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A B S T R A C T   

Background: Heart failure (HF) is the leading cause of morbidity and mortality worldwide, and there is an urgent 
need for more global studies and data mining approaches to uncover its underlying mechanisms. Multiple omics 
techniques provide a more holistic molecular perspective to study pathophysiological events involved in the 
development of HF. 
Methods: In this study, we used a label-free whole myocardium multi-omics characterization from three 
commonly used mouse HF models: transverse aortic constriction (TAC), myocardial infarction (MI), and ho-
mozygous Phospholamban-R14del (PLN-R14Δ/Δ). Genes, proteins, and metabolites were analysed for differential 
expression between each group and a corresponding control group. The core transcriptome and proteome 
datasets were used for enrichment analysis. For genes that were upregulated at both the RNA and protein levels 
in all models, clinical validation was performed by means of plasma level determination in patients with HF from 
the BIOSTAT-CHF cohort. 
Results: Cell death and tissue repair-related pathways were upregulated in all preclinical models. Fatty acid 
oxidation, ATP metabolism, and Energy derivation processes were downregulated in all investigated HF aeti-
ologies. Putrescine, a metabolite known for its role in cell survival and apoptosis, demonstrated a 4.9-fold (p <
0.02) increase in PLN-R14Δ/Δ, 2.7-fold (p < 0.005) increase in TAC mice, and 2.2-fold (p < 0.02) increase in MI 
mice. Four Biomarkers were associated with all-cause mortality (PRELP: Hazard ratio (95% confidence interval) 
1.79(1.35, 2.39), p < 0.001; CKAP4: 1.38(1.21, 1.57), p < 0.001; S100A11: 1.37(1.13, 1.65), p = 0.001; Annexin 
A1 (ANXA1): 1.16(1.04, 1.29) p = 0.01), and three biomarkers were associated with HF-Related Rehospitali-
zation, (PRELP: 1.88(1.4, 2.53), p < 0.001; CSTB: 1.15(1.05, 1.27), p = 0.003; CKAP4: 1.18(1.02, 1.35), P =
0.023). 
Conclusions: Cell death and tissue repair pathways were significantly upregulated, and ATP and energy derivation 
processes were significantly downregulated in all models. Common pathways and biomarkers with potential 
clinical and prognostic associations merit further investigation to develop optimal management and therapeutic 
strategies for all HF aetiologies.   

1. Introduction 

Heart failure (HF) is a clinical syndrome leading to considerable 
morbidity and mortality, as well as mounting healthcare costs. Despite 
advances in the understanding of its pathophysiology and treatment, the 
prevalence of HF is increasing due to a combination of the ageing of the 

population, the growing prevalence of comorbidities associated with 
incident HF, as well as general risk factors for HF [1,2]. As such, 
mechanistic studies are necessary to improve our understanding of the 
pathophysiology of HF, as well as to guide therapeutic interventions. 

Many small animal models have been established for the investiga-
tion of pathological and molecular mechanisms contributing to HF in 
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humans. Despite their limitations, these preclinical models have signif-
icantly enriched our knowledge of the pathogenesis of different aetiol-
ogies of HF and have the additional advantage of eliminating the 
potential confounding effects of genetic or environmental factors and 
comorbidities. The advent of omics analyses has allowed for detailed 
phenotyping of such models at the DNA, RNA, protein, metabolic and 
epigenetic levels. However, since omics approaches are relatively recent 
scientific developments, no standard working methods are universally 
employed, thus rendering the comparison of findings between studies 
with omics analyses difficult. In addition, many studies are limited to 
single-omics approaches, and not much is known regarding the 
concordance of omics findings at the RNA and protein levels. 

The main goal of this study is to investigate heart tissues from three 
small animal models of HF [transverse aortic constriction (TAC), 
Myocardial Infarction (MI) [3,4], and a pathogenic variant in the 
Phospholamban gene (PLN-R14Δ/Δ) [5]], using standardized label-free 
transcriptomics, proteomics and metabolomics analyses, so as to delin-
eate their similarities and differences at the RNA, protein and metabolic 
levels, respectively. 

Omics studies of human myocardial tissues are confounded by 
several factors, including disease state, tissue heterogeneity, comor-
bidities, and treatments, and are therefore difficult to standardize. Thus, 
using these clinically relevant animal models overcome these problems 
and provides libraries for investigators to pursue and assess any thera-
peutic target they see fit for their research interests (e.g. inhibiting a 
specific factor that is upregulated, or validating these factors in a 
different clinical database). 

In this study, findings from small animal proteomics analyses were 
cross-referenced in the human setting, by checking their clinical rele-
vance and prognostic value in patients with HF from the systems Biology 
Study to Tailored Treatment in Chronic Heart Failure (BIOSTAT-CHF) a 
large and diverse population of patients with HF that has been described 
previously in detail [6–9]. Moreover, the concordance of transcriptomic 
and proteomic analyses was investigated to address the necessity of 
performing both proteomic and transcriptomic analyses, in order to 
establish robust and complete scientific conclusions. 

2. Materials and methods 

2.1. Ethics 

All experimental procedures in animals were approved by the animal 
ethical committee of the University of Groningen (permit numbers 
AVD105002016487, IVD16487–02-003, IVD16487–01-001, 
AVD10500201583 and IVD1583–02-001). The animal facilities at the 
University Medical Center Groningen are ISO-certified and follow na-
tional and EU regulations (Directive 2010/63/EU of the European 
Parliament on the protection of animals used for scientific purposes). All 
experiments involving animals were executed according to ARRIVE 
guidelines [10]. 

2.2. Experimental design and animal models 

C57BL/6 J Charles River, France) male mice were randomized at the 
age of 8 weeks to receive either MI or no MI (Sham) surgery, as previ-
ously published [11]. Mice were intubated and mechanically ventilated 
with a 2% isoflurane/oxygen mixture using a rodent ventilator (Harvard 
Midivent). Body temperature was maintained at 37 ◦C. MI was inflicted 
by permanent ligation of the left anterior descending coronary artery 
using 6.0 prolene suture. MI- and sham-operated mice were followed-up 
for 6 weeks after surgery. 

8-week-old male C57BL/6 J mice (Charles River, France) were ran-
domized to either TAC surgery (using an o-ring with an inner diameter 
of 0.55 mm (part number: R00022–026-70BNB) from Apple Rubber 
(Lancaster, NY, USA)) or sham surgery. 

Homozygous Phospholamban-R14del (PLN-R14Δ/Δ) male mice and 

their controls (wild type) mice were generated as previously described 
[5]. Detailed surgical procedures are provided in supplementary 
methods. Animals were euthanized by dissecting the diaphragm under 
isoflurane anaesthesia, after which organs were harvested. 

2.2.1. Echocardiography 
Six weeks after TAC and MI surgery, and in 6 to 7-week-old PLN- 

R14Δ/Δ mice, transthoracic echocardiography was performed using a 
Vevo imaging station (FUJIFILM VisualSonics, Canada) and a Vevo 3100 
preclinical imaging system (FUJIFILM VisualSonics), equipped with a 
40-MHz MX550D linear array transducer (FUJIFILM VisualSonics). 
Prior to echocardiographic imaging, mice were anesthetized (2% iso-
flurane (TEVA Pharmachemie) mixed with oxygen, administered via an 
aerial dispenser) and the hair was removed from the thorax using a 
commercially available topical depilation agent with potassium thio-
glycolate (Veet). Mice were placed in supine position on the 
temperature-maintained (37 ◦C) platform of the Vevo imaging station 
(FUJIFILM VisualSonics) over the integrated electrode pads to monitor 
the heart and respiration rates. Short axis M-mode recordings of the left 
ventricles (LV) were obtained at the mid-papillary level. Vevo LAB 
software (version 5.5.0, FUJIFILM VisualSonics) was used to determine 
LV end-diastolic internal diameter, LV end-systolic internal diameter 
and fractional shortening by outlining the epicardial and endocardial 
borders using the LV Trace tool. For echocardiography measurements, 
the number of samples per group was as follows: TAC: N = 9, sham for 
TAC: N = 5; MI: N = 6, sham for MI: N = 6; PLN-R14Δ/Δ: N = 4, WT: N =
4. 

