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1. Introduction

Cardiovascular disease occupies an unenviable position at the peak of the global mortality
table, eclipsing infectious illnesses, cancers, and traumatic injuries. Recent estimates
indicate that in 2021, roughly 20.5 million individuals succumbed to one or another
manifestation of cardiovascular pathology, approximately one in every three deaths
recorded worldwide (1). In most high-income nations, the age-standardised death rate
attributable to myocardial infarction, stroke, and heart failure has fallen steadily for more
than half a century, a dividend of evidence-based pharmacotherapies, safer surgical
techniques, advances in public-health legislation, and aggressive tobacco-control
measures (2-4). Nevertheless, due to the rapid ageing of the general population, the
aggregate burden continues its relentless rise (2-5). Health-services researchers now
estimate the annual direct cost of treating cardiovascular complications in the European
Union (EU) at €282 billion, a figure that balloons past $350 billion in the United States
when hospitalisations, pharmacotherapy, outpatient care, and rehabilitation are
aggregated (3, 5). When productivity losses from premature mortality, and disability are
considered, the cost approaches $1 trillion each year. These numbers, however, fail to
convey the granular inequities that underlie population averages. Most relevant to the
present thesis, outcomes are not evenly distributed between the sexes. Men and women
differ not only in their exposure to behavioural risk factors but also—and more
importantly—in the biology that governs myocardial development, cardiomyocyte

survival, extracellular-matrix architecture, and vascular reactivity (6).

Molecular and epidemiological data substantiate distinct trajectories of cardiovascular
pathologies in males and females. From the earliest stages of embryogenesis, XX and XY
genomes determine divergent trajectories of cardiac morphogenesis (7, 8). Genes such as
Ddx3y and Uty, located on the Y chromosome, encode histone demethylases that
modulate chromatin accessibility. In contrast, escapees from X-chromosome inactivation,
including Kdme6a and Eif2s3x, confer an epigenetic landscape uniquely permissive to
female-specific transcriptional networks (9, 10). Layered atop this chromosomal scaffold,
cyclic surges of ovarian steroids during puberty and adulthood influence myocardial
phenotype through both genomic and rapid non-genomic signalling pathways. Clinical

registries therefore report that women experience their first ST-segment-elevation
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myocardial infarction roughly seven to ten years later than men and, on average, manifest
obstructive coronary artery disease about a decade later still (6, 11, 12). Yet the apparent
female advantage in primary prevention is offset by a disproportionate early-mortality
penalty (13) once infarction strikes, a paradox partially attributable to atypical
symptomatology—jaw pain, dyspnoea, fatigue, indigestion—that delays presentation and
complicates diagnosis, but also driven by intrinsic molecular differences in platelet
reactivity, endothelial inflammation, and microvascular dysfunction (14, 15). Moreover,
sex-specific differences in myocardial remodeling after myocardial infarction have been
observed, with males typically exhibiting cavity dilation, eccentric hypertrophy, and scar
thinning. At the same time, females tend to maintain cavity dimensions and stable scar

formation, often through concentric hypertrophy (16).

Pressure-overload states, such as aortic stenosis and long-standing systolic hypertension,
show similar sex-specific patterns. Whereas male hearts commonly respond to chronic
afterload elevation by dilating eccentrically and progressively depressing ejection
fraction—a trajectory that culminates in “classic” heart failure with reduced ejection
fraction—female hearts more often develop concentric wall thickening, preserved stroke
volume, and diastolic stiffness, a phenotype prototypical of heart failure with preserved
ejection fraction (HFpEF) (17-19). Women with aortic stenosis tend to have a more
concentric LV, with smaller diameters and better-preserved cardiac function than men
(20-23). Based on myocardial biopsies from hypertrophied hearts, marked cardiac fibrosis
was more prevalent in females (22, 24). Fibrotic infiltration in female myocardium tends
to be more homogeneous, while male fibrosis frequently adopts a patchy, replacement-
type pattern (25). Transcriptomic profiling corroborates these macroscopic observations
by revealing sex-biased signatures in metabolic flexibility, oxidative-stress buffering,
immune-cell chemotaxis, and extracellular-matrix remodelling (24, 26). A landmark
directive from the U.S. National Institutes of Health (NIH) therefore enjoined grant
recipients to “consider sex as a biological variable,” obligating modern bench scientists
and clinician-investigators to relinquish male-only paradigms that had dominated pre-
clinical cardiovascular research for decades (27).

Cardiac remodeling, first coined in the wake of early post-infarction ventricular-

aneurysm surgeries, encompasses the entire continuum of structural, functional, and
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molecular adaptations that the myocardium deploys in response to pathological stimuli
(28). After an acute coronary occlusion, the remodeling cascade unfolds in overlapping
phases. Minutes to hours after reperfusion, necrotic cardiomyocytes release danger-
associated molecular patterns—DNA fragments, heat-shock proteins, cardiac-specific
isoforms of troponin—which recruit neutrophils and monocyte-derived macrophages
(29). Matrix metalloproteinases degrade collagen, loosening the pericellular scaffold and
enabling inflammatory infiltration (30). Days later, fibroblasts proliferate and transition
to myofibroblasts, laying down type | and 111 collagen that gradually coalesces into an
infarct scar (31). Throughout subsequent weeks, surviving myocytes elongate and slide,
ventricular cavity volume increases, wall stress rises, and compensatory neuro-humoral
circuits—renin-angiotensin-aldosterone, sympathetic adrenergic, natriuretic peptide—
activate in an attempt to preserve stroke work. Chronically elevated catecholamines and
angiotensin Il, however, further aggravate apoptosis, oxidative stress, and mitochondrial
dysfunction, locking the heart into a vicious downward spiral (32).

Pressure overload composes a different score. Instead of immediate ischaemic myocyte
death, afterload elevation triggers a mechanotransductive signalling web mediated by
integrins, stretch-activated ion channels, and sarcomeric Z-disc proteins such as titin (33-
35). Within hours, transcriptional complexes centred on nuclear factor of activated T-
cells (NFAT), myocyte enhancer factor-2 (MEF2), and histone deacetylases orchestrate
a genetic programme that favours sarcomeric protein synthesis, re-expression of foetal
myosin heavy-chain isoforms, and hypertrophic growth (36-38). Initially adaptive—
because thicker walls normalise Laplacean wall stress—the concentric geometry
eventually proves maladaptive if the stimulus persists, as capillary density fails to keep
pace with myocyte enlargement, mitochondrial ATP production lags, and interstitial
collagen stiffens the chamber (39-41). Remodeling eventually devolves into dilatation,

systolic dysfunction, and heart failure (32).

Crucially, the remodeling process is not unidirectional. Decades of surgical and
pharmacological innovation have demonstrated that timely unloading can reverse
maladaptive changes—a phenomenon now codified as “reverse remodeling” (42). In the
pressure-overload state, surgical valve replacement or transcatheter aortic valve

implantation immediately drops afterload, allowing wall stress to fall and myocytes to
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partially regress in size (43). Likewise, the strategic use of renin-angiotensin system
inhibitors, B-blockers, and mineralocorticoid receptor antagonists promotes scar
shrinkage, collagen cross-link breakdown, and partial restoration of ejection fraction (44,
45). When unloading is instituted even earlier—before gross structural changes have
crystallised—so-called “anti-remodeling” can prevent deleterious hypertrophy altogether
(46, 47). Despite their clinical relevance, RR and AR responses vary among patients
matched for age, comorbidity, and surgical result, implying that genomic, proteomic, and

endocrine determinants have yet to be fully elucidated (48).

Sex steroids loom large among those determinants. Cardioprotection of pre-menopausal
women derives in part from the pleiotropic properties of 17p-estradiol (10) (49-52).
Classical genomic signalling operates via oestrogen-receptor-o. and -B: ligand binding
induces receptor dimerisation, nuclear translocation, and transcription of anti-apoptotic
and anti-oxidant genes such as Bcl-2, superoxide-dismutase-2, and eNOS (52, 53).
Equally important, membrane-bound G-protein-coupled oestrogen receptor-1 (GPER-1)
triggers rapid, non-genomic cascades that activate PI3K-Akt and ERK1/2, thereby
modulating calcium handling, mitochondrial permeability-transition-pore opening, and
nitric-oxide bioavailability within seconds (54-56). Testosterone and its potent derivative
dihydrotestosterone (DHT) wield more ambiguous influence. While androgens promote
anabolic skeletal-muscle growth, they can accelerate cardiomyocyte hypertrophy,
stimulate fibrotic gene expression via the androgen receptor, and potentiate sympathetic
nervous-system activity (57-59). Leaving canonical hormones aside, ovarian and adrenal
steroidogenesis produces dozens of metabolites—2-hydroxyestrone, 4-methoxyestradiol,
16a-hydroxyestrone—that exhibit distinct receptor affinities (60). Aldosterone and
progesterone intersect the remodeling narrative through mineralocorticoid- and
progesterone-receptor pathways, exerting context-dependent pro- or anti-fibrotic effects
(61, 62). Comprehensive “steroid-omics” therefore promises a panoramic view of the
circulating milieu and its intracellular echoes, yet remains strangely under-represented in

mainstream remodeling research (63).

The scientific discipline that strives to quantify proteins expressed by a cell, tissue, or
organism at a given moment was named proteomics. Whereas genomics identifies what

could happen and transcriptomics depicts what the nucleus intends to happen, proteomics
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reveals what is actually happening in the cytoplasm, mitochondria, sarcomere, and
extracellular matrix (64, 65). Proteins catalyse reactions, transduce signals, generate
force, and scaffold the architectural integrity of the heart. State-of-the-art proteomics
relies on mass spectrometry (MS) (66) and is pursued via three approaches: top-down,
targeted, and bottom-up. In top-down (“native”) proteomics, intact proteins are
introduced into the mass spectrometer (67). It excels at detecting and characterizing post-
translational modifications (PTMs) and can quantify their stoichiometries, but many
PTMs vyield spectra that are hard to interpret (68). Targeted proteomics quantifies
predefined proteins or peptides with high sensitivity and specificity, providing
reproducible quantitative data for biomarker validation and diagnostics (69) though it is
not comprehensive and demands substantial optimization. In bottom-up proteomics,
proteins are enzymatically digested (e.g., LysC, GIuC) into peptides, and the peptide
mixture is analyzed (66, 70). Before MS, peptides are separated by LC or CE according
to hydrophobicity or electrophoretic mobility, then ionized and detected by m/z. Because
different sequences can share mass, proteomics employs MS/MS: precursor ions are
fragmented and fragment ions measured, yielding spectra that enable peptide-sequence
determination (71). During digestion we use proteases (e.g., LysC) that cleave at defined
residues (the C-terminal side of lysine), so only peptides with predictable sequences reach
the instrument. ldentification relies on prior knowledge of peptide and fragment m/z
values (in silico predictions or databases). Although digestion creates a more complex
sample than intact proteins, peptides lack secondary structure and have more uniform
masses, producing clearer peaks and enabling more accurate qualitative and quantitative
analyses than with intact proteins (66, 69, 72). Bioinformatics infers protein composition
by matching mass spectra of observed peptides to those theoretically generated from
known proteins; overlaps support the presence of specific proteins. Proteotypic peptides
arise from a single protein and therefore identify it unambiguously (73), whereas shared
peptides map to protein groups. Full processing details lie beyond this thesis, but with
these principles and statistical controls (e.g., FDR) the sample’s protein composition can
be determined (66). Advances in nano-flow liquid chromatography coupled to high-
resolution Orbitrap tandem mass spectrometry have enabled routine quantification of
thousands of distinct proteins per run (74). Isobaric tagging with tandem-mass tags

(TMT) or the newer TMT-pro chemistry allows multiplexing of sixteen to eighteen
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biological replicates, drastically reducing batch effects and missing values (75). Statistical
pipelines—FragPipe, MSFragger, Philosopher—align spectra to reference databases,
infer peptide sequences, and roll up quantification to the protein level with stringent false-
discovery controls (76). Cardiac proteomics has already illuminated the rewiring of
mitochondrial metabolism in end-stage heart failure (77), unveiled unexpected collagen
cross-linkers that stiffen failing ventricles (78), and charted sex-specific proteomic
fingerprints in hypertrophic cardiomyopathy (65). Yet few investigations link such high-
density molecular maps to pre- and afterload independent left ventricular functional
profiles, determined by the gold-standard pressure-volume metrics for contractility and

relaxation.

Achieving that linkage demands experimental platforms that permit both invasive
haemodynamic interrogation and harvest of myocardial tissue under tightly controlled
conditions. Rodents—principally mice and rats—offer unparalleled utility in this regard
(79). Their diet, housing temperature, and light—dark cycles can be standardised; and their
brief lifespans compress longitudinal studies that would span decades in humans (80).
The present thesis therefore hinges on two complementary rodent paradigms that
recapitulate diffuse ischaemia and pressure overload.

Isoproterenol (ISO), a synthetic B-adrenergic agonist, is administered to rats via
subcutaneous injection at doses of 25-85 mg kg-1 day-1 for two consecutive days (81).
The supra-physiological catecholaminergic surge precipitates a mismatch between
myocardial oxygen (O.2) demand and supply, particularly in the vulnerable sub-
endocardial layers endowed with the poorest perfusion reserve. Necrosis is patchy,
interspersed with viable fibres and exuberant inflammatory infiltrate, mirroring the
diffuse injury pattern observed in stress-induced cardiomyopathy and catecholamine
toxicity (82). Unlike permanent coronary-artery ligation, which addresses only a single
vascular territory, the ISO model recruits the entire ventricular mass, thereby exposing
global remodeling signals and systemic endocrine crosstalk. Moreover, the time course is
well known: within six hours, plasma troponin escalates; by forty-eight hours,
macrophages supplant neutrophils; day seven heralds granulation; and week four yields

a spectrum of hypertrophic, fibrotic, and dilatory phenotypes (83-86).
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Pressure overload, by contrast, is induced through abdominal aortic banding (87). Under
inhalational anaesthesia, a 22-gauge needle is placed parallel to the infra-renal aorta; a 4-
0 silk ligature is tied snugly around both structures; the needle is removed, leaving a
calibrated stenosis that raises systolic blood pressure proximal to the band by
approximately 50 mmHg. Echocardiography at week six confirms concentric left-
ventricular hypertrophy in nearly all banded rats, while sham-operated controls remain
normotensive and structurally unremarkable (88). Crucially, the ligature can be surgically
excised six weeks later—a manoeuvre termed “debanding”—instantaneously relieving
afterload and enabling study of both reverse remodeling (if debanding occurs after
hypertrophy has entrenched) and anti-remodeling (if debanding precedes irreversible
structural damage) (89). In both models, conductance-catheter pressure—volume analysis
under light anaesthesia or conscious restraint quantifies seminal indices: the slope of the
end-systolic pressure—volume relationship (ESPVR) and preload-recruitable stroke work
(PRSW) gauge contractility independently of loading conditions; the isovolumic
relaxation constant, Tau (t), captures lusitropic efficiency; diastolic stiffness modulus
derives from the slope of the end-diastolic pressure—volume relationship (EDPVR); and
stroke-work efficiency integrates pressure, volume, and heart-rate variables (79, 90).
Echocardiography, Doppler tissue imaging, myocardial strain analysis, and invasive
blood-pressure telemetry provide complementary, albeit load-dependent, snapshots of
ventricular anatomy and performance (91, 92). The question of whether the distinct
adaptation of the LV to PO in females results in a better response to pressure unloading
therapy, is an area of active research. Clinical studies on patients undergoing surgical or
transcatheter aortic valve replacement (SAVR and TAVR) for aortic stenosis have
yielded conflicting results regarding sex-related differences. Some studies suggest that
female sex is associated with a greater regression of LVH (93, 94) and myocardial fibrosis
(95). The latter study however, has not found a sex-related divergence in the regression
of LVH (95). The inconsistency in clinical findings may be due to factors unrelated to the
pathophysiology of LVH, such as anatomical differences and comorbidities, particularly
coronary artery disease (CAD). CAD is more prevalent in men and can impede
myocardial restitution (96). Additionally, female patients with aortic stenosis are often
older and have higher aortic valve gradients than their male counterparts (94, 95, 97),
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further confounding comparisons. Whether male or female patients could potentially
benefit more from TAVR/SAVR is thus still up for debate (98, 99).

Robust as these methodologies appear, some limitations still apply. Rodents possess a
basal heart rate exceeding 350 beats per minute, accelerate to 600 bpm under stress, and
exhibit a myocardial extracellular-matrix composition richer in glycosaminoglycans than
humans (100-102). Their endocrine cycles—oestrogen surges every four to five days—
diverge from the monthly fluctuations of pre-menopausal women (103). Anaesthesia can
prolong ventricular relaxation, depress contractility, and modify systemic vascular
resistance; yet open-chest surgery without anaesthesia is ethically untenable (104).
Genetic homogeneity, while beneficial for reducing variance, obscures the polygenic
complexity of human populations (105). Nevertheless, the strategic integration of
multiple read-outs—haemodynamics, histology, omics—across both sexes mitigates
these caveats and promises translational insights unattainable by a single technique.

Gaps in our current understanding are still prevalent. First, the field lacks an integrated,
sex-stratified analysis of haemodynamics, proteomics, and steroid-omics in the
immediate aftermath of global ischaemia. The earliest hours are a decisive for molecular
fate: decisions concerning apoptosis versus necrosis, glycolysis versus fatty-acid
oxidation, and resolution versus propagation of inflammation are made rapidly and may
differ between sexes. Second, no study has juxtaposed reverse and anti-remodeling
trajectories in male and female rodents subjected to an identical pressure-overload insult
and an identical unloading protocol. Without such head-to-head comparisons, it remains
challenging to determine whether sex modulates intrinsic reparative capacity,
responsiveness to unloading, or both. Third, the molecular correlates of systolic or
diastolic functional indices remain poorly characterised. Finally, clinicians crave
surrogate biomarkers that predict an individual’s propensity for beneficial reverse
remodeling or malignant progression, thereby tailoring early intervention; yet candidate

proteins and metabolites remain exploratory.

The present work is driven by the hypothesis that biological sex shapes the endocrine and
proteomic programs that govern ventricular remodeling (9), and that these molecular

differences can be detected in load-independent haemodynamic indices. While most
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studies focus on changes in LV volumes and mass reduction as indicators of reverse
remodeling (106-110), these approaches do not fully capture the molecular mechanisms
at play (111, 112). To establish a connection between the molecular landscape and
functional profiles, we must transcend descriptive statistics by integrating proteomics
with haemodynamic indices via LASSO regression (113), receiver-operating-
characteristic modelling (114), STRING/MCODE interactomics (115, 116), and
transcription factor analysis (117) to extract protein modules that predict contractile or

lusitropic recovery.

Mechanistically, the work promises to illuminate how sex alongside gonadal hormones
modulate mitochondrial substrate preference, cytoskeletal isoform switching, and
collagen dynamics under stress. Clinically, discovery of a concise, ventricular function-
centric protein panel could revolutionise how heart-failure specialists monitor therapeutic
efficacy, enabling them to detect early responders, escalate treatment in “slow
proselytes,” or de-escalate therapy in super-responders. Regulatory agencies have already
signalled strong enthusiasm for personalised, sex-aware drug-development pipelines;
indeed, the U.S. Food and Drug Administration and the European Medicines Agency now
encourage sex-disaggregated pre-clinical data as part of Investigational New Drug
submissions (27). By supplying the mechanistic scaffolding and candidate biomarkers
necessary for such pipelines, the present research aligns squarely with the imperatives of

precision medicine.

