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Abstract: Left ventricular assist devices (LVAD) have been widely adopted for the treatment of both pediatric
and adult patients with end-stage heart failure. By unloading the failing ventricle, maintaining sufficient end-
organ perfusion, and improving the heart’s functional capacity, they are increasingly used as bridges to recov-
ery, cardiac transplantation, or destination therapy, thus improving patients” overall survival rate and life qual-
ity. However, beyond their life-sustaining functions, these devices pumping total cardiac output may have a
range of short and long-term harmful effects initiated by interactions of blood cells with artificial surfaces at the
LVAD/Host interface or by non-physiological flow conditions generated by these devices. One of the major chal-
lenges in LVAD therapy is the lack of satisfactory sensitivity and specificity of the currently available bi-
omarkers, making it difficult to differentiate the patients who will benefit from LVAD placement from those at
high risk for adverse events and poor outcomes. To this end, myocardial miRNAs have emerged as promising
targets for investigating heart failure-related molecular pathways. In addition, extracellular circulatory miRNAs
whose concentrations change with pathological state and disease progression may also mediate intercellular
signaling pathways that are important in the functional and structural changes associated with the development
and progression of HF. Herein, we provide a comprehensive overview of the currently known cardiac miRNAs
involved in LVAD-induced myocardial reverse remodeling, remission, and recovery, and circulatory cell-free
and platelet-enriched miRNAs that may serve as potential non-invasive biomarkers for pre-LVAD decision-
making or monitoring and predicting patient response to LVAD therapy.
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1. Introduction

Heart failure (HF) is a life-threatening clinical syndrome characterized by a heterogeneous path-
ophysiology and multiple etiologies [1]. The major causes of HF are ischemic (ICM) or dilated cardi-
omyopathy (DCM), hypertensive heart disease, and valvular heart diseases (Figure 1) [1]. The global
burden of HF is significant and a pressing issue of utmost urgency. It affects 1-3% of the general adult
population, with over 64 million people estimated to suffer from HF worldwide [2-4]. Furthermore,
the prevalence of HF is on the rise. This is driven by improved treatment outcomes, an aging popu-
lation, and sedentary lifestyles, along with an increase in other HF risk factors such as hypertension,
coronary artery disease, obesity, and diabetes [1-4]. Despite improved diagnostics and expanding
knowledge, HF remains a leading cause of death worldwide, with 1-year mortality estimated at 15—
30% and a 5-year survival as low as 25%, thus making this disease as “malignant” as many common
types of cancer [1-5]. The economic burden created by HF is also significant. This underscores the
urgent need for continued research and development of novel, patient-specific treatment strategies.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The central feature in HF progression is represented by adverse remodeling of the cardiac left
ventricular (LV) wall in response to the increased mechanical and biochemical stress initiated by ab-
normal hemodynamic and local neurohormonal and cytokine factors [6-8]. These stress factors pro-
foundly affect different components of the myocardium, altering their gene expression, metabolic
processes, signaling pathways, extracellular matrix structure, and protein function [6,8,9]. At the very
onset, the remodeling responses may be adaptive but become pathological and cause further myo-
cardial damage when sustained over time. Consequently, the ventricular volume, thickness, geome-
try, electrical integrity, and biochemical composition of the myocardial wall, and the orientation, size,
and shape of myocardial muscle fibers are all modified in states of chronic HF [6,9-13].
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Figure 1. Schematic presentation of heart failure etiology, progression, classification, prevalence, and thera-
peutic approaches. ACC/AHA - American College of Cardiology/American Heart Association; ACE — angioten-
sin-converting enzyme; ARBs — angiotensin receptor blockers; ARN - angiotensin receptor/ neprilysin inhibitors;
BTR - bridge to recovery; BTT — bridge to transplantation; CRT — cardiac resynchronization therapy; DT — desti-
nation therapy; HF — heart failure; HFmrEF — heart failure with mildly reduced ejection fraction; HFpEF — heart
failure with preserved ejection fraction; HFrEF — heart failure with reduced ejection fraction; LVAD - left ven-
tricle assist devices; MCS — mechanical circulatory support; MRA - mineralocorticoid receptor antagonist; SGLT2
- sodium-glucose linked cotransporter 2. Created in BioRender. Paic, F. (2025) https://BioRender.com/u96e763.

Clinically, that is manifested by inefficient myocardial contraction and progressive elevation in
left ventricular end-diastolic (LVEDV) and end-systolic volume (LVESV), followed by a significant
decrease in left ventricular ejection fraction (LVEF) (Figure 1) [1,7,11,14,15]. Together with the inabil-
ity of the cardiac muscle to pump a sufficient amount of blood and oxygen throughout the body,
including the heart itself, this is associated with significantly higher mortality in HF patients, frequent
hospitalization, and substantially decreased quality of life [16,17].

Although the adverse remodeling was initially considered to be an irreversible process, clinical
studies in the past few decades have shown that treatment modalities that counteract the underlying
mechanical and biochemical stress factors may effectively attenuate or, to a certain extent, even re-
verse the functional and structural changes associated with the development and progression of HF
[16,17]. This phenomenon, referred to as “reverse remodeling” has become a primary goal in treating
HF [18-23]. It is associated with better clinical outcomes and improved prognosis, offering hope for
the future of HF treatment. [18-23]. Idealy reverse remodeling should lead to myocardial recovery,
i.e.,, the sustained normalization of myocardial structure and function at the cellular, molecular, and
transcriptional levels accompanied by freedom from future HF events. However, the complete myo-
cardial recovery accompanied by normalizing systolic functions is currently accomplished in rare
cases [16,24]. Most of the so-called “optimally treated” HF patients who are receiving guideline-di-
rected medical therapy (GDMT) are in a clinically stabilized remission state. In other words, they
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experience long-term disease stabilization when they are monitored on an outpatient basis, tolerate
treatment well, and do not require hospitalization for decompensated HF. This may be accompanied
by myocardial or cardiac remission, with or without improved LVEF correspondingly [24].

Existing pharmacological therapies that promote myocardial reverse remodeling include inhib-
itors of angiotensin-converting enzyme (ACEI), renin-angiotensin-aldosterone [RAS] system, beta-
blockers (BB) or sodium-glucose cotransporter 2 inhibitors (SGLT2I) [16,17]. Reverse remodeling can
also be achieved by myocardial revascularization (coronary artery bypass surgery), mitral valve re-
pair and replacement, cardiac resynchronization therapy (CRT), or mechanical circulatory support
(MCS) with left ventricular assist devices (LVAD) [16,17,19,25-27].

Among available therapeutic options, LVAD support of HF patients was associated with the
most significant degree of ventricular remodeling at the structural, cellular, and molecular levels.
Furthermore, in selected HF patients with favorable clinical factors such as younger age, shorter du-
ration of HF, nonischemic cardiomyopathy (NICM), smaller left ventricular end-diastolic diameter
(LVEDD), and normal or mildly impaired renal function, a sustained improvement in myocardial
structure and function is noted, allowing the weaning from LVAD assisted device without the need
for transplantation or subsequent reintroduction of LVAD support [28]. This means that the stage of
disease and degree of structural damage, molecular alterations, and hemodynamic dysfunctions will
not only determine the type and clinical significance of HF [28]. They can also influence the possibility
and extent of the myocardial reverse remodeling, remission, and recovery once the appropriate ther-
apeutic approach has been applied. In most cases, despite the improved cardiac function, the under-
lying molecular processes are not in their physiological state, and these patients are still in danger of
disease progression [24]. Various transcriptional and proteomic profiling studies of paired apical my-
ocardial tissue samples explanted from human transplant recipients before and after a period of me-
chanical circulatory support with LVAD assist devices and pharmacological (e.g., isoproterenol and
angiotensin II infusion), surgical (e.g., thoracic aortic banding), and transgenic animal models of HF
have identified a number of genes that differ between failing and nonfailing (NF) human hearts or
differentiate responders and nonresponders to LVAD support [29-31]. They also led to the discovery
of a subset of persistently dysregulated HF genes that did not normalize during reverse LV remod-
eling. The latter are grouped into multiple functionally distinct gene modules related to cellular me-
tabolism, sarcomere, cytoskeletal, and extracellular matrix (ECM) components, or excitation-contrac-
tion coupling processes [32,33]. Coregulation of distinct sets of genes involved in tissue repair has
also been observed [32,33].

New areas of investigation continue to develop with an emphasis on biomarkers and advanced
imaging techniques that may be helpful for real-time evaluation of pathophysiologic changes and
prognosis in individual HF patients [30,34-38]. Until now, various proteins and protein-coding
mRNAs have been the most extensively studied despite accounting for only a minority of the human
genome [30,34-38]. Thus, a growing number of damage, remodeling, and neurohormonal activation
proteins implicated in the development of HF have been described, some of which are well-validated
and established as prognostic biomarkers in clinical practice (Figure 2) [34-38]. However, an in-depth
understanding of the underlying mechanisms of myocardial reverse remodeling, remission, and re-
covery in HF is still missing. The development of next-generation sequencing (NGS) techniques has
enabled in-depth coverage of the transcriptome landscape [39]. This has allowed for a more compre-
hensive investigation of noncoding RNAs, which have become an attractive target for defining novel
noninvasive biomarkers (Supplementary Table S1) and regulatory mechanisms in HF and other car-
diovascular pathologies (Figure 3) [39—41]. Although unable to encode proteins, noncoding RNAs,
including microRNAs (miRNAs) and long non-coding RNAs (IncRNAs), exhibit stable and highly
organized spatial, temporal, and tissue-specific gene expression [39-41]. They are crucial components
of stress response in the heart that fine-tune the genomic interactions with various environmental
factors and, thus, significantly influence cardiac homeostasis and function [39-41].
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Figure 2. Established and novel circulating biomarkers of heart failure. ADM - adrenomedullin; ADMA -
asymmetric dimethyl arginine; al-AT - alpha-1 antitrypsin; BDNF - brain-derived neurotrophic factor; BNP -
brain natriuretic peptide; CA125 - cancer antigen 125; CRP - C-reactive protein; ET-1 — endothelin 1; FGF-21 -
fibroblast growth factor 21; GAL-3 - galectin-3;GDF-15 - growth differentiation factor 15; GSTP1 - glutathione
transferase P1; H-FABP - heart-type fatty acid-binding protein; hs-cTnT/CTnI -high-sensitivity cardiac troponins
cInT and ¢Tnl; ICAM-1 - Intercellular Adhesion Molecule 1; IL-1 — interleukin; IL-6 — interleukin 6; IL-8 — inter-
leukin 8; IL-15 — interleukin 15; IL-18 — interleukin 18; IL-33 — interleukin 33; IL-1 RA- interleukin-1 receptor
antagonist; KIM-1 - kidney injury molecule-1; IncRNA - long non-coding RNA; MMP-1, matrix metalloprotein-
ase 1; MMP-2 -matrix metalloproteinase 2; MMP-9 - matrix metalloproteinase 9; MPO — myeloperoxidase; MR-
proADM - mid-regional pro-adrenomedullin; NGAL - neutrophil gelatinase-associated lipocalin; NO -nitric ox-
ide; NT-proBNP - N-terminal brain natriuretic pro-peptide; NTproCNP - N-Terminal pro C-Type Natriuretic
Peptide; Ox LDL - oxidized low-density lipoprotein; PICP - procollagen type I carboxyterminal peptide; PIIINP
- pro-collagen type III aminoterminal peptide;sST2 soluble suppression of tumorigenesis-2; TIMP-1 - tissue in-
hibitor of matrix metalloproteinase 1; TNF-a — transforming growth factor alpha; vVWF - Von Willebrand factor;
VCAM-1 - vascular cell adhesion protein 1; 8-OHdG - 8-hydroxy-2" -deoxyguanosine; Created in BioRender.
Paic, F. (2025) https://BioRender.com/c26u158.
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Figure 3. miRNAs implicated in regulation of cardiac hypertrophy, apoptosis, fibrosis and cardiac arrythmias in
heart diseases, i.e., dilated cardiomyophaty, diabetic cardiomyopathy, miocardyal infraction, atrial fibrillation
and pressure overload induced heart failure (hypertensove heart disease and transverse aortic constriction).
Created in BioRender. Paic, F. (2025) https://BioRender.com/t01x701.