2.2.2. Sacrifice and collection of myocardial tissues 
Animals were kept for 6 weeks after surgery (12 weeks of age for TAC 

and MI) and till the age of 6–7 weeks for the PLN-R14Δ/Δ mice. Mice 
were euthanized, and tissues, including the heart, were harvested and 
immediately snap frozen in liquid nitrogen and stored at − 80 ◦C. Tissues 
were powdered prior to further processing. 

2.3. Transcriptomics 

2.3.1. RNA extraction and quality control 
Total RNA was extracted from powdered left ventricle myocardium 

tissue samples using the SPLIT RNA Extraction Kit (Lexogen), according 
to the manufacturer’s instructions. The number of samples per group 
was as follows TAC: N = 6, sham for TAC: N = 4; MI: N = 5, sham for MI: 
N = 4; PLN-R14Δ/Δ: N = 4, WT: N = 4. Briefly, approximately 10 mg of 
tissue was homogenized in a highly chaotropic isolation buffer. After 
adding acidic buffer, acidic phenol and chloroform to the lysates, phases 
were separated using Phase Lock Gel tubes. RNA was precipitated onto a 
silica column by addition of isopropanol. Following washing steps, RNA 
was eluted from the column. Subsequently, RNA concentration was 
analysed by UV–Vis spectrophotometry (Nanodrop 2000c, Thermo 
Fisher), and RNA integrity was assessed on a Fragment Analyzer System 
using the DNF-471 RNA Kit (15 nt) (Agilent). 

2.3.2. Library preparation, pooling and sequencing 
Libraries were prepared manually according to the manufacturer’s 

instructions using QuantSeq 3’ mRNA-Seq FWD Library Prep Kit (Lex-
ogen, UG Version 015UG009V0252). Briefly, 200 ng total RNA was 
denatured for 3 min at 85 ◦C with oligo(dT) primers containing an 
Illumina-compatible sequence at its 5′ end, followed by reverse tran-
scription at 42 ◦C for 15 min. After RNA removal, the second strand of 
the cDNA was synthesized by a random primer containing an Illumina- 
compatible linker sequence at its 5′ end, and the end-product was pu-
rified by a magnetic bead-based method in order to remove all reaction 
components. Finally, individual sample barcodes (dual indexing) for 
multiplexing were introduced via 12 cycles of PCR (determined by 
qPCR); the left-over reaction components were removed by a magnetic 
bead-based purification method. All libraries were analysed for adapter 
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dimers, size distribution and concentration on a Fragment Analyzer 
System using the DNF-474 HS NGS Fragment kit (1–6000 bp) (Agilent). 
After pooling the libraries in an equimolar ratio, the concentration and 
the size distribution of the lane mix was analysed by Qubit dsDNA HS 
assay (Thermo Fisher Scientific) and by 2100 Bioanalyzer device using 
the HS-DNA assay (Agilent), respectively. A 2 nM dilution of the lane 
mix was denatured and diluted to loading concentration for sequencing 
on a NextSeq 500 instrument with SR75 High Output Kit (Illumina). 

2.3.3. Sequencing quality control and adapter trimming 
Using cutadapt version 1.18 (https://cutadapt.readthedocs.io/en/st 

able/), the reads of the sequencing run were scanned for adapter con-
taminations, continuous polyA sequences and continuous polyG se-
quences at the 3′ end, and the contaminations were removed if they were 
found. The reads of the samples prior to adapter trimming and after 
adapter trimming were analysed with FastQC version v0.11.7 (htt 
ps://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 

2.3.4. Alignment and read quantification 
The reads were aligned to the spike-in complemented Ensembl 

release 101 of the Mus musculus assembly GRCh38 from the Genome 
Reference Consortium. The alignment was performed with the splice- 
aware aligner STAR version 2.6.1a (https://github.com/alexdob 
in/STAR). The alignments were quantified based on the annotations of 
Ensembl GRCm38.101 and the spike-in specific annotations of Lexogen 
with the featureCounts software program version 1.6.4 of the subread 
analysis package (http://subread.sourceforge.net/). 

2.3.5. Validation of omics data by quantitative PCR 
The commonly upregulated genes in all three groups has been 

selected to be validated by RT qPCR (only genes with a log2FC higher 
equal or above to 1 has been selected for each group). Total RNA was 
isolated from left ventricular tissues (TAC and MI were induced as 
previously described [12]) using TRIzol reagent (Invitrogen Corpora-
tion, the Netherlands). RNA concentration of samples was measured by 
spectrophotometry (NanoDrop 2000, ThermoScientific, the 
Netherlands). cDNA was synthesized using QuantiTect Reverse Tran-
scription kits (Qiagen). Gene expression levels were determined by qPCR 
analysis using iQ SYBR green supermix (Bio-Rad, CA, USA) and the Bio- 
Rad CFx384 real time system (Bio-Rad, the Netherlands)with 7.5 ng 
cDNA. For the gene expression validation by RT-qPCR, the number of 
samples per group was as follows:: TAC: N = 8, sham for TAC: N = 10; 
MI: N = 9, sham for MI: N = 7; PLN-R14Δ/Δ: N = 4, WT: N = 4. Gene 
expressions were corrected for ribosomal protein, large, P0 (36B4) 
reference gene expression and are presented as relative expression to the 
control group. Primers used for RT-qPCR are presented in Supplemen-
tary table 2. 

2.4. Proteomics 

2.4.1. Tissue samples 
Total protein was isolated from powdered left ventricle myocardium 

tissue samples by adding 10 μL ice-cold NP40 buffer (400 mM NaCl, 
0.1% NP40 (Igepal-640), 10 mM TRIS pH 8.0 and 1 mM EDTA pH 8.0) 
per 1 mg of tissue. The samples were homogenized using the TissueLyzer 
LT (Qiagen, Hilden, Germany). Homogenized samples were centrifuged 
at 12,000g for 10 min at 4 ◦C. Next, the supernatant was collected, and 
protein concentrations were determined using a Pierce bicinchoninic 
acid (BCA) protein assay kit (Thermo Scientific, MA, USA) according to 
the manufacturer’s protocol. For proteomics analysis, the number of 
samples per group was as follows: TAC: N = 4, sham for TAC: N = 3; MI: 
N = 6, sham for MI: N = 4; PLN-R14Δ/Δ: N = 4, WT: N = 4. 

