study
demonstrated that dyssynchrony induces regional differences
in gene expression within the left ventricle (comparing early
and late activated myocardium), which was nearly normalized
with resynchronization.*® Although useful for studying biolog-
ical mechanisms, canine models are not genetically modifi-
able. Therefore, we have recently developed a mouse
model of dyssynchrony and resynchronization and could
demonstrate a dyssynchrony-induced marked heterogeneity
in regional left ventricular gene expression also in that
model,’ but the effect of resynchronization was not
evaluated.

Resynchronization-induced regional differences in left ven-
tricular gene and protein expression may be important medi-
ators of the beneficial effect of CRT on reverse remodelling,
but the contribution of dyssynchrony and resynchronization
on regional differences in protein expression remains largely
unknown.

Aims

The primary aim was to characterize left ventricular heteroge-
neity in protein expression in a mouse model of synchronous
(SHF), dyssynchronous (DHF), and resynchronized heart fail-
ure (RHF). A secondary aim was to analyse protein—protein
correlations and interactions, and molecular signalling in-
volved based on the protein profiling.

Methods

We have recently described a mouse pacemaker system facil-
itating continuous atrial and right ventricular pacing in mice
for 4 weeks.™ In this model, right ventricular pacing acutely
induced marked electromechanical dyssynchrony that when
applied continuously for 4 weeks in mice with pre-existing
heart failure [ischaemia/reperfusion (I/R)] accelerated left
ventricular dilatation and reduced systolic function consistent
with worsening heart failure. When sinus rhythm was
reinstituted at 2 weeks (resynchronization), left ventricular
systolic function improved, and volumes were reduced. In
this study, we used cardiac tissue from mice with I/R and
4 weeks of sinus rhythm (SHF), I/R, and 4 weeks of right ven-
tricular pacing (DHF) and I/R and 2 weeks of right ventricular
pacing followed by 2 weeks of sinus rhythm (RHF). Septal
(early activated) and lateral (late activated) left ventricular
segments from 10 mice per group were harvested and frozen
for subsequent protein quantification.

To accomplish our primary aim, we compared protein ex-
pression levels between the lateral wall and septum within
each group. We also performed a between-group analysis
comparing the same segments between DHF and SHF, and

between RHF and DHF. Lysate for protein quantification
was produced by mixing frozen tissue samples in
radioimmunoprecipitation lysis buffer using a mechanical ho-
mogenizer. The lysate was then centrifuged (8000 rpm for
10 min) before pipetted on a 96-well plate for subsequent
analysis.

An exploratory mouse protein panel using enzyme-linked
immunosorbent assay methodology (Olink, Uppsala,
Sweden) was used to measure relative protein concentra-
tions of 92 proteins from the two left ventricular segments
(a full list of proteins analysed can be found at https://
www.olink.com/products/mouse-exploratory/biomarkers/).
This particular platform was used because it simultaneously
measures relative quantification of a large number of pro-
teins reflecting a broad range of biological processes, which
suits this exploratory study. Moreover, all investigated pro-
teins are detectable in peripheral blood in humans, increasing
the translational application of the results.

Statistical significance of within group differences in pro-
tein expression levels [expressed as nomalized protein ex-
pression (NPX)] between left ventricular segments were
tested with paired t-tests applying a 5% false discovery rate
to control for multiple comparisons. Protein—protein correla-
tions were determined by building a correlation matrix using
Z-scores of the NPX difference between early and late acti-
vated segments across all samples and graphically illustrated
using the ggraph package in R.}? String database was used
to predict protein—protein interactions of proteins with signif-
icantly differential expression levels within each group.® Bio-
logical and signalling pathway analyses of differentially
expressed proteins were explored using Kyoto Encyclopedia
of Genes and Genomes (KEGG) and Gene Ontology.

The investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the US National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1985).

Results

In RHF, eight proteins were uniquely down-regulated in the
late activated left lateral wall segment compared with sep-
tum (Figure 1). Significantly fewer proteins displayed
heterogenic left ventricular expression in SHF and DHF. Corre-
lation matrix analysis (Figure 2A) showed that six of the pro-
teins differentially expressed in early and late activated
myocardium in RHF were strongly and positively associated
(Erbb4, Ntf3, Itgb6, Pdgfb, Tppl, and Qdpr), while Notch 3
and TNF both displayed weaker positive correlations with
the other proteins. Analysis of predicted protein—protein in-
teractions between proteins with significant differential re-
gional left ventricular expression in RHF using curated
databases and text mining (String database) revealed a linear
link between Tnf, Pdgfb, Ntf3, Erbb4, and Itgh6 (Figure 2B).
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FIGURE 1 (A-C) Resynchronized heart failure displays eight proteins that are uniquely down-regulated in the lateral wall segment of the left ventricle.
Volcano plots displaying regional differences in protein expression [expressed as normalized protein expression (NPX)] between septum (SEP) and lat-
eral (LAT) wall left ventricular segments. The X-axis displays differences in NPX between septum and lateral wall, and because NPX is on a log2 scale, an
NPX difference of 1 denotes a doubling of protein level. Y-axis displays the —log10 P-value of difference between NPX from lateral and septal segments
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KEGG pathway analysis defined three signalling pathways sig-
nificantly down-regulated in the lateral wall in RHF: dilated
cardiomyopathy, hypertrophic cardiomyopathy, and MAPK
signalling pathway. The 10 most significantly affected biolog-
ical pathways with cardiovascular relevance (Gene Ontology)
are displayed in Figure 2D and included regulation of MAPK
cascade, kinase activity, and cell proliferation.