Therefore, this review focuses on the biological effects of LVAD support of end-stage HF pa-
tients, emphasizing the promising role of miRNAs as biomarkers of HF and potential predictors of
structural, functional, and clinical aspects of myocardial reverse remodeling, remission, and recovery
elicited by LVAD-induced mechanical unloading. The expression profile of corresponding circula-
tory miRNAs and their potential as noninvasive biomarkers for monitoring and predicting patient
response to LVAD therapy will also be examined.

2. Left Ventricular Assist Devices

Heart transplantation has been a historically mainstay of therapy for end-stage heart failure pa-
tients. It has been, however, significantly limited due to a severe shortage of donor heart supply, long
waiting times, and strict recipient criteria applied to avoid poor outcomes. The shortage of organ
donors and the increasing incidence of HF have prompted efforts toward developing alternative ap-
proaches, namely short and long-term mechanical circulatory support (MCS) devices [42,43]. In gen-
eral, MCS may be distinguished by hemodynamic characteristics, site of blood draw and return, tech-
nique of insertion, and utilization of gas exchange units [42]. Two broad categories of durable MCS
are available: ventricular assist devices (VAD), which may provide support to either the left (LVAD),
right (RVAD), or both ventricles (BiVAD, biventricular assist devices) and total artificial hearts
(TAHs) [42—44]. The FDA does not currently approve durable MCSs for RV support, and most long-
term MCSs are continuous-flow devices designed for LV support. They are indicated for patients
with end-stage HF refractory to conventional medical treatment.

Implementing LVADs in routine clinical practice has significantly advanced the treatment of
end-stage HF [21,27,45-48]. By reducing the mechanical pressure and volume of the failing heart,
maintaining sufficient blood supply throughout the body, and improving the heart’s functional ca-
pacity, they are used as bridges to cardiac transplantation (BTT) and recovery (BTR) or as destination
therapy (DT) in patients who are not eligible for heart transplantation [21,27,45-48]. This has
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remarkably increased HF patients’ survival rates and life quality [49-52]. A concomitant technologi-
cal advance and the development of smaller, durable, intracorporeal, and magnetically levitated de-
vices paralleled with the improvement of patient selection and post-implant device management
guidelines, have led to their widespread use in a steadily increasing number of heart patients and, at
earlier points of disease progression [49-56]. In addition, these advancements have opened the door
to minimally invasive surgical procedures for LVAD implantation, which have further improved pa-
tient outcomes [57,58]. However, beyond life-sustaining functions, these devices pumping total car-
diac output may have short- and long-term harmful effects induced by mechanical blood flow pat-
terns and the interactions occurring at the LVAD/Host interface. Most frequently, they are related to
the incidence of device malfunction, thrombus, stroke, infection, gastrointestinal bleeding, multisys-
tem organ failure, and right heart failure [51]. The hazard for most of these adverse events is the
highest in the early postoperative period (<90 days) and diminishes significantly after that [51]. Nev-
ertheless, with current technological advances, survival rates are higher, adverse event rates are
lower than in prior eras, and the life expectancy of LVAD-treated HF patients is increasing.

Approximately 3000 LVADs are implanted worldwide each year. According to the Society of
Thoracic Surgeons (STS) and Interagency Registry for Mechanically Assisted Circulatory Support
(Intermacs), 27,493 patients were implanted with continuous-flow LVAD devices in the last decade
(2013-2022) [50]. In addition to remarkable contributions to the treatment of end-stage HF, the clinical
experience with LVADs has been invaluable for identifying structural, cellular, and molecular aspects
of myocardial reverse remodeling, remission, and recovery [26,27,30,35,53,59].

Initial studies of paired apical myocardial tissue samples explanted from human transplantation
recipients before and after a period of mechanical circulatory support with LVAD assist devices
showed for the first time that the structural aspects of cardiac remodeling, defined and quantified by
shifts of the ventricular end-diastolic pressure-volume relationship (EDPVR), can be substantially
reversed towards its normal values, even in the most advanced stages of HF [60,61]. Since then, in-
tensive research has been carried out on the possibility of myocardial reverse remodeling, and LVAD
implantation has been firmly established as a cornerstone in the treatment of advanced HF patients,
providing a reliable and effective therapeutic option [26,27,30,35,53,59].

3. Noncoding RNAs

Besides mRNA acting as blueprints for the translation of proteins that account for ~1.5% of cel-
lular transcripts, it is now clear that more than 75% of the human genome is transcribed, generating
an extraordinary range of RNAs with no protein-coding capacity [42,43]. A complete catalog of these
protein noncoding RNAs (ncRNAs) is yet to be available, and their characteristic sub-cellular locali-
zations, biological functions, and interactions with other components of cellular gene regulatory net-
works still need to be better understood. According to GeneCards knowledgebase (Version 5.20; up-
dated: May 14, 2024; https://www.genecards.org/), a searchable, integrative database that provides
comprehensive information on all annotated and predicted human genes, and its GeneCaRNA Suite
(https://www.genecards.org/genecarna) that integrates the resources from HGNC (The HUGO Gene
Nomenclature Committee; http://www.genenames.org/), NCBI Gene (The National Center for Bio-
technology Information Gene database; www.ncbinlm.nih.gov/gene), and Ensembl (ENSG;
https://useast.ensembl.org/index.html) databases together with information from RNAcentral tran-
script source (The non-coding RNA sequence database; https://rnacentral.org/ ) there are currently
291,492 annotated genome sequences encoding protein non-coding RNAs (ncRNAs) [44-49]. This
includes long-known, highly abundant, and functionally important ribosomal RNAs (rRNAs) and
transfer RNAs (tRNAs) involved in protein synthesis, as well as other constitutively expressed small
“housekeeping” ncRNAs necessary for cell viability, such as small nuclear RNAs (snoRNAs), small
nuclear RNAs (snRNAs), and telomere RNA (TRNA) involved in post-transcriptional RNA pro-
cessing, mRNA splicing, and chromosome end synthesis correspondingly. The pervasive transcrip-
tion of the human genome also gives rise to diverse arrays of regulatory ncRNAs. They can be clas-
sified based on the transcript length and structure, cellular location, mechanism of action, or associ-
ation with DNA regulatory elements, annotated genome sequences, and DNA repeats [50-54]. Based
on the length and structure of their transcript sequences, we differentiate short ncRNAs [e.g., micro
RNAs (miRNA), small interfering RNA (siRNA), piwi-interacting RNA (piRNA), etc.] containing less
than 200 nucleotides (nt) and long ncRNAs (IncRNAS; > 200 nt) with linear or circular (circRNA)
transcript structures [50-54]. Derived as sense, antisense, or bidirectional transcripts from either
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mitochondrial DNA or intronic, exonic, and intergenic regions of the nuclear genome, regulatory
ncRNAs are found in association with diverse membrane-bound (e.g., nucleus, mitochondria, endo-
plasmatic reticulum) or membrane-less subcellular compartments [e.g., stress granules (SG), Cajal
bodies (CB), processing bodies (PB), and another ribonucleoprotein (RNP) granules] where they can
be either biologically active or sequestered with their binding partners (e.g.,, DNA, RNA, proteins,
lipid components) [50-54]. The tissue-specific spatiotemporal distribution of regulatory ncRNAs is
intimately related to their functions in development, cell biology, and diseases, ranging from DNA
replication and mRNA translation regulation to genome stability defense. This is accomplished
through intricate ncRNA-RNA (e.g., IncRNA-miRNA-mRNA), ncRNA-DNA, and ncRNA-protein
interactions and tightly regulated by dynamic changes in physiological conditions and/or exogenous
environmental stress factors [51,52,55-58]. Regulatory ncNRAs have also been detected in a variety
of biological bodily fluids (e.g., serum/plasma, blood, and urine) following their secretion through
extracellular vesicles and, as such, can be used as potential noninvasive diagnostic and prognostic
biomarkers or therapeutic tools in various pathological processes, including HF and other cardiovas-
cular diseases [57,59,60].

The two most well-known classes of regulatory ncRNAs are miRNAs, which are involved in
sequence-specific post-transcriptional regulation of mRNA stability and translation, and IncRNA
molecules that acting as a signal, protein and RNA-binding decoys, molecular guides, or structural
scaffolds, play a crucial role in a variety of mechanisms involved in epigenetic control of gene expres-
sion [51,52,55-58].

4. MicroRNAs

Endogenous miRNA transcripts of ~ 22 nucleotides in length are important regulatory factors
involved in normal cellular homeostasis and pathological conditions, including myocardial disease
processes. Genes coding for miRNAs may be found by themselves or in polycistron clusters in vari-
ous coding and non-coding regions of the human genome [61,62]. About half of the known mamma-
lian miRNAs are within the introns of protein-coding genes or the introns or exons of other non-
coding RNAs, including IncRNAs [61,62]. In most cases (canonical miRNA pathway), they are tran-
scribed by RNA polymerase II as primary miRs (pri-miRs) that are cleaved by RNase III Drosha and
its co-factor Pasha (Partner of Drosha, or DGCRS in vertebrates) into a stem-loop structure called
precursor miRNAs (pre-miRNAs) [55]. These pre-miRNAs are then exported from the nucleus to the
cytoplasm by Exportin 5 and cleaved by Dicer, another RNAse III family member, into small double-
stranded RNAs (dsRNAs). Subsequently, either arm of this dsSRNA, designated as -3p or -5p, in con-
junction with a member of the Argonaute (AGO) protein family, gets incorporated into a miRNA-
induced silencing complex (miRISC) that represses the targeted gene expression [55]. In that process,
the mature and biologically active miRNA strand acts as a guide that directly interacts with comple-
mentary MRE (miRNA response elements) sites predominantly located within the 3’ untranslated
region (3-UTR) of target mRNAs leading to their translational repression (imperfect base pairing) or
degradation (complete base pairing) [55]. Still, some miRNAs have been associated with increased
expression of target genes through their interaction with the promoter sequences [63]. Several so-
called non-canonical pathways, i.e., Drosha/DGCR8- and Dicer-independent pathways involved in
the nuclear biogenesis of miRNAs, have also been described [64]. It has been estimated that human
miRNAs may regulate as many as one-half of the human protein-coding genes and play fundamental
roles in regulating different cellular functions [65]. Typically, a miRNA can regulate the expression
of tens or hundreds of protein-coding genes, but a particular gene can also be precisely controlled by
a number of different miRNAs, resulting in a complex and combinatorial mode of miRNA action in
gene regulation [66]. The potential for generating multiple mature miRNAs, or isomiRs with tissue-
dependent expression, resulting from alternative post-transcriptional processing of the same miRNA
precursor, allows for additional functional redundancy [67,68]. Also, various RNA-binding proteins
and other ncRNAs (e.g., IncRNAs) and epigenetic factors control the interactions of miRNAs with
their targets [69]. Many miRNAs are ubiquitously expressed throughout the human body, while oth-
ers are tissue-specific [70,71]. The distribution pattern of mature miRNA levels within a particular
cell or tissue is tightly regulated at multiple levels, including transcriptional and post-transcriptional
steps. Furthermore, their expression pattern is subjected to change during cellular differentiation or
in response to environmental and pathophysiological stimuli and can, as such, serve as a signature
of cell identity or biomarker of underlying disease processes. Currently, there are 1917 human
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microRNAs hairpin sequences annotated in mirBase repository version 22.1 (https://www.mir-
base.org/browse/results/?organism=hsa), while the GeneCards knowledgebase (Version 5.20; up-
dated: May 14, 2024; https://www.genecards.org/) enlists 6903 miRNA related human genes [72]. So
far, up to 150 of human encoded miRNAs have an established role in the cardiovascular system,
while 30-35 of them have been comprehensively analyzed and validated in experimental models in
vivo, highlighting both their clinical significance in the myocardium and vasculature and their bi-
omarker potential for patients diagnosis and treatment [73,74]. In recent years, numerous studies
have supported the involvement of miRNAs in pathological mechanisms leading to the development
and progression of HF [74-79]. Correspondingly, myocardial and circulatory miRNAs differentially
expressed as the consequence of LVAD-induced mechanical unloading of a failing human heart have
also been the center of intensive scrutiny.