Proteins samples (50 μg) were loaded on an 8% pre-cast RunBlue gel 
(Expedeon), and run at 100 V for 5 min. Gel staining was performed 
using InstantBlue (Expedeon) followed by a wash with ultrapure water. 
Coomassie-stained bands were excised in one gel slice that were further 

cut into small pieces and distained using 70% 50 mM NH4HCO3 and 30% 
acetonitrile. Reduction was performed using 10 mM DTT dissolved in 50 
mM NH4HCO3 for 30 min at 55 ◦C. Next, the samples were alkylated 
using 55 mM chloroacetamide in 50 mM NH4HCO3 for 30 min at room 
temperature and protected from light. Subsequently, samples were 
washed for 10 min with 50 mM NH4HCO3 and for 15 min with 100% 
acetonitrile. Remaining fluid was removed and gel pieces were dried for 
15 min at 55 ◦C. Tryptic digestion was performed by addition of 
sequencing-grade modified trypsin (Promega; 25 μL of 10 ng/mL in 50 
mM NH4HCO3) and overnight incubation at 37 ◦C. Peptides were 
extracted using 5% formic acid in water followed by a second elution 
with 5% formic acid in 75% acetonitrile. Samples were dried in a 
SpeedVac centrifuge and dissolved in 20 μL 5% formic acid in water for 
analysis with LC-MS/MS. 

2.4.2. Liquid chromatography 
Online chromatography of peptides was performed with an Ultimate 

3000 nano-HPLC system (Thermo Fisher Scientific) coupled online to an 
Orbitrap Exploris 480 mass spectrometer with a NanoFlex source 
(Thermo Fisher Scientific) equipped with a stainless-steel emitter. 
Tryptic digests were loaded onto a 5 mm 300 μm i.d. trapping micro 
column packed with PepMAP100 5 μm particles (Thermo Fisher Scien-
tific) in 0.1% formic acid in water at the flow rate of 20 μL/min. After 
loading and washing for 3 min, peptides were forward-flush eluted onto 
a 50 cm 75 μm i.d. nanocolumn packed with Acclaim C18 PepMAP100 2 
μm particles (Thermo Fisher Scientific). The following mobile phase 
gradient was delivered at the flow rate of 300 nL/min: 2–36% of solvent 
B in 112 min; 36–50% B in 10 min; 90% B during 4 min, and back to 2% 
B in 1 min and held at 2% B for 22 min. Total LC run is 152 min. Solvent 
A was 100:0 H2O/acetonitrile (v/v) with 0.1% formic acid and solvent B 
was 0:100 H2O/acetonitrile (v/v) with 0.1% formic acid. 

2.4.3. Mass spectrometry 
Mass spectrometry data were acquired using a data-dependent top- 

speed method dynamically choosing the most abundant not-yet- 
sequenced precursor ions from the survey scans (300–1650 Th @ 
120,000 resolution) with a dynamic exclusion of 30 s and a cycle time of 
3 s. Isolation of precursors was performed with a window of 1.6 Da. 
Resolution for HCD spectra was set to 15,000 at m/z 200. Normalized 
collision energy (NCE) was set at 28. Precursor ions with single, unas-
signed, or six and higher charge states were excluded from fragmenta-
tion selection. MS data were acquired for 130 min. 

2.5. Metabolomics 

2.5.1. Sample extraction 
Each left ventricle myocardium tissue was weighted and transferred 

to an Eppendorf tube containing stainless steel beads and mixed with 
methanol/water (1:2). The Eppendorf tubes are placed in the bead 
beater and homogenized for 4 × 30 s. followed by ultra-sonication for 5 
min. After centrifugation of the tubes the supernatant are collected, and 
the pellet are re-extracted by adding a new portion of methanol/water 
and repeating the process described above. Phospholipids are removed 
using Phree filters. The Filtrate from the Phree filters is collected and 
dried under a gentle nitrogen flow. Samples are reconstituted in six 
times initial sample weight using eluent mix. Filtrate the reconstituted 
samples using spinX filters, and collect the filtrate for analysis. For 
metabolomics analysis, the number of samples per group was as follows: 
TAC: N = 6, sham for TAC: N = 4; MI: N = 6, sham for MI: N = 4; PLN- 
R14Δ/Δ: N = 4, WT: N = 4. 

2.5.2. Semi-polar metabolites (LC-MS method) 
The analysis was carried out using a UPLC system (Vanquish, Thermo 

Fisher Scientific) coupled with a high-resolution quadrupole-orbitrap 
mass spectrometer (Q Exactive™ HF Hybrid Quadrupole-Orbitrap, 
Thermo Fisher Scientific). An electrospray ionization interface was 
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used as ionization source. Analysis was performed in negative and 
positive ionization mode. A QC sample was analysed in MS/MS mode for 
identification of compounds. The UPLC was performed using a slightly 
modified version of the protocol described by Catalin et al. (UPLC/MS 
Monitoring of Water-Soluble Vitamin Bs in Cell Culture Media in Mi-
nutes, Water Application note 2011, 720004042en). 

2.5.3. Data processing 
Data was processed using Compound Discoverer 3.1 (ThermoFisher 

Scientific) and TraceFinder 4.1 (ThermoFisher Scientific). Compound 
extraction and Identification methods are detailed in supplementary 
methods. 

2.6. Validation in clinical data 

To validate the findings of the animal studies in humans, we used 
data from the BIOSTAT-CHF cohort, a large and diverse population of 
patients with HF that has been described previously [6–9]. Briefly, 
BIOSTAT-CHF was a multi-center study with 11 participating European 
countries. Participants were aged 18 years or older, had symptoms of 
new-onset or worsening HF, combined with a left ventricular ejection 
fraction (LVEF) ≤40% or brain-type natriuretic peptide (BNP) and/or N- 
terminal pro-BNP (NT-proBNP) plasma levels >400 pg/mL or > 2000 
pg/mL, respectively. Participants were either not previously treated 
with angiotensin converting enzyme inhibitors/angiotensin receptor 
blockers and/or β-adrenoreceptor blockers or were receiving ≤50% of 
guideline-recommended target doses and anticipated their initiation or 
up-titration. All patients were treated with loop diuretics. Participants 
could be enrolled as inpatients or outpatients. The primary outcome was 
a composite of all-cause mortality and rehospitalization for HF censored 
at 2-year follow-up, and each outcome was also examined separately as 
a secondary outcome. The study protocol was approved by local and 
national ethics committees (EudraCT 2010–020808-29; R&D Ref Num-
ber 2008-CA03; MREC Number 10/S1402/39) and all participants 
provided written informed consent. 

Here, we used plasma biomarker measurements (Olink Proteomics) 
of 362 biomarkers as described previously [6–9], and contrasted those to 
genes that were significantly upregulated at the transcriptomic and 
proteomic levels in any of the examined models. Subsequently, we iso-
lated only genes that were significant at both the transcriptomic and 
proteomic levels in any animal model for subsequent analyses. Selected 
biomarkers were evaluated for their relationship with clinical charac-
teristics and outcomes (all-cause mortality and HF-related rehospitali-
zation at 2-year follow-up). 

2.7. Statistical analysis 

For animal studies,. Variables were compared using the t-test. A p- 
value <0.05 was considered significant. Statistical analyses performed 
using GraphPad Prism 8.4.2 (GraphPad, San Diego, CA, USA). Gene 
expression analysis was conducted using DESeq2 (version v1.18.1). The 
analysis used the counts of unique alignments. 

For proteomic data, raw mass spectrometry data were analysed using 
MaxQuant version, 1.6.3.4 using default settings and LFQ/iBAQ enabled 
[2], and searched against the Uniprot/Swissprot database (was down-
loaded from Uniprot on 4/22/2021 and had 17,509 reviewed entries). 
The data was further processed using Perseus software, version 1.6.15.0. 