In sum, the 20.5 million annual deaths attributed to cardiovascular disease are not merely
a statistic (2); they reflect biological variability in which sex is a dominant theme.
Unravelling its effect on cardiac remodeling demands a multidisciplinary approach that
integrates deep proteomics, endocrine profiling, and gold-standard haemodynamic

phenotyping.
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2. Objectives

The main aims of the study can be formulated as follows:

e To provide a comprehensive and unbiased characterization of early sex-specific
cardiac functional and proteomic changes in a rat model of myocardial ischemia
induced by ISO.

e To analyse steroid hormone profiles and their effect on cardiac functional

outcome in ischemic female rats.

e To investigate the role of sex in pressure unloading-induced anti-remodeling and
reverse remodeling under standardized laboratory conditions using aortic

banding-debanding in a rat model.

e To establish unifying molecular and functional parameters that can quantify
reverse remodeling and predict clinical outcomes, with the ultimate goal of
contributing to improved treatment strategies for heart failure and other

cardiovascular conditions.

The overarching aim is to delineate the mechanistic pathways through which biological
sex shapes ventricular function, thereby informing the design of sex-aware

cardioprotective strategies.
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3. Methods

Animals

The investigation conformed to the EU Directive 2010/63/EU and the Guide for the Care
and Use of Laboratory Animals by the National Institutes of Health (NIH Publication No.
85-23, Revised 1996) (118). The study is interpreted in accordance with the Animals in
Research: Reporting in Vivo Experiments (ARRIVE) guidelines (119). The
investigations of myocardial ischemia and pressure unloading were approved by the
Ethics Committee of Hungary for Animal Experimentation, Semmelweis University,
Budapest (PEI/001/2374-4/2015) and by the regional authorities in Karlsruhe, Germany
for Animal Experimentation (G-198/16) respectively. Animals were kept in standard
conditions (22 £ 2 °C with 12-h light/dark cycles) and were allowed access to laboratory
rat diet and water ad libitum during the whole experiment. All animals received humane

care.

3.1. Study Protocol of Myocardial Ischemia Study
After 1 week of acclimatization, young adult (fertile) male and female Wistar rats (180 to
220 g) were assigned to matched control (Co) and ischemic (Isch) groups (Fig. 1):

e Male control (M-Co, n=28)

e Male ischemic (M-Isch, n=20)

e Female control (F-Co, n=38)

e Female ischemic (F-Isch, n=17)
All animals underwent body weight measurement (BW) and were briefly anaesthetized
using 5% isoflurane. Rats from the ischemic groups were injected with ISO (I1SO, 85
mg/kg, subcutaneous, Sigma-Aldrich) daily for 2 consecutive days to induce diffuse
subendocardial ischemia as previously described (120), while Co rats received equivalent
volumes of subcutaneous saline (NaCl 0.9%) injections at the same timepoints.
Electrocardiograms were recorded 2 min after injections to assess the acute effect of the
drug by a computer-based data acquisition system (PowerLab 16/30 and LabChart Pro
software v7; AD Instruments, Colorado Spring, US). Pressure-volume (PV) analysis was
performed at the end of the observational period, 48 hours after the first injection of 1SO.
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3.2. Study Protocol of Aortic Banding-Debanding Study

After a 1-wk acclimatization period, abdominal aortic banding (AB) or sham operations
were performed as described elsewhere (88) on male (n = 49) and female (n=45) Sprague-
Dawley rats (at the age of 5 wk; Janvier Labs, Saint Berthevin, France). Female rats used
in this study were at prepubertal stage at the start of the experiment, and the investigation
concluded during the premenopausal stage. At the time of AB, the body weight (BW) of
the male and female animals did not differ from each other [BW: 154 + 2 g male AB week
6 vs. 147 £4 g female AB week 6, not significant (NS); 157+ 5 g male AB week 12 vs.
145+3 g female AB week 12, NS; 155+4 g male debanded vs. 146 +4 g female
debanded NS].

In brief, general anesthesia was induced with 5% isoflurane gas in a chamber and
maintained by inhalation from a connected tube with 1.5%—-2% isoflurane in O. The
animals were placed in a supine position on a heating pad to maintain the core temperature
at 37°C measured via a rectal probe. The surgery was performed in midline laparotomy
under sterile conditions. After dissecting the peritoneal layer, the abdominal aorta
between the right renal artery and the superior mesenteric artery was prepared and
subsequently constricted to the size of the external diameter of a 22-gauge needle. The
same needle size was used for the creation of AB in both male and female sexes.
Analgesia was provided by subcutaneously administering buprenorphine at the dose of
0.05 mg/kg. Furthermore, postoperative dehydration was prevented by subcutaneous
injection of 1 mL physiological saline. Sham-operated animals were subjected to the same
surgical procedure except for aortic constriction. At the end of the experimental period
(weeks 6 or 12), PO was confirmed in AB rats by invasive blood pressure measurements.
Only AB rats where PO was confirmed were included in the study, which was defined as
a systolic blood pressure of 180 mmHg or higher.

At week 6, a proportion of the male and female AB animals underwent a second operation
under identical surgical conditions, during which the aortic constriction was reversed by
removal of the suture and the reactive fibrotic tissue surrounding the aorta (termed
debanding). Only debanded (DB) rats in which the constricting suture was completely
removed were included in the study.

After AB or sham operation, rats were randomized into the following 10 experimental

groups (121):
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e Groups 1 and 2: male (n =9) and female (n = 8) sham week 6 groups: these rats
underwent sham operation and a 6-wk-long follow-up period,

e Groups 3 and 4: male (n = 10) and female (n = 8) AB week 6 groups: these rats
underwent AB and a 6-wk-long follow-up period,

e Groups 5 and 6: male (n = 9) and female (n = 9) sham week 12 groups: these rats
underwent sham operation and a 12-wk-long follow-up period,

e Groups 7 and 8: male (n = 10) and female (n = 8) AB week 12 groups: these rats
underwent AB and a 12-wk-long follow-up period, and

e Groups 9 and 10: male (n = 11) and female (n = 12) DB groups: these rats
underwent AB operation. After week 6, the banding suture was removed and rats

were followed up until week 12.

3.3. Echocardiography

Echocardiography was performed at baseline (before AB/sham operation) and 3, 6, 9, and
12 wk after AB/sham operation according to the previously published protocol (122). For
the sonographic measurements, the Vevo 2100 imaging system (FujiFilm VisualSonics,
Inc., Toronto, ON, Canada) equipped with a 21-MHz linear probe was used. Briefly, rats
were anesthetized with 5% isoflurane in a chamber. After induction of anesthesia, rats
were placed on an automatic heating pad in a supine position and core temperature was
maintained at 37°C. To obtain an optimal acoustic window, the thorax of the animals was
shaved. Anesthesia was maintained by inhalation of 1%-1.5% isoflurane gas in pure Oa.
Images in two-dimensional parasternal long-axis and short-axis views as well as M-mode
recordings at the midpapillary level were recorded. The study was completed by
analyzing the digital images in a blinded fashion. On M-mode recorded images, LV
internal diameters as well as anterior and posterior wall thicknesses in diastole (d) and
systole (s) were measured. All values were calculated as the average of three consecutive

cardiac cycles. LVVmass was calculated from the measured parameters (121).

3.4. Hemodynamic Measurements
Detailed invasive LV-PV analysis was conducted to assess cardiac function in rats
subjected to myocardial ischemia or pressure overload (122). The procedures began with

anesthesia induction using 5% isoflurane in a chamber, followed by maintenance with 1-
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1.5% isoflurane delivered through an intubation system. Tracheotomy was performed to
facilitate mechanical ventilation, ensuring consistent delivery of anaesthetic gases and O>
throughout the procedure. The animals were positioned supine on an automatic heating
pad equipped with a rectal probe to maintain their core body temperature at 37°C,
ensuring optimal physiological conditions.

A polyethylene catheter was inserted into the left external jugular vein to allow for the
continuous administration of fluids during the procedure. To initiate the hemodynamic
measurements, a 2F microtip pressure-conductance catheter (SPR-838, Millar
Instruments, Houston, TX) was carefully inserted into the right carotid artery and
advanced into the ascending aorta. This catheter was designed to simultaneously measure
pressure and volume within the LV, providing a comprehensive assessment of cardiac
function (123).

After a stabilization period of 5 minutes, arterial blood pressure was recorded at a high
sampling rate of 1000 datapoints per second, ensuring precise and accurate data
collection. The catheter was then advanced further through the aortic valve into the left
ventricle to record pressure-volume (PV) loops. These loops were essential for evaluating
both systolic and diastolic function under steady-state conditions.

The recorded PV loops were analyzed using the PVAN software (Millar Instruments) for
the AB-Debanding study and Labchart 7 Pro (ADInstruments) for the myocardial
ischemia study, which provided detailed calculations of a variety of hemodynamic
parameters. These included systolic arterial blood pressure (SABP), diastolic arterial
blood pressure (DABP), mean arterial pressure (MAP), LV end-systolic pressure
(LVESP), LV end-diastolic pressure (LVEDP), heart rate (HR), stroke volume (SV),
cardiac output (CO), ejection fraction (EF), and stroke work (SW). Additionally, dynamic
measures such as the maximal rate of pressure increase in the LV (dP/dtmax) and the
maximal rate of pressure decrease in the LV (dP/dtmin) were calculated to assess the
contractile and relaxation properties of the myocardium. The time constant of LV pressure
decay (t, Tau) was computed using the Glantz method (124), providing insights into
diastolic function.

To assess load-independent parameters of myocardial contractility and stiffness, PV loops
were recorded during transient reductions in preload, achieved by temporarily occluding

the inferior vena cava. This manoeuvre allowed for the calculation of the preload
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recruitable stroke work (PRSW), a sensitive index of contractility, and the maximal slope
of the dP/dtmax-end-diastolic volume (EDV) relationship, which further detailed the
contractile function. The slope of the LV EDPVR was also determined as a measure of
LV diastolic stiffness. Ventriculo-arterial coupling (VAC) was evaluated by calculating
the ratio of arterial elastance (Ea) to the slope of the end-systolic PV relationship (ESPVR,
using the parabolic — curvilinear model (125)), providing an integrated assessment of the
interaction between the heart and the vascular system (126).

To ensure accurate volume measurements, parallel conductance was measured, and
volume calibration of the conductance system was performed as described in previous
protocols (90). These calibrations were critical for adjusting the PV data to reflect true
LV volumes, accounting for the influence of surrounding tissues and ensuring precise
quantification of cardiac function.

Following the completion of hemodynamic measurements, the animals were humanely
euthanised by exsanguination. The hearts were perfused with oxygenated Ringer’s
solution to remove blood and preserve tissue integrity. The hearts were then excised, and
heart weight (HW) and tibial length (TL) were measured. The heart weight-to-tibial
length ratio (HW/TL) was calculated as an indicator of LVVH, allowing for the assessment
of the extent of hypertrophic remodeling in response to PO or ischemia.

At the time of euthanasia and PV analysis, rats of the AB-Debanding study in the
male/female sham week 6 groups and male/female AB week 6 groups were at 11 wk of
age, whereas rats in the male/female sham week 12 groups, the male/female AB week 12
groups, and the male/female DB groups were 17 wk of age. Rats of the myocardial
ischemia study were analyzed and euthanized 48 hours after the first injection of I1SO.

3.4. Histology and immunohistochemistry

Mid-papillary slices of the left ventricle were excised from the explanted hearts and were
stored either by snap freezing or by formalin fixation (24 h in 4% buffered
paraformaldehyde solution). From the formalin-fixed paraffin-embedded tissue, 5 um
thick slices were sectioned and stained with hematoxylin and eosin (H&E) and picrosirius
red. Sections of the myocardial ischemia study were then digitised using a whole slide
scanner (Ventana DP 200, Roche). The percentage of areas with intact myofibers to the
total myocardial area (an indirect measure of the extent of necrosis) was quantified with

QuPath 0.2.3 (127) using H&E colour deconvolution following the principles set by van

-30-



Putten et al. (128). Briefly, the overall area of the myocardium is detected. Areas devoid
of any myocardial tissue are outlined in yellow and are excluded from the calculation of
the overall myocardial area. Then, careful thresholding on the eosin colour component
can identify viable cardiomyocytes with intact myofibrillar structures. These areas
(coloured red in the software) are then used to calculate intact myofibrillar areas, which
are inversely proportional to and thus an indirect measure of the extent of necrosis. The
percentage of picrosirius red-stained area was quantified using thresholding in QuPath
(129).

Light microscopic examination in the AB-Debanding study was performed with a Zeiss
microscope (Axio Observer.Z1, Carl Zeiss, Jena, Germany) and digital images were
captured by a special imaging software (QCapture Pro 6.0, Qlmaging, Canada).

Based on our previously published method (130), HE-stained slices were used to define
cardiomyocyte diameter (CD) as a cellular marker of myocardial hypertrophy.
Accordingly, 100 longitudinally oriented cardiomyocytes from the LV were examined in
each sample at a magnification of X400 and the diameters at transnuclear position were
measured using Image J software (NIH, Bethesda, MD). The mean value of 100
measurements represented one sample. The extent of interstitial myocardial fibrosis was
assessed on picrosirius-stained sections (130). Applying x50 magnification, three
transmural images (from the anterior, posterior, and free wall of the LV) were collected
from each sections. ImageJ software (NIH, Bethesda, MD) was used to identify the
picrosirius red-positive area. After background subtraction, eye-controlled autothreshold
was determined to detect positive areas. The collagen area (picrosirius red-positive area—
to—total area ratio) was determined on each image, and the mean value of three images

represents each animal.

3.5. Quantitative Real-Time Polymerase Chain Reaction

LV mRNA analysis was performed according to the previously described protocol (122).
Briefly, LV myocardium was homogenized in a lysis buffer (RLT buffer; Qiagen, Hilden,
Germany). RNA was isolated using the RNeasy Fibrous Tissue Mini Kit (Qiagen)
according to the manufacturer’s instructions. The quality and concentration of the isolated
RNA were assessed by the NanoDrop 2000 Spectrophotometer (Thermo Scientific,
Waltham, MA). Accordingly, optical density at 230, 260, and 280 nm was measured. The
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ratios of 230/260 and 230/280 nm were defined for quality control. Reverse transcription
reaction (1 pg total RNA of each sample) was completed using the QuantiTect Reverse
Transcription Kit (Qiagen). Quantitative real-time PCR (QRT-PCR) was performed with
the LightCycler 480 system using LightCycler 480 Probes Master and the Universal
Probe Library Probes (Roche, Mannheim, Germany). Forward and reverse primers for
atrial natriuretic peptide (nppa: forward 5'-CAACACAJATCTgATQgATTTCA-3" and
reverse 5'-CgCTTCATCggTCTgCTC-3'), B-type myosin heavy chain (myh7: forward 5'-
gCTgCAgAAgAAJCTCAAAQA-3’ and reverse 5'-gCAgCTTCTCCACCTTgg-3'), and
a-type myosin heavy chain (myh6: forward 5-ggAggTggAgAAgCTggAA-3’ and reverse
5'-ATCTTgCCCTCCTCATQCT-3") were obtained from TIB Molbiol (Berlin, Germany).
For the measurement of nppa, myh7, and myh6 the UPL probe no. 65 was used. Gene
expression data were normalized to glyceraldehyde 3-phosphate dehydrogenase (gapdh:
forward 5'- CTACCCACGGCAAGTTCAAT-3’ and reverse 5'-
ATTTGATGTTAGCGGGATCG-3'). For the measurement of gapdh, the UPL probe no.
111 was used. Expression levels were calculated using the CT comparative method
(272¢T), All results are expressed as values normalized to a positive calibrator [a pool of

cDNA from all samples of the sham week 6 group (2 24¢T)].

3.6. Hormone measurements

The concentrations of circulating endogenous steroid hormones (ALDO aldosterone,
PROG progesterone, 2-OHE1 2-hydroxyestrone, 4-OHE1 4-hydroxyestrone, 4-MeE2 4-
methoxyestradiol, DHT dihydrotestosterone, 2-MeE1l 2-methoxyestrone, 2-MeE2
methoxyestradiol, 16-OHEI +160E2  16-hydroxyestrone + 16-ketoestradiol, E2
estradiol, CORT corticosterone, DOC 11-deoxycorticosterone, E1 estrone) were
quantitated using in-house methods developed and validated at the Department of
Laboratory Medicine, Semmelweis University, relying on ultra-high performance liquid
chromatography-triple quadrupole mass spectrometry with positive electrospray
ionization and multiple reaction monitoring (Shimadzu Nexera X2-LCMS-8060, Simkon
Kft., Budapest, Hungary). Isotopically labeled internal standards were added to the
samples at the beginning of sample preparation to correct for random errors during
preparation and analysis. Following deproteinization of 200 pL serum with 600 puL

methanol containing the internal standards, ALDO, DHT, DOC, CORT and PROG were
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extracted by solid phase extraction (Phenomenex Strata-X 60 mg, Gen-Lab Kft,
Budapest, Hungary). E1, E2, 2-OHE1, 4-OHEL, 2-MeE1, 2-MeE2, 4-MeE2, 160HE1
and 160E2 were first released from their conjugates by incubating another 500-uL
fraction of serum with 500 uL B-glucuronidase/aryl sulfatase in pH = 5.0 acetate buffer
at 60 °C for 120 min. Subsequently, the mixture was cooled and mixed intensively with
2 x 1 mL ethyl acetate. Following the evaporation of the combined fractions of the organic
solvent, 100 uL 1 mg/mL dansyl chloride in acetonitrile and 20 uL 0.5 mol/L sodium
carbonate in water were added to the residue. The mixture was incubated at 45 °C for 15

min, followed by the addition of 20 uL 0.5 mol/L hydrochloric acid.

3.7. Western blot

Myocardial LV tissue samples were homogenized in RIPA buffer (Bio-Rad Laboratories,
Hercules, CA, USA) containing protease and phosphatase inhibitor cocktail (Roche,
Basel, Switzerland), using the Bertin Precellys 24 Tissue Homogenizer with the Bertin
Cryolys cooling system (Bertin Technologies). The concentrations of the extracted
proteins were measured by BCA assay (Thermo Fisher Scientific). Then, protein
homogenates were suspended in sample buffer and heated at 70 °C for 10 min. A total of
20 ug protein for each sample was loaded onto 6-12% acrylamide gels and separated with
a sodium dodecyl sulfate polyacrylamide gel electrophoresis system (Bio-Rad
Laboratories). Gels were transferred to polyvinylidene fluoride membranes under dry
conditions. Membranes were then washed and blocked for 1 h in 5% bovine serum
albumin (BSA) in Tris-buffered saline Tween 20 (TBST) at room temperature. Next,
membranes were incubated overnight at 4 °C with the following primary antibodies
diluted in 2.5% BSA in TBST. The following primary antibodies were used: from Cell
Signaling (Cell Signaling Technology, Danvers, MA, USA): VASP (1:1000, ID:#3112),
ATP2A2 (1:1000, ID:#4388) and the housekeeping GAPDH (1:5000; ID: #5174); from
R&D Systems (R&D Systems Inc., Minneapolis, MN, US): POSTN (1:1000, ID:
AF3548); from Abcam (Abcam Inc., Toronto, ON, Canada): OPN (1:1000, ID: ab63856).
The blots were washed and incubated with horseradish peroxidase-conjugated secondary
antibody (1:5000, 2.5% BSA in TBST) for 2 h at room temperature. The immunoreactive
protein bands were developed using Super Signal West Pico Plus (Thermo Fisher
Scientific) or SuperSignal West Femto chemiluminescent substrate. The intensity of the

immunoblot bands was analyzed with Image J (NIH, Bethesda, MD, USA). The intensity
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of the bands of the primary targets was normalized to that of the housekeeping GAPDH
on the same blot.