5. Myocardial miRNA Signature in LVAD-Supported HF Patients

Research on the role of miRNAs as biomarkers and mediators of myocardial recovery in LVAD-
supported patients has been limited, employing various methods like real-time PCR [80-88], micro-
array analysis [89-91], and high-throughput RNA sequencing [83,86,87,90,92-94]. The findings from
these studies, summarized in Table 1, indicate that miRNAs may play a critical role in the heart re-
modeling process associated with LVAD-induced mechanical unloading.

Table 1. Summary of human miR expression studies in LVAD-supported LV myocardium.

Time of LVAD

Baseline patient support and/or

Study Methodology characteristics HF etiology LVAD device duration of HF in miRNAs of interest Major findings
days
Upregulation and
partial normalization
of miR-1, mir-133a,
LVAD:17[ male and miR-133b in
88%; ICM-8  pf-LVAD 21‘6‘27?1295“‘(’&‘:82 ICM;  further
Schipper et al. qPCR, age 40 13 years, (47%) (HeartMate, - 57.557) miR-1,133a, 133band  decrease in DCM;
[80] 4 miRs NYHA class IV NICM- 9 Thoratec, HF duration - not miR-208 similar changes of
(%) 100] (53%) Pleasanton, CA) reported miR-208 - expression
NF: 6 level too low for
reliable statistical
analysis
Test cohort:
recovered 7 [male LYFI:‘SI?CS:}IT(E‘T#.
50 %; age 4012 )
years; EF(% + SE) recovered 53+31;
18+5] dependent pf-LVAD dependent 61+29 ; Downregulated
7 (male 50 %, age (Thoratec,  Validation cohort: expression of miR-
42415 years; I:VEF Pleasanton, CA) recovered 433+250; 23a and miR-195 in
)1 51:5) and rotary cf- dependent the LVAD-recovered
Validation cohort: LVAD support  369+167; Paired versus LVAD-
recovered 7 ! Test cohort: pre- and post- dependent
PCR-based [male 71 %, age recovered - LVAD samples: miR-1, 15b, 21, 23a, 26a, myocardial tissue
Ramani et al. array; QPCR, 2748 years; LVEF NICM - rotary 14 %; 144+67 27a, 103, 133a, 133b, 142- probably reflects the
[101] 37 6lmiRs ’ (; 24+SE) 1,815)- 100 % dependent — HF duration: 3p, 181b, 195, 208, 3764, less serious nature of
dependent (maile rotary — 13 % Test cohort: and miR-424 HF at the time of
71 %; age 3329 Validation recovered 62+49; LVAD implantation;
R cohort: dependent 7558 no notable change in
years; 11;1: 5( /e+SE) recovered —  Validation cohort: miR expression
Paired ;re]:— and rotary 71 %; recovered between pre- and
post-LVAD desendent — 680+1117 ; post-LVAD patient
samples: 6 [male rotary 42 % depe:ndent 771£802 group
50 %; age 54+18 Paired pre- and
years; LVEF postLVAD

(%+SE) 1845]

samples: 210+108
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NEF: 7 [male 50 %;
age 36+10 years;
LVEF (%+SE)
65+10]
a-1-
LVAD - 18 [male antichymotrypsin

78 %; age 43.0 LVAD support (ACT) confirmed as
(28.0-48.0) years; (HTx patients): 282 a direct target for
Loketal 2] PR NYHAIV (%)  NICM- Cf_uﬁ;?e(llf et n07-521) MR miR-137; miR-137
1 miR 100]; 15 100 % Thoratec é A) HF duration: 1675 expression is
underwent HTx . (416-1954) inversely correlated
NF: 10 with ACT mRNA
levels in
myocardial tissue
No paired LVAD
samples; 13
. upregulated and 10
HTx-LVAD: 8 CIf{I;;i?l\th [114 downregulated miRs
[male 100 %; age (Thoratec miR-23a-5pt, 27a-5pt, in the LVAD group
/ i 29b-3p!, 135a-5p!, 142- with respect to the
46 ;4 ;,ga;; I:\ZZEF HTx-LVAD Pl;:as?)nt(];n,kCA), 3pt, 142-5pt, 144-5p1,  HTx-ctrl group; a
H(T::ctri: 9 [;na]le I CI\)/(I- 125 %_ (Miciolcleily 146b-3pt, 216a-5pi, 223- positive correlation
RNA 5.5 %; age 52 + 3 DICM - ! Technology HTX-LVAD 3p1,335-3pt, 338-3p1, was found between
Barsanti et al. sequencing yea1:5' LVEF_ 875 % Houston TX,) support: 357 +66  374b-5p1, 376a-3p!, some miRs and
[83]. 4PCR, 23 mifis % +SE,) 2+2] HTx-ctad: 1 IN é OR " HF duration: not 378gt, 628-5pt1,3195¢, cardiac index (miR-
’ o ) R reported 42841,44611,45321, 27a-5p, miR-142-3p,
All patients;  NICM -22 %, (Berlin Heart 44851,47921 and miR-  miR-142-5p, miR-
NYHA class III-IV; NICM - 78 % AG, Germany)] ! 56831 223-3p miR—2338—3p
LVEF <35 % at pf-LVAD: 1 Best and m,iR—378g) an d,
HTX or LVAD BEAT
implantation (NewCorTec, pl;z;g;i?; ‘;Z?itlsar
Pomezia, Italy) (miR-29b-3p and
miR-374b-5p)
Test cohort — pf-
Test cohort - pf- LVAD: L\T/‘ji;f:;’;;tp;é . Five miRNAs (miR-
LVAD: 5 [male HeartMate (180-301); HF 129%, 1464, 155, 221,
100 %; age 38 +7 (X)VE 60 %; duration 2 6,1 (26 and miR-222)
years; NYHA IV Thoratec 20 %; 1023); cf-LVAD displayed a similar
(%) 100]; cf-LVAD: Novacor 20 %; suppo;t 489 (238- expression pattern
5 [males 80 %; cf-LVAD: . . among cf- and pf-
897); HF duration let-7i, miR-1-1, 17%, 21, .
age 49 +6years; Test cohort: HeartMate Il 1747 (1531 22, 23a%, 23a, 25, 29b-1%, LVAD devices,
PCR-based VI Cﬁ)s V(%) I\?Océ)l\g_ v }%0/‘? 3316)Validation ~ 92a, 1291, 133a, 133b, Wheree}f Othegs only
Lok et al. [84].array; qPCR, 26 . L0V o atidation 1 it~ pLVAD 136,137, 142-5p, 1d6at, . O 8%
miRs Validation cohort - Validation cohort — pf- support 282 (197— 1551, 199a-5p, 199b-5p significantly during
pf-LVAD: 17 [malecohort: NICM LVAD: . ! ¢ " pf-LVAD (miR-let-7j,
512); HF duration 208a, 2211, 2221, 320d, X
82 %; age 45+ 3 100 % HeartMate- 1754 (750-2489); 378 and miR-378* 21, 378, and miR-
years; NYHA class (X)VE 70 %; FLVAD suppmft ! 378*) or cf-LVAD
IV (%) 100]; cf- Thoractec 18 %; 206 (190- support (miR-137);
LVAD :17 [male Novacor 6 %; 317); HF duration no significant pre-
94 %, age 39 +3 HeartMate-IP ’ 398 (49— and post-LVAD
years; NYHA IV 6 %; cf-LVAD: 1344) changes within
(%) 100] HeartMate-II individual patients
100 %
Paired pre- and Noticeable, although
. post-LVAD nonsignificant, up-
M:tr:i.y[—lsogl.th PCR, 2 miRs samples -n=10; ICM-53 % Cf_L\I]\/IAa?e(IIE eart- LVAD support: ~ miR-483-3p and miR-  regulation of miR-