For metabolomics, data are presented, in heatmaps, as the log2 
values of the ratio between average values and p-values. Biological 
processes enrichment analyses were performed using the gene and 
protein sets [13]. A false discovery rate (FDR) < 0.05 is considered 
significant. Visualisations for all Omics analyses were generated using R- 
Studio (v.4.1.2). Principal Component Analysis (PCA) was used to 
visualize sample-to-sample variance. The input for this analysis were 
normalized read counts obtained with the rlog transformation of 
DESEq2. 

Clinical data were analysed using R-Studio (v.4.1.2)., Normally 
distributed variables are presented as mean (standard deviation), non- 
normally distributed continuous variables as median (interquartile 
range), and categorical variables as number (percentage). The correla-
tion of available biomarkers with clinical characteristics were examined 
with Spearman’s rank order correlation and graphically displayed in the 
form of a heatmap. P-values of correlation analyses were adjusted for 
multiple comparisons using the Benjamini-Hochberg method. The as-
sociation of the same biomarkers with outcomes censored at 2-year 
follow-up were examined for a combined outcome of all-cause mortal-
ity and HF-related rehospitalization and for all-cause mortality alone 
using Cox regression, and with competing-risks regression for HF-related 
rehospitalization alone. Analyses were carried out both for each 
biomarker individually, and with multivariable corrections for previ-
ously published risk models for each of the three outcomes [9]. 

2.8. Gene ontology analyses 

The ShinyGO enrichment tool (version 0.76) (http://bioinformatics. 
sdstate.edu/go/ (accessed on 21 April 2021) [13]) was used for 
exploring enrichment in Gene Ontology (GO) categories for biological 
processes using the lists of up and down regulated genes and proteins (p 
< 0.05). Biological processes with false discovery rate (FDR) < 0.05 
were considered significant. The web-server STRING (https://www.nc 
bi.nlm.nih.gov/pmc/articles/PMC6323986/)was employed to perform 
interaction analysis and to validate the pathways of interest. Biological 
processes with false discovery rate (FDR) < 0.05 were considered 
significant. 

2.9. Annotations 

For transcriptomic data, the alignments were quantified based on the 
annotations of Ensembl GRCm38.101 and the spike-in specific annota-
tions of Lexogen with the featureCounts software program version 1.6.4 
of the subread analysis package (http://subread.sourceforge.net/). Each 
gene has an ENSG ID and a gene name. As for proteins, the data was 
processed using Perseus software, version 1.6.15.0 and each protein has 
a ENSG ID and a gene name. Data was harmonized and the overlap 
between transcriptomic and proteomic was determined using the ENSG 
IDs and gene names. For metabolomics, the lists of detected compounds 
were submitted to metaboanalyst (https://www.metaboanalyst.ca 
/MetaboAnalyst/Secure/process/NameMapView.xhtml). Only com-
pounds with Query names with the exact match were selected for further 
analyses.’ 

3. Results 

3.1. TAC, MI, and PLN-R14Δ/Δ mice developed HF with reduced ejection 
fraction 

Six weeks post-TAC surgery, the average left ventricular ejection 
fraction (LVEF) was 2-fold (p < 0.0001) lower than in sham-operated 
mice (Fig. 1A). Normalized heart weights were two times larger than 
the sham group, which indicates that TAC hearts were hypertrophic 
(Table 1). A 2.9-fold (p = 0.0001) higher lung weight was detected in 
TAC mice compared to their sham group (Table 1), attributed to pul-
monary congestion and edema. (See Table 1.) 

MI mice also demonstrated a reduced LVEF (1.6-fold lower, p < 0.01) 
(Fig. 1A) with dilation of the left ventricle inner diameter by 1.3-fold (p 
< 0.01) and 1.5-fold (p < 0.01) at diastole and systole, respectively 
(Fig. 1B and C). Normalized organ weights of the MI and sham-MI 
groups are presented in Table 2. 

The PLN-R14Δ/Δ mouse model develops HF in an accelerated 
manner. At the age of six weeks, PLN-R14Δ/Δ had heavier wet lung 
weights (1.2-fold bigger than the WT mice, p < 0.01), suggesting pul-
monary congestion and edema (Table 3). As shown previously [14], 
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PLN-R14Δ/Δ LVEF was 2-fold lower (p < 0.0001) than the wild-type 
mice (Fig. 1A), and the left ventricular inner diameters were 1.1-fold 
(p < 0.05) and 1.4-fold (p = 0.0001) larger at the diastole and systole, 
respectively (Fig. 1B and C). 

3.2. Transcriptomics and proteomic analyses 

3.2.1. TAC, MI, and PLN-R14Δ/Δ mice represented distinct and common 
molecular signatures 

The largest number of differentially expressed genes (DEG) and 
proteins (DEP), compared with the corresponding control group, were 

Fig. 1. Echocardiography measurements per model compared with their corresponding controls (sham-operated animals or wild type). Left ventricular (LV) ejection 
fraction (A). LV inner diameter diastole (B). LV inner diameter systole (C). LV fractional shortening (D). (TAC: N = 9, sham for TAC: N = 5; MI: N = 6, sham for MI: N 
= 6; PLN-R14Δ/Δ: N = 4, WT: N = 4). Echo data for the PLN-R14Δ/Δ vs. wild type mice were previously published [14]. Data are presented as mean ± SEM. Variables 
were compared using the t-test. A p-value <0.05 was considered significant. 

Table 1 
Organ weight (normalized for tibia length (mg/mm)) in TAC vs. Sham for TAC.   

Sham-TAC (n = 5) TAC 
(n = 9) 

p-value 
(TAC vs. sham) 

Heart 8.46 (0.3) 16.96 (0.8) <0.0001 
Left atria 0.15 (0.014) 0.53 (0.086) 0.0073 
Right atria 0.12 (0.014) 0.26 (0.036) 0.0133 
Lungs 9.09 (0.6) 26.02 (2.19) 0.0001 
Liver 88.26 (2.178) 82.03 (3.56) 0.2462 
Kidneys 20.03 (2.2) 20.66 (0.41) 0.7164 
Spleen 3.77 (0.08) 4.87 (0.15) 0.0002  

Table 2 
Organ weight (normalized for tibia length (mg/mm)) in MI vs. Sham for MI.   

Sham-MI 
(n = 6) 

MI 
(n = 6) 

p-value 
(MI vs. Sham) 

Heart 8.42 (0.23) 11.24 (0.42) 0.0002 
Left atria 0.16 (0.0065) 0.22 (0.021) 0.0346 
Right atria 0.2 (0.018) 0.16 (0.01) 0.0909 
Lungs 8.26 (0.7) 8.43 (0.27) 0.8220 
Liver 88.9 (2.78) 80.45 (3.29) 0.0777 
Kidneys 21.99 (0.54) 23.55 (062) 0.0859 
Spleen 4.15 (0.14) 4.41 (0.39) 0.3599  

Table 3 
Organ weight (normalized for tibia length (mg/mm)) in the PLN-R14Δ/Δ vs. wild 
type.   