3.8. Proteomics

3.8.1. Proteomics of the Myocardial Ischemia Study

Cryopreserved myocardial samples of 40 rats of the myocardial ischemia study were
homogenized in 0.1% Rapigest and 100 mM HEPES (pH 7.5) solution. Reductive
alkylation was performed using 5 mM tris(2-carboxyethyl)phosphine-hydrochloride
(TCEP, Sigma-Aldrich) and 20 mM iodoacetamide (Sigma-Aldrich). Proteins were
digested overnight by Trypsin (Worthington, Lakewood, NJ, sequencing grade), and the
resulting peptides were desalted on PreOmics columns (PreOmics, Bavaria, Germany).
Further steps were performed as described previously (131). Briefly, peptides were
labeled with TMT11plex isobaric label reagents (Thermo Fisher Scientific) and combined
into four batches including a cohort-wide normalization channel. Reverse-phase
prefractionation (pH = 10) was performed on an XBridge C18 column, 150 mm x 1 mm
column containing 3.5 pm particles (Waters) inserted into an Agilent 1100 high
performance liquid chromatography system (HPLC). Fractions were analyzed on a Q-
Exactive Plus (Thermo Scientific, Bremen, Germany) operating in a data-dependent
acquisition (DDA) mode. (For the detailed distribution of samples over batches, we refer
to the MSV000088184 entry on the MassIVE repository.) Mass spectra were analyzed
using MaxQuant version 1.6.17.0 (132) with the Uniprot rat database downloaded in
November 2020. Quantified peptide intensities were then summarized by MSstatsTMT
(R package (133)).

3.8.2. Proteomics of the AB-DB Study

Cryopreserved myocardial samples of 44 rats were homogenized in lysis buffer
containing 0.5% SDS and 0.1 M HEPES (pH = 8.0). Reductive alkylation was performed
using 5 mM Tris (2-carboxyethyl) phosphine-hydrochloride (TCEP, Sigma-Aldrich) and
20 mM chloroacetamide (Sigma-Aldrich) for 30 min at room temperature. Overnight
digestion was carried out in line with the “single-pot, solid-phase-enhanced sample
preparation” (SP3) protocol (134). Briefly, an equal mixture of prewashed hydrophilic
and hydrophobic SP3 beads were added to the sample. A volume of acetonitrile equal to
the volume of the sample-bead mix was added to ensure the binding of proteins to the
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beads during a 10-min incubation period at room temperature with 1,000 rpm shaking
applied. Protein bound beads were washed on a magnetic rack with ethanol and
acetonitrile. Beads were resuspended in 100 mM ammonium bicarbonate buffer to ensure
pH 8.0-8.5 for optimal digestion with trypsin and LysC overnight. Peptides were released
from the beads by sonication. Further steps were performed as described previously (131).
Briefly, 16-plex TMT labeling (Thermo Fisher Scientific) enabled formation of three
measurement pools, each encompassing cardiac samples from up to 15 animals and one
master sample for comparability. Accordingly, peptides were labeled with TMT16plex
isobaric label reagents and combined into three batches, including a cohort-wide
normalization channel. Samples from all experimental groups, and thus sexes, were
divided equally among measurement pools and TMT reagents to account for potential
batch effects. (For the detailed distribution of samples over batches, we refer to the
MSV000089077 entry on the MassIVE repository.) On an XBridge C18 column, 150
mm X 1-mm column containing 3.5-um particles (Waters), reverse-phase prefractionation
(pH 10) was performed with an Agilent 1100 high-performance liquid chromatography
system (HPLC). Fractions were analyzed on a Q-Exactive plus (Thermo Scientific,
Bremen, Germany) in a data-dependent acquisition (DDA) mode. Mass spectra were
analyzed using MaxQuant version 1.6.17.0 (132) with the Uniprot rat database
downloaded in June 2021 using a false discovery rate (FDR) of 1% on both peptide and
protein levels. Quantified peptide intensities were summarized by MSstatsTMT [R
package (133)]. Protein quantification was based on intensities of peptides that are unique
to their corresponding protein. Only proteins that were identified in at least two of the
three batches, thus in at least 2/3 of all animals measured with mass spectrometry, were
included in our study. Missing value imputation was performed with missForest [R
package (135)] whereas batch-effect correction was carried out with the sva package
[ComBat algorithm (136)].

3.8.3. Proteomics Reanalysis of Data of the AB-DB Study

Due to recent advancements in proteomics software, it was advantageous to extensively
reanalyse the proteomics data from the AB-Debanding (121), which were made available
on the MassIVE repository (MSV000089077). The cohort, as described before included
several experimental groups: a sham-operated group (n = 10, Co), aortic banded groups
observed for 6 or 12 weeks (n = 12 each, AB) and a DB group (n = 10, DB) that underwent
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the AB operation, was observed for 6 weeks, then underwent debanding after which they
were followed up until week 12. Each group included an equal number of male and female
rats.

The FragPipe pipeline 19-21 (v17) was used for peptide/protein identification and
quantitation (137). In brief, spectral data were searched against an in-silico-digested
protein sequence database (EBI Rat canonical proteome, version 2021_03, appended with
common contaminants and iRT peptides), assuming experimental tryptic digestion to
generate in-silico-digested peptides and precursor candidates with a mass tolerance of -
20/20 ppm. Peptide N-terminal acetylation and peptide N-terminal TMT labeling were
set as variable modifications. MSBooster was used for deep learning-based predictions
of retention time and spectra. Predicted features were used by Percolator 4 for post-
processing scoring and false discovery rate (FDR) control via target-decoy competition
of all peptide-to-spectrum matches (PSMs) obtained from MSFragger search. Relative
quantitation of identified peptides within each sample was performed via their reported
ion intensities using TMT-Integrator. Only PSMs derived from unique peptides with a
minimum probability of 0.9 and an isotopic purity of at least 50% were considered for
quantitation. Quantitative values were normalized via median centering and summarized
by protein/gene and peptide using a virtual reference channel, to finally generate protein
and peptide normalized matrices of abundance, which then underwent statistical

processing.

3.9. Statistics and bioinformatics

3.9.1. Statistics of the Myocardial Ischemia Study

The data are presented as mean+ SEM. Normal distribution was confirmed by the
Shapiro-Wilks method. Two-way analysis of variance (ANOVA) on the factors of “sex”
and “ischemia”, followed by a Tukey HSD post hoc test to examine intergroup
differences. Contingency tables were analyzed with Fisher’s exact test. Correlations were
tested using Pearson’s method. Two-sample T-test was used to compare the area of intact
myofibers in the F-isch subgroups. Relationships of functional, proteomic and hormonal
profiles were established using log- transformed and quantile normalized values to
account for differences among datasets obtained with different methodologies in a

subgroup analysis of F-Isch animals. A P value of <0.05 was deemed significant for all
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but gene ontology enrichment analyses (executed with clusterProfiler (138)), where an
adjusted P value of <0.01 was defined as the threshold.

Differential expression analysis was performed with Linear Models for Microarray Data
(Limma R package (139)) by setting up a 2 x 2 factorial design. Significantly changed
proteins were grouped into functional groups based on an extensive literature search.
Supervised algorithms from the MixOmics R package (140) were utilized to establish
associations among functional, proteomic and hormonal datasets. Partial Least Squares
Discriminant Analysis (PLS-DA) was employed to examine hormonal-functional
relationships where a Variable Importance in the Projection (VIP) score of more than one
was considered influential in feature selection. sparse PLS-DA (SPLS-DA) was utilized
to provide a visual overview of the extent of inter-sex and Isch-Co differences. Projection
to Latent Structure (PLS) analysis was performed to screen for hormone-protein
associations, where a VIP score of more than 1.3 was considered influential in feature
selection. K-fold cross-validation from MixOmics was used to test the classification
efficiency of the models. As a measure of model performance, balanced error rate (BER)
was calculated. The number of components to be included in the models was based on
the lowest BER and lowest SEM of BER that was achievable.

3.9.2. Statistics of the AB-Debanding Study

All values are expressed as means + SE. The distributions of the data sets were analyzed
with D’Agostino Pearson omnibus and Shapiro-Wilk (if the number of samples were
seven or less) normality tests.

Two-way analysis of variance (ANOVA) with the factors of “sex” and “time” was used
to compare the four sham (male and female sham week 6 groups and male and female
sham week 12 groups) and the four AB (male and female AB week 6 groups and male
and female AB week 12 groups) groups separately. Before two-way ANOVA, data sets
that failed to show normal distribution were logarithmically transformed. Tukey’s post
hoc test was used to detect intergroup differences.

An unpaired two-sided Student’s t test in case of normal distribution or Mann—Whitney
U test in case of nonnormal distribution was used to compare means of two independent
groups.

Furthermore, the male and female AB week 6, AB week 12, and DB groups were

normalized to the corresponding age- and sex-matched sham groups (expressed as A) to
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eliminate any differences which could have originated from the differences in age and
body weight. The normalized male AB week 6, AB week 12, and DB groups and the
normalized female AB week 6, AB week 12, and DB groups were compared in two
separate analyses by one-way ANOVA. Finally, the percent of change in the normalized
DB groups compared with the normalized AB week 6 (to detect the reverse-remodeling
effect) and AB week 12 (to detect the anti-remodeling effect) groups was calculated in
both sexes. These values (expressed as AA) were used to directly assess sex similarities
or differences during pressure unloading induced reverse and anti-remodeling.

SPLS-DA from the MixOmics R package (140) was used to distinguish the proteomic
profiles of experimental groups and animals. The first 15-15 proteins with the greatest
contribution to the separation of proteomes in the experimental groups along component
1 (C1) and component 2 (C2), the two axes of the two-dimensional projection, were
extracted from the model. Differential expression analysis of the proteomic data set was
carried out using Linear Models for Microarray Data [Limma R package (139)] with
incorporation of the Benjamini-Hochberg procedure to account for the pitfalls of multiple
testing. Sex-related differences in numbers of differentially regulated proteins were
investigated with y2 test. Gene ontology biological process enrichment analysis (GO:BP)
was performed with clusterProfiler (138) on proteins that showed a significant change in
relative abundance. A P value of <0.05 was used as a criterion for statistical significance.

3.9.3. Bioinformatics of the Proteomic Reanalysis of the AB-DB Study

Feature selection of clinical parameters was performed using the Least Absolute
Shrinkage and Selection Operator (LASSO) regression to identify the minimum set of
associations between protein abundances and LV parameters. The best lambda, i.e., the
best regularisation parameter controlling the strength of the penalty applied to regression
coefficients, was determined following the application of LASSO to all predictors by k-
fold cross-validation (with k=10) as implemented in the cv.glmnet function of the gimnet
package (141). Subsequently, for all proteins with non-zero coefficients, Linear Models
for Microarray Data (limma) was run on PV and echocardiographic parameters obtained
by LASSO to estimate coefficients without regularisation. A protein was deemed
significantly associated with a PV or echocardiographic parameter if the limma P value
was less than 0.05. The highest-performing PV and echocardiographic parameters, were

then selected for subsequent investigation. The term ‘“highest-performing” denotes the
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PV and echocardiographic parameters with the largest number of associated proteins.
Gene Ontology (GO) enrichment analysis (GO over-representation analysis), facilitated
by clusterProfiler (138), was conducted on proteins associated with selected parameters
of the left ventricle. To offer a comprehensive overview of enriched biological processes,
GO: BP terms were grouped hierarchically based on semantic similarity (rrvgo).
Sensitivity and specificity of t and LVmass-associated proteins were calculated across
different thresholds to identify the best biomarker candidates, the relative abundance of
which can best discriminate non-banded (either sham-operated or DB) animals from
ongoing myocardial remodeling (AB). Proteins with an area under the (ROC) curve
(AUC) of more than 0.85 were considered good discriminators.

Network analysis

The online Search Tool for the Retrieval of Interacting Genes/Proteins online database
(STRING-DB) tool (142) was used to create a protein-protein interaction (PPI) network
of all t-related proteins. The visualization allows the investigation of potential
interactions among t linked proteins (143). Subsequently, the MCODE plugin (116) of
the Cytoscape software (144) was used for subnetwork extraction and re-identifying the
hub genes associated with t from the STRING network with the following settings: node
score cut-off >0.2, degree cut-off >2, max depth = 100 and K-core >2. Subnetworks with
an MCODE score >3 were selected for further evaluation. Pairwise relationship among
subnetwork member proteins was investigated with Pearson correlation separately, in Co,
AB, and DB conditions.

MCODE Subnetwork proteins subsequently underwent correlational analysis with AB,
DB and Co and plotted in separate network plots based on edge-weighted spring-
relationship, where a spring model is used to simulate relative attraction between proteins
(nodes).

Both the STRING Database combined score for inter-node relationships for t-related
proteins and correlation coefficients for subnetwork proteins were used as determinants
for graphically representing subnetwork proteins, node positioning and edge weight
representing the edge-weighted spring-relationship. Proximity and edge weight in
subnetworks were selected to be the graphical markers of increased correlation and

combined score.
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Correlation between inter-group proteins was used as the edge weight determinant, with
shorter distances indicating greater correlation. The correlation of AB, DB and Co
proteins with other proteins in each subnetwork was indicated using edge width between
individual nodes. Nodes and edges were color-coded to enable visualization of those
proteins identified as being related to cardiac function and / or had AUC of more than
0.85 (banded vs. non-banded rats).

Transcription factors were identified using the and “ChIP-X Enrichment Analysis 3”
(ChEA3) algorithm (117) based on the “Encyclopedia of DNA Elements” (ENCODE)
database (145) to export the 10 transcription factors with the lowest FDR-corrected P

Values (< 0.05) and their potential t-associated target proteins.
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4. Results

4.1. Results of the myocardial ischemia study

4.1.1. Assessment of effect of ISO treatment

HR has increased after the subcutaneous injection of 1SO both sexes (Fig. 1B). M-Isch
and F-Isch rats experienced a mortality rate of 38% and 17% prior to PV measurement,
respectively. Area of intact myofibers as quantified on the H&E stained slides decreased
but the HW/TL ratio increased in ischemic animals (Fig. 1C, D, F). Collagen content on

picrosirius stained slides was similar among all groups (Fig. 1E, G).
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Figure 1. Experimental protocol and assessment of effect of ISO

A Study design. B Heart rates recorded 2 min after injection of 1ISO showed a comparable
increase due to [-adrenergic activation in both males and females. C Increments in heart
weight normalized to tibia length indicated a buildup of edema in both sexes. D The
percentage of the area of intact myofibers on histological slides of the myocardium
declined due to ISO therapy in both sexes compared to Co. E The percentage of
picrosirius red stained area was not significantly changed in response to ischemia at the
end of the experimental period. F Representative photomicrographs of hematoxylin &
eosin stained slides demonstrate diffuse necrotic areas (arrows) embedded within healthy
areas of the myocardium after 1SO-induced ischemia. Further images (second row)
demonstrate how after H&E color deconvolution the eosin color component can be used
to quantify the relative area of intact myofibers in the myocardium an indirect measure
of the extent of myocardial damage, myocardial necrosis. G: representative
photomicrographs of picrosirius stained slides. Statistical significance of post-hoc test
compared to same sex Co is highlighted as follows: *P < 0.05, **P < 0.01, ***P < 0.001.
M-Co: male control; M-Isch: male ischemic; F-Co: female control; F-Isch: female
ischemic; HR: heart rate; HW/TL: heart weight normalized to tibia length Source:

reproduced from Barta et al. (129).

4.1.2. LV functional characterization

48 h after the first injection MAP, SABP, SADP and SW were found to be markedly
diminished only in M-Isch. Concurrently contractility (EF and PRSW) declined in M-
Isch animals only. Furthermore, cardiac efficiency was negatively impacted in males after
ischemia (Fig. 2 and Table 1). Rats in the F-Isch group have decreased CO, partially
explained by their greater, but not significant, reduction in SV compared to sex-matched
Co groups. Active relaxation (T) and myocardial stiffness (LVEDP and EDPVR) were
more severe in F-Isch, indicating more severe diastolic dysfunction (Fig. 2 and Table 1).
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Table 1. Basic hemodynamic characteristics of experimental groups

Statistical significance of post hoc test compared to same-sex Co is highlighted as
follows: *P < 0.05, **P < 0.01, ***P < (0.001. M-Co male control, M-Isch male ischemic,
F-Co female control, F-Isch female ischemic, BW body weight, SABP systolic arterial
blood pressure, DABP diastolic arterial blood pressure, HR heart rate 48 h after the first
injection, LVESP LV end-systolic pressure, LVEDP LV end-diastolic pressure, LVEDV
LV end-diastolic volume, LVESV LV end-systolic volume, SV stroke volume, CO cardiac
output, SW stroke work, dP/dtmax maximal rate of rise in LV pressure, dP/dtmax-EDV
maximal slope of dP/dtmax — EDV relationship, dP/dtmin maximal rate of decrease in LV

pressure. Source: reproduced from Barta et al. (129).

Table 1
Parameter M-Co M-Isch F-Co F-Isch
BW (g) 205.1+3.3 195.2+5.6 189.8+2.2 193.2+3

SABP (mmHg) | 136.2+3.5 | 103.4+5.0%* | 129.7+7.4 114.6+7.2

DABP (mmHg) | 1054+1.9 | 81.52+4.7% | 104.22+4.9 91.6+5.3

MAP (mmHg) | 1152422 | 88.8+4.7* | 1127457 99.2+5.9
HR (bpm) 4192+11.2 | 408.9+7.8 | 416.5+12.1 386.3+9.2
LVESV (uL) 535433 | 1142+£21.0 | 67.7+11.5 89.7+12.6

LVEDV (uL) 154.6+9.2 | 207.3+20.7 | 1959+14.0 189.4+17.4

LVESP (mmHg) | 124.8+3.4 | 100.1£3.5% | 128.8+53 | 103.6+6.0%*

LVEDP (mmHg) | 11.0+1.1 11.2£0.9 8.6+0.8 13.6+1.7%

SV (uL) 117.5€11.3 | 111.8+£56 | 141.6+5.1 112.+11.1

CO (uL/min) 48,694+4 | 45785+3 | 58968+3 43,175 + 4*

SW (mmHg*uL) | 14,3162 | 9455+8* 15,1118 10,626 + 1

dP/dtmax (mmHg/s) | 7458 +341 6612 +293 8636 +420 7531 +402

dP/dtma-EDV | 64.8+3.4 | 457+49 59.9+5.9 54.3+4.7
(mmHg/(s*uL))

dP/dtmin (MMHg/S) | —9322 £ 542 | — 6677 £433% | — 11,095 £ 640 | — 6736 & 598***
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Figure 2. Assessment of systolic and diastolic function
The decline of systolic function was more pronounced in males, while diastolic function
deteriorated to a greater degree in females after 1SO treatment. A, B Systolic function,
as assessed by EF and PRSW, markedly decreased in males after
ischemia. D Accordingly, MAP significantly decreased in males as well. E The observed
deterioration of systolic function of males was underlain by a marked decline in cardiac
efficiency. C Marked increase in 7 indicated a more pronounced worsening of active
relaxation in females. F Diastolic stiffness increased only in females as determined by
EDPVR. The statistical significance of the post hoc test compared to same-sex Co is
highlighted as follows: *P < 0.05, **P <0.01, ***P <(.001. M-Co: male control; M-
Isch: male ischemic; F-Co: female control; F-Isch: female ischemic; EF: ejection
fraction; PRSW: preload recruitable stroke work; MAP: mean arterial pressure;
EDPVR: slope of the LV end-diastolic PV relationship. Source: reproduced from Barta
et al. (129).
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4.1.3. Proteomic results

Based on the relative quantification of 2224 proteins, the supervised sPLS-DA algorithm
could clearly separate the samples of our experimental groups (0.0002 +0.0069 BER),
hinting at consistent changes in protein expression patterns (Fig. 3B). The most influential
proteins alongside the axis of Isch vs. Co (component 1) were JPH2, ATPS5ME, KNG2,
CAVIN2, APOOL, MRRF and COQ8A, while A1BG, LIFR, FKBP7, and RCN3 helped
separate male vs. female groups. The distribution of sex-specific differentially regulated
proteins in response to ischemia was associated with the sexes (Fisher’s exact test,
p<0.001). Of note, the frequency of sex-specific upregulations was 56% higher in
females (455 vs. 291, F-Isch vs. M-Isch), while a comparable number of downregulations
were detected (603 vs 607, F-Isch vs. M-Isch; Fig. 3A). Principally, this was due to more
pronounced upregulation of proteins of transcription, cytoskeleton & contraction,
extracellular matrix & wound healing and inflammation in ischemic females. Metabolic
and mitochondrial proteins tended to be downregulated to a greater extent in ischemic
males (Fig. 3C). Western blotting has confirmed the female-specific upregulation of
VASP and OPN in F-Isch, and the sex-independent upregulation of POSTN in M-Isch,
as well as in F-Isch compared to the respective Co, validating the proteomics results.
Furthermore, the expression of ATP2A2 was consistently unaffected by ischemia, as
assessed by both Western blotting and LC-MS/MS measurements (Fig. 4).
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Figure 3. Proteomic comparison of sex-specific changes after ischemia

A result of differential expression analysis. Proteins under sex-specific regulation are
highlighted. An adjusted P value of < 0.05 was considered significant compared to the
sex-matched Co group. The female proteomic adaptation following ischemia is
characterized by a higher number of upregulated proteins compared to males. B The
supervised sPLS-DA clearly separated all groups, proving that both sex and ischemia
affect proteomic profiles. C Proteins under sex-dependent regulation in response to
ischemia were grouped according to biological categories. Statistically significant
association was found between sex and differential expression of proteins with a function
in transcription, inflammation, extracellular remodeling and cytoskeletal organization.
Statistical significance of Fisher’s exact test is highlighted as follows: *P < (.05,
*¥*¥P < 0.01, ***P <0.001. M-Co: male control; M-Isch: male ischemic; F-Co: female

control; F-Isch: female ischemic. Source: reproduced from Barta et al. (129).
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Figure 4. Validation of LC-MS/MS measurements with western blot

A-D: Relative protein expression of VASP, POSTN, OPN and ATP2A2 as measured by
LC-MS/MS and western blot. Values were normalized to the mean of the corresponding
Co group. Statistical significance of post hoc test compared to same-sex Co is highlighted
as follows: *P < 0.05, **P < 0.01, ¥***P < 0.001, ****P <(.0001. M-Co male control,
M-Isch male ischemic, F-Co female control, F-Isch female ischemic. Source: reproduced
from Barta et al. (129).