no gender and age NICM - 47 %
data available

Thoratee, C) 200 (133-299) days

1202

483-3p, no change
in myocardial miR-
1202 expression
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Ragusaetal. =~ NGS/RNA Pediatric HF:13 DCM -69.2 % Pediatric HF: pf-  Notreported =~ NGS: miR-19a-3p!, 29b-  Downregulated
[106] sequencing, [male 46 %;age29 LVNC- LVAD n=3 1-5pt, 199b-5pi, 199a- expression of miR-
qPCR, 463 miRs (5-123) months; 154 % (Thoratec, Berlin 5p!, 338-3pt, and miR- 19a-3p, miR-199b-5p,
LVEF (%) 19 RCM -15.4 % Heart Excor); cf- 1246 | and miR-1246 in
(13.75-20.75)] LVAD n=1 qPCR: miR-12461, -19a- post-LVAD tissue;
Adult HF: 21 (Jarvik); BiVAD 3p! and miR-199b-5pt  down-regulatory
[male 66.7 %, age n=3 (BiVAD; effect of miR-19a-3p
60 (50-64) years, Thoratec, Berlin on cTnC expression;
LVEF (%) 22.5 Heart Excor) no data for miRNA
(19.5-25)] expression in adult
HF patients
myocardial AdipoR2
expression levels
were inversely
related to miR-19a-
3p, miR-199b-5p,
and miR-1246
Pediatric HF:13 Pediatric HF: pf- expression; miR-
[male 46 %; age 29 LVAD n=3 NGS: miR-19a-3p ¢, 29b- 1246 was also
(5-123) months; (Thoratec, Berlin 1-5pt, 199b-5pi, 199a- negatively
Ragusa et al. NGS/RNA LVEF (%)19 DCM 70 % Heart Excor); cf- 5pl, 338-3pt, and miR- associated with T-
(107] sequencing, (13.75-20.75)] LVNC-15% LVADn=1 Not reported 1246 1 cad; no relationship
qPCR, 463 miRs Plasma samples: 9 RCM -15 % (Jarvik); BiVAD qPCR: miR-12461, -19a- was observed among
pediatric HF n=3 (BiVAD; 3p! and miR-199b-5p1 miRNAs and
patients and 107 Thoratec, Berlin AdipoR1; in vitro
healthy children Heart Excor) validation confirmed
regulatory role of
miR-1246 and miR-
199b-5p on AdipoR2
and miR-199b-5p on
T-cad
Eight miRs showed
full normalization,
while twelve miRs
showed significant
LVAD: 10 [male decreases in
80 %; age 53 [t 14; ] I'Et-7ﬁ let-7g!, let-7i, expression levels
end-stage HF: 17 LVAD: ICM - LVAD support- miR-1{,15a, 16, 21, 221, between the failing
[male 64 %; age 40%, NICM - average 51 days 23a, 241, 26a, 26b!,27al, and LVAD-
Microarray, 467 56 6; L\/:EF 60% Hf duration: 27b, 29a, 29b¢, 30bd, supported
Matkovich et miRs ! % +;E), 14+6] End-stage  Notreported LVAD-17+1.0 30a-5p, 30c, 30d, 103, myocardium, no
al. [109]. NF: 11 [I;ale HF: ICM - months; end-stage 125b, 1264, 130a, 133a, paired LV A,D
41%, NICM - HF-68+60  133b,1431,195!,199a-3p, .
36 % age 566, 59 % months 378, 4991, and miR-638 samples; combined
LVEF (%+SE) 62 + ’ ! miRNA/mRNA
5] signature sufficiently
effective in
classifying different
HF types and
functional states
NICM 21 [male pf-LVAD: let-7-f, let-7g, let-7i, miR- Marginal difference
95 %,; age57 (33— HeartMate I, 1, 15a, 15b, 16, 17*, 19a, in miRs signature
78); LVEF median Thoratec Corp., 21, 22. 23a%*, 23a, 24, 25, between ICM and
(range) 15(10-30)] Pleasanton, 26a, 26b, 27a, 27a*1t, 27D, NICM and 1o
ICM: 13 [male California) 29a, 29b, 29b-1%, 30b, 30c, difference in miRNA
Akat et al. NGS/RNA 92 %; age 66 (51— NICM- 62 % cf-LVAD; 30d, 92a, 103, 125b, 126, cistron expression
[90] sequencing; > 78) LVEF median ICM - 38 % HeartMate II, Not reported  130a, 133a, 133b, 136-3p, among paired
500 miRs (range) 17.5(10— (Thoratec Corp., 136-5p, 137, 142-3p, 142- myocardial samples
22)] Pleasanton, 5p, 143, 146a, 155, 181b, before and after
NF; 8 [male 63 %; California); 195, 199a-5p, 199a-3p, LVAD support;
age 48 (2-80) HeartWare 199b-5p, 204, 208a, 208b, miRNA changes ,in
LVEF, (HeartWare 216a, 217,221, 222,223, HEF tissues partially
median(range) International, 335-3p, 338-3p, 376a,
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57/65(6 Framingham, 374b, 376a-3p, 378, 378%, resembled that of
unknown) | MA, USA) 424, 483-3p, 499, 628 and  fetal myocardium
Fetal hearts:5 fetal miR-2114
(gestational age
19-24 weeks),
LVAD:: 8 NICM,
7 ICM
LV; miR-10b!, 95, 103b,
135b, 1821, 187, 208a,
59) years; LVEF (5) 829, 373, 374bi, 431,
13 (10-20); 4311, 495, 545x, 601,
LVEF<50% 50 %; 628-5p1, 9401, 1226,
! 1226*1,18251, 3128, miR-4458 in the LV
NYHA II/IIV LVAD support: . .
87,5% LVAD: NICM 156 days (131268 ) 3187-3pi, 3201, 39104, and miR-21* miR-
. . HE without ~100 % HF duration: 4269, 42701, 4458, 4521, 1972, miR-4461 in
Parikh etal. - Microarray, 58y 1) g male  HF without Notreported ~LVAD-48 (30— 000!, 4687-3pl, 46891, the RV were
(1] miRs 87.5 %; age 50 (43-LVAD: NICM 120); HF without ___+/411,4795-3p, significantly
54) years; LVEF ~100% LVAD - 39 (6-108) ENSG00000202498¢ and norr.nahzed
(%) 18 (15-26); ENSG00000202498_x | following LVAD
LVEF<50% ’ RV: miR-10by, 21% 92a- implantation.
87.5%; NYHA 195 124 138 181a1,
II/IIV 87.5 %] 182., 216a, 217, 373, 431,
NF: 6 [age 45 4511, 1247, 1972, 3065-3p,
(40-51) years] 4461, 4524, and HBII-52-
32 x1
. Only seven miRs
LVAD: 16 [male miR-23b-5p1, 93-3p, [miRy—365a-3p and
. 130b-5p!, 183-3p4, 193b- . :
81 %, age 60 (54- 5p7, 301a-5p1, 302a-3p1, m1R—378a—3p in IC.M
Yang et al. seqﬁ;iﬁ;?ow 65) ye;;S(%SVEF < ICM - 50%, Not reported 20530 days (range 363-3p1, 3650-3p 1, 3780 i‘;‘;b’_gfﬁii iz?g;
[112] L NICM - 50% 111 - 690) 3pt,378et, 3781, 425- o !
miRs NF: 8 [male 5p4, 429, 548d-5p 4, 6651 miR-548d-5p, and
87.5 %; age 53.5 7,60 a,nd miR—44’84T ’ miR-760 in NICM]
(52-58) years | ! normalized with
LVAD support
let-7f-1, miR-1-1, 1-2, 10b-
5p, 15a, 15b, 16-1, 21, 23a,
23b, 24-1, 26a-1, 27b,
Iiial;:]\/s?re 29a,29a-5p, 29b-1,30a,
HE: 37 [male (HeartWare 30c-1, 30d,30e-5p, 34a,
86.5 %; age  49.6 International 34b, 34¢, 92a-1, 100, 101-
+13.1 years; LVEF Framingham, 1-5p, 103a-1, 125b-1, 129-
(%) 23.7+7.7; MA, USA); ’ HF duration: 83 1, 130a, 133a-1, 133a-2,
RNA INTERMACS -1 NICM-54 % Five ,patient,s +68.9 montils 133b,133b-5p, 140-5p, No significant
Muthiah et al. sequencing, 100 32.4%,1162.1 %, ICM-35% had P_aire d samples 145-5p, 151a-5p, 155, 182,  changes in miRs
[93] miRs g 154 %] HCM -8 % biventricular  LVAD support: 192-5p, 195, 199b, 199a-1,  expression were
12 paired pre-and CHD -3 % support with a 307 +132 days' 206, 210, 211, 212, 208a, detected
post-LVAD HeartWare - 208b, 214, 214-5p, 221,
samples were centrifugal-flow 328, 378a, 378b, 378,
used for RNA . 378d-1, 378d-2, 378e,
X LVAD placed in .
sequencing the left LV and 378f, 378g, 378h, 378i,
RV. 378j, 423, 451b, 452-5p,
455-5p, 489, 526a-1, and
miR-1307-5p

CHD - congenital heart disease; cf-LVAD - continuous flow LVAD devices; DCM - dilated cardiomyopathy;
HCM - hypertrophic cardiomyopathy; HTx -heart transplantation; HTx-ctrl — heart transplant control, ICM —
ischemic cardiomyopathy; INTERMACS - interagency registry for mechanically assisted circulatory support; LV
— left ventricle; LVEF - left ventricular ejection fraction; LVAD - left ventricular assist device; LVNC- LV non-
compaction; NF — non-failing control; NGS - next generation sequencing; NICM — nonischemic cardiomyopathy;
NYHA class - New York Heart Association functional classification for heart failure; pf-LVAD - pulsatile flow
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LVAD devices; qPCR — quantitative real-time PCR; RMC - restrictive cardiomyopathy; RV —right ventricle; SE -
standard error; Bold - upregulated in HF compared to NF, | downregulated following LVAD support. 1 upreg-
ulated following LVAD support; italics — normalized after LVAD support; underlined — miRNAs that regulate
mRNA transcripts altered in HF myocardium without LVAD support.

Schipper et al. were the first to report significant changes in the expression of myocardial miR-
NAs accompanying LVAD-induced heart remodeling [80]. In their HF patient cohort, they found that
preoperative expression levels of miR-1, miR-133a, and miR-133b were decreased in the myocardium
from both the ischemic (ICM) and nonischemic dilated cardiomyopathy (NICM) patient group com-
pared to the nonfailing myocardial tissue [80]. The decrease in miRNA expression levels was more
pronounced in the ICM group. Interestingly, LVAD support did not stop further reduction in their
expression levels in the myocardium of NICM patients [80]. At the same time, the expression of miR-
1, miR-133a, and miR-133b was increased in the ICM group (Table 1) [80]. However, the observed
restoration was only partial and did not reach the expression values of the control myocardium, ei-
ther in LVAD patients supported for a short or a long (i.e., more than a year) period of time [80]. The
role of miR-1 and miR-133a in heart remodeling is significant. Various in vitro and in vivo studies
suggest that these miRNAs, by specifically regulating multiple targets and molecular pathways, have
indispensable roles in repressing fetal gene programs in the postnatal heart, suppressing pathological
cardiac remodeling and fibrosis, and regulating cardiomyocyte growth response, Ca2+ handling,
apoptosis, conduction disturbances, and arrhythmogenesis [76,95,96]. Therefore, their expression
patterns were frequently found to be dysregulated in the hearts of patients with hypertrophic, is-
chemic, or idiopathic cardiomyopathy, cardiac arrhythmias, and end-stage HF [76,95,96].

Ikeda et al. also detected reduced miR-1, miR-133a, and miR-133b expression in failing human
myocardium [97]. However, these data were contrasted by some microarray-based studies showing
opposite trends [89,98]. This variability in the transcriptome signature is encountered across studies
of HF and can be explained by differences in methodology, the clinical characteristics of included
subjects, inter-individual susceptibility to disease progression due to heterogeneous genetic or envi-
ronmental etiologies, and the response to pharmacologic and nonpharmacologic therapies of a failing
myocardium. Thus, improving the metrics to identify unique genomic signatures for HF of different
etiologies and, more importantly, different prognoses may have a superior potential for better clinical
diagnosis, patient monitoring, and treatment outcomes.

Matkovich et al. demonstrated that integrating miRNA profiling with myocardial mRNA tran-
scriptome analysis significantly enhances the RNA signature’s ability to classify the clinical status of
HF patients [109]. Their study identified eighty-one miRs expressed in human ICM and NICM cardi-
ovascular tissue, with 28 stress-responsive miRNAs (Table 1) that can evoke cardiac hypertrophy,
ventricular remodeling, and heart failure, including miR-1 and miR-133b, significantly upregulated
in failing myocardium. A strong trend for upregulation was also observed for miR-21, miR-23a, miR-
133a, and miR-638. Conversely, none of the miRNAs detected in their study met the same level of
stringency for downregulation in HF [109]. Post-LVAD support, many of these upregulated miRNAs
showed a trend for normalization, indicating the myocardium’s ability to recover after biomechanical
unloading [89]. Eight miRNAs, i.e., let-7f, miR-27b, miR-30a-5p, miR-30c, miR-30d, miR-103, miR-
130a, and miR-378, returned to baseline levels, showing a full normalization while the expression
levels of let-7g, miR-1, miR-22, miR-24, miR-26b, miR-27a, miR-29b, miR-30b, miR-126, miR-143, miR-
195, and miR-499 displayed a significant reduction in recovering, i.e., LVAD-supported myocardium
[89]. The remaining miRNAs showed intermediate expression signatures that, although downregu-
lated in the post-LVAD group, were not significantly different from the ones registered in the HF
patients without LVAD support [89]. Parallel mRNA microarray analysis detected 155 (35%) upreg-
ulated and 289 (65%) downregulated mRNAs compared to NF controls. However, only 29 of them
were normalized by at least 25% following LVAD support. Nevertheless, when compared with the
miR signature, unsupervised hierarchical clustering of the overall mRNA expression pattern was bet-
ter at distinguishing between NF and HF patient groups. However, it failed to differentiate between
recovering and non-failing hearts. In contrast, the obtained miR signature was more sensitive to the
mechanical unloading status of end-stage HF but failed to determine some LVAD-supported hearts
from those in the NF group. Nonetheless, the combined RNA profiling method proved effective in
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classifying different HF types and functional states, albeit with limitations due to the use of patient
cohorts with no paired pre- and post-LVAD samples.