WT 
(n = 4) 

PLN-R14Δ/Δ 

(n = 4) 
p-value 
(PLN-R14Δ/Δ vs. WT) 

Heart 7.3 (0.45) 8.0 (0.42) 0.2942 
Left atria 0.1 (0.013) 0.15 (0.017) 0.0627 
Right atria 0.16 (0.037) 0.28 (0.088) 0.2458 
Lungs 8.28 (0.3) 10.05 (0.36) 0.0091 
Liver 73.9 (5.47) 70.12 (4.48) 0.6121 
Kidneys 17.36 (1.17) 18.19 (0.91 0.5952 
Spleen 4.72 (0.52) 5.88 (0.47) 0.1461  
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observed in PLN-R14Δ/Δ mice (Fig. 2).This indicates that the genetic 
manipulation in the PLN-R14Δ/Δ model had a greater impact on gene 
and protein expressions than surgically induced HF models, TAC and MI. 
Myosin Heavy Chain 7 was detected as the most upregulated gene in MI 
(log2FC = 1.71, padj < 0.0005) and TAC (log2FC = 3.44, padj < 0.0001) 
(Fig. 2B, C). As for PLN-R14Δ/Δ, TIMP Metallopeptidase Inhibitor 1 was 
the most upregulated gene (log2FC = 2.83, padj < 0.0001) (Fig. 2 A). The 
complete lists of differentially expressed genes are provided in Supple-
mentary file. The top altered genes in all three models (with an absolute 
value of log2FC ≥ 1 were validated by quantitative PCR (Fig. 3). The list 
of these genes is also provided in supplementary table 2. 

3.2.2. TAC exhibited a strong discordance between gene and protein 
expression trends 

To compare the expression trends at the transcriptomic and proteo-
mic levels, scatter plots were made to display the differential expression 
of genes (log2FC) versus their corresponding protein expression (dif-
ference between the means of the animal model and its corresponding 
control) (Fig. 4). More than half of the DEG-DEP pairs had discordant 
expression trends in TAC mice (53%) (Fig. 4A). Further, the MI model 
demonstrated a 35% discordance between DEGs and DEPs (Fig. 4B). As 
for PLN-R14Δ/Δ mice, the majority of pairs showed similar expression 
trends (25.7% discordant pairs) (Fig. 4C). Galectin 3 showed a strong 
concordance in expression trends at the transcriptomic (log2FC = 3.27, 
padj < 0.0001) and proteomic levels in PLN-R14Δ/Δ and MI models. 
However, TAC mice demonstrated a prounounced over-expression of the 
Galectin 3 gene (log2FC = 2.18, padj < 0.0001) but not the protein 
(Fig. 4A, B, C). The complete lists of differentially expressed proteins are 
provided in Supplementary file. 

3.2.3. Cell death and tissue-repair pathways were upregulated in all HF 
mouse models 

For this analysis, we checked for the overlapping processes that were 
enriched (using the complete list of DEGs and DEPs) in each model at the 
proteomic and transcriptomic levels. Common up- and downregulated 
processes in all three models are presented in Fig. 5. Thirteen processes 
were upregulated in TAC, MI, and PLN-R14Δ/Δ models. Regulation of 
transport, a process that modulates the movement of substances such as 
ions) by means of transporters or pores, was upregulated all the animal 
models (PLN-R14Δ/Δ: FDR = 4.7 × 10− 10; MI: FDR = 6.2 × 10− 10; TAC: 
FDR = 0.02) (Fig. 5A). Programmed cell death (PLN-R14Δ/Δ: FDR = 2.8 ×
10− 8; MI: FDR = 2.7 × 10− 5; TAC: FDR = 0.02)and apoptotic process 
(PLN-R14Δ/Δ: FDR = 1 × 10− 7; MI: FDR = 3.9 × 10− 5; TAC: FDR = 0.02) 
were enriched as upregulated processes in all three models (Fig. 5A). 
Moreover, the commonly enriched response to wounding process (PLN- 
R14Δ/Δ: FDR = 4.1 × 10− 5; MI: FDR = 0.00028; TAC: FDR = 0.0048) 
indicates a change in the state or activity of cardiac cells, such as 
movement and secretion as a consequence of a stimulus caused by a 
damage. On the other hands, the process wound healing (PLN-R14Δ/Δ: 
FDR = 8.3 × 10− 5; MI: FDR = 0.00017; TAC: FDR = 0.006) is a sequence 
of events that restores tissue integrity, following an injury (Fig. 5A). The 
processes Response to oxygen-containing compound (PLN-R14Δ/Δ: FDR =
5.07 × 10− 9; MI: FDR = 5.87 × 10− 7; TAC: FDR = 0.047) and Response to 
inorganic substance (PLN-R14Δ/Δ: FDR = 3.74 × 10− 11; MI: FDR = 5.79 
× 10− 12; TAC: FDR = 0.0055) suggest that cardiac cells change their 
state and activity due to inorganic substance or oxygen-containing 
compound response to oxygen-containing compound (Fig. 5A). The 
complete lists of upregulated processes (in each model) are provided in 
Supplementary file. 

3.2.4. Energy derivation processes were downregulated in all HF mouse 
models 

Enrichment analyses demonstrated a shift towards the use of less 
energy-efficient free fatty acids. This shift was presented by the down-
regulation of fatty acid oxidation (PLN-R14Δ/Δ: FDR = 4.14 × 10− 26; MI: 
FDR = 0.001; TAC: FDR = 1.1 × 10− 6), fatty acid beta-oxidation (PLN- 

R14Δ/Δ: FDR = 4.14 × 10− 26; MI: FDR = 0.00145; TAC: FDR = 1.42 ×
10− 6), and lipid oxidation (PLN-R14Δ/Δ: FDR = 1 × 10− 26; MI: FDR =
0.0012; TAC: FDR = 1.52 × 10− 6) in all three HF mouse models 
(Fig. 6A). Moreover, this analysis showed that the ATP metabolic process 
(PLN-R14Δ/Δ: FDR = 2.09 × 10− 51; MI: FDR = 3 × 10− 13; TAC: FDR =
0.0028), and Energy derivation by oxidation of organic compounds were 
downregulated in myocardial tissues of the three mouse models of HF 
(PLN-R14Δ/Δ: FDR = 2.28 × 10− 25; MI: FDR = 1.09 × 10− 17; TAC: FDR 
= 0.00015), (Fig. 6A). Furthermore, the ribonucleotide biosynthetic pro-
cess was significantly downregulated in these models (Fig. 6B). The 
complete lists of downregulated processes (in each model) are provided 
in Supplementary file. 

3.3. Clinical relevance of the upregulated genes and proteins 

3.3.1. Several upregulated genes were associated with NT-proBNP levels 
Out of the 368 Olink plasma biomarkers previously measured in 

BIOSTAT-CHF [6–9], seven genes were significantly upregulated at both 
the transcriptomic and proteomic levels in HF mouse models (Fig. 7A). 
The correlation of these seven biomarkers with clinical characteristics 
was examined with Spearman’s rank order correlation and graphically 
displayed in the form of a heatmap (Fig. 7B). The patients included in 
this analysis have high levels of NT-proBNP 2028 [800.00, 4789.00] pg/ 
mL (Supplementary Table 1). The majority (65%) of these patients have 
heart failure with reduced ejection fraction (LVEF<40%) (Supplemen-
tary Table 1). Proline And Arginine Rich End Leucine Rich Repeat 
Protein (PRELP) and Cytoskeleton Associated Protein 4 (CKAP4) showed 
the strongest positive correlation with NT − proBNP levels in HF pa-
tients (p < 0.001) (Fig. 7B). 