4.1.4. Association of steroid hormones and cardiac functional outcomes

Hierarchical clustering of P-V hemodynamic parameters has divided F-Isch animals into
clusters of mild and severe functional outcomes (Fig. 5A). This distinction was not
directly related to the extent of myocardial damage (79.774+2.963% vs
78.259 £2.953%, F-Isch mild vs. F-Isch severe in areas of intact myofibers). These
subgroups of F-Isch rats could successfully be distinguished from each other based on
just their steroid hormone profiles using supervised PLS-DA (0.307 +0.063 BER, Fig.
5B). Aldosterone, progesterone, 2-hydroxyestrone, 4-hydroxyestrone and 4-
methoxyestradiol were found to be of particular importance in the classification of mild
vs. severe outcomes based on VIP scores extracted from the model (Fig. 5C, D). 2-
hydroxyestrone and crucial P-V parameters of systolic and diastolic function (PRSW, T
and dP/dtmin, Fig. 5SE-G) as well as HW/TL (Fig. 5H) were markedly correlated in the F-

Isch group.
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Figure 5. Assessment of influence of circulating steroid hormone levels on functional
outcomes after ischemia in females

A Hierarchical clustering identified two equally sized subgroups of female ischemic
animals characterized by an overall mild or severe functional impairment based on
parameters of the pressure—volume analysis. B Absolute concentrations of steroid
hormones that were found influential on functional or proteomic profiles. C PLS-DA
analysis performed on the concentrations of circulating steroid hormone levels in
ischemic females distinguished animals with mild or severe functional outcomes. D VIP
scores extracted from the PLS-DA model identified hormones that contributed the most
to the moderate separation of mild and severe functional outcomes. E-H Out of all
influential hormones 2-OHE1 showed strong significant correlations with systolic
(PRSW) and diastolic (7, dP/dtmin) as well as HW/TL. For comparison of functional and
hormonal datasets acquired by distinct methodologies values were log-transformed and
quantile normalized. M-Co: male control; M-Isch: male ischemic; F-Co: female control;
F-lsch: female ischemic; SABP: systolic arterial blood pressure; DABP: diastolic
arterial blood pressure; HR: heart rate; LVESP: LV end-systolic pressure; LVEDP: LV
end-diastolic pressure; LVEDV: LV end-diastolic volume; LVESV: LV end-systolic
volume; SV: stroke volume; CO: cardiac output; SW: stroke work; dP/dtmax maximal rate
of rise in LV pressure; EF: ejection fraction; PRSW: preload recruitable stroke work;
dP/dtmax-EDV: maximal slope of dP/dtmax — EDV relationship; Eff: cardiac efficiency;
dP/dtmin: maximal rate of decrease in LV pressure; C1: component 1; C2: component 2;
ALDO: aldosterone; PROG: progesterone; 2-OHEL: 2-hydroxyestrone, 4-OHEL: 4-
hydroxyestrone; 4-MeE2: 4-methoxyestradiol; DHT: dihydrotestosterone; 2-MeE1: 2-
methoxyestrone; 2-MeE2: 2-methoxyestradiol; 16-OHEI + 160E2: 16-
hydroxyestrone + 16-ketoestradiol; E2: estradiol; CORT: corticosterone; DOC: 11-
deoxycorticosterone; E1: estrone; HW/TL: heart weight normalized to tibia length.

Source: reproduced from Barta et al. (129).

-50 -



4.1.5. Association of hormonal and proteomic profiles

Associations of steroid hormone concentrations and protein expression values was
investigated with PLS in the F-Isch group and was established if the relationship had an
extracted VIP score higher than 1.3. 4-hydroxyestrone (n=381), 2-hydroxyestrone
(n=196), estradiol (n=141) and corticosterone (n =93) had the most associated proteins.
Subsequently, gene ontology biological process (GO) enrichment analysis was conducted
on all hormone-associated protein groups to identify common biological processes that
might be regulated by these hormones. Significant GO enrichment was observed in three
protein groups: 4-hydroxyestrone, 2-hydroxyestrone, and estradiol (Fig. 6). Estradiol and
2-hydroxyestrone were associated with proteins involved in oxidative phosphorylation
and aerobic respiration. Additionally, estradiol was linked to proteins of the tricarboxylic
acid cycle, while 2-hydroxyestrone was specifically associated with proteins involved in
fatty acid B-oxidation. Proteins associated with 4-hydroxyestrone were also involved in
cellular respiration but showed a strong association with elements of supramolecular

fibers and the cytoskeleton, particularly actin filament-related proteins.

GO:BP enrichment analysis on proteins associated with hormone concentrations

actin filament organization - (@)
regulation of supramolecular fiber organization- @
regulation of actin filament-based process - )
electron transport chain -+ L] @ [
regulation of actin filament organization - @ | p.adjusted
positive regulation of supramolecular fiber organization 4 @ [
regulation of actin cytoskeleton organization 4 €] 0.002
generation of precursor metabolites and energy - &) ] . 0.004
energy derivation by oxidation of organic compounds 4 @ @ @ 0.006
cellular respiration - ) @ ® 0.008
positive regulation of cytoskeleton organization- [ J
actin polymerization or depolymerization 4 @ |
actin filament bundle assembly + ° | protein ratio
mitochondrial ATP synthesis coupled electron transport 4 . ® 0.050
actin filament bundle organization- o} @® 0075
ATP synthesis coupled electron transport - . @ 0.100
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fatty acid beta—oxidation 4 @
oxidative phosphorylation - ]

tricarboxylic acid cycle
respiratory electron transport chain -
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(n = 280/381) (n = 158/196) (n = 102/141)

Figure 6. Gene ontology biological process enrichment analysis on proteins associated
with hormone concentrations after ischemia in females

2-OHEL: 2-hydroxyestrone; 4-OHEL: 4-hydroxyestrone; E2: estradiol. Source:
reproduced from Barta et al. (129).
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4.2. Results of the AB-Debanding Study

4.2.1. Sex Differences and Similarities under Control and Pressure Overloaded
States

In the sham groups, notable sex-specific differences were observed. Male rats in both
week 6 and week 12 had significantly higher body weights compared to their female
counterparts. This difference in body weight was mirrored by a greater LVVmass in males.
Additionally, male rats showed thicker AWTd and larger chamber dimensions,
specifically in LVEDD and LVESD. The cardiomyocyte diameter CD was also greater in
males, alongside a higher HW/TL, reflecting their larger overall heart size. One of the
key molecular differences was observed in the ratio of myh7/myh6 mRNA expression,
which was higher in male rats, indicating differences in myocardial gene expression. On
the other hand, female rats exhibited higher LVESP, Ea, and ESPVR, alongside a shorter
T (Table 2).

In the AB groups, similar to the Co groups, male rats displayed significantly higher BW,
LVmass, cardiomyocyte diameter CD, chamber dimensions LVEDD, LVESD, and
myh7/myh6 mRNA expression ratio compared to their age-matched female counterparts.
Over time, from week 6 to week 12, male rats experienced a reduction in LV contractility,
as indicated by a decrease in PRSW, which did not occur in female rats. This reduction
in contractility in males led to impaired VAC and decreased EF. Additionally, male rats
exhibited more severe diastolic dysfunction, as reflected by a higher t and elevated
LVEDP. These findings indicate that male AB rats suffer more pronounced cardiac

dysfunction and structural changes compared to females. (Table 3).
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Table 2. Charactersitics of the sham groups

Values are expressed as mean + SE. Two-way analysis of variance (ANOVA) was performed with the factors of sex and age. *P < 0.05 male
sham week 6 vs. female sham week 6 and male sham week 12 vs. female sham week 12. #P < 0.05 male sham week 6 vs. male sham week 12
and female sham week 6 vs. female sham week 12. AWTd, anterior wall thickness measured in diastole; AWTSs, anterior wall thickness
measured in systole; CD, cardiomyocyte diameter; CO, cardiac output; DBP, diastolic arterial blood pressure; Ea, arterial elastance; EF,
ejection fraction; EDPVR, slope of end-diastolic PV relationship; ESPVR, slope of end-systolic PV relationship; HR, heart rate; HW/TL,
heart weight-to-tibial length ratio; LVEDD, LV end-diastolic diameter; LVEDP, LV end-diastolic pressure; LVEDV, LV end-diastolic
volume; LVESD, LV end-systolic diameter; LVESP, LV end-systolic pressure; LVESV, LV end-systolic volume; MAP, mean arterial pressure;
myh6, a-type myosin heavy chain; myh7, p-type myosin heavy chain; nppa, atrial type natriuretic peptide; PWTd: posterior wall thickness
measured in diastole; PWTs, posterior wall thickness measured in systole; PRSW, preload recruitable stroke work; SBP, systolic arterial
blood pressure; SV, stroke volume; t, active relaxation time constant; VAC, ventriculoarterial coupling. Boldface values indicate significant

changes. Source: reproduced from Ruppert et al. (121).

Table 2 Sham (Week 6) Sham (Week 12) Two-Way ANOVA
Parameters Male (n=9) | Female (n=8) | Male (n=9) | Female (n=9) P (sex) P (age) P (interaction)
Body weight, g 486+ 11 288 +£9* 595+ 9# 320+ 6* <0.001 <0.001 <0.001
HWI/TL, g/cm 0.33+0.01 | 0.24+0.01* 0.36 £0.01# 0.25+0.01%* <0.001 0.003 0.467
HR, beats/min 357+7 35710 356+5 364+ 12 0.631 0.754 0.705
MAP, mmHg 123+4 125+3 118+4 118+4 0.779 0.133 0.743
SBP, mmHg 144 +5 146 £ 4 137+5 138 +4 0.675 0.111 0.901
DBP, mmHg 112 + 115+3 109+3 108 +5 0.833 0.172 0.656
Ea, mmHg/pL 0.79+0.05 1.04+0.10 0.70+0.05 0.90+0.05 0.002 0.088 0.704
LVEDP, mmHg 3.6+£04 3.6+£0.2 3.7£04 34+£03 0.660 0.939 0.624
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Table 2

Sham (Week 6)

Sham (Week 12)

Two-Way ANOVA

Parameters Male (n=9) | Female (n=8) Male (n=9) Female (n=9) P (sex) P (age) P (interaction)
LVESP, mmHg 139£3 140+ 4 128+3 136+3 0.033 0.109 0.896
LVEDV, pL 316 £17 269+£26 334+20 298+ 10 0.035 0.229 0.782
LVESV, uL 138+13 130+ 16 144 +£13 139+6 0.570 0.558 0.886
SV, uL 178 £ 16 140+ 11 190+ 11 159+9 0.008 0.200 0.777
CO, mL/min 64+£6 49+3 68+5 57+3 0.010 0.173 0.670
EF, % 56+3 55+£2 58+2 53+£2 0.253 0.898 0.509
T, ms 14.1+£0.4 12.5+£0.6 13.1+£0.4 12.1+£04 0.007 0.143 0.503
ESPVR, mmHg/ulL | 1.73+£0.21 2.03+£0.26 1.48+0.21 2.08+0.15 0.036 0.639 0.468
PRSW, mmHg 79 £4 91+7 75+£6 85+7 0.083 0.466 0.836
EDPVR, mmHg/uL ]0.037+£0.005| 0.043+£0.006 | 0.028+0.004 | 0.032+0.003 0.326 0.041 0.816
VAC 0.52+0.07 | 0.55+0.07 0.53+0.06 0.45+0.04 0.731 0.519 0.367
LVmass, Mg 1,057+52 694 +37%* 1,199+40 748 £27* <0.001 0.021 0.277
AWTg4, mm 1.97+0.04 | 1.74+0.05* 1.93+£0.07 1.70 £ 0.06* <0.001 0.560 0.994
AWTs, mm 3.08+0.09 2.95+0.14 3.25+0.08 2.95+0.10 0.044 0.402 0.398
PWTg, mm 1.83+0.09 1.69+0.09 2.05+0.10 1.86+0.07 0.066 0.024 0.879
PWTs, mm 2.93+0.13 2.82+0.07 3.28 £0.08# 2.98+£0.05 0.031 0.004 0.299
LVEDD, mm 8.68+0.21 | 7.17+0.16* 8.86+0.18 7.27+0.20% <0.001 0.461 0.849
LVESD, mm 541+0.18 | 3.97+0.23* 5.09+0.13 4.01+0.19* <0.001 0.438 0.330
CD, um 14.5+0.5 13.3+0.3 15.3+0.4 13.5+0.4* 0.001 0.209 0.406
Fibrosis, % 3.6+0.1 3.7+0.1 4.0+0.18 3.9+0.2 0.936 0.049 0.546
Nppa 1.04+0.30 1.19+0.23 1.64+0.33 1.13+£0.25 0.943 0.457 0.300
myh7/myh6 2.01+0.35 1.36+£0.29 3.24+0.33# 1.93+0.14* 0.002 0.005 0.297
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Table 3. Characteristics of the aortic banded groups

Values are expressed as mean + SE. Two-way analysis of variance (ANOVA) was performed with the factors of sex and age. *P < 0.05
male AB week 6 vs. female AB week 6 and male AB week 12 vs. AB sham week 12. #P < 0.05 male AB week 6 vs. male AB week 12 and
female AB week 6 vs. female AB week 12. AB, aortic banding; AWTd, anterior wall thickness measured in diastole; AWTSs, anterior wall
thickness measured in systole; CD, cardiomyocyte diameter; CO, cardiac output; DBP, diastolic arterial blood pressure; Ea, arterial
elastance; EF, ejection fraction; EDPVR, slope of end-diastolic PV relationship; ESPVR, slope of end-systolic PV relationship; HR, heart
rate; HW/TL, heart weight-to-tibial length ratio; LVEDD, LV end-diastolic diameter; LVEDP, LV end-diastolic pressure; LVEDV, LV end-
diastolic volume; LVESD, LV end-systolic diameter; LVESP, LV end-systolic pressure; LVESV, LV end-systolic volume; MAP, mean
arterial pressure; myh6, a-type myosin heavy chain; myh7, f-type myosin heavy chain; nppa, atrial type natriuretic peptide; PWTd:
posterior wall thickness measured in diastole; PWTs, posterior wall thickness measured in systole; PRSW, preload recruitable stroke
work,; SBP, systolic arterial blood pressure; SV, stroke volume, 1, active relaxation time constant; VAC, ventriculoarterial coupling.

Boldface values indicate significant changes. Source: reproduced from Ruppert et al. (121).

Table 3 AB (Week 6) AB (Week 12) Two-Way ANOVA
Parameters Male (n=10) | Female (n=8) | Male (n=10) | Female (n=8) P (sex) P (age) P (interaction)
Body weight, g 479 +7 314+ 12* 599 £ 11# 336+ 11* <0.001 <0.001 <0.001
HWI/TL, g/cm 0.44+0.01 0.32+£0.02* 0.47+0.01 0.31+0.02%* <0.001 0.008 0.240
HR, beats/min 371 £11 365+ 12 369+6 384+7 0.656 0.364 0.256
MAP, mmHg 173+3 186+8 172+5 180+8 0.081 0.573 0.637
SBP, mmHg 217+5 232+11 213+6 224+10 0.107 0.446 0.835
DBP, mmHg 150+3 163+7 152+5 158+7 0.109 0.337 0.555
Ea, mmHg/uL 1.19+0.09 1.23+£0.15 1.41+0.12 1.50+0.12 0.620 0.034 0.716
LVEDP, mmHg 52+0.8 53+0.8 7.7+£1.3 3.0+ 0.4%* 0.020 0.907 0.018
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Table 3 AB (Week 6) AB (Week 12) Two-Way ANOVA
Parameters Male (n=10) | Female (n=8) | Male (n=10) | Female (n=8) P (sex) P (age) P (interaction)
LVESP, mmHg 199+5 202+9 201£5 2107 0.358 0.450 0.605
LVEDV, pL 34117 301+£21 357+18 293 +7 0.005 0.788 0.481
LVESV, uL 164 +9 127+ 15 201 £10 148 + 7% <0.001 0.010 0.463
SV, uL 176 +£12 174 £11 157+ 14 145+8 0.560 0.055 0.712
CO, mL/min 65+4 64+5 58+5 56+3 0.753 0.112 0.906
EF, % 52+£2 59+£3 43 £2# 50+£2 0.006 <0.001 0.838
T, ms 18.1£1.0 152+1.0 19.6 £0.7 152+1.3* <0.001 0.453 0.418
ESPVR, mmHg/uL| 3.23+0.36 4.22+0.89 1.87+0.15 3.92+0.46%* 0.004 0.106 0.292
PRSW, mmHg 134+12 165+15 85+ 12# 136+ 13* 0.002 0.003 0.140
EDPVR, mmHg/uL| 0.040+0.008 | 0.054+0.010 | 0.047+0.007 | 0.047+0.007 0.342 0.802 0.581
VAC 0.42+0.07 0.34+0.04 0.80+0.10# | 0.41+.0.05* 0.003 0.003 0.040
LVmass, Mg 1,424 +40 1,022 £ 53%* 1,748 + 74# 1,075 £ 86* <0.001 0.007 0.046
AWTg4, mm 2.59+£0.09 2.23+0.10 2.38+£0.07 2.29+0.12 0.019 0.464 0.195
AWTs, mm 3.87+0.14 345+0.16 340+0.12 3.58+0.10 0.417 0.238 0.027
PWTg, mm 2.26+0.07 2.25+0.14 2.38+0.10 221+0.17 0.454 0.754 0.530
PWTs, mm 3.66+0.11 3.67+0.19 3.50+0.11 3.43+£0.13 0.823 0.137 0.743
LVEDD, mm 8.26+0.22 7.19+0.24* 9.58+0.19# 7.35+0.23% <0.001 0.002 0.014
LVESD, mm 4.96+0.27 4.10+0.27 6.60+0.25# 421+0.31* <0.001 0.004 0.009
CD, um 18.0+0.3 16.1 £0.6* 19.6+0.5 18.1£0.3# <0.001 <0.001 0.621
Fibrosis, % 5.3+£0.6 5.5+0.5 8.8+ 0.7# 6.7+0.6 0.151 <0.001 0.065
Nppa 8.49+1.83 8.5+2.9 13.9+223 7.3+1.7 0.151 0.359 0.140
myh7/myh6 5.42+0.75 4.61+1.29 7.87+1.06 347+0.61% 0.010 0.066 0.489
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4.2.2. Effect of Sex on Pressure Unloading-Induced reverse and anti remodeling
Comparison of male and female DB groups are depicted in Table 4. Similar to the sham
and AB groups, comparison of DB animals revealed greater BW, LVmass, wall
thicknesses (AWTd, PWTd), LVEDD, HW/TL, CD, and myh7/myh6 gene expression
ratio in male rats compared with their female counterparts. Furthermore, the male DB
group was also associated with more severe interstitial fibrosis (Table 4).