Ramani et al. studied myocardial miRNA expression in HF patients with nonischemic etiology
and found distinct expression patterns between recovery and LVAD-dependent groups [81]. Their
study included a test and validation HF cohort, which differed based on demographic and clinical
parameters. Specifically, the validation cohort had more male patients, greater LV diameters, and a
longer disease duration before LVAD implantation. Also, the validation cohort was subjected to more
extended LVAD support and had more patients supported with continuous (cf-LVAD) blood flow
devices as opposed to more prevalent pulsatile blood flow (pf-LVAD) support in the test cohort. Half
of the patients in the test and validation cohorts underwent LVAD removal (recovery group), while
the other half remained LVAD-dependent [81]. Notably, histological cardiomyocyte size determina-
tion in the test cohort revealed that the recovery group had significantly smaller cardiomyocyte cross-
sectional areas than the LVAD-dependent group. In the test cohort, initial PCR array analysis identi-
fied ten differentially expressed miRNAs (Table 1), with miR-103, miR-142-3p, miR-181b, and miR-
376a upregulated in the recovery group, while miR-15b, miR-23a, miR-27a, miR-26a, miR-195, and
miR-424 were downregulated [81]. Conversely, miR-1, miR-21, miR-133a, miR-133b, and miR-208,
previously reported to play an essential role in HF-related pathways , showed a similar expression
pattern in the recovery and LVAD-dependent groups. Subsequent qRT-PCR analysis of the test co-
hort further confirmed significantly downregulated expression of miR-15b, miR-23a, miR-26a, and
miR-195 in the recovery group. However, only miR-23a and miR-195 showed the same expression
signatures in the validation cohort. Additional comparisons between cohorts indicated that miRs 23a
and 195 had similar signatures in recovery and non-failing groups. Finally, the analysis of a separate
cohort of six paired pre- and post-LVAD myocardial tissue samples revealed no difference in the
expression levels of miR-23a and miR-195 [81]. Also, excluding the upregulated expression of miR-
21 and miR-208 in pre-LVAD heart tissue, no difference in the expression levels of any other miRNAs
was detected. As suggested by the editorial comment of Mann and Burkhoff, these results indicate
that the expression signatures of miR-23a and miR-195 observed in the recovery group might reflect
the less severe nature of these patients at the time of LVAD implantation rather than be a marker of
reverse remodeling or myocardial recovery induced by mechanical unloading and concomitant med-
ical therapy [88]. Both miR-23a and miR-195 have previously been reported as pro-hypertrophic and
pro-apoptotic miRNAs upregulated during pressure-induced cardiac hypertrophy [99,100]. MiR-195
also alters cardiac energy metabolism, fibroblast transdifferentiation, and cardiac fibrosis [101,102].

Comparative sequence-based coding and non-coding transcriptome profiling in pre- and post-
LVAD myocardial tissue samples reported by Yang et al. revealed only modest changes in miRNA
signatures [92]. They detected 160 (100 up- and 60 down-regulated) and 147 (106 up- and 41 down-
regulated) differentially expressed miRNAs identified in the Ischemic and nonischemic patient
groups, respectively. Notably, a small fraction of miRNAs (seven in ICM and eleven in NICM) exhib-
ited significant post-LVAD improvement (Table 1), with only two of them in ICM (miR-365a-3p and
miR-378a-3p) and five in NICM (miR-93-3p, miR-193b-5p, miR-425-5p, miR-548d-5p, and miR-760),
normalizing to their near non-failing myocardium levels [92]. Their findings contrast Matkovich et
al.’s results, which show more dramatic expression differences [89]. Paralleled mRNA transcriptome
analysis of the same samples identified 2262 and 1929 differentially expressed mRNAs, respectively,
with a small fraction (68 miRNAs in ICM and 45 miRNAs in NICM ) normalized during LVAD sup-
port. Despite these findings, the study encountered challenges distinguishing between advanced HF
etiologies and differentiating pre- and post-LVAD samples using miRNA and mRNA profiles. Ulti-
mately, while combined mRNA/miRNA profiles could differentiate non-failing from HF tissues, they
were ineffective in segregating pre- and post-LVAD myocardial tissues from either ICM or NICM
origins. This is also in sharp contrast with the study data of Matkovich et al., where combined miRNA
and mRNA profiling provided distinctions between HF samples before and after LVAD support [89].
Contrarily, as clustering highly depends on the selected genes, later bioinformatic reanalysis of tran-
scriptional data from this study, performed by Li et al., revealed distinct miRNA and mRNA
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expression signatures in both ICM and NICM samples compared with NF controls [94]. In their
study, only 55 miRNAs, including miR-21-5p, miR-125b-1-3p, and miR-106b-5p, showed consistent
upregulation in ICM and NICM. In contrast, 38 miRNAs, including miR-20a-5p, miR-17-5p, and let-
7e-5p, were downregulated in both disease states. Similarly, 180 mRNA genes (135 up- and 45 down-
regulated) showed the same differential expression pattern in ICM and NICM. Some of these genes
are involved in miRNA-mRNA networks regulating the key HF disease pathways, such as Wnt sig-
naling, calcium signaling, and cell cycle regulation [114]. The recent findings of Zhu et al. highlight
the variations in the outcomes of these studies [103]. Based partly on sequencing data from Yang et
al., their results indicate that complex IncRNA/circRNA-miRNA-mRNA networks regulate HF with
different etiologies. These networks comprise pathways common to all HF types, suggesting a shared
pathological mechanism for advanced HF. There are also distinct etiology type-specific regulatory
networks as well as patient-specific regulatory pathways that manifest differently across individuals
regardless of their underlying HF etiology [103]. Thus, besides the differences in platforms used for
transcriptional profiling (i.e., microarray versus deep sequencing analysis), clinical characteristics of
cardiomyopathy subtypes, and individual patient selection, applied bioinformatics tools can greatly
influence the outcome of this and other profiling studies.

In addition to mRNA and miRNA sequencing, Yung et al. also conducted a comprehensive pro-
filing of IncRNAs, thus revealing additional transcriptional complexity associated with HF and my-
ocardial recovery following LVAD-induced mechanical unloading [92]. They detected 679 IncRNAs
(569 up and 110 down-regulated) differentially expressed in ICM and 570 (438 up- and 132 down-
regulated) in the NICM patient group. Among them, 55 IncRNAs in ICM (8.1%) and 56 in NICM
(9.8%) were improved, while 26 IncRNAs in ICM (3.8%) and 30 in NICM (5.3%) were normalized
with LVAD support [92]. Thus, a significantly higher proportion of differentially expressed IncRNAs
in failing hearts were found to improve or normalized by LVAD support compared to the expression
signature of miRs or mRNAs. Their clustering analyses showed that differences in IncRNA expres-
sion signatures, even with no stringent selection criteria applied, could effectively distinguish cardi-
omyopathies of different etiology and discern between myocardial samples obtained before and after
LVAD treatment for either type of cardiomyopathy investigated [92]. Until now, this is the only re-
port providing a comprehensive analysis of IncRNAs in failing human hearts before and after LVAD-
induced mechanical unloading.

Similar to the results of Yang et al., comparative RNA-sequencing analysis of myocardial miR-
NAs in patients with end-stage HF before and at different postoperative time points after LVAD im-
plantation reported by Akata et al. detected only marginal differences in miRNA expression between
ICM and DCM hearts (Table 1) and no significant differences in miRNA cistron expression in the
patient-matched myocardial samples taken before and after LVAD support [90]. Interestingly, the
cardiac-specific mir-208a, mir-208b, and mir-499 were unaltered in either DCM HF or ICM HF com-
pared to NF control. However, the study revealed that miRNA changes in HF tissue partially resem-
ble those of the fetal myocardium. These results align with previous findings that reactivation of a
fetal miRNA program may substantially contribute to gene expression alterations in failing human
hearts. This insight could have significant implications for future research and clinical practice
[98,104].

Muthiah et al. also detected no difference in the expression of myocardial miRNAs among
LVAD-supported patient groups [93]. Their study explored the interplay between clinical, cellular,
and transcriptional signatures of reverse myocardial remodeling in advanced HF patients. Following
the LVAD support, no change in the extent of interstitial fibrosis was detected, probably due to the
chronicity of HF (median 74 months). However, significant regression of cardiomyocyte hypertrophy
(i.e., decreased cardiomyocyte cell size), improved LV and RV ejection fraction, decreased LV wall
stress, and a considerable fall in circulatory NT-proBNP levels were observed. Nevertheless, despite
these beneficial findings, there was an apparent disconnect between the molecular and functional
phenotypes of myocardial recovery obtained with hemodynamic unloading since no significant fold-
change in myocardial miRNA signatures was detected [93]. Notably, most of the miRNAs
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investigated in this study (Table 1) were previously associated with genomic control of cardiac hy-
pertrophy. The lack of transcriptional adaptations following LVAD support was also confirmed by
unsupervised hierarchical clustering and principle components analysis of miRNA expression signa-
tures, which did not resolve etiology or implant/explant status in the primary or secondary cardio-
myopathy patient groups. There was also no differential miR expression among patients separated
according to their functional recovery status based on pre-defined criteria of LVEF improvement [93].
In light of these results, Eduardo Rame ]’s comment suggests that in this study, and in general, the
response to myocardial unloading may be predominantly mediated by long non-coding RNAs
(IncRNAs) or metabolic interactions [105]. Other possibilities may be that the unsupported right ven-
tricle continues to inform the heart’s overall cellular expression or that a miRNA phenotype of mo-
lecular reprogramming does take place with mechanical unloading but with limited durability [105].
The true answer may be somewhere in between and is currently unknown. As the available literature
shows, this molecular functional phenotype dissociation also exists in other contexts of myocardial
reverse remodeling and functional recovery following LVAD support that is not coupled to a reversal
or normalization of the molecular phenotype is not an unusual finding.

Differential expression of miRNA signatures, although on a smaller scale, in LVAD-supported
HF patients was also studied by Lok et al. [82]. They reported increased expression levels of miR-137
in cardiomyocytes and LV myocardial tissue stromal cells following LVAD support [82]. Also, the
expression of miR-137 was inversely correlated with a-1-antichymotrypsin (ACT) mRNA levels in
myocardial tissue. Subsequent analysis showed that miR-137 directly targets ACT, thus indicating
their role in the pathophysiology of HF and reverse remodeling during mechanical support [82]. Sim-
ilarly, Morley-Smith et al. reported enriched expression of miR-483-3p and miR-1202 in the pre-
LVAD myocardium of end-stage HF patients with ICM and NICM etiology [85]. The LVAD support
resulted in noticeable, although nonsignificant, up-regulation of miR-483-3p, while no change in my-
ocardial miR-1202 expression was observed [85].