3.3.2. Upregulated genes and proteins in animal models predicted HF- 
related rehospitalization, and all-cause mortality in HF patients 

The association of the same biomarkers with outcomes censored at 2- 
year follow-up was assessed in the index cohort [7]. After multivariable 
corrections, four biomarkers were correlated to all-cause mortality 
(PRELP: 1.79(1.35, 2.39), p < 0.001; CKAP4: 1.38(1.21, 1.57), p <
0.001; S100 Calcium Binding Protein A11 (S100A11): 1.37(1.13, 1.65), 
p = 0.001; Annexin A1 (ANXA1): 1.16(1.04, 1.29) p = 0.01) (Table 4). 
Moreover, three biomarkers were associated with HF-Related Rehospi-
talization, after multivariable adjustments (BIOSTAT-CHF risk model) 
(PRELP: 1.88(1.4, 2.53), p < 0.001; CSTB: 1.15(1.05, 1.27), p = 0.003; 
CKAP4: 1.18(1.02, 1.35), P = 0.023) (Table 4). 

3.4. Metabolomic analyses 

3.4.1. Polyamines expression confirmed the upregulated cell death 
pathways at the protein level 

Metabolomic analyses of cardiac tissues identified differentially 
expressed metabolites between each model and its control. A few me-
tabolites were commonly altered in all three HF models TAC, MI, and 
PLN-R14Δ/Δ. The natural diamine putrescine and polyamine spermine 
are low-molecular-weight organic polycations. They are well established 
for their role in cardiac physiology as key mediators of cell growth, 
proliferation, and division [15]. Putrescine showed a 4.9-fold (p < 0.02) 
increase in PLN-R14Δ/Δ, 2.7-fold (p < 0.005) increase in TAC mice, and 
2.2-fold (p < 0.02) increase in MI mice (Fig. 8H). As for spermine, it was 
only significantly upregulated in PLN-R14Δ/Δ mice (4.8-fold, p < 0.005) 
(Fig. 8I). 

3.4.2. Altered metabolic and energy pathways were validated at the 
metabolomic level 

Cardiac carnitine is vital for mammalian hearts to meet the energy 
requirements through the oxidation of long-chain fatty acids and regu-
lation of carbohydrate metabolism [16,17]. Myocardial carnitine levels 
were decreased in all three models by approximately 1.1-fold in MI (p <
0.05), 1.2-fold in TAC (p < 0.005), and 11.4-fold in PLN-R14Δ/Δ (p <
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Fig. 2. Differential gene expression analysis. Volcano plots showing differentially expressed genes significance corresponds to -log(p-value). PLN-R14Δ/Δ vs. wild type mice (A). TAC vs. sham for TAC (B); MI vs. sham for 
MI (C); . (TAC: N = 6, sham for TAC: N = 4; MI: N = 5, sham for MI: N = 4; PLN-R14Δ/Δ: N = 4, WT: N = 4). Differential protein expression analysis. Volcano plots showing differentially expressed proteins, significance 
corresponds to -log(p-value). Difference corresponds to the difference between LFQ averages of two groups. PLN-R14Δ/Δ vs. wild type mice (D). TAC vs. sham for TAC (E); MI vs. sham for MI (F); (TAC: N = 4, sham for 
TAC: N = 3; MI: N = 6, sham for MI: N = 4; PLN-R14Δ/Δ: N = 4, WT: N = 4). 
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Fig. 3. Individual value plots of the qPCR measurements of mRNA levels of the common differentially expressed genes: Myh7, Cilp, Gdf15, Serpine1, Mt2 in TAC vs. sham for TAC (TAC: N = 8, sham for TAC: N = 10) (A- 
E); MI vs. sham for MI (MI: N = 9, sham for MI: N = 7) (F-J); PLN-R14Δ/Δ vs. WT mice (PLN-R14Δ/Δ: N = 4, WT: N = 4) (K-O). Data are presented as mean ± SEM. Variables were compared using the t-test. A p-value 
<0.05 was considered significant. 
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Fig. 4. Scattor plots displaying the levels of gene expression (log2FC between a specific model vs. its corresponding control) vs. protein expression (the term ‘protein 
difference’ corresponds to the difference between LFQ averages of a models and its corresponding control) for TAC (A), MI (B) and PLN-R14Δ/Δ (C). Only genes or 
proteins with a p-value <0.05 are plotted. 
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Fig. 5. Bubble plot showing the number of genes and the significance of the shared up-regulated processes in TAC, MI, and PLN-R14Δ/Δ (A). The bubble size represents the number of proteins involved in a specific 
process. Venn diagram representing the number of common up-regulated genes involved in programmed cell death in TAC, MI, and PLN-R14Δ/Δ (B). The network analysis between the common up-regulated genes 
involved in programmed cell death in TAC, MI, and PLN-R14Δ/Δ (C). Bar graph representing the number of genes, (from the list of commonly up-regulated genes in programmed cell death in TAC, MI, and PLN-R14Δ/Δ) 
observed in specific biological process (only the top 10 processes are shown, based on FDR) (D). Venn diagram representing the number of common up-regulated genes involved in wound healing in TAC, MI, and PLN- 
R14Δ/Δ (E). The network analysis between the common up-regulated genes involved in wound healing in TAC, MI, and PLN-R14Δ/Δ (F). Bar graph representing the number of genes, (from the list of commonly up- 
regulated genes in wound healing in TAC, MI, and PLN-R14Δ/Δ) observed in specific biological process (only the top 10 processes are shown, based on FDR) (G). 
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Fig. 6. Bubble plot showing the number of genes and the significance of the shared down-regulated processes in TAC, MI, and PLN-R14Δ/Δ (A-B). The bubble size represents the number of proteins involved in a specific 
process. Venn diagram representing the number of common down-regulated genes involved in ATP metabolic process in TAC, MI, and PLN-R14Δ/Δ (C). The network analysis between the common down-regulated genes 
involved in ATP metabolic process in TAC, MI, and PLN-R14Δ/Δ (D). Bar graph representing the number of genes, (from the list of commonly down-regulated genes in ATP metabolic process in TAC, MI, and PLN-R14Δ/Δ) 
observed in specific biological process (only the top 10 processes are shown, based on FDR) (E). Venn diagram representing the number of common down-regulated genes involved in lipid oxidation in TAC, MI, and PLN- 
R14Δ/Δ (F). The network analysis between the common down-regulated genes involved in lipid oxidation in TAC, MI, and PLN-R14Δ/Δ (G). Bar graph representing the number of genes, (from the list of commonly down- 
regulated genes in lipid oxidation in TAC, MI, and PLN-R14Δ/Δ) observed in specific biological process (only the top 10 processes are shown, based on FDR) (H). 
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Fig. 7. Venn diagram representing the number of genes that were upregulated at the protein and gene levels in all models and belong to the BIOSTAT-CHF panels 
(A). Heatmap displaying the correlation of biomarkers with clinical characteristics examined with Spearman’s rank order correlation (B). P-values of correlation 
analyses were adjusted for multiple comparisons using the Benjamini-Hochberg method. PRELP: Proline And Arginine Rich End Leucine Rich Repeat Protein; CSTB: 
Cystatin B; CKAP4: Cytoskeleton Associated Protein 4; LGALS3: Galectin 3; ANPEP: Alanyl Aminopeptidase, Membrane; S100A11: S100 Calcium Binding Protein 
A11; ANXA1: Annexin A1; eGFR: estimated glomerular filtration rate; NT-proBNP: N-terminal pro-brain natriuretic peptide; Hb: haemoglobin; RD: renal disease; HR: 
heart rate; LVEF: left ventricular ejection fraction; COPD: chronic obstructive pulmonary disease; SBP: systolic blood pressure; BMI: body mass index; NYHA New 
York heart association. 