As detailed above, the sex and age of animals greatly influenced the measured parameters
even in healthy control states. Therefore, to investigate the effect of sex on the processes
of reverse and anti-remodeling, the DB, the AB week 6, and the week 12 groups were
normalized to their corresponding sham groups and subsequently compared within a
different analysis. These comparisons are summarized in Figs. 8, 9 and 10; Tables 5 and
6.

Table 4. Hemodynamic characteristics of the DB groups

Values are means + SE. AWTd, anterior wall thickness measured in diastole; AWTS,
anterior wall thickness measured in systole; CD, cardiomyocyte diameter; CO, cardiac
output; DBP, diastolic arterial blood pressure; Ea, arterial elastance; EDPVR, slope of
end-diastolic PV relationship; EF, ejection fraction; ESPVR, slope of end-systolic PV
relationship; HR, heart rate; HW/TL, heart weight-to-tibial length ratio; LVEDD, LV
end-diastolic diameter; LVEDP, LV end-diastolic pressure; LVEDV, LV end-diastolic
volume; LVESD, LV end-systolic diameter; LVESP, LV end-systolic pressure; LVESV,
LV end-systolic volume; MAP, mean arterial pressure; myh6, a-type myosin heavy chain;
myh7, f-type myosin heavy chain; nppa, atrial type natriuretic peptide; PRSW, preload
recruitable stroke work; PWTd, posterior wall thickness measured in diastole; PWTs,
posterior wall thickness measured in systole; SBP, systolic arterial blood pressure; SV,
stroke volume, t, active relaxation time constant; VAC, ventriculoarterial coupling.
Boldface values indicate significant changes. Source: reproduced from Ruppert et al.
(121).
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Table 4

Male DB

Female DB

P

Parameter Vgﬁ:iol)z Vzlr(]aglizl)Z (Male vs. Female)
Body weight, g 557+16 33248 <0.001
HW/TL, g/cm 0.38+0.01 0.28+£0.01 <0.001
HR, beats/min 365+6 372+9 0.514
MAP, mmHg 134+4 132+5 0.766
SBP, mmHg 161+4 159+6 0.619
DBP, mmHg 121+4 119+5 0.855
E., mmHg/uL 0.96 +0.08 1.02+0.08 0.570
LVEDP, mmHg 45+0.7 3.5+0.37 0.165
LVESP, mmHg 157+4 151£5 0.491
LVEDV, puLL 326+19 292 +15 0.280
LVESV, uL 154+11 136 +11 0.283
SV, uL 173+12 156+ 10 0.267
CO, mL/min 63+4 58+3 0.306
EF, % 53+2 5442 0.832
T, ms 13.9+£0.6 124+£0.5 0.082
ESPVR, mmHg/uL | 1.82+0.12 2.62+0.25 0.014
PRSW, mmHg 85+9 102+38 0.166
EDPVR, mmHg/uL | 0.035 +0.004 0.040£0.003 0.268
VAC 0.54+0.04 0.43+0.05 0.097
LV s, MQ 1,285+44 793 £37 <0.001
AWT,, mm 2.09+0.05 1.88+£0.07 0.042
AWT,, mm 3.29+0.13 3.11+0.12 0.313
PWT,, mm 2.14+0.08 1.90+0.07 0.035
PWT,, mm 3.36+0.13 3.10£0.10 0.121
LVEDD, mm 8.78+£0.15 7.14+0.18 <0.001
LVESD, mm 5.41+0.23 4.05+0.19 <0.001
CD, um 16.1+0.5 148+04 0.048
Fibrosis, % 6.0+0.4 4.6+0.3 0.015
Nppa 3.27+0.86 1.76 £0.40 0.129
myh7/myh6 5.11+0.61 2.03+£0.23 <0.001
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Table 5. Changes in echocardiographic and hemodynamic parameters during pressure overload-induced remodeling and pressure

unloading-evoked reverse and anti-remodeling in male and female rats

Values are expressed as mean + SE. The AB- (aortic banding; at weeks 6 and 12) and debanding-associated alterations normalized to the

corresponding sham groups are listed (as a A value). *P < 0.05 vs. AB week 6; #P < 0.05 vs. AB week 12. AWTg, anterior wall thickness

measured in diastole; AWTs, anterior wall thickness measured in systole; CO, cardiac output; DBP, diastolic arterial blood pressure; Ea,
arterial elastance; ESPVR, slope of end-diastolic PV relationship; HR, heart rate; LVEDD, LV end-diastolic diameter; LVEDP, LV end-
diastolic pressure; LVEDV, LV end-diastolic volume; LVESD, LV end-systolic diameter; LVESP, LV end-systolic pressure; LVESV, LV

end-systolic volume; PWTyg, posterior wall thickness measured in diastole; PWTs, posterior wall thickness measured in systole; SBP,

systolic arterial blood pressure; SV, stroke volume; VAC, ventriculoarterial coupling. Source: reproduced from Ruppert et al. (121).

Table 5 Male Female
Parameters AB week 6 AB week 12 DB AB week 6 AB week 12 DB
(n=10) (n=10) (n=10) (n=8) (n=8) (n=12)
ABody weight, % 99 +1 101 +£2 94 +3 109+4 105+4 104 +2
AHR, % 104 +3 104+2 102+2 102+3 106 +2 102+2
ASBP, % 151+4 155+4 118 £ 3%# 159+7 162+ 8 115+ 4%#
ADBP, % 134+2 140+ 5 111 = 4%# 142 +7 143+ 6 107 = 4%#
AEa, % 151+£12 201+17 137 £ 12# 118+ 14 167 £ 14* 114 £ 9#
ALVEDP, % 147 +£23 209 £36 122+19 147 +£22 91 +£10%* 101 +£10
ALVESP, % 149 +4 157+4 123 +3%# 144+ 6 155+6 111+ 4%#
ALVEDYV, % 108+ 6 107£5 98+ 6 112 +£8 98+ 3 98+ 5
ALVESV, % 119+7 139+7 107 £ 7# 98 +12 106 £5 98 £8
ASV, % 99+7 83+7 91+6 124 +8 92+5 98+ 6
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Table 5 Male Female
Parameters AB week 6 AB week 12 DB AB week 6 AB week 12 DB
(n=10) (n=10) (n=10) (n=8) (n=8) (n=12)
ACO, % 102+6 85+38 92+5 129+ 11 97+6 100+ 6
AVAC, % 81+13 176 £21* 119+8 62+7 91+11 95+11
AAWTq, % 133+4 123+4 108 £ 3*# 129+ 6 135+7 110 £ 4#
AAWT;s, % 128 +5 104 + 4% 101 £ 4* 117+5 122+4 106 + 4#
APWTq, % 125+ 4 116+5 104 £ 4* 133+8 119+9 102 + 4%
APWTs, % 124 +4 107 £3* 102 +4* 130+7 115+4 104 +3*
ALVEDD, % 96+3 108 +2* 99 + 2% 100+3 101 +3 98 +3
ALVESD, % 92+5 130 + 5% 106 +5* 103+7 105+8 101+5
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Table 6. Comparing the reverse and anti-remodeling effect of pressure unloading therapy in male vs. female rats

Values expressed as mean + SE. AWTyg, anterior wall thickness measured in diastole; AWTs, anterior wall thickness measured in systole;
CO, cardiac output; DBP, diastolic arterial blood pressure; Ea, arterial elastance; ESPVR, slope of end-diastolic PV relationship; HR,
heart rate; LVEDD, LV end-diastolic diameter; LVEDP, LV end-diastolic pressure; LVEDV, LV end-diastolic volume; LVESD, LV end-
systolic diameter; LVESP, LV end-systolic pressure; LVESV, LV end-systolic volume; PWTyg, posterior wall thickness measured in diastole;
PWT;s, posterior wall thickness measured in systole; SBP, systolic arterial blood pressure; SV, stroke volume; VAC, ventriculoarterial

coupling. Boldface values indicate significant changes. Source: reproduced from Ruppert et al. (121).

Table 6 Reverse-Remodeling (DB vs. AB Week 6) Anti-Remodeling (DB vs. AB Week 12)
Parameters Male (n=10) | Female (n=12) | P (reverse remodeling) | Male (n=10) | Female (n=12) | P (anti-remodeling)
ABody weight, % | —5.0+2.8 —4.6+2.2 0.931 —7.1+2.7 -1.0+£23 0.100
AHW/TL, % —-21.6+1.6 —-20.0+2.1 0.561 -18.8+1.6 —24.5+2.0 0.041
AHR, % -1.3+1.7 02+24 0.548 -13=+1.7 -3.1+£23 0.536
AMAP, % -193+2.2 —245+29 0.180 —222+2.1 —26.5+2.8 0.242
ASBP, % —22.0+2.1 —27.7+2.8 0.130 —243+2.1 292427 0.173
ADBP, % —-17.2+2.7 —242+3.1 0.226 -20.7+2.6 -25.1+3.0 0.377
AEa, % —-9.5+7.8 -3.8+74 0.659 -32.0+6.0 —31.8+5.2 0.902
ALVEDP, % —-17.1+12.6 —-31.7+7.0 0.301 —-41.6+8.9 10.5+11.3 0.002
ALVESP, % —-17.7£2.0 —225+£2.5 0.252 —21.8+6.1 —28.1+2.3 0.069
ALVEDV, % —93+52 -12.2+44 0.809 —8.7+5.2 -0.4+5.0 0.308
ALVESV, % —-10.0+6.2 0.4+8.4 0.345 —23.4+£52 =7.6+£7.7 0.122
ASV, % —8.4+6.2 —21.4+49 0.113 10.1+7.5 7.0£6.6 0.760
ACO, % —94+53 —22.6+4.3 0.061 8.2+6.3 3.0£5.6 0.545
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Table 6 Reverse-Remodeling (DB vs. AB Week 6) Anti-Remodeling (DB vs. AB Week 12)
Parameters Male (n=10) | Female (n=12) | P (reverse remodeling) | Male (n=10) | Female (n=12) | P (anti-remodeling)
AEF, % 0.6+£3.7 —4.9+43 0.361 22.7+4.6 8.3+49 0.049
At, % —-17.4+3.6 —-16.2+£3.7 0.816 —-29.3+3.1 —-18.4+3.6 0.035
AESPVR, % —343+4.4 —-39.6+5.8 0.490 -3.1+6.5 -33.3+6.4 0.004
APRSW, % —33.7+6.7 -343+5.0 0.948 0.5+10.1 -25.4+5.6 0.030
AEDPVR, % 12.7+£12.5 -1.1£6.3 0.314 —25.7+8.3 -15.6+54 0.301
AVAC, % 47.0+£10 544+17.1 0.725 -32.7+4.6 39+11.5 0.013
ALVmass, % —20.5+2.7 —279+34 0.104 —26.5+£2.5 —262+34 0.947
AAWTy, % —-189=+1.9 —-14.3+£3.2 0.371 -12.5+2.0 -18.0+3.1 0.371
AAWTs, % —-20.9+3.0 —-9.8+3.4 0.025 —3.1+3.7 —13.1+3.3 0.056
APWTyg, % -16.5+3.2 —233+2.7 0.117 -10.2+34 —14.0+£3.0 0.408
APWT;s, % —-17.5+3.2 -202+2.4 0.497 —4.1+3.8 —-9.5+£2.7 0.250
ALVEDD, % 32+1.8 —-2.0£2.5 0.106 —-83+1.6 —29+2.5 0.083
ALVESD, % 15.7+£5.0 —-2.3+4.6 0.015 —-18.0+3.5 —4.0+4.5 0.025
ACD, % —15.7+£2.6 —-9.5+24 0.094 —-17.5£2.6 —18.1+£2.2 0.848
AFibrosis, % 0.7+7.4 —23.9+5.3 0.012 -32.4+5.0 -323+4.7 0.989
Anppa, % ~75.6+64 | —784+49 0.739 ~76.5+6.2 | —75.9+5.4 0.942
Amyh6/myh7, % | —40.2+7.1 —69.0 + 3.5 0.002 -35.1+7.8 —41.5+6.5 0.537
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4.2.2.1. Reverse Remodeling

Reverse remodeling was assessed by comparing the normalized DB group to the
normalized AB week 6 group. The results indicated that pressure unloading significantly
decreased MAP, SBP, and DBP, leading to a reduction in LVmass, HW/TL ratio,
cardiomyocyte diameter (CD), and the expression of nppa and myh7/myh6 mRNA in
both male and female animals (Figs. 8, 9, and 10; Table 5). Notably, interstitial fibrosis
exhibited a strong decreasing trend in females (P = 0.08) but not in males (P = 0.998)
(Fig. 8D). Contractility indicators such as PRSW and ESPVR also decreased in both sexes
after debanding (Fig. 10, C and D). Additionally, the previously prolonged t was
shortened, although this change reached statistical significance only in the male DB group
(Fig. 9D).

When comparing the extent of reverse remodeling between male and female groups,
females showed greater regression in interstitial fibrosis, LV myh7/myh6 mRNA
expression, and LVESD. Conversely, a greater reduction in anterior wall thickness during
systole (AWTs) was observed in males (Table 6). All other parameters exhibited similar

changes between the two sexes (Table 6).

4.2.2.2. Anti-Remodeling

The anti-remodeling effects of pressure unloading were evaluated by comparing the
normalized DB groups with the normalized AB week 12 groups. This comparison
revealed significantly lower MAP, SBP, and DBP values in both male and female DB
animals, which correlated with a marked reduction in LVmass, HW/TL ratio, CD, and
nppa expression, with the latter showing a P value of 0.07 in females (Table 4).
Additionally, the male DB group displayed a higher EF and shorter t compared to the
male AB week 12 group, while t also tended to decrease in females (P = 0.08) (Table 4).
Direct comparison between the sexes highlighted a stronger anti-remodeling effect in
males regarding LVEDP, EF, 1, VAC, and LVESD (Table 6). On the other hand, females
exhibited more pronounced changes in ESPVR, PRSW, and HW/TL (Table 6).
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Figure 7. Effect of sex on echocardiography-derived LVmass during the development

and regression of pressure overload-induced myocardial hypertrophy

A and C: representative M-mode echocardiographic images at the midpapillary muscle

level are shown in the sham, aortic banded (AB), and DB groups at week 12,

demonstrating the development and the regression of LV myocardial hypertrophy in both

sexes. B and D: LVmass increased in both the male and the female AB and DB groups.

Removal of the aortic constriction at week 6 resulted in substantial regression of LVmass

in both sexes. The experimental groups were compared with each other at every time

point using one-way analysis of variance (ANOVA). The number of animals (n) were the

following: male sham week 12: n = 9; female sham week 12: n = 9, male AB week 12: n
= 10; female AB week 12: n = 8; male DB: n = 11; female DB n = 12. *P < 0.05 vs.

sham; #P < 0.05. vs. AB. Source: reproduced from Ruppert et al. (121).

64



A A LVmass
210 ale : Female
B8 .
83 180 '
g g 150 E%’ g [of] wg
g% 120 @E ]
£ o :
©
5 § 681’ : N
; RO v~'\1 8¢
»® p.3"l e O
D A Fibrosis
— 350 : Female
E < 00 ; P=0.08
T B 250 P
E s 200 !
o = ]
€S 150 ' % %
£.2 100 '
28 !
2k 50 :

0

RS W ”‘*‘\'7- “63 ® )‘;\g ‘“VA'L “ded

PO ger?®

Sham-normalized [

Sham-normalized [Tl

o

p&

A HWITL

. 180 ale - Female
< 160 ; Y
o
% 140 % : (oo |
5 120 é é: °

)
2 100 i
3 :
E’ 7(5}T '

yj\'l' 6°° «v:\'l' ¢e°
poy p.e- DA “o >
A nppa

2000~ Male :p i Female
§ '
%1500‘ s P=0.07
£ 10004 i
o '
g ]
£ 5001 .
e ]\

,.vA “ae .«* _\.r« 2 aed

Sham-normalized ()

relative change (%)

Sham-normalized T1
relative change (%)

A Cardlomyocyte dlameter
160 H
1
1
140 *# @ -
120 !
)
100 ;
1
1
)
C ')- 6 'l- 6
Ak ae MO (AT e
pe) ,.e e po e tioand
Am h7lm hé
700 Mal ¥ yFemale
600 :
500 :
400 !
300 @ '
200 @: | i | %
100 ' @

0
m‘* vl\ ae“ m*“".,,m\" ged

N

1cm

remdaie

Debanded




Figure 8. Markers of myocardial hypertrophy, fibrosis, and fetal gene program during
pressure unloading-induced reverse and anti-remodeling in male and female rats
A-C and E: LVmass, heart weight-to-tibial length ratio (HW/TL), cardiomyocyte
diameter (CD), and mRNA levels of atrial type natriuretic peptide (nppa) were decreased
in both the male and the female DB groups compared either to the aortic banded (AB)
week 6 groups or the AB week 12 groups (in case of nppa only a strong tendency was
observed in females). D: furthermore, interstitial fibrosis was also reduced in the DB
groups in both sexes compared with the AB week 12 groups. Nevertheless, only in females,
a strong decreasing tendency was also observed when compared with the AB week 6
group (P = 0.08). F: mRNA levels of p-to a-myosin heavy chain decreased in both DB
groups compared with the AB week 6 groups. G: representative hematoxylin-eosin-
stained microphotographs (magnification, x200; scale bar = 40 um) of longitudinally
orientated cardiomyocytes, Picrosirius red-stained microscopic sections (magnification
x50, scale bar = 200 um) and cross-sectional whole heart images are shown
demonstrating myocardial hypertrophy and intensified fibrosis in the (AB) groups and
the regression of these alterations in the DB groups. During statistical analysis, the data
sets were previously normalised to the corresponding sham groups (the AB week 6 groups
to the sex-matched sham week 6 groups, whereas the AB week 12 and DB groups to the
sex-matched sham week 12 groups). These normalised values (expressed as A) were
compared with each other in males and females with one-way analysis of variance
(ANOVA). The number of animals (n) were the following: male AB week 6 group: nppa
and myh7/myh6 n = 9, all the other parameters n = 10; female AB week 6 group: nppa
and myh7/myh6 n = 7, all the other parameters n = 8; male AB week 12 group: nppa and
myh7/myh6 n = 8, all the other parameters n = 10; female AB week 12 group: n =8 in
all measurements, male DB group: LVmass n = 11; nppa and myh7/myh6 n =9, all the
other parameters n = 10; female DB group: nppa and myh7/myh6 n = 9, all the other
parameters n = 12. *P < 0.05 vs. AB week 6; #P < 0.05 vs. AB week 12. Source:
reproduced from Ruppert et al. (121).
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Figure 9. Effect of sex on steady-state hemodynamic parameters

A: original recordings of steady-state PV loops are shown in the sham, aortic-banded
(AB) week 6 (AB week 6), AB week 12 (AB week 12), and DB male and female groups.
B: Debanding the aorta resulted in the normalisation of mean arterial pressure (MAP)
in both the male and female DB groups compared with either the AB week 6 or the AB
week 12 groups. C: ejection fraction (EF) showed deterioration in the male but not in the
female AB week 12 group compared with the AB week 6 group. Debanding the aortic
constriction restored EF in males. D: active relaxation time constant t demonstrated
further prolongation in the male AB week 12 group compared with the AB week 6 group.
Removing the aortic constriction effectively normalised z in the male DB group. A strong
decreasing trend was also observed in the female DB group compared with the female
AB week 12 group. During statistical analysis, the data sets were previously normalised
to the corresponding sham groups (the AB week 6 groups to the sex-matched sham week
6 groups, whereas the AB week 12 and DB groups to the sex-matched sham week 12
groups). These normalised values (expressed as A) were compared with each other in
males and females with one-way analysis of variance (ANOVA). The number of animals
(n) was the following: male AB week 6 group: n = 10; female AB week 6 group: n = 8;
male AB week 12 group: n = 10; female AB week 12 group: n = 8; male DB group: n =
10; female DB group: n = 12. *P < 0.05 vs. AB week 6; #P < 0.05 vs. AB week 12.