RNA sequencing study performed by Barsanti et al. also reported a significant change of miRNA
signature in end-stage HF patients supported by LVADs, identifying 23 differentially expressed miR-
NAs [83]. However, their patient cohort involved only post-LVAD patients, while myocardial sam-
ples from HF patients undergoing heart transplants were used as controls. Nevertheless, hierarchical
clustering showed that the obtained miRNA signatures were well distinguished between LVAD and
control samples despite their wide intrinsic variability. Thirteen miRNAs (miR-23a-5p, miR-27a-5p,
miR-142-3p, miR-142-5p, miR-144-5p, miR-146b-3p, miR-223-3p, miR-335-3p, miR-338-3p, miR-378g,
miR-628-5p, miR-4461 and miR-5683) were found upregulated and ten downregulated (miR-29b-3p,
miR-135a-5p, miR-216a-5p, miR-374b-5p, miR-376a-3p, miR-3195, miR-4284, miR-4485, miR-4532,
and miR-4792) in the LVAD supported group [83]. The expression signatures of miR-29b-3p, miR-
142-5p, miR-142-3p, miR-135a-5p, and miR-223-3p validated by qRT-PCR in patient subgroups cor-
related with sequencing data for all the tested miRNAs. A significant difference was confirmed for
miR-135a-5p, miR-142-3p, and miR-223-3p, while the expression values of miR-142-5p and miR-29b-
3p showed a clear, although nonsignificant, consistence with sequencing data [83]. Notably, miR-27a-
5p, miR-142-3p, miR-142-5p, miR-223-3p, miR-338-3p, and miR-378g that were upregulated in the
LVAD group were positively associated with cardiac index values assessed before LVAD implant
and off-pump during the heart transplant [83]. Contrarily, miR-216a-5p, downregulated in the LVAD
group, showed a negative association with the cardiac index values. As expected, the cardiac index
values that measure improvement in heart function before and after LVAD support seemed to be
significantly improved in the LVAD-supported group with respect to control patients. Furthermore,
miR-29b-3p and miR-374b-5p showed a significant positive correlation with pulmonary vascular re-
sistance, calculated as the ratio between pulmonary artery pressure and cardiac output values. The
later measurements were available only for the patients in the control group. Nevertheless, both miR-
29b-3p and miR-374b-5p were found to be downregulated in LVAD-supported compared to the con-
trol patient group [132]. In addition, in silico identification and pathway enrichment analysis of miR-
NAs correlated with cardiac index and pulmonary vascular resistance revealed a number of putative
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targets associated with hypertrophic and dilated cardiomyopathy, Wnt, PI3K-Akt, TGF-beta, and
mTOR signaling pathway, regulation of actin cytoskeleton, ECM-receptor interaction, and cytokine-
cytokine receptor interactions [83]. Interestingly, fourteen miRNAs analyzed in this study were pre-
viously identified by Akata et al. as differentially modulated in fetal myocardium compared to non-
failing postnatal hearts [90]. However, only four of them showed changes similar to those identified
in LVAD-supported hearts, with miR-335-3p exhibiting upregulated and miR-29b, miR-135a, and
miR-374b-5p downregulated expression in fetal myocardium compared to nonfailing postnatal
hearts [90]. Furthermore, none of the miRNAs marked as improved or normalized by LVAD support
in Yang et al. [92] was found to be significantly changed in this study [83]. On the contrary, miR-27a-
5p, which was significantly upregulated in this study’s LVAD group, was also upregulated after
LVAD implantation in Akat et al. [90]. In contrast, miR-216a was strongly upregulated both in tissue
and plasma samples of advanced HF patients, as reported by Akat et al. [90], but was downregulated
in this study, thus once again highlighting the discrepancies commonly encountered in correspond-
ing transcriptome profiling studies [83].

Given their smaller, quieter design and superior clinical outcomes, continuous-flow LVAD de-
vices (cf-LVAD) are now routinely used in clinical practice for short and long-term support in ad-
vanced HF. However, continuous-flow LVADs use a motor at fixed speeds, leading to constant blood
ejection into the systemic circulation, while previously prevalent pulsatile-flow LVAD devices (pf-
LVAD) mimic the natural rhythmic action of the heart. Some studies indicated that continuous-flow
LVAD support devices may have a lower rate of left ventricular recovery associated with diminished
pulsatility, increased pressure gradients on the aortic valve, and decreased compliance in smaller
arterial vessels [106].

Lok et al. examined the differences in miRNA expression profiles affected by each type of LVAD
device and their role in pathological cardiac remodeling [84]. They compared the miRNA expression
patterns in pf-LVAD versus cf-LVAD-supported HF patients with NICM etiology [84]. The investi-
gated miRNAs were selected based on the literature search and experimental microarray data from
the test cohort of LVAD patients. Ultimately, 26 miRNAs were studied in the validation cohort using
qRT-PCR methodology (Table 1). Of all the differentially expressed miRNAs in LVAD-supported
myocardium, only 30% were common to both LVAD devices, with some showing the same expres-
sion pattern changes following mechanical unloading. The expression of miR-129* and miR-146a was
significantly decreased in pre-LVAD-supported patients and increased during mechanical support.
Conversely, miR-155, miR-221, and miR-222 were upregulated in pre-LVAD and decreased in the
myocardium of the recovery hearts [84]. At the same time, miR-let-7i, miR-21, miR-378, and miR-378*
changed significantly only during pf-LVAD support, with miR-let-7i and miR-21 showing decreased
expression and miR-378 and amiR-378* increasing expression following device implantation. In cf-
LVAD-supported hearts, let-7i and miR-21 showed the same trend as in pf-LVAD, but only miR-137
changed significantly, displaying elevated post-LVAD expression levels. However, comparing pre-
and post-LVAD expression levels of these five miRNAs within individual patients showed no signif-
icant changes between pf- and cf-LVAD devices, thus indicating that observed myocardial changes
or clinical outcomes specific to each device do not relate to differences in miRNA expression levels
[84]. Previously, this group showed that the expression of miR-1, miR-133a, and miR-133b is partially
restored during pf-LVAD support [80]. However, this was only observed in ICM patients and not in
the NICM patient group. Similarly, results were reported in this study, showing no significant change
in their expression in myocardial tissue of cf-LVAD-supported nonischemic patients with dilated
cardiomyopathy [84].

Right ventricular failure (RVF) is a common complication of LVAD-supported HF patients, with
early RVF (i.e., the first 30 days following LVAD placement) occurring in as high as 35 % of patients
and late RVF (> 30 days post-LVAD implantation) that happens in 10 % of cases [107,108]. The RVF
is associated with increased perioperative mortality, prolonged intensive care unit and hospital
lengths of stay, higher rates of HF admission and hemocompatibility-related adverse events
(HRAES), and worse survival even after cardiac transplantation [107,108]. Several RVF risk scores
have been developed, combining clinical, laboratory, and hemodynamic measurements [109-111].
Still, the pathological mechanisms of LVAD-related RVF’s pathophysiology remain poorly under-
stood, and reliable biomarkers informing RV function have not been identified. Furthermore, RV ad-
verse and reverse remodeling mechanisms differ in many ways from corresponding LV processes, so
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assumptions of function and molecular pathways based on studies of LV remodeling can be gener-
alized and applied to the RV only to some extent [112,113]. Differences in protein-coding gene ex-
pressions between the RV and LV have been comprehensively studied in healthy and diseased hearts
from animal models and human samples [113-115]. In contrast, data involving miRNA expression in
the RV are still scarce, particularly in LVAD support settings [91,116,117].

Chamber-specific transcriptomic changes in end-stage HF patients subjected to heart transplan-
tation were recently reported by Parikh et al. [91]. They used transmural LV and RV ventricular free
wall (LVFW and RVFW) tissue samples explanted from the nonischemic hearts with dilated cardio-
myopathy with and without LVAD support and nonfailing hearts for a microarray-based global
mRNA and miRNA expression analysis. Histologically, both LV and RV of DCM hearts without
LVAD support showed increased fibrosis and higher cardiomyocyte cross-sectional area compared
to nonfailing myocardium, which was decreased following LVAD support. The cardiac enlargement
was confirmed by significantly up-regulated mRNA levels of the brain natriuretic peptide (BNP) and
p-myosin heavy chain (3-MHC). However, the levels of these biomarkers were reduced following
LVAD support [91]. The miRNA transcriptome analysis revealed 39 (Table 1) differentially expressed
miRNAs (16 up-regulated and 23 down-regulated) in the LV tissue of DCM hearts without LVAD
support compared to NF myocardium. In contrast, 19 miRNAs (Table 1) were differentially expressed
(12 up-regulated and 7 down-regulated) in RV. Interestingly, six of these miRs, i.e., miR-10b, miR-95,
miR-182, miR-373, miR-431, and miR-451, were detected in both LV and RV myocardium. They all
showed the same mode of expression, with miR-431 showing downregulated, and miR-10b, miR-95,
miR-182, miR-373, and miR-451 upregulated expression in both LV and RV of LVAD unsupported
hearts compared to control NF myocardium [91]. Following LVAD support, twenty-one (54%) miR-
NAs in LV and five (26%) in RV showed a decrease in fold change compared to unsupported hearts
(Table 1), while eight LV (21%) and seven RV miRNAs (37%) showed no change when compared to
the NF control. However, only miR-4458 in the LV and miR-21*, miR-1972, and miR-4461 in the RV
were normalized after LVAD implantation, thus indicating that LVAD-induced mechanical unload-
ing has a more pronounced effect on miRNA normalization in the RV compared to the LV myocar-
dium [91]. Both miR-4458 and miR-21* have been previously identified as negative modulators of
cardiac hypertrophy. However, there are also reports of the pro-hypertrophic role of miR-21* in a
model of angiotensin II-induced heart disease [91]. Paralled microarray analysis of mRNA transcripts
revealed 922 differentially expressed mRNAs (392 up-regulated and 530 down-regulated ) in LVAD
unsupported LV, whereas 858 mRNAs (238 up-regulated and 620 down-regulated) were differen-
tially expressed in the RV compared to the NF myocardium. Among them, 567 differentially ex-
pressed mRNAs were commonly altered in both the LV and RV. A number of these differentially
expressed mRNAs were found to be a target of eighteen miRNAs expressed in LV and thirteen in RV
(Table 1), correspondingly. [91]. Following LVAD support, 617 mRNA transcripts in LV and 493
mRNAs in RV showed a decreased expression compared to NF myocardium. Also, 205 mRNAs (133
genes) in LV and 116 mRNAs (corresponding to 79 genes) in RV were significantly normalized. En-
richment analysis of these mRNA transcripts revealed their function in apoptosis, immunity-related
processes, oxygen homeostasis, and regulation of the ECM composition. LVAD-induced mechanical
unloading improved immune response in both ventricles, while oxygen homeostasis and ECM re-
modeling processes were normalized in LV [91]. This was accompanied by up-regulation of tissue
inhibitors of matrix metalloproteinase (TIMP), thus leading to increased inhibition of matrix metal-
loproteinases (MMP) enzymes in the setting of an overall reduction of myocardial fibrosis [91]. Col-
lectively, these results indicate a chamber-specific heart response to LVAD-induced mechanical un-
loading. However, no paired pre- and post-LVAD tissue samples were analyzed in this study, and
inter-individual variability may still play a role in the observed alterations of post-LVAD miRNA
and mRNA signatures.