Table 4 
Results of Cox regression for the combined outcome of all-cause mortality and HF-related rehospitalization, as well as all-cause mortality alone, censored at 2-year 
follow-up, and competing risks regression for HF-related rehospitalization alone, censored at 2-year follow-up. *p-value ≤0.05.  

Biomarkers Combined Outcome All-Cause Mortality HF-Related Rehospitalization 

Univariable Multivariable Univariable Multivariable Univariable Multivariable 

HR (95% 
CI) 

p-value HR (95% 
CI) 

p-value HR (95% 
CI) 

p-value HR (95% 
CI) 

p-value HR (95% 
CI) 

p-value HR (95% 
CI) 

p-value 

PRELP 3.76 (3.07, 
4.6) 

<0.001* 1.72(1.37, 
2.16) 

<0.001* 4.22(3.26, 
5.47) 

<0.001* 1.79(1.35, 
2.39) 

<0.001* 3.51(2.71, 
4.55) 

<0.001* 1.88(1.4, 
2.53) 

<0.001* 

CSTB 1.41(1.32, 
1.49) 

<0.001* 1.08(1, 
1.16) 

0.047* 1.47(1.36, 
1.58) 

<0.001* 1.08(0.99, 
1.19) 

0.096 1.41(1.31, 
1.52) 

<0.001* 1.15(1.05, 
1.27) 

0.003* 

CKAP4 1.69(1.57, 
1.83) 

<0.001* 1.21(1.09, 
1.35) 

<0.001* 1.86(1.7, 
2.04) 

<0.001* 1.38(1.21, 
1.57) 

<0.001* 1.55(1.35, 
1.77) 

<0.001* 1.18(1.02, 
1.35) 

0.023* 

LGALS3 1.22(1.11, 
1.33) 

<0.001* 1.07(0.97, 
1.17) 

0.156 1.19(1.06, 
1.34) 

0.003* 1.00(0.89, 
1.13) 

0.964 1.26(1.13, 
1.41) 

<0.001* 1.12(0.99, 
1.27) 

0.063 

ANPEP 1.23(1.12, 
1.36) 

<0.001* 1.03(0.94, 
1.14) 

0.485 1.25(1.11, 
1.41) 

<0.001* 1.01(0.89, 
1.14) 

0.926 1.28(1.13, 
1.45) 

<0.001* 1.12(0.99, 
1.27) 

0.083 

S100A11 1.56(1.36, 
1.79) 

<0.001* 1.27(1.09, 
1.48) 

0.002* 1.67(1.41, 
1.97) 

<0.001* 1.37(1.13, 
1.65) 

0.001* 1.47(1.23, 
1.75) 

<0.001* 1.21(0.99, 
1.49) 

0.069 

ANXA1 1.1(1.01, 
1.2) 

0.029* 1.04(0.95, 
1.15) 

0.362 1.2(1.08, 
1.33) 

<0.001* 1.16(1.04, 
1.29) 

0.01* 1.04(0.94, 
1.16) 

0.43 0.98(0.87, 
1.11) 

0.72 

HR hazard ratio; 95% CI 95% confidence interval; PRELP: Proline And Arginine Rich End Leucine Rich Repeat Protein; CSTB: Cystatin B; CKAP4: Cytoskeleton 
Associated Protein 4; LGALS3: Galectin 3; ANPEP: Alanyl Aminopeptidase, Membrane; S100A11: S100 Calcium Binding Protein A11; ANXA1: Annexin A1. 
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Fig. 8. Differentially expressed metabolites in myocardial tissues. Score plot from PCA model calculated on the relative concentrations of the variables annotated on level 1, 2a or 2b in the reduced dataset For TAC (A), 
MI (B) and PLN-R14Δ/Δ (C) and all models (D). Data has been autoscaled. Box plots representing the differential expression of the metabolites: 3-hydroxybutiric acid (E), 3-Methylhistidine (F) Carnitine (G), and 
Putrescine (H), and that were significantly (p < 0.05) altered in all models.). Data are presented as mean ± SEM. Variables were compared using the t-test. A p-value <0.05 was considered significant.. Heat map of all 
metabolites that were altered in each model. Data are presented as logratio of means between a specific model and its corresponding control (I). (TAC: N = 6, sham for TAC: N = 4; MI: N = 6, sham for MI: N = 4; PLN- 
R14Δ/Δ: N = 4, WT: N = 4). 
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0.0005) (Fig. 8G). 3-hydroxybutyrate (3-OHB) is one of the ketone 
bodies required to maintain ATP production in the heart [18]. 3-OHB 
was only upregulated in PLN-R14Δ/Δ (2.6-fold higher, p < 0.05). How-
ever, 3-OHB was downregulated in MI (2.9-fold, p < 0.05) and TAC (2.2 
-fold, p < 0.02) (Fig. 8E). 

4. Discussion 

We present the first unbiased label-free comparative whole 
myocardium multi-omics characterization in three different HF mouse 
models. Omics studies of human myocardial tissues are confounded by 
several factors, including disease state, tissue genetic heterogeneity 
[19], comorbidities, and treatments, and are therefore difficult to stan-
dardize. One of the main approaches to overcome these problems is 
using clinically relevant animal models. However, most studies in ani-
mal models with unbiased label-free comparative omics presented either 
transcriptomics, proteomics, or metabolomics, sometimes two, but not 
all three. Furthermore, most studies reported on one (mouse or rat) 
model, and this study reports on three common and principal aetiologies 
of HF: ischemic, pressure overload, and genetic. 

The up-regulation of cell death pathways was persistent in all three 
models at the transcriptomic and proteomic levels. This outcome is in 
line with previous studies of apoptosis supporting the magnitude of this 
phenomenon in the progression and worsening of cardiac dysfunction. 
Narula et al. showed that 5 to 35% of myocytes were affected by 
apoptosis in patients with ischemic cardiomyopathy and idiopathic 
dilated cardiomyopathy [20]. Further, Olivetti et al. found that 
myocardial sections (from the explanted hearts of HF patients under-
going cardiac transplantation) showed a 232-fold increase in myocyte 
apoptosis and biochemically by DNA laddering [21]. 75% of cardiac 
cells are non-myocytes, thus, it is essential to establish whether the 
apoptosis in HF is occurring in myocytes and nonmyocytes. Park et al. 
revealed in their study that macrophages were the largest fraction of 
nonmyocytes affected by cell death (41% vs. 18% neutrophils, 16% 
fibroblast, and 25% endothelial and other cells) [22]. Macroautophagy 
is a key biological process that modulates stress-induced adaptation and 
damage control. 

The current study revealed that lipids and fatty acid oxidation 
pathways were downregulated in the myocardial tissues of the three HF 
mouse models due to both transcriptomic and proteomic changes. As 
previously discussed [23], HF is characterized by an altered mitochon-
drial oxidative metabolism. While myocardial fatty acid oxidation is 
upregulated in HF associated with diabetes and obesity, HF has a 
reduced fatty acid oxidation in the setting of hypertension or ischemia 
[24,25]. 

The altered expression of putrescine and spermine in myocardial 
tissues confirmed, at the metabolic level, the cell death and cell-repair 
pathways that were enriched at the transcriptomic and proteomic 
level (in all three models). Putrescine and spermine are well established 
for their role in cardiac physiology as key mediators of cell growth, 
proliferation, and division [15]. Putrescine modulates the acute acti-
vation of the beta-adrenergic system in rat hearts [26]. Moreover, 
carnitine was the only common downregulated metabolite in all three 
models. Carnitine and its derivatives maintain and protect cardiac 
metabolism in myocytes by inhibiting the production of free radicals. As 
discussed elsewhere, carnitine deficiency is a sign of dysfunctional 
myocardium [27], and carnitine supplementation has been advocated in 
the past as an adjunct in HF therapy [27,28]. Further, 3-hydroxybuty-
rate (3-OHB) is one of the ketone bodies required to maintain ATP 
production in the heart [18]. Its downregulation in surgically-induced 
HF models could relate to the downregulation of the ATP metabolic 
process in cardiac tissues. 