The between-group analysis showed no significant differ-
ences in protein expression comparing DHF and SHF (range
of P-values: 0.05-1.00 for septum and 0.95-0.98 for lateral
wall) and RHF and DHF (range of P-values: 0.86—1.00 for sep-
tum and 0.32-1.00 for lateral wall).

Discussion

In this study, we used a novel mouse pacemaker model to
demonstrate regional differences in protein expression within
the left ventricle in resynchronized mice.

Proteins with differential expression pattern are mainly in-
volved with MAPK, hypertrophic cardiomyopathy, and cell
proliferation signalling.

Experimental studies in canines and mice using mRNA se-
quencing and gene array technology have previously shown
that dyssynchrony induces a heterogenic gene expression
pattern within the left ventricle, which is near normalized
with resynchronization.'®*! Hence, dyssynchrony seems to
induce a regional shift in the transcriptome that is amend-
able with resynchronization. In our study, dyssynchrony per
se, surprisingly, did not affect regional intra-left ventricular
expression of the 92 proteins investigated, while eight pro-
teins were down-regulated in the late activated left ventric-
ular wall in mice subjected to resynchronization. It was also
unexpected that dyssynchrony and resynchronization had
no effect on protein expression when comparing the same
left ventricular segments between the groups. There are
some potential explanations to these findings. First, the
purpose of the present study was not to recapitulate the
results from mRNA sequencing/array studies (which would
require mass spectrometry proteomics) but rather to de-
scribe the effect of DHF and RHF on regional protein ex-
pression patterns in an effort to discover novel proteins
involved in DHF and RHF biology. The use of the
92-protein platform is suitable for our aim but is limited
considering that there are tens of thousands of proteins
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FIGURE 2 Protein—protein correlation, predicted protein interactions, and signalling pathways of proteins with regional left ventricular differences in
expression levels. (A) Protein—protein correlation matrix of the 11 proteins with regionally different left ventricular expression levels in all experimental
groups. Red lines indicate a positive correlation, and blue lines indicate a negative correlation and a wider line indicates a stronger correlation. (B) Pre-
dicted protein—protein interaction of the eight proteins with differential expression levels between early and late activated left ventricular segments in
resynchronized heart failure. The figure was extracted from String database.” (C) Significantly affected Kyoto Encyclopedia of Genes and Genomes
(KEGG) signalling pathways in resynchronized heart failure. (D) Top 10 significantly affected biological pathways with cardiovascular relevance (Gene
Ontology) analysing the eight proteins with significantly different expression levels between left ventricular segments in resynchronized heart failure.
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in the mouse. Hence, the lack of difference in protein ex-
pression between segments in DHF and between the
groups should not be interpreted as an absence of biologi-
cal effect in DHF because we only investigated a small frac-
tion of proteins in this exploratory study. Moreover,
previous studies have shown that many of the important
biological effects of dyssynchrony and resynchronization
are mediated by post-translational modifications rather
than changes in total protein expression, which were not
captured in our study.'*®

Here, we report that several proteins in the MAPK signal-
ling pathway were significantly down-regulated in the late ac-
tivated lateral wall in RHF. This finding is supported by
previous published data showing that MAPK also at the
MRNA level is activated in the late activated myocardium in
DHF in both canine (non-ischaemic) and mouse (ischaemic)
heart failure models’®* and  deactivated  with

resynchronization.’® Moreover, deactivation of MAPK with
RHF has previously also been shown at the protein level
(e.g. P38/INK module, AKT, and ERK) in both ischaemic
mouse and non-ischaemic canine models.'** However, the
regional disparities induced by RHF on the MAPK regulating
proteins Erbb4, Ntf3, and Pdgfb have previously not been re-
ported in RHF and constitute a novel finding.

TNF-a is known to be down-regulated in late activated
left ventricular segments with resynchronization in a
non-ischaemic canine heart failure model.** In the present
study, we found down-regulation of TNF-a in the lateral
wall (compared with the septum) in resynchronized mice
but not in SHF or DHF, indicating that regional
down-regulation of TNF-o between left ventricular seg-
ments may play a role in resynchronization. The present
study also for the first time links the change in TNF-a to
six other proteins by protein—protein correlation and
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interaction analysis. The exact interplay between these pro-
teins is outside the scope of this study, but none of these
proteins have previously been associated with dyssynchrony
and resynchronization and therefore adds important infor-
mation to the field.

Canine studies have shown dyssynchrony-induced regional
hypertrophy in late activated myocardium,® and we have pre-
viously found this to be associated with increased mRNA
gene expression involved in hypertrophic signalling in the lat-
eral wall in the mouse model.** The finding in study extends
this knowledge by presenting regional changes in hypertro-
phy signalling at the protein level of Itgb6 and TNF.

A limitation of this study is that we did not perform confir-
matory western blot experiments, mainly owing to limited
amount of available tissue. Therefore, expression differences
of individual proteins should be interpreted with caution.
However, the findings that several proteins are involved in
specific biological processes and that significant protein—
protein correlations exist strengthen the validity of the
results.

Conclusions

In a mouse model of ischaemic cardiomyopathy, we found
down-regulation of several proteins in the late activated left
ventricular lateral wall compared with the septum in
resynchronized mice.

These proteins display significant protein—protein correla-
tion and share biological signalling pathways, including MAPK
activation and hypertrophy signalling. Novel proteins, not pre-
viously associated with resynchronization, are presented; and
protein—protein interaction and pathophysiological relevance
of these findings can be studied in a genetically modifiable
dyssynchrony and resynchronization model for the first time.
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