LVAD therapy, as a bridge to heart transplant, has also become a part of standard care for pedi-
atric end-stage HF patients unresponsive to medical management. The etiology and pathogenesis of
HF among children are different from that of adult patients. ICM represents the primary cause of HF
in adults. At the same time, congenital heart disease (CHD) and DCM are the most common reasons
for HF and heart transplantation in the pediatric population [118]. The incidence and prevalence of
pediatric HF is 0.87 to 7.4 per 100,000 people per year, and it is estimated that more than 11,000 chil-
dren with HF are hospitalized each year [119]. The study of cardiac biomarkers in adult HF patients
has exponentially increased over the last two decades. However, from a molecular point of view,
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pediatric HF disease represents a separate condition, and the data collected on adult HF patients
cannot be easily translated into pediatric cases. Even so, there is a significant gap regarding bi-
omarkers of HF in the pediatric population [120-122]. Also, little is known about the miRNA profiles
in LVAD-supported pediatric HF patients.

Ragusa et al. were the first to report concomitant myocardial miRNA and mRNA expression
profiles in paired pre- and post-LVAD samples collected from pediatric HF patients [86]. The next-
generation sequencing (NGS) detected 437 miRs in each sample, but only six were differentially ex-
pressed (two up-regulated and four down-regulated) after LVAD support (Table 1). Following real-
time PCR validation, only the expression of miR-19a-3p, miR-1246, and miR-199b-5p decreased sig-
nificantly in post-LVAD samples, thus confirming the sequencing results. In silico assessment of their
gene targets suggested that they are involved in cardiac protection (adiponectin system), neurohor-
monal cardiomyocyte regulation (angiotensin system, natriuretic peptide receptors, adrenergic sys-
tem), and cardiac sarcomere function, i.e., the expression and regulation of cardiac troponins (cTns)
[86]. Subsequent transcriptional analysis of troponin mRNAs in myocardial tissue revealed a signifi-
cant increase in the expression of adult (cTnT3), fetal (cTnT4), and non-canonical (cTnT10/11/12 )
isoforms of cardiac Troponin T, adult cardiac troponin I (cTnl), and cardiac troponin C (cITnC) in
pediatric HF patients following LVAD support. The fetal/slow skeletal troponin I (ssTnl) was also
present, but no significant difference in its expression was detected between pre- and post-LVAD
tissue [86]. In contrast, the analysis of troponin mRNAs in paired pre- and post-LVAD myocardium
of adult HF patients resulted in a significant post-LVAD increase of all cTnT variants, as well as of
cInl and ¢InC, while ssTnl mRNA was no longer expressed. When compared with pediatric HF
cases, expression of cITnT1, cInT3, cTnT4, cITnT 10/11/12, cTnl, and cTnC were significantly higher in
adult HF cases, both in pre-LVAD and post-LVAD tissue. At the same time, no differences were
found in ssTnl expression in pre-LVAD tissue, while post-LVAD ssTnl was still expressed only in
pediatric HF cases [86]. Significantly, in pediatric HF patients, miR-19a-3p, miR-1246, and miR-199b-
5p expression levels were negatively related to cTnT3, cInT4, and c¢Tnl [86]. In contrast, only miR-
19a-3p and miR-1246h were negatively associated with expression levels of cInC. Subsequent in vitro
validation of miR targets in cardiac muscle cell line (HL-1) confirmed a down-regulatory effect only
for miR-19a-3p on ¢ITnC [86]. Therefore, it may be suggested that LVAD-induced changes in myocar-
dial sarcomere organization through miR-mediated epigenetic regulation of cTn isoform expression
may have a cardioprotective role in pediatric HF patients, potentially opening up new avenues for
treating this condition. The same research group also reported the components of the adiponectin
(ADPN) system, including ADPN and its receptors AdipoR1 and AdipoR2 and co-receptor T-cad-
herin (T-cad), as targets of miR-19a-3p, miR-199b-5p, and miR-1246 in pediatric HF patients [87]. They
detected significantly higher ADPN plasma levels in pediatric HF patients than in healthy children,
which were not modified after one month of LVAD support. However, no significant change in car-
diac levels of ADPN between pre- and post-LVAD myocardial tissue was detected. Still, LVAD sup-
port increased the mRNA expression of ADPN receptors, AdipoR1, AdipoR2, and T-cad in post-
LVAD myocardial tissue. Furthermore, myocardial AdipoR2 expression levels were inversely related
to miR-19a-3p, miR-199b-5p, and miR-1246 expression, while miR-1246 was also negatively associ-
ated with T-cad. Contrarily, no relationship between AdipoR1 and any of the LVAD-modified miR-
NAs was observed. Subsequently, the in vitro validation of miR-mediated epigenetic regulation of
the myocardial ADPN system in the cardiac muscle cell line (HL-1) confirmed the regulatory role of
miR-1246 and miR-199b-5p on AdipoR2 and miR-199b-5p on T-cad [87]. The authors, therefore, hy-
pothesize that LVAD-induced increase of the ADPN receptors in cardiac tissue from pediatric HF
patients could counterbalance the impaired signaling and development of “ADPN resistance” ob-
served among HF patients [87]. The study’s findings align with previous reports showing decreased
expression of adiponectin AdipoR1 and AdipoR2 receptors in the myocardium of patients with ad-
vanced HF [123,124].

In summary, the pre- and post-LVAD myocardial miRNA signature exhibits significant varia-
bility across studies, mainly due to methodological differences, patient characteristics, type and time
of LVAD support, and HF etiology. Some studies have reported differential expression of specific
miRNAs associated with HF recovery and mechanical unloading linked with altered expression of
their downstream targets, while others noted normalization or lack of significant change following
LVAD support. Some miRNAs were found to be associated with cardiac index and pulmonary vas-
cular resistance values or indicated in LVAD-induced changes in myocardial sarcomere organization
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and increased levels of AdipoR2 and T-Cad receptors, thus counterbalancing the so-called ADPN
resistance. Others mirror their fetal gene expression signature or reflect the nature of HF in recovery
and LVAD-dependent patient groups. Age (pediatric vs. adult HF cases) and chamber-specific myo-
cardial miRNA responses to LVAD-induced mechanical unloading were also noted. Aside from the
limited number of patients and controls included, a consistent finding across studies is that myocar-
dial miRNA expression changes minimally with LVAD support, and no differences among device
types (continuous-flow vs. pulsatile-flow LVADs) were detected. Accordingly, integrating miRNA
profiling with mRNA data significantly enhanced the RNA signature’s ability to differentiate failing
from non-failing hearts and classify the clinical status of HF patients.

The cellular diversity of cardiac tissue, with nine major cell types and more than twenty cell
subtypes present within the human heart, and limited access to samples impede a more detailed
characterization of molecular pathways and regulatory networks leading to HF. Recent advances in
low-input RNA sequencing have allowed definitions of cellular transcriptomes at a single-cell reso-
lution scale, thus offering new insights into the cellular foundation of cardiac homeostasis and dis-
ease processes [125,126]. Wang et al. demonstrated through single-cell RN A sequencing that patients
receiving LVAD support exhibit differential transcriptional profiles linked to cardiac function im-
provement [127]. In one patient with enhanced function, their cell-specific gene expression profiles,
particularly in endothelial cells, resembled those of non-failing control hearts, while in the second
patient with no significant functional improvement, no such changes were observed across various
cell types, including cardiomyocytes and fibroblasts [127]. It is reasonable to expect that when applied
to ncRNA analysis, this approach will greatly facilitate the discovery of cell and HF type-specific
miRNA profiles underlying myocardial reverse remodeling, remission, and recovery.

6. Biomarker Potential of Circulating miRNAs Associated with LVAD-Induced Mechanical Un-
loading

Many miRNAs released from cells upon apoptosis, necrosis, or secretion activity are found in
the blood and other body fluids. They are surprisingly stable and bound to RNA-binding protein
complexes and lipoprotein particles or loaded into extracellular vesicles, including apoptotic bodies,
microvesicles, endosomes, and exosomes. Taken up by recipient cells, they may participate in para-
crine and endocrine regulation of targeted genes [128]. Their abnormal expression is associated with
various disease processes, making them promising novel noninvasive diagnostic markers and thus
highlighting their potential in clinical applications.

Several studies have reported differential expression of circulatory miRs in LVAD-supported
end-stage HF patients [84,85,90,129-134]. Their findings are summarized in Table 2.

Table 2. Summary of circulatory miR expression studies in LVAD-supported HF patients.

Time of LVAD

Methodolo Baseline patient . LVAD support and/or miRNAs of P
Study characteristics HE etiology device duration of HF in interest Major findings
days
Plasma - Stable HF: PELVAD: Up to 140-fold increase in heart and
14 [male 79 %, age HeartMate I, e o
muscle-specific miRs in advanced
63(49-71) years; Thoratec
. HF compared to healthy
LVEF, median(range) Corp., e .
individuals, alongside elevated
22(10-43)] Pleasanton, cardiac troponin I (cTnl) levels
Advanced HF at California) indicatin; nf ocardial injury; the
LVAD implantation: Cf-LVAD; miR-1-1, 22,122, & my jurys

Measured at baseline levels dropped as early as 3 months

24 [male 92 %; age HeartMate II, 126, 133b, 203,

Akat et RNA ICM and 3 and 6 month: after the initiation of LVAD
al. [1 1?]] se ulejlcin 66(33-78) years; NfCM (Thoratec foll?;win 6LVOAD i 208a, 208b, 210, su eort ea I'Oél(?hil’cl) normal
' d SLVEF, median(range) Corp,, Jowing L 216a, 375,499, 1180, ° PPOTY APproacing
implantation . levels, but rose again at LVAD
18(10-24)] Pleasanton, and miR-1908 . )
e explantation; higher levels of
Advanced HF 3 California); . . .
miR-208a, miR-208b, and miR-499
(n=10) and 6 months HeartWare . .
in advanced HF positively
after LVAD (HeartWare . .
. . . correlated with the protein levels of
implantation (n =10), International, Tnl
and at LVAD Framingham,

explantation (n=/) MA, USA)
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NF: 13 [male 69 %;
age 60(32-70)
years]

Serum — Advanced
HE: 7, LVAD
explantation: 7; NF 4

Whole cohort: 19
[male 79 %, age 52~ Whole
(30-61) years; LVEF cohort: ICM
(%), median (IQR) 53 %; NICM
15 (15-25) ] 47 %
Good responders: 7 Good

Measured at baseline

PCR array - miR-

33at, 12541, 219-1-

3pt, 483-3p1, 548

Plasma miR-483-3p levels exhibit
significant up-regulation with
LVAD support that mirrors the
suppression of NT-proBNP levels;
miR-1202 levels correlate with
change in NT-proBNP at three