Source: reproduced from Ruppert et al. (121).
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Figure 10. Effect of sex on load-independent contractility and stiffness parameters

A and B: original PV (PV) recordings were obtained at different preloads during
transient vena cava occlusion in the sham, aortic-banded (AB) week 6 (AB week 6), AB
week 12 (AB week 12) and DB male and female groups. C and D: increases in the slope
of the end-systolic PV relationship (ESPVR) and preload recruitable stroke work (PRSW)
in the male and female AB week 6 groups were normalised in the DB groups in both sexes.
Furthermore, although the contractility markers decreased in the male AB week 12 group
compared with the AB week 6 group, ESPVR and PRSW did not change in the female AB
week 12 group compared with the AB week 6 group. E: No statistical difference could be
observed in the slope of EDPVR. During statistical analysis, the data sets were previously
normalised to the corresponding sham groups. These normalised values (expressed as A)
were compared with each other in males and females separately with one-way analysis
of variance (ANOVA). The number of animals (n) was the following: male AB week 6
group: n = 10; female AB week 6 group: n = 8; male AB week 12 group: n = 10; female
AB week 12 group: n = 8; male DB group: n = 10; female DB group: n = 12. *P < 0.05.
Source: reproduced from Ruppert et al. (121).

4.2.2.3. Effect of Sex on Proteomics of Reverse and Anti-Remodeling
Our analysis included 2,348 proteins identified and quantified through LC-MS/MS-based

proteomics (for detailed protein expression matrices and analysis tables, refer to the
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MSV000089077 entry on the MassIVE repository). To obtain a global overview of the
proteomic profiles, we utilised sparse partial least squares discriminant analysis (SPLS-
DA) via MixOmics. This analysis revealed a clear distinction between the proteomic
profiles of the sham, AB week 6, AB week 12, and DB groups within each sex. The
projection of the proteomic data onto the primary axis (C1) accounted for 17% of the
variability in the original multidimensional data. In comparison, the secondary axis (C2)
captured an additional 6% (Fig. 11A). The top 15 proteins contributing to the separation
of the proteomes along the C1 and C2 axes are displayed in order of their importance
(Fig. 11B).

To compare individual proteins in greater detail, differential expression analysis was
conducted (Fig. 12A and B). The proteomic changes associated with myocardial
remodeling due to pressure overload (PO) were found to be of a similar magnitude in both
sexes. The number of proteins with significant changes in relative abundance in the AB
week 6 groups was comparable between males and females (males: AB week 6 vs. sham:
upregulated - 203, downregulated - 227, unchanged - 1,918; females: AB week 6 vs.
sham: upregulated - 179, downregulated - 240, unchanged - 1,929; P = 0.3865/NS; Fig.
12, A and B), as well as in the AB week 12 groups (males: AB week 12 vs. sham:
upregulated - 220, downregulated - 289, unchanged - 1,839; females: AB week 12 vs.
sham: upregulated - 219, downregulated - 256, unchanged - 1,873; P = 0.3148/NS; Fig.
12, A and B). GO enrichment analysis indicated that the key proteomic changes related
to PO-induced myocardial remodeling after 6 weeks were characterized by the
downregulation of fatty acid metabolism and lipid catabolic processes in both males and
females (Fig. 13, A and B).
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Fig 11. Effect of sex on the proteomic profiles of aortic banded (AB) and DB rats

A: A global overview of proteomic profiles was established by sparse partial least
squares discriminant analysis. A moderate distinction could be provided among the
proteomic profiles of sham, AB week 6, AB week 12, and DB groups of each sex.
Projection of the proteomic data set onto the single best axis (C1) has preserved 17% of
the variability, whereas the second-best axis (C2) has encompassed 6% of the variability
of the original multidimensional data. B: 15-15 proteins with the most significant
contribution to the separation of proteomes of the individuals of our experimental groups
along the C1 and C2 axes are visualised in order of their importance. The number of
animals (n) were the following: male sham group: n = 5; female sham group: n =5; male
AB week 6 group: n = 6; female AB week 6 group: n = 6; male AB week 12 group: n =
6; female AB week 12 group: n = 6, male DB group: n = 5; female DB group: n = 5.

Source: reproduced from Ruppert et al. (121).
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Fig 12. Venn diagrams and volcano plots of differential expression analysis
A: Venn diagrams of all group comparisons in males and females showing the number of
proteins with significantly altered relative expression in each contrast. B: volcano plots
of the differential expression analysis. The male and female aortic banded (AB) week 6
and AB week 12 groups showed comparable extent of alterations in protein expression
when compared with the corresponding sham groups. In contrast, only the male, but not
the female, DB group exhibited a substantial difference in protein expression compared
with the sex-matched control group. Proteins with high variable importance in the sPLS-
DA were labelled. Differential expression analysis was executed with Linear Models for
Microarray Data (limma). A protein with an FDR-adjusted P < 0.05 was considered
significant. Log2-transformed fold changes are represented as logFC. The number of
animals (n) were the following: male sham group: n = 5; female sham group: n =5; male
AB week 6 group: n = 6; female AB week 6 group: n = 6; male AB week 12 group: n =
6; female AB week 12 group: n = 6, male DB group: n = 5; female DB group: n = 5.
Source: reproduced from Ruppert et al. (121).
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Figure 13. Gene ontology biological process enrichment analysis

A: heatmap of proteins related to lipid metabolism that were significantly altered in our
analysis. Hierarchical clustering automatically distinguishes aortic banding (AB) and
debanding-related changes in expression of lipid metabolism-related proteins. B:
markedly enriched gene ontology: biological process (GO: BP) terms show sex-
dependence of myocardial reverse remodeling. Upregulation and thus normalisation of
expression of proteins involved in lipid metabolism can only be observed in DB females,
but not in males. C: significantly enriched GO: BP terms after 12 wk of pressure overload
(PO) showcasing sex-dependent differences. In the male AB rats, upregulation of proteins
related to the cytoskeleton and downregulation of peptide biosynthesis and translation,
whereas in female AB animals, upregulation of inflammatory processes was identified to
be the most characteristic changes. GO:BP overrepresentation analysis was executed
with cluster Profiler based on Fisher’s exact test. Multiple testing correction was carried

out using Benjamini-Hochberg’s method. Source: reproduced from Ruppert et al. (121).
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To assess reverse remodeling, the extent of residual proteomic differences that failed to
resolve after cessation of PO was investigated in the comparison of DB and sham goups.
Following 6 wk of pressure unloading, reverse remodeling has run a full course in
females, whereas in males, PO induced proteomic alterations still persisted (Fig. 12, A
and B) (male: DB vs. sham: upregulated - 95, downregulated - 103, not significantly
changed - 2,150; female: DB vs. sham: upregulated - 5, downregulated - 13, not
significantly changed - 2,330; P < 0.001). Furthermore, by comparing the GO:BP
enrichment of DB rats with their respective AB week 6 groups (reverse remodeling), we
observed a recovery from PO-induced alterations in lipid metabolism following pressure
unloading exclusively in females. This recovery was marked by significant upregulation
of terms including cellular lipid catabolic process, monocarboxylic acid catabolic process,
lipid catabolic process, and fatty acid B-oxidation. In contrast, expression of lipid
catabolizing proteins in male DB animals did not demonstrate a consistent reversal (Fig.
13, A and B).

The preventive effect of pressure unloading (anti-remodeling) was examined through the
detection of proteomic alterations in the week 12 groups (Fig. 13, A and C). Although
lipid metabolism-related terms remained prevalent among the significantly
downregulated GO:BP categories in both sexes, by week 12, sex-specific differences in
the up- and downregulation of particular biological processes became evident. Females
showed an upregulation of proteins involved in the inflammatory response (Fig. 13C). In
males, terms related to cytoskeleton-dependent intracellular transport, microtubule-based
movement, and supramolecular fiber organization indicated extensive cytoskeletal
remodeling accompanied by increased expression of proteins involved in cell adhesion.
Additionally, males exhibited specific downregulation of proteins associated with peptide
biosynthesis and translation (Fig. 13C). A comprehensive table of all GO term-associated
proteins and numerous volcano plots, annotated by enriched GO terms, are available as

supplementary files in the MassIVE repository.
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4.3. Cardiac functional-proteomic reanalysis of the AB-DB Study

After reanalysis of the original mass spectrometry raw files from the AB-Debanding
Study using FragPipe, we integrated the most promising parameters from PV analysis,
echocardiography, and our updated proteomics data to select functional or morphological
parameters that are most reflective of molecular alterations induced by PO and pressure

unloading (Fig. 14.).
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Figure 14. Illlustration of data processing steps, including data collection and feature
selection

AB, aortic banded; DB, debanded; EF, ejection fraction; SV, stroke volume; CO, cardiac
output; FS, fractional shortening; RWT, relative wall thickness; MAP, mean arterial
pressure; SW, stroke work; Ea, arterial elastance; EDPVR, end-diastolic pressure—
volume relationship; PRSW, preload-recruitable stroke work. Source: Barta et al. ESC

Heart Failure in press.
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4.3.1. Selecting parameters of PV analysis and echocardiography most reflective of

myocardial proteomic alterations

Covariate selection using LASSO regression, with either PV parameters or
echocardiographic parameters as predictors for protein abundances, we found one
parameter per modality that clearly outperformed the others. The highest number of
proteins with a non-zero coefficient and significant limma P value were obtained for t
(the time constant of active LV relaxation) as determined by PV analysis and for LVmass
as measured using echocardiography during myocardial remodeling and reverse
remodeling (Figure 15). Thus, the following studies are focused on these two key
ventricular parameters to uncover their associated proteomic alterations during

myocardial remodeling.
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Figure 15. Number of proteins associated with sensitive parameters of PV analysis

and echocardiography

Association was determined through multivariate analysis of all proteins with feature
selection by LASSO regression. For LASSO, we performed a subsequent limma analysis
and defined parameters with a P value < 0.05 as significantly associated with PV or
echocardiographic parameters. Panel A illustrates that t emerges as the PV parameter
associated with the largest number of proteins, and Panel B highlights LV mass as the
most prevalent echocardiographic parameter. SV: stroke volume; CO: cardiac output;
SW: stroke work; dP/dtmax: maximal rate of rise in LV pressure; EF: ejection fraction;
PRSW: preload recruitable stroke work; Ea: arterial elastance; MAP: mean arterial
pressure; FS: fractional shortening; RWT: relative wall thickness; EDPVR: slope of the
end diastolic pressure-volume relationship. Source: Barta et al. ESC Heart Failure in

press.
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4.3.2. T surpasses LVmass in both diversity and quantity of protein associations

Gene Ontology enrichment analysis identified significant biological processes, molecular
functions, and cellular components associated with both t and LVVmass-linked proteins.
Notably, t, being associated with abundance changes in 842 proteins, displayed a more
comprehensive enrichment profile than LVmass, which was associated with 568 proteins.
In terms of cellular components, t shows a stronger association with the protein
expression of structural elements of the sarcomere (‘supramolecular complex’,
‘myofibril’, ‘contractile fibre’, ‘I band’) and the spliceosomal complex. Enrichment of
molecular functions results in various gene ontology terms related to DNA binding,
regulation of transcription as associated with alterations in t and LVmass during

myocardial remodeling and reverse remodeling (Figure 16).
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Figure 16 Gene Ontology enrichment analysis for T and LVmass-related proteins. Plots
identifying the molecular functions and cellular compartments of proteins associated with
each parameter. The continuous colour scale illustrates the respective FDR-adjusted P-

values. Source: Barta et al. ESC Heart Failure in press.
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Proteins related to t are connected to diverse biological processes. Notably, of the 842 t
-related proteins, 47 are connected to cardiac muscle cell development (Figure 17).
Further, we identified that t-related proteins are involved in gene expression regulation
and mRNA splicing within the spliceosome machinery. Additionally, t-related proteins
are connected to functions like single-stranded DNA binding, RNA binding, and
transcriptional coregulation and coactivation.

Conversely, LVmass was linked to a more confined set of 568 proteins. Those indicate
different aspects of myocardial adaptation, with enriched functions of these proteins
including DNA-binding transcription factor binding and protein heterodimerization
activity (Figure 18). Despite fewer proteins being associated with LVVmass than with t,
Gene Ontology terms, such as chromatin binding, nucleic acid binding, DNA binding,

and transcription factor binding, were shared among t and LVVmass.
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regulation of cellular localization ~ chromosome organization mygcle tissue development

muscle system process

Figure 17. Enrichment of biological process for t-related proteins

Gene ontology biological process terms significantly enriched in proteins associeted to
7. To provide a better overview, terms were automatically grouped based on semantic
similarity. Groups were titled according to the broadest term in the catergory. Source:

Barta et al. ESC Heart Failure in press.
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Figure 18. Enrichment of biological processes for LVmass-related proteins

Gene ontology biological process terms were significantly enriched in proteins
associated with LVmass. To provide a clearer overview, terms were automatically
grouped by semantic similarity. Groups were titled according to the broadest term in the

category. Source: Barta et al. ESC Heart Failure in press.
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4.3.3. Several t-related proteins can be used to detect active myocardial

remodeling with high accuracy

To investigate the potential of our proteins of interest being used as biomarkers for
myocardial remodeling, Co and DB animals were combined into a ‘non-banded’ group,
based on the high functional and proteomic similarity of these conditions substantiated
by our previous findings in the same cohort (18). Non-banded animals, thus, represent
inactive remodeling, while AB groups active myocardial remodeling. Receiver operating
characteristic (ROC) curves of (Figure 19) the proteins associated with t and/or LVmass
revealed a subset of proteins that exhibited an Area under the curve (AUC) higher than
0.85, effectively differentiating the active remodeling of aortic banded (AB) rats from
non-banded conditions. Of these, 19 t -related proteins were identified, compared to only
9 proteins associated with LVmass. Proteins identified as being related exclusively to t
included ANXA5, GSTK1, COQ9, TMOD4, PCCA, PDLIM5, FBLIM1, EIF4G1,
SORBS2, TST, PSME1, DBT, and NRAP.
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Figure 19. ROC curves of proteins associated with Tt with an AUC of more than 0.85
ROC curves based on the calculation of sensitivity and specificity across different
thresholds, differentiating active myocardial remodeling (AB) from non-banded (CO,

DB) rat proteomes. Source: Barta et al. ESC Heart Failure in press.
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4.3.4. Molecular Complex Detection analysis reveals a network of closely

interconnected proteins

To investigate the potential interplay among rt-associated proteins in myocardial
remodeling and reverse remodeling, protein-protein interaction networks were acquired
from the STRING database (Figure 20). Based on the subset of t-associated proteins a

network of 839 closely interconnected nodes with 6142 edges was detected using the

MCODE plugin (27) of Cytoscape (28).
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Figure 20. Protein-protein interaction network

Nodes correspond to t-associated proteins, while the edges represent potential protein-
protein interactions, generated using Cytoscape/MCODE on STRING results. Orange-
colored proteins are related to cardiac GO terms containing the following expressions:

‘heart’, ‘muscle’, ‘contraction’, ‘I band’. Pink-colored proteins have been identified by
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the high AUC of ROC curves. Source: Barta et al. ESC Heart Failure in press.

Several of the t-related proteins, which demonstrated an AUC > 0.85, were confirmed as
hub genes by the MCODE analysis (Figure 20). Proteins related to cardiac GO terms
‘I band’, an
‘cardiac’ were also identified and highlighted in the network plot. Furthermore, MCODE

containing the following expressions: ‘heart’, ‘muscle’, ‘contraction’,

analysis identified three main protein clusters, or subnetworks (MCODE scores: 9.138,
5.419, and 3.231). These subnetworks highlight functionally closely related or interacting
proteins within the network of t-associated proteins. To shed light on the dynamic

relationship among the members of the subnetworks, pairwise correlations were

calculated for each condition (Co, AB, DB; Fig. 21).
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Figure 21. Network plots of proteins of closely interlinked subnetworks extracted
from the main network identified by MCODE

MCODE is based on potential protein-protein interactions of the STRING database
(Subnetwork 1, MCODE Score 9.138; Subnetwork 2, MCODE Score 5.419; Subnetwork
3, MCODE Score 3.231). The edges represent the observed correlation coefficients
among the proteins under the different conditions (Co, AB, DB), with the proteins
depicted as nodes. The width of the edge (edge weight) increases with a higher correlation
coefficient. Orange-colored proteins are related to cardiac GO terms containing the
following expressions: ‘heart’, ‘muscle’, ‘contraction’, 'l band’, and ‘cardiac’. Pink-
coloured proteins had an AUC greater than 0.85 based on sensitivity and specificity
calculations across various thresholds that differentiated banded from non-banded rats.
(Subnetwork 1, MCODE Score 9.138; Subnetwork 2, MCODE Score 5.419; Subnetwork
3, MCODE Score 3.231). Source: Barta et al. ESC Heart Failure in press.
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Finally, transcription factor analysis was performed using the ChEA3 algorithm to find
the most likely culprits that may drive the changes in expression of t-associated proteins
(Figure 9). The ten transcription factors with the highest significance were: MAX, REST,
MYOD1, MYC, MYOG, ATF3, GATA1, MAFF, USF1, and IRF1.

T LYY

Transcription factor
@ Protein target

Figure 22. Plot of the transcription factor analysis

The ten most likely drivers (yellow) of z associated proteomic remodeling as identified by
transcription factor analysis (ChEA3), and their target proteins (pink). Source: Barta et
al. ESC Heart Failure in press.
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5. Discussion
Our overarching objective was to compare how the LV of male and female rats adapts

across three settings: acute, diffuse ischemia; chronic pressure-overload hypertrophy; and
reverse-remodeling after pressure relief. For every model, we combined load-independent
PV indices with high-depth, TMT-proteomics, thereby surpassing the proteomic depth
and reliability of functional assessments of preceding rat myocardial inquiries (146). This
shared workflow lets us align ischemia-related findings next to pressure overload and

unloading projects to highlight common, sex-specific, and model-unique themes.

5.1. Sex-neutral tissue injury in global ischemia with a shared inflammatory

signature

Unlike coronary ligation, high-dose ISO engulfs the whole myocardium—particularly the
subendocardium—in O debt. Both sexes developed comparable heart-rate surges and
scattered necrotic “islands”. Consequently, this model can be best translated to bedside
cases of global ischemia. Digital slide analysis confirmed a similar loss of viable fibres,
and heart-weight-to-tibia-length ratios rose in males and females alike, consistent with
early oedema and inflammation (Fig. 1). Contrary to the majority of previous literature
data (as reviewed by Regitz-Zagrosek and Kararigas (11)) we found equal infarct sizes in
the surviving males and females. Similar outcomes were reported by Shioura et al. (147)
Questioning the paradigm of the extent of myocardial damage being the sole determinant
of functional outcomes. Of the seven most strongly and uniformly regulated proteins (Fig.
3B, PLS-DA), five (COQ8A, MRRF, APOOL, ATP5ME, KNG2) pointed to
mitochondrial stress and inflammatory signalling, while two (JPH2, CAVIN2) reflected
disruption of the T-tubule-sarcolemmal scaffold essential for excitation—contraction
coupling (148), These sex-independent signatures parallel the early mitochondrial and
cytoskeletal disturbances we observed during pressure-overload hypertrophy,

underscoring a core, model-agnostic stress programme.