A modest concordance was detected between transcript and protein 
levels, especially in TAC mice (53.2% were discordant pairs). This 
observation could be explained by numerous biological and molecular 
processes that affect protein levels independently of transcripts, namely 

translational efficiency, alternative splicing, folding, assembly into 
complexes, transport, covalent modification, secretion, and degradation 
[29]. These findings thus emphasise the fact that proteomics and tran-
scriptomics may provide non-overlapping outcomes. Thus, investigators 
cannot draw robust conclusions based on one type of omic analysis 
alone, and they should adopt both transcriptomic and proteomic ana-
lyses to identify global changes. 

Proline And Arginine Rich End Leucine Rich Repeat Protein (PRELP) 
and Cytoskeleton Associated Protein 4 (CKAP4) showed a strong posi-
tive correlation with NT − proBNP levels in HF patients (p < 0.001) and 
predicted all-cause mortality. PRELP, CKAP4, and CSTB were signifi-
cantly associated with a higher risk of HF-Related Rehospitalization, 
even after multivariable adjustments. PRELP is normally expressed in 
the extracellular matrix of collagen-rich tissues like the tendon, lung, 
and myocardium [30] and interferes with complement pathways. 
Ahmed et al. reported higher plasma levels of PRELP in HF patients 
when compared to their controls [31]. Gladka and colleagues supported 
CKAP4 as a new marker that modulates cardiac fibroblasts during 
ischemic injury [32]. The prognostic value of cystatin B in HF is poorly 
understood. One previous study reported an association between CSTB 
and the risk of coronary events [33]. 

Our analyses showed an association between Galectin 3 (LGALS3) 
and all-cause mortality and HF-related rehospitalization. However, this 
association was not significant after multivariable ajjustment. LGALS3 is 
a β-galactoside-binding lectin and has been evaluated as a biomarker in 
heart failure [34,35]. It has been proven that galectin 3 exerts proin-
flammatory effects and is required for the phagocytic activity of mac-
rophages [36,37]. Besler et al. reported a correlation between 
myocardial galectin 3 expression and cardiac fibrosis in the left ven-
tricular biopsies of patients with dilated cardiomyopathy [34]. 

ANXA1 was significantly associated with all-cause mortality and 
combined outcomes after multivariable adjustment. ANXA1 is an 
endogenous glucocorticoid-regulated protein that regulates the inflam-
matory response to restore homeostasis. ANXA1 prevents the infiltration 
and accumulation of neutrophils by activating neutrophil apoptosis. 
Also, ANXA1 stimulates monocyte recruitment and apoptotic leukocyte 
clearance by macrophages [38]. The pre-clinical study of Ferraro et al. 
advocated the beneficial role of ANXA1 in establishing a reparative 
phenotype, inducing angiogenesis, and hampering the accumulation of 
inflammatory macrophages after MI [39]. To conclude, ANXA1 exhibits 
central role in the modulation of apoptosis and injury repair in HF. This 
outcome supports the trends of the cell-death and tissue-repair pathways 
that were enriched in the myocardial tissues of PLN-R14Δ/Δ, MI, and 
TAC. 

5. Study limitations 

The approach followed in this study, although extensive, has a 
number of limitations. In this study, all three HF mouse models were 
male mice and represented one time point (tissues were harvested six 
weeks after surgery). Replicating all experiments in female mice and 
checking changes at differen timepoints mice would make the analysis 
and the inclusion of all data very challenging. Therefore, we encourage 
future studies to assess the sex differences in each of model and check for 
molecular changes at different timepoints. Moreover, data produced by 
omics methods lead to inevitable difficulties in data interpretation. In 
this regard, bias and selective reporting need to be stressed as general 
limitations of large datasets. Thus, confirmation of findings from omics 
studies in future scientific research, particularly focusing on a selection 
of identified genes/proteins of interest, is necessary to definitively 
establish their significance. On a related note, while the applied 
pathway analysis tools can assist with disentangling the inherent 
complexity of omics data, these are also subject to limitations of their 
own, such as the definition of cut-off points for determining biological 
significance. 

Another issue is that databases used for pathway analyses are based 
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on annotations from available scientific publications, which might lead 
to over-representation of certain annotations that have been studied 
more extensively. In addition, since annotations are based on published 
literature, they are also subject to the limitations of said literature. 
Lastly, network-based approaches for multi-omics data analyses is 
another challenge of multi-omics integration [40]. 

With regard to the clinical data used in this study, a potential limi-
tation is that the not all of the identified hits at the RNA or protein level 
could be investigated in humans, as the Olink panels contain only a 
selection of specific biomarkers and not the entire human proteome. As 
such, the potential clinical and prognostic associations of some of the 
findings of our study will need to be independently investigated in the 
future. 

In this study, the two surgery-induced models were performed on 
mice with the same age and strain, as well as at the same time points. For 
the “homozygous” PLN-R14Δ/Δ model, the mice develop a severe 
phenotype at the age of 7 weeks and die shortly afterward and as such, 
we cannot apply the same timepoints in their case [5]. In addition, the 
sham procedure for the TAC model is different from the sham procedure 
for the MI model. Thus, taking these points into account, we deduced 
that the most appropriate approach to determine the regulated genes 
would be to compare each model to its corresponding control group. By 
using this approach, we can essentially eliminate model- or surgery- 
specific artefacts. For the transcriptomic data, all possible pairwise 
comparisons between control groups are made available in the supple-
mentary file. 

Finally,mass spectrometry-based proteomic analyses and antibody- 
based methods are fundamentally different methods. Thus, the valida-
tion of Mass spectrometry-based proteomics by antibody-based methods 
is not effective and often leads to discrepancies. The Mass spectrometry- 
based proteomic method, adopted in this study, demonstrates many 
advantages over the conventionally used antibody-based methods, like 
enzyme-linked immunosorbent assay (ELISA) and Western blot (WB), 
and they deliver greater specificity and reproducibility [41]. Moreover, 
ELISA and WB rely on the availability of specific antibodies, which are 
poor, not existent for many proteins, or limited by the number of anti-
gens/specific epitopes they can probe [42]. Therefore, the validation 
should be confined to reproduction with the same method in other an-
imal models and in human samples. 

6. Conclusions 

In a multi-omics analysis of heart tissues from 3 distinct animal 
models of HF, biological processes related to cell death and wound 
healing were significantly upregulated, and metabolic processes were 
significantly downregulated in all models. However, varying amounts of 
discordance between the RNA (transcriptomics) and protein (prote-
omics) levels were identified, with more than half of RNA/protein pairs 
being discordant in the TAC model (RNA upregulated and protein 
downregulated or the opposite). This finding emphasises the need to 
confirm findings from the RNA level at the protein level and vice-versa. 
To conlude, the pharmacological targeting of the identified common 
pathways, maily cell death and metabolic processes represents a 
promising therapeutic approach to improve cardiac efficiency and 
function in heart failure. Also, the differentially expressed biomarkers 
with potential clinical and prognostic associations merit further explo-
ration to understand their role in the pathophysiology of HF. 
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