Morley- PCR array; [male71 %;age40 responders: Cf-LVAD 14,5571,9381, .
Smith et qPCR, 1113 (14-62) years; LVEF ICM29%;  Thoratec ~ " 316’ f9’lland_ 12 1201, 12501, nt‘;mthi fotl.lov_vmthVAg s‘:p.p(ft’
al.[105] miRs (%), median (IQR) NICM 71 % HeartMate II L’\T]‘:’]‘D hsn Ola(:t‘zt‘i‘(gm 12751, 42661, and ussoiavlsfy“(‘i q rifaor‘:;‘e:_“ ©
20 (10-30)] Poor F miR-43251 otSntiall .vgaluable Eoninva,sive
Poor responders: 6 responders: qPCR — miR-488- Eiomarkefs for monitoring (miR-
[male 83 %; age 55 ICM 50 %; 3pt and miR-1202 L. g
(36-60) years; LVEF NICM 50 % 483-3p) and predicting (miR-1202)
(%), me dian, (IQR) patient response to LVAD therapy
15 (13-23)]
end-stage HF: 10
[male 57 %; age 60
years; |
NF:9 [male 57 %; Downregulated expression of
Adhikari age 4545 | . circulatory miR-16 in HF patients;
Blood - M d at 1
etal.  qPCR,4 Paired pre-and CM‘_";5 5 % Not reported an‘?;“éz Safok;f;‘:vi‘:e miR-15a1, 161,103,  miR-16 targets VPSda; LVAD
[129] miRs post-LVAD blood =2 P . y . & and miR- 195! support increases the levels of miR
) NICM -44.5 LVAD implantation .
samples: 9 [males 16 thus decreasing the levels of
89 %; age 60 years; VPS4a
LVEF <25 % |
NE: 6 [males 60%;
age 54+4 |
Test cohort: 5 [male A two-fold upregulation of miR-21
40%; age 42+6; Measured at baseline in pre-LVAD samples and
Microarra NYHA class IV(%) and 1,3, and 6 decreased expression following
Lok et al. CPCC)ZR 4}’ 100 %] NICM cf-LVAD months following miR-21!, 146a, 221 LVAD support but did not
[104] qmiRs’ Validation cohort: 18 100 %;  HeartMate-II LVAD implantation and miR-222 normalize, fluctuating expression
[male 78 %; age 45 pattern of miR-146a, miR-221, and
+3; NYHA class IV miR-222 with a tendency to
(%) 100% ] reduction following LVAD support
Discovery phase - let-
7a, let-7b, let-7¢, let-
7e, let-7f, let-7g, let-
71, miR-10a, 154, Circulatory miR-30a-5p, miR-100,
15b, 16, 16, 17, 18a, miR-499b, miR-320a, and miR-433
18b, 19a, 19, 20b, sh,owed si n;ficant
Discovery phase - In 21, 23a, 24, 26, 27a, . & .
. downregulation, while the levels of
hospital/Out-of- 27b, 29a, 29b, 30a- X .
hospital: miR-654-5p were upregulated in
pital: 40 [age External 5p:, 30d, 92, 93, HF patients compared to control; a
Qanet qPCR go O+A0s1188LVEF ICM-26%  dataset  External dataset 99,1001, 1030, B omclation o
L 137] 4 e (%) 34.05:5.77]  NICM-53 % reported by reported by Akatet  106a, 106b, 122, grclirculatgr ng1iR— CoAnt A a
: Training phase — HF Other—21  Akat et al. al. [110]. 125b, 126,129, 130a, Corilaﬁon o mﬁ’Rﬂ s
30; NF 15 [110]. 1334, 133b, 136, 140, svi T orOBND oot Tovele 0‘;
Validation cohort: 143,145, 150,151 1o atieﬁts_ . nofel e latin
HF 50; NF 25 5p, 155, 181b, 181a, . L ’ 8

182, 191, 195, 199a,
199a-3p, 2084, 214,
221,222, 3024, 302,
3024, 302¢, 3201,
3200, 324-5p, 342,
346, 369-5p, 329,

miRNA (miR-30a-5p/miR-654-5p)
model with diagnostic and
prognostic potential
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382, 423-3p, 423-5p,
433, 484, 486, 493,
495, 499a, 499b-5p,
499b-3p!, 543, 622,
638, 654-5p 1, 665,
675,762, and miR-
885-5p
Training and
validation phase -
miR-30a-5p and
miR-654-5p

HF - 40 [male 72.5%;

miRNA-1, 10a, 15b,

SMeasured at serial 16, 21, 24, 27a, 27b,

Wan qPCR, 23 age 57 (51_74_); LYEF CELVAD - blood draws - median 29a, 922, 103, 126, Upregulated expression of
g et miRs (%) 20 (15-20); Not Heartmate II 96.5 (72-150) days 133a, 1462, 146b, circulatory miR-155 followin
al. [138] INTERMACS /Il reported  (62.5%), Yt LVAD Y8 1551, 159a, 195, L&’ AD smeont 8
57.5% | HeartWare P oot 221,222, 320, 423, PP
NE-7 Hprantation and miR-872
Iow pulsatile flow up-regulates
plasma levels of circulating flow-
LVAD treatment- cfLVAD: sensitive miRNAs; increased
33 [male 85 %; age axial plasma levels of miR-126 and miR-
55.7+11.6 ] _ ., HeartMate II Measured at baseline miR-10a, 10b, 21, 146a following cf-LVAD support;
2110 ‘[‘;‘;9]“ ql;cﬂsf NF 13 [male 61.5 %; Icmg&.s_ #_42%  and3,69and12 1261, 146a1, 146b, positive association between miR-
: age 50.1 +13.5 years; 51.59 centrifugal months after LVAD 155, 663a, and 155 and Belcaro score; an inverse
LVEF (%+SE) 18.9 + " HeartMate III implantation miR-663b correlation between miR-126 and
3.2] 58 % endothelial function, measured as
the reactive hyperemia index
miR-409-3p, miR-483-3p, and miR-
485-3p were downregulated up to
undetectable levels, while miR-432-
NGS analysis— HF 5p showed a trend to decrease,
5 [male 40 %; age =~ NGS HF - Measured at baseline miR-16-5p, miR-  while the circulatory levels of miR-
13.8+6.25 years;  NICM 80 %; and 4 hrs. and 1.3.7 30a-5p, 127-3p,  150-3p and miR-375 increased after
NGS/RNA LVEF (%+SE) LVNC 20 % ! "7 "7 miR-150-3p1, miR- one month of LVAD implantation;
Ra . . 14, and 30 days after ) S . .
gusa etsequencing 16.6+1.7 ] Berlin Heart LVAD implantation 3751, 409-3p!, 432- in vitro data confirmed coagulation
al. [140] , qPCR, 340 LVAD treatment-8  LVAD Chamber P 5p, 483-3p, 483-5p!, factors 7 (F7) and F2a as targets of
miRs [male 37.5 %; age treatment — LVAD support 485-3pl, miR-941. hsa-miR-409-3p; a potential role
25.25+10.9 years; NICM 75 %, (1794347 1p ga ) 3135b, and miR-  for circulatory miRs, particularly
LVEF (%+SE) ~ LVNC25% T ye 4433b-3p 409-3p, as an early biomarker for
21.7+5.6] monitoring hemostasis-related
adverse events in pediatric LVAD-
supported HF patients
significantly different pre-implant
levels of platelet miR-126, miR-
cf-LVAD: 374b, miR-223, and miR-320a in HF
HF-15 [male 100 %; Heartmate III measured before miR-19b-3p, 20b- patients compared to controls. The
age 64 (63-71) (HM3; and 16 and 12 5p, 25-3pt, 126-5p,  LVAD patients suffering from
. years; chronic HF o Abbott, L . 144-3p, 151a-3p,  bleeding had significantly higher
Lombardi o ICM - 60 % . months following . .
ot al qPCR, 12 73 % ] NICM - United LVAD implantation 223-3p, 320a, 374b- pre-implant levels of platelet miR-
(14 1]' miRs Control - 5 (male 40 % States) 53 %; p 5p, 382-5p, 451at, 15la and miR-454. The same miRs
100 %; age 53 (47-61) ? HVAD 454-3p, 16-5pa and were also differentially expressed
years] (Medtronic miR-103a-3pa  in these patients following LVAD
Inc., United implantation early before the
States) 47 % clinical manifestation of the

bleeding events. The expression
levels of platelet miR-25, miR-144,
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miR-320, and miR-451a changed
significantly over the course of

LVAD support, indicating partial
or increasing platelet activation.

ICM - ischemic cardiomyopathy; INTERMACS - interagency registry for mechanically assisted circulatory sup-
port; LV - left ventricle; LVEF - left ventricular ejection fraction; LVAD - left ventricular assist device; LVNC-
LV non-compaction; NF — non-failing control; NGS - next generation sequencing; NICM — nonischemic cardio-
myopathy; NYHA class - New York Heart Association functional classification for heart failure; pf-LVAD - pul-
satile flow LVAD devices; qPCR - quantitative real-time PCR; RV - right ventricle; SE - standard error; Bold -
upregulated in HF compared to NF, | downregulated following LVAD support.  upregulated following LVAD
support; italics — normalized after LVAD support.

Akat et al. conducted a comprehensive transcriptional analysis of small circulatory RNAs from
healthy controls and patients with stable and advanced HF, revealing a striking up to 140-fold in-
crease in heart and muscle-specific miRs in advanced HF compared to healthy individuals, alongside
elevated cardiac troponin I (cTnl) levels indicating myocardial injury [90]. Notably, the changes in
circulatory levels of heart and muscle-specific miRs nearly completely reversed three and six months
following the initiation of LVAD support. Conversely, compared with healthy controls, circulating
miRNAs in patients with stable HF showed less than fivefold differences, while heart and muscle-
specific miRs and c¢Tnl were only captured near the detection limit. In healthy subjects, only a few
miRs, including mir-122 from the liver and miR-1-1 from the muscle, were among the top 85% of
sequence reads. Conversely, the combined abundance of circulatory heart and muscle-specific miRs
was less than 0.1%. However, it increased to over 1% in advanced HF patients with cardiac-specific
miR-208b, miR-208a, and miR-499, and the muscle-specific miR-1-1 and miR-133b showing 143-, 78-,
28-, 18-, and 21-fold higher expression at LVAD implantation, respectively [90]. The relative abun-
dance of circulatory heart-specific miR-208b, miR-208a, and miR-499 followed the ratio determined
in heart tissue, and it was consistent with it being their only source. Interestingly, mir-208a, mir-208b,
and mir-499 myocardial signatures were unaltered in either DCM or ICM patients compared to NF
myocardium [90]. There was also a 25-fold increase in circulatory miR-216a levels in advanced HF
patients compared to controls. Still, as confirmed by absolute amounts and individual-paired sam-
ples analysis, this rise in circulatory miR-216a was more likely linked to its release by endothelial
cells, which express miR-216a at higher levels than the whole heart tissue [90]. Following LVAD im-
plantation, miR-208b, miR-208a, miR-499, miR-1-1, and miR-133b declined as early as three months
after LVAD support, nearly approaching their control values. However, at LVAD explantation, their
levels rose again with alterations comparable in magnitude to those observed at the time of device
implantation [90]. Conversely, the circulatory heart and muscle-specific miRs levels in stable HF pa-
tients were comparable to those in healthy controls. In this case, the highest difference was noted
regarding the 5-fold increase in miR-375 and a 4-fold decrease in miR-203. In addition, miR-210, miR-
1908, and miR-1180 showed similar changes in patients with advanced and stable HF, showing a two-
fold [miR-210, miR-1908] and four-fold [mir-1180] higher expression compared to healthy controls
[90]. Finally, higher levels of the heart-specific miR-208a, miR-208b, and miR-499 were positively cor-
related with the protein levels of cTnl, indicating myocardial injury. In contrast, no correlation was
established between the circulatory levels of miR-208a, miR-208b, and miR-499 with those of B-type
natriuretic peptide (BNP) [90].

No association of circulatory post-implant miRNA levels with plasma levels of NT-proBNP or
any other protein biomarker examined was reported by Wang et al. [131]. They investigated the ex-
pression of twenty-three miRNAs (