5.2. Female hearts preserve contractility via rapid structural repair

Existing literature on Langendorff perfused hearts after 1SO treatment indicates better
systolic adaptation in females (149, 150). Indeed, at 48 h male rats showed a clear drop
in preload-recruitable stroke work and ejection fraction, accompanied by lower arterial

pressures; females did not. Proteomic mapping helps explain this divergence. While both
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sexes down-regulated a broad set of proteins, females up-regulated 56% more than
males, and this surplus clustered around contractile and cytoskeletal components. Up-
surges in Junctophilin-2, a-actinin, and actin-filament organisers point to enhanced
replacement of damaged sarcomeric units, mirroring the accelerated sarcomere turnover
we recently documented during unloading-induced reverse remodeling. Females also
preferentially induced chaperones ORP-150 (151), HSP90AAL (152), HSP90ABL1 (153),
CALR (154), PDIAS3 (155) and BIP (156), all recognised guards against ischemic injury.
Males, by contrast, suppressed a larger fraction of mitochondrial enzymes—particularly
tricarboxylic-acid-cycle dehydrogenases (ACO2, OGDH, IDH3A, IDH2, FH) and fatty-
acid-oxidation flavoproteins (ECI1, ETFRF1, ETFA, ETFB, ETFDH, CISD1, CPT2,
ACOT2) —explaining their lower mechano-energetic efficiency. Notably, males down-
regulated B-enolase, whereas females boosted a-enolase, an isoform previously linked to

better post-ischemic pump performance (157).

5.3. Transient myocardial stiffening predominates in females

Although earlier Langendorff work suggested superior female relaxation (149, 150), in
vivo measurements by Shioura et al (147), and by the current team of investigators
showed higher end-diastolic pressure, a steeper EDPVR, and prolonged T only in female
rats. Stroke volume and cardiac output consequently fell in females but not in males.
Proteomics again offered clues: females exhibited a richer induction of extracellular-
matrix, wound-healing, and inflammatory proteins (16). Acute oedema likely dominates
stiffness at this early time-point (158). Yet, the early rise of structural remodelers such as
COL18A1 and integrin-a5 foreshadows the collagen deposition we later recorded during
PO-induced hypertrophy. Nevertheless, this may be beneficial overall, as inhibition of
inflammatory processes in the first days after M1 was found to result in worse long-term
outcomes by impeding cardiac remodeling and tissue repair (159). Inhibition of
COL18A1 was found to deteriorate myocardial remodeling after infarction (160), and
deletion of ITGA5 was found to inhibit tissue fibrosis in multiple organs (161), both of
which were uniquely upregulated in females. Of particular note were matricellular
proteins: we identified SPARC, SPP1, and CTSB as sex-specifically upregulated in
females, while CST3 was upregulated only in males. Matricellular proteins highlighted
diverging strategies: females up-regulated SPARC, SPP1 (osteopontin), and cathepsin

B—each associated with timely scar maturation. (162-164) —whereas males uniquely

88



increased cystatin C, an endogenous cathepsin inhibitor (165), which might contribute to
the more passive remodeling strategy of males. This restraint aligns with the slower
remodeling trajectory we previously documented by us in male pressure-overload hearts

and by Cavasin et al. after ischemia (166).

5.4. 2-Hydroxyestrone and 4-Hydroxyestrone emerge as influential

hormones

The most studied estrogen for cardioprotection is E2, but it is far from the only sex
hormone that could exert potentially beneficial or detrimental effects (167). The majority
of metabolites of both E1 and E2 are known to bind to estrogen receptor subtypes (168)
and may contribute to sex-related differences (54, 55, 169, 170). Circulating E2 and E1
are constantly hydroxylated by cytochrome-P450 isoforms to yield 2-hydroxy- (2-
OHE1/E2) and 4-hydroxy- (4-OHE1/E2) catechol-estrogens. These metabolites retain
appreciable affinity for both ER-a and ER-B, translocate with the receptors into
mitochondria, and can also signal through redox-sensitive pathways independent of
classical ER binding. The ‘“2-hydroxy” route is generally regarded as vasculoprotective,
whereas excessive 4-hydroxylation has been linked to oxidative stress in other organs
(60). Unsupervised clustering of F-Isch rats split the cohort into animals with mild versus
severe left-ventricular dysfunction despite comparable infarct burden. PLS-DA
highlighted five steroid molecules—PROG, ALDO, 2-OHE1, 4-OHE1 and 4-MeE2—as
the top biochemical discriminators. Of these, only 2-OHE1 showed robust, monotonic
correlations with load-independent indices of contractility (PRSW), relaxation (dP/dtmin,
T) and cardiac oedema (HW/TL), suggesting that a favourable 2-hydroxy/4-hydroxy
balance contributes to the superior functional outcome. PLS modelling allowed us to
establish associations among post-ischaemic protein expression values and the blood
steroid hormone content. We then probed each hormone-associated protein cluster for
Gene Ontology enrichment. The analysis resolved three functionally distinct modules.
First, proteins that tracked with circulating E2, together with its 2-hydroxy metabolite (2-
OHEZ1), converged on mitochondrial energy pathways—electron-transport complexes,
tricarboxylic-acid-cycle enzymes, and B-oxidation components. Their concerted up-
regulation suggests that the E2/2-OHEL1 axis sustains ATP output while keeping reactive-

O species in check during early recovery. Second, 2-OHEL on its own showed an
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additional, more selective linkage to fatty-acid import and oxidation. This pattern implies
that 2-OHEZ1 preserves fuel flexibility when glycolytic throughput is limited by ischaemic
injury. Finally, proteins most tightly associated with 4-hydroxyestrone (4-OHE1) were
almost exclusively structural—actin-binding and supramolecular-fibre regulators—
pointing to a role for this metabolite in rapid cytoskeletal repair and reinforcement of the
contractile apparatus.

5.5. Sex-specific reverse and anti-remodeling after pressure unloading

We then turned our attention to how biological sex shapes the myocardial “reset” that
follows relief of chronic pressure overload—an aspect that clinical data have thus far left
ambiguous due to unavoidable confounders (age, coronary artery disease, valve gradient,
etc.). (94, 95, 99, 171). First, because of the cardioprotective effect of estrogen, CAD
shows a typical sex-dependent distribution between the two sexes, with male
predominance (94, 95, 99, 171). Furthermore, female patients undergoing SAVR/TAVR
are frequently older than their male counterparts (94, 95, 172, 173). A greater aortic valve
gradient has also been reported in women with AS compared with men (97). Working in
a controlled rat model of AB/DB eliminates these variables and lets us zero in on
structural (174, 175), functional (88, 89), and molecular end-points; all the while
recapitulating alterations that occur after SAVR/TAVR (176).

5.6. Similar decrease in ventricular mass following pressure unloading

Removal of the constriction triggered a sudden fall in left-ventricular mass in both sexes,
with ~80 % of the regression completed within the first three weeks—mirroring the rapid
hypertrophy “melting” reported after SAVR/TAVR (88, 89, 94, 99, 177, 178). Petrov et
al. found that just 3 days after SAVR, women had smaller LVEDD and absolute LV mass,
suggesting that early “regression” primarily reflected cavity shrinkage rather than actual
mass loss (94). By 3 months post-TAVR, Stangl et al. saw hypertrophy regression equal
in both sexes (99). A later MRI study showed greater absolute LV-mass decline in men 6
months after SAVR/TAVR, but this sex gap vanished once changes were normalised to
each patient’s baseline mass (95). In our study, echocardiographic wall thickness, post-
mortem heart-weight-to-tibia-length and histological cardiomyocyte diameter all shrank
to a comparable absolute extent (Fig. 7, A—C and Tables 5 and 6). When normalised to

each animal’s pre-debanding burden, however, females showed a slightly larger fractional
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drop in HW/TL, consistent with their more exuberant late-stage hypertrophic growth
during banding (122). Thus, at the macroscopic level, pressure unloading behaves largely

sex-neutral.

5.7. Fetal-gene program indicates greater plasticity in females

Pathological LVH switches on the fetal gene program (179) consisting of a set of genes
that are silent in the adult ventricle under physiological circumstances (180, 181), with
the female heart expressing higher levels of both (182). Nevertheless, the difference
between female and male rats was much higher in the case of a-MHC (+736%) than in -
MHC (+469%), leading to a relative decrease in the myh7/my6 ratio in females (49).
Consistent with these results, our analysis showed that female sex was associated with
lower myh7/myh6 (B/a-MHC) expression in sham and AB animals (Tables 2 and 3).
Debanding suppressed these transcripts in both sexes, but the -/a-MHC ratio remained
lower in females, echoing the pattern observed in sham hearts and suggesting a more rapid
transcriptional reset on the female side (Table 5). The observation aligns with our
iIschaemia dataset, where females also reinstated contractile-protein expression more

efficiently than males.

5.8. Collagen turnover is more modest in males after pressure unloading

Dobson et al. (95) Suggested that in the clinical setting of SAVR after AS only females
experienced a reduction in replacement fibrosis based on late-gadolinium enchancement.
In our study, interstitial collagen content fell after pressure relief in every DB group, yet
the decrement was significantly larger in females. DB males derived most of their benefit
from halting the further collagen accretion that would have continued between weeks 6
and 12 of banding, whereas DB females actively resorbed pre-existing matrix. (Table 6).
Although the preformed fibrosis was found to be more plastic in females, prevention of
further accumulation (anti-remodeling) occurred to a comparable level between the two
sexes. Recently, sexual differences in cardiac fibroblast activation and subsequently in
myofibroblast transformation during chronic -adrenergic excitation have been observed
(183). This echoes the accentuated extracellular-matrix remodeling we documented in
female hearts 48 h after diffuse ischaemia, suggesting a recurring female trait of quick

matrix turnover.
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5.9. Haemodynamic recovery: apparent male superiority driven by worse

baseline

In sham hearts, females showed higher LV end-systolic pressure, arterial elastance and
ESPVR (Table 2). Six weeks after banding, both sexes still displayed boosted
contractility, preserved ventriculo-arterial coupling and lengthened relaxation (184). By
week 12, however, only males lost this contractile reserve, resulting in impaired VAC,
lower systolic output and worse diastolic function, whereas females fared better. (Table
3). In addition, diastolic dysfunction became more pronounced in males at week 12
compared with females (122). Regarding the extent of reverse remodelling, no differences
were detected in the normalisation of contractility augmentation or the improvement of
active relaxation between the DB groups (Figs. 9 and 10 and Table 6). In good agreement
with our findings, a comparable degree of EF recovery in men and women was reported
by prior clinical studies at the early postoperative phase (94), as well as during a midterm
follow-up period (95). Notably, no significant differences in baseline LV function were
noted neither in the cited clinical studies nor in our experiment. In contrast, in a recent
echocardiographic analysis, male patients with AS were found to have substantially lower
preoperative longitudinal strain values, which were associated with a greater functional
improvement after TAVR (98). Our current data also indicate that the anti-remodeling
effect of debanding was noted to be higher on the functional level (regarding EF, VAC,
LVEDP, and t) in males compared with females (Table 6). In short, males display greater
vulnerability during chronic PO, yet can stage an impressive rebound once the load is
lifted. In contrast, females resist early decline, thus exhibit only a modest bounce-back.

5.10. Females approach the control proteome more closely

The sPLS-DA (Fig. 11) and unsupervised hierarchical clustering (Fig. 13A) separated
banded from DB proteomes along axes dominated by hypertrophy-linked proteins
[LMCD1 (185), AHSA1 (186), FLNC (187), CSRP3 (188), GPX4 (189), DUSP3 (190),
and DY SF (191)] and metabolic enzymes [ENTPD2 (192), SUCLG2 (193), and DPGD1L
(194)]. Mutations in the FLNC gene were implicated in numerous types of
cardiomyopathies, possibly because of the disturbance of Z-disk-sarcolemma interaction
during muscle contraction. DYSF and CSRP3 are key players in the response to

mechanical stress, with the former participating in the resealing of disrupted sarcolemma
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(195), whereas the latter mediate downstream signal transduction. LMCD1 has been
shown to promote cardiac hypertrophy through the calcineurin pathway (185).
Compensatory elevation of GPX4 expression has been linked to increased oxidative stress
in instances of cardiac stress (189). DUSPs serve as a negative feedback loop against
overactivation of MAPK signaling, for example, because of elevated afterload, with
DUSP3 specifically dephosphorylating ERK1/2 in vivo (195). Six weeks of overload
produced similar numbers of differentially abundant proteins in both sexes, chiefly a
down-shift in lipid-oxidation machinery (Fig. 12). Prior studies have come to the
conclusion that the development of PO-evoked pathological LVH is accompanied by
decreased expression of lipid metabolizing and oxidizing enzymes, leading to
compromised myocardial energetics (196, 197) and a shift towards glycolysis (198).
Substantiating our findings, Tian et al. (199) has recently pointed out that metabolic
remodeling in the failing pressure overloaded heart is sex dependent. By week 12, sex
divergence surfaced: males up-regulated cytoskeletal components and curtailed protein-
synthesis pathways, whereas females displayed a stronger inflammatory signature (Fig.
13)—echoing the early-ischaemia study (129). Recently, excess microtubule network
density was found to be associated with decreased cardiac contractility (200), these
changes might signify the deterioration of systolic function on the subcellular level in
male AB animals. Pressure unloading rewound these changes in both sexes, but females
achieved a nearer-to-sham proteomic landscape, especially reinstating fatty-acid—
catabolic enzymes (Fig. 12AB and 13AB).

5.11. Current options for therapy control in myocardial reverse remodeling

Adverse remodeling can be slowed or reversed, through pharmacotherapy (201-204),
mechanical unloading, CRT, valve replacement, and revascularisation (205-209). Heart
failure therapies can improve LV ejection fraction, reduce LV size, lower LV end-
diastolic PV relationships, and increase global longitudinal strain (106, 107, 112, 210-
212). Currently, two-dimensional echocardiography is the gold standard for assessing
morphological and functional alterations (213, 214), and cardiac magnetic resonance
imaging and single-photon emission computerized tomography (SPECT) characterize the
myocardial changes associated with reverse remodeling (214-218). Thus, monitoring

success still hinges on imaging (2-D echo, CMR, SPECT) whose predictive value is
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inconsistent and whose “reverse-remodeling” cut-0ffs vary. A molecular surrogate that

shifts earlier than gross anatomy would therefore sharpen therapeutic timing.

5.12. T shows the strongest association with proteomic alterations

Re-mining the banding/de-banding dataset and applying the PV analysis,
echocardiography, and proteomics pipeline allowed us to screen variables with an
unbiased LASSO approach, to reveal which functional parameter mirrors the broadest
spectrum of proteomic change (219). Of all PV and echo variables, t linked to the greatest
number of differentially expressed proteins. Hypertrophy (LVmass) closely tracked
structural regression, but t emerged as the functional metric most tightly coupled to
molecular re-programming during both load-induced remodeling and its reversal. t, the
time constant of active LV relaxation, is derived from measurements in PV analysis, and
is a key parameter in the assessment of diastolic dysfunction of the heart (220, 221). The
set of proteins most tightly correlated with t mapped to three familiar biological “hot
spots”: energy supply, cytoskeletal renewal, and transcriptional control. Oxidative-
phosphorylation enzymes and lipid-handling factors that had resurfaced in female hearts
after pressure unloading re-appeared here, as did actin-myosin repair proteins previously
linked to 4-hydroxy-estrone—driven recovery in the ischaemia study. In parallel,
chromatin and RNA-processing proteins—the very signatures of the early transcriptional
burst we saw after diffuse ischaemia—clustered with t as well. Thus a parameter
measured during diastole integrates metabolic, structural and nuclear adaptations that

span the full remodeling spectrum.

5.13. Sensitivity and specificity calculation identifies proteomic signatures of

ongoing cardiac remodeling

The ROC curves identified a set of 22 proteins, predominantly associated with t,
exhibiting an Area Under the Curve (AUC) > 0.85. 13 proteins linked to t but not to
LVmass sensitively and specifically detect active or ongoing myocardial remodeling
(Figure 19). These proteins offer insights into molecular signatures associated with
cardiac remodeling; GSTK1 was identified in hypertrophic cardiomyopathy remodeling
processes (222). COQ9 plays a role in the synthesis of coenzyme Q, vital for
mitochondrial function, has also been associated with accelerated oxidative stress in

cardiomyocytes (223). TMOD4 is linked to actin dynamics, influencing cardiac

94



contractility and myocardial hypertrophy (224). PDLIM5 is involved in heart
development and may partake in the regulation of cardiomyocyte expansion (225).
EIFAG1 plays a role in regulating muscle mass (226). SORBS2 is involved in
mechanotransduction, contributing to cardiac response to mechanical stress, dilated
cardiomyopathy and maladaptive responses to pressure overload (227, 228). NRAP
contributes to cardiac muscle structure and assembly (229).

5.14. Interaction networks and subnetworks reveal cardiac importance of ©
Protein-protein interaction networks offer several benefits in the scope of our study. First,
the visualization of the identified t-related proteins (Figure 20) and their potential
interactions as connections enables the identification of many individual cardiac nodes,
and those directly linked to them. Second, the strength of correlations can be visualized
as edge weights to assess convergent and divergent alterations of the proteome in the
different conditions, demonstrating integration of cardiac and non-cardiac nodes into the
respective networks (142). The interlinked t-related nodes form the basis for further
MCODE analysis, revealing three subnetworks with high potential for protein-to-protein
interaction (Subnetwork 1, 2 and 3, Figure 21), confirming condition-specific protein
signatures associated with AB, DB, and Co conditions. The potential importance of t as
a parameter of active relaxation is underlined by the respective subnetworks’ individual
proteomic components. Subnetwork 1 prominently features actin and myosin chain
components, and proteins of the oxidative stress response (e.g., glutathione peroxidase).
Subnetwork 2 is rich in proteins involved in the maintenance of muscle cell structure,
from the nucleus to the extracellular matrix (Cryab, Dagl, Dtna, Dysf, and Lmna) and in
metabolic proteins (Acsl6, Aldh7al, Ampd3, Atic, Etfa, Gludl, Gsn, Gsr, and Nqgol).
Finally, cytoskeletal organization, gene regulation, and signaling are the main functions
of proteins in subnetwork 3 (Abil, Actl6a, Arpcla, Camk2d, Crkl, Ehbplll, Hist2h4,
Itga9, Pdlim4, Ptk2, Rapla, Raplb, Smarcc2, Smtn).

5.15. Drivers of t-associated myocardial remodeling

Ultimately, transcription factor analysis uncovered genes that are presumably driving the
observed t-associated proteomic alterations (Figure 22). ranscription factors integrate
mechanical and biochemical stress signals into coordinated remodeling programs, so

factors best known for roles in apoptosis or immunity often acquire cardiac, context-
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dependent functions. ATF3 illustrates this principle well: although classically induced by
oxidative and ER stress, it rises sharply after pressure overload and limits maladaptive
hypertrophy and inflammation; ATF3-deficient mice show exaggerated fibrosis, while its
re-expression during unloading facilitates regression of ECM and hypertrophic markers
(230, 231). Similarly, MYC-MAX (and likely USF1) regulate ribosomal biogenesis,
glycolysis, and mitochondrial function (232-234). MYC activation initially supports
growth but becomes maladaptive with chronic stress (235-237). During unloading, MY C-
driven programs wane and oxidative phosphorylation pathways recover (238, 239) a
pattern reflected in our data: MYC/MAX-associated glycolytic/translation proteins
decreased as mitochondrial and fatty-acid-oxidation proteins increased. Reverse
remodeling also depends on fibroblast-immune interactions (240). Although IRF1 and
MAFF are classically immune regulators, emerging evidence suggests they operate in
fibroblasts under stress and may influence ECM turnover (241-248). Likewise,
GATA1—better known in hematopoiesis—has been linked to endothelial remodelling
and may contribute indirectly to anti-fibrotic signalling (249-251). REST contributes to
electrical stability and calcium handling (252, 253), and the transient appearance of
developmental TFs such as MYOD1 and MYOG in injury settings may reflect partial
reactivation of cytoskeletal renewal programs (254, 255).

5.16. Relevance and impact of proteomic observations

Identifying t as a key parameter of active relaxation on a proteomic level holds crucial
clinical implications for effective assessment of myocardial remodeling states. By
reframing parameters of active relaxation as proxies for energy re-fueling, cytoskeletal
repair and transcriptional reset, we provide a functional-molecular bridge that precedes
anatomical change. Whether applied to timing valve surgery, titrating mechanical
unloaders or guiding metabolism-targeted drugs, a t-centred protein signature could add
precision to therapy control—capturing the sex- and load-dependent dynamics woven

through our three linked projects.
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6. Limitations
Several limitations must be acknowledged regarding the methodologies and

interpretations presented in this thesis.

In the first study employing an ISO-induced ischemia model, our findings are
constrained by the use of young rats, and thus may not be directly applicable to older
populations or clinical settings involving chronic ischemic heart diseases. Additionally,
only animals that survived the two-day ischemic protocol were analyzed, potentially
introducing survival bias into our data interpretation. The acute pharmacological
induction of global myocardial ischemia differs significantly from the more complex,
chronic ischemic conditions encountered in human patients, thereby limiting direct
translational applicability. Moreover, blood samples for steroid hormone profiling were
collected post-pressure-volume (P-V) measurements to avoid interference with
hemodynamic assessment. However, circulating steroid hormone levels may not
accurately reflect local myocardial hormone concentrations, considering that steroid
hormones can be synthesized and metabolized within cardiac tissues independently.
Further studies employing local myocardial hormone measurements or hormone
supplementation strategies, particularly in gonadectomized rodent models, are necessary
to fully elucidate the role of these hormones in ischemic cardiac remodeling.

The second study, which evaluated myocardial remodeling following AB (AB) and
its reversal by debanding, also presents important limitations. The use of a standardized
needle size for aortic constriction in both sexes, consistent with prior studies, may have
unintentionally imposed a relatively greater pressure overload on male animals due to
their larger body mass. Nevertheless, comparable hemodynamic (SBP, DBP, MAP, Ea)
and molecular (ANP) indicators of pressure overload between sexes suggest similar initial
conditions, somewhat mitigating this concern. Another limitation arises from the supra-
renal location of aortic constriction, which might have caused renal hypoperfusion and
subsequent activation of the renin-angiotensin-aldosterone system (RAAS). Given the
documented impact of sex hormones on RAAS regulation, sex-specific differences in
RAAS activation may have influenced the observed remodeling and reverse remodeling
outcomes. Additionally, animals in the debanding group underwent two surgical
procedures (initial banding followed by debanding), whereas the corresponding sham

group experienced only one laparotomy, potentially influencing physiological stress
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responses differently across groups. Furthermore, our intermediate follow-up period of
six weeks post-debanding may not capture longer-term differences in reverse remodeling
or mortality outcomes between sexes. Hence, extended follow-up studies are necessary
to determine whether observed sex-specific remodeling patterns persist or evolve over
time.

The final proteomic reanalysis study utilized invasive P—V measurements to
comprehensively characterize LV mechanics, particularly active relaxation assessed by .
Although this approach provides detailed insights into cardiac function, its invasive
nature restricts routine clinical implementation, limiting generalizability to human patient
populations. Tissue Doppler imaging and diastolic strain rate (E/SRe) measurements are
known to be good tools to estimate LV active relaxation (256-261), and myocardial
reverse remodeling typically improves diastolic function. Non-invasive quantitative
measurement of t can support the prognosis of diastolic function (262) and guide therapy
for cardiac interventions. While echocardiographic methods offer safer, more accessible,
and widely applicable alternatives for routine assessment of LV active relaxation, our
study prioritized detailed mechanistic insights over broader clinical applicability.
Nonetheless, the use of echocardiography as a standard assessment method should be
considered for future clinical translational research.

Portions of this text were refined with the assistance of Al tools. ChatGPT 4 and 5
was used solely to rephrase or reformulate sentences, correct grammatical errors, and

improve overall readability; the substantive content remains unchanged.
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7. Summary

This thesis knits together three complementary experiments to create a unified picture of
how the mammalian heart adapts when it is first injured by diffuse ischaemia or chronic
pressure overload (AB), and undergoing pressure unloading (DB). By pairing beat-to-
beat pressure—volume haemodynamics with deep tandem-mass-tag proteomics and
targeted steroid profiling, we were able to trace a straight line from mechanical
performance to the molecular landscape that enables—or sabotages—recovery.

In the ISO model of global ischaemia, males and females incurred comparable
histological damage, yet their trajectories immediately diverged. Female rats retained
contractile reserve: PV loops showed preserved preload-recruitable stroke work and
ejection fraction, whereas males lost both. Proteomics hinted at the reason. Female hearts
mobilised an emergency toolkit of cytoskeletal rebuilders and stress chaperones—
ACTN2, TPM1, ORP-150, HSP90, CALR—that stabilised excitation—contraction
coupling. Male hearts, in contrast, down-regulated key enzymes of the tricarboxylic-acid
cycle and fatty-acid B-oxidation, a metabolic collapse mirrored by falling cardiac
efficiency. This early female advantage came at a diastolic price: end-diastolic pressure
and the time-constant of relaxation (t) rose only in females, in step with an inflammatory
proteome that is likely essential for long-term scar maturation. Sex hormones offered an
explanatory thread. Among dozens of measured steroids, the oestrone metabolites 2-
hydroxy- and 4-hydroxy-E1 stratified female rats into mild versus severe dysfunction, the
first associating with mitochondrial fuel enzymes, the second with actin-assembly
modules, pointing to metabolite-specific control over recovery pathways.

AB recapitulated pressure-overload induced hypertrophy, and debanding mimicked
surgical pressure relief. Both sexes generated similar wall thickening, yet males lost their
early boost in contractility by week twelve while diastolic relaxation worsened; females
maintained function. When the band was removed, each sex improved, but along different
lines. Females displayed the cleaner structural reversal—greater regression of interstitial
collagen, normalisation of the fetal myh7/myh6 gene ratio, and near-complete restoration
of lipid-oxidation proteins. Males, paradoxically, showed the larger functional rebound
in ejection fraction, ventriculo-arterial coupling and t; however, that rebound merely
recouped a steeper prior decline rather than revealing a superior intrinsic capacity for

repair. At the proteomic level, in early AB the expression of lipid- and fatty-acid—
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oxidation enzymes decreased in both sexes, but after DB this normalized only in females.
In late-stage AB, males showed a decline in cytoskeletal remodeling and peptide
biosynthesis, whereas females exhibited heightened inflammatory activity alongside
reduced fatty-acid metabolism. A focused re-analysis of the AB dataset closed the loop
between mechanics and molecules. Least-absolute-shrinkage regression singled out =—
the index of active relaxation—as the haemodynamic variable most tightly interwoven
with proteomic change. Twenty-two t-linked proteins, including GSTK1, COQ9 and
PDLIMS5, separated loading states with high sensitivity and specificity. Network
partitioning revealed three densely connected modules: contractile—antioxidant, nucleo-
cytoskeletal-metabolic, and signalling—chromatin. Upstream-regulator analysis pointed
to MYC/MAX, MYOD/MYOG, ATF3 and MAFF as transcription factors guide the
molecular changes during myocardial remodeling. Taken together, the data argue that
biological sex colours every layer of cardiac adaptation. Females buffer early systolic loss
yet accept an early diastolic decline; myocardial function of males tends to decline earlier
but can stage an impressive comeback once afterload is lifted. Metabolic plasticity—
preserved in females, unreliable in males—emerges as a pivotal determinant of outcome.
Oestrogen metabolites, not merely oestradiol, operate as functional gatekeepers that steer
cytoskeletal repair and oxidative metabolism. Most practically, t behaves as a molecular
barometer: because it mirrors deep proteomic shifts, non-invasive surrogates of active

relaxation could serve as early read-outs of remodeling and its reversal.
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11. Kurze Zusammenfassung auf deutsch

Diese Dissertation verkniipft drei komplementidre Experimente zu einem Gesamtbild
dariiber, wie sich das Sdugerherz strukturell und funktionell umbildet und wieder
zuriickbildet, wenn es zunéchst durch diffuse Ischdmie oder chronische Druckbelastung
geschidigt wird und diese Last anschlieBend entféllt. Durch die Kombination von Druck-
Volumen-Hamodynamik, Tandem-Mass-Tag-Proteomik und gezielten Steroidprofilen
war es moglich, eine direkte Linie von der mechanischen Leistung zu den molekularen
Schaltkreisen zu ziehen, welche Erholung ermoglichen oder verhindern.

Im Isoproterenol-Modell der globalen Ischdamie wiesen méannliche und weibliche Ratten
vergleichbare histologische Schidden auf, doch der Verlauf wies entscheidende
Unterschiede auf. Weibliche Tiere behielten eine Kontraktilititsreserve: Druck-
/Volumen-Schleifen  zeigten erhaltene vorlastrekrutierbare  Schlagarbeit und
Ejektionsfraktion, wihrend bei ménnlichen Ratten beide Parameter nachlieen. Die
Proteomik liefert einen Hinweis auf mogliche Wirkungsmechanismen dieser Resultate:
Weibliche Herzen aktivierten einen ,Notfall-Werkzeugkasten“ aus Zytoskelett-
Reparaturproteinen und Stress-Chaperonen — ACTN2, TPM1, ORP-150, HSP90, CALR
— und stabilisierten so die Erregungs-Kontraktions-Kopplung. Miannliche Herzen wiesen
hingegen eine Downregulation der Schliisselenzyme des Citratzyklus und der Fettsdure-
B-Oxidation auf — ein metabolischer Kollaps, der sich in sinkender kardialer Effizienz
widerspiegelte. Dieser friihe Vorteil der Weibchen hatte einen diastolischen Preis: Der
enddiastolische Druck und die Relaxationszeitkonstante T stiegen nur bei Weibchen —
parallel zu einem inflammatorischen Proteom, das wahrscheinlich fiir die langfristige
Narbenreifung notig ist. Geschlechtshormone liefern einen moglichen Erkldrungsfaden.
Von Dutzenden gemessenen Steroiden stratifizierten die Ostron-Metabolite 2-Hydroxy-
und 4-Hydroxy-E1 weibliche Tiere in milde versus schwere Funktionsstérungen; ersteres
korrelierte mit mitochondrialen Brennstoffenzymen, letzteres mit Aktin-Montage-
Modulen — ein Hinweis auf metabolitspezifische Kontrolle der Erholungswege.

Das Aortenbanding rekonstruierte eine Druck-Hypertrophie, das Debanding eine
chirurgische Entlastung. Beide Geschlechter entwickelten &hnliche myokardiale
Wandverdickungen, doch Ménnchen verloren ihre anfangliche Kontraktilitdtssteigerung
bis Woche zwolf, wihrend die diastolische Relaxation sich verschlechterte. Weibchen

hielten die Funktion aufrecht.

141



Nach Bandentfernung besserten sich beide Geschlechter, allerdings auf unterschiedlichen
Ebenen. Weibchen zeigten die sauberere strukturelle Umkehr — starkeren Riickgang der
interstitiellen Fibrose, Normalisierung des fetalen myh7/myh6-Verhéltnisses und nahezu
vollstandige Wiederherstellung der Lipid-Oxidations-Proteine. Mannchen verzeichneten
paradoxerweise die groflere funktionelle Erholung in Ejektionsfraktion, Ventrikel-GefaR3-
Kopplung und t; dieser Aufschwung glich jedoch nur einen vorherigen steileren Abfall
aus. Proteomisch setzten Minnchen auf zytoskelettales Remodeling und gedrosselte
Peptidsynthese, wihrend bei Weibchen eine inflammatorisch-metabolische Riickstellung
auffiel, welches eine Spiegelung ihres postischamischen Profils darstellt.

Eine fokussierte Re-Analyse der Banding-Daten schloss den Kreis zwischen Mechanik
und Molekiilen. LASSO-Regression isolierte T — den Index der aktiven Relaxation — als
himodynamische Variable mit der engsten Verflechtung proteomischer Anderungen.
Zweiundzwanzig t-gekoppelte Proteine, darunter GSTK1, COQ9 und PDLIMS5,
differenzierten = Belastungszustinde mit hoher Sensitivitit und  Spezifitit.
Netzwerkanalysen ergaben drei dichte Module: kontraktile/antioxidative, nukleo-
zytoskelettale/metabolische und Signal-/Chromatin-Cluster. Eine Upstream-Regulator-
Analyse hob MYC/MAX, MYOD/MYOG, ATF3 und MAFF als Transkriptionsfaktoren
hervor, die mechanische Last, metabolischen Stress und Hormonsignale integrieren.
Biologisches Geschlecht farbt jede Schicht der kardialen Anpassung. Weibchen puffern
einen frithen systolischen Verlust ab, zahlen dafiir aber einen temporéren diastolischen
Tribut; Mannchen erliegen der Last frither, konnen jedoch nach Druckentlastung
eindrucksvoll zuriickkehren. Metabolische Plastizitit, welche bei Weibchen erhalten
bleibt und bei Minnchen briichig wird — erweist sich als wichtiger Faktor. Ostrogen-
Metabolite, nicht nur Ostradiol, tragen dazu bei, die Zytoskelett-Reparatur und oxidativen
Metabolismus zu steuern. Praktisch fungiert t als molekulares Barometer: Weil es tiefe
proteomische Verschiebungen spiegelt, konnten nichtinvasive Surrogate der aktiven
Relaxation als Frithmarker fiir Remodeling und seine Umkehr dienen. Indem die Arbeit
geschlechterspezifische therapeutische Fenster und t-gebundene Proteinpanels als
Kandidat-Biomarker hervorhebt, ebnet sie den Weg fiir metabolit-gezielte Strategien zur

préziseren kardialen Erholung.
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12. Rovid 0sszefoglalds magyar nyelven

A disszertacid célja, hogy egységes képet nyudjtson a patkany miokardium
remodellacidjarol diffaz iszkémids karosodas vagy kronikus nyomasterhelés soran,
valamint reverz remodellaciojarél a nyomasterhelés csokkentését kovetden. Ehhez
elsdsorban bal kamrai nyoméas—térfogat (PV) analizis, explorativ proteomika €s keringd
szteroid hormonszint mérések modszereit hasznalja fel, majd kisérletet teszt a kiilonb6z6
A globalis miokardialis iszkémia isoproterenol indukalt patkdnymodelljében a him ¢és a
ndstény allatok hasonlé mértékli szovettani karosodédst szenvedtek, korlefolyasuk
azonban azonnal divergalt. A néstények megorizték kontraktilis tartalékukat: a PV-
hurkok a preload-recruitable stroke work (PRSW) és az ejekcios frakcié (EF)
megtartottsagat mutattak, mig himekben mindketté karosodast szenvdett. A proteomikai
adatok mechanisztikus magyarazatot kinaltak: a néstény szivek citoszkeletalis és
chaperon fehérjéket expresszaltak (ACTN2, TPM1, ORP-150, HSP90, CALR) mig a him
szivekben a trikarboxilsav-ciklus ¢és a zsirsav-B-oxidacid  kulcsenzimeinek
downregulacidja volt megfigyelhetd; ez a metabolikus dekompenzéicido a szivizom
energiahatékonysaganak romlasaban is tiikr6z6dott. Ezzel szemben Kizardlag
néstényeknél emelkedett az vég-diasztolés nyomas (EDPVR) és a relaxacio iddallandoja
(1), melyet a gyulladasos fehérjék expresszidjanak fokozodasa kisért, amely feltehetéen
a ndstényekre jellemz6 koncentrikus hipertrofiahoz is elengedhetetlen lehet. A szamos
mért keringd szteroid koziil az 6sztron-metabolitok (2- és 4-hidroxi-E1) alapjan tudtuk
elkiiloniteni legsikeresebben a sulyos valamint mérsékelt miokardialis funkciocsokkenést
elszenvedett patkanyok csoportjait, mely 0sszefliggést mutatott a mitokondrialis enzimek
¢s az aktin citoszkeleton alkotdinak expressziojaval.

A sebészi hasi aortasziikités (AB) hatdsara mindkét nemben hasonlo falvastagodas alakult
ki, a himek azonban a 12. hétre csokkent kontraktilitassal birtak, melyet a diasztolés
relax4cio romldsa kisért. A ndstények mindekozben megorizték eredeti miokardialis
funkcidjukat. A nyomadsterhelés csokkentését (DB) kovetden mindkét nem javuldst
mutatott, de eltérd mintdzattal. A ndstényeknél volt kifejezettebb a strukturdlis
visszaalakulas: nagyobb mértékben regredialt az intersticidlis kollagén, normalizalodott
a foetalis myh7/myh6 arany, és csaknem teljesen helyreallt a lipid-oxidacios fehérjék

expresszidja. A himek paradox médon nagyobb miokardialis funkcid javulast mutattak
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(EF, kamra—artérias csatolas, 1), am ez csupan egy korabban meredekebb hanyatlast
kompenzalt, nem pedig egy magasabb, intrinzikus regeneracids kapacitast jelzett.
Proteomikai szinten az AB korai stidiumaban mindkét nemben csokkent a lipid és
zsirsavoxidalo enzimek expresszidja, de DB csoportok koziil ez csak a ndstényekben
normalizaldédott. Az AB késdi stadiuméaban himekben a citoszkeletalis atépiilés és a
peptid-bioszintézis folyamatai visszaesést mutattak, mig a ndstényekben fokozott
gyulladas- és csokkent zsirsav anyagcsere bontakozott ki.

Az AB-DB adatok fokuszalt Gjraclemzése kapcsolatot teremtett a hemodinamika és a
proteom kozott. A LASSO-regresszi6 a 1-t — az aktiv relaxacio indexét — azonositotta a
proteomikai valtozasokkal legszorosabban &sszefiiggd hemodinamikai paraméterként.
Huszonkét, 1-hoz kapcsolt fehérje — koztik a GSTK1, COQ9 és PDLIMS — nagy
érzékenységgel és specificitassal kiilonboztette meg az aktiv remodellaciot a kontroll
allapottol, illetve a reverz remodellaciotol. Halozat analizisiink harom, stirtin kapcsolt
modult tart fel: kontraktilis—antioxidans, nukleo-citoszkeletalis—metabolikus, valamint
jelatviteli-kromatin klasztereket. Transzkripcidés faktor elemzéssel a MYC/MAX,
MYOD/MYOG, ATF3 és MAFF jelatvivoket azonositottuk, mint olyan integratorokat,
amelyek a mechanikai terhelésre adott expresszios valaszt vezérelhetik.

A bioldgiai nem a kardialis adaptacio valamennyi rétegét athatja. A néstények tompitjak
a korai szisztolés veszteséget, ugyanakkor iszkémiat kovetéen mar a korai szakban
diasztolas funkciokarosodast mutatnak; a himek miokardialis funkcidja korabban
csokken, viszont a nyomasterhelés csokkentést kovetden latvanyos funkcionalis
restitiicion esnek at. A zsirsavoxidacio enzimei remodellacid soran koran csokkennek, de
csak ndstényekben mutatnak hajlamot a korai nyomadsterhelés csokkentését kovetd
regeneracidora. Az Osztrogén-metabolitok (nem pusztan az Osztradiol) funkcionalis
kapudrokként iranyitjak a citoszkeletalis atépiilést és az oxidativ anyagcserét. Gyakorlati
szempontbol a 1 molekuldris barométerként viselkedik: mivel mély proteomikai
atrendezddéseket tiikkrdz, az aktiv relaxacido nem invaziv markerei érzékenyen jelezhetik

a miokardialis remodellaciot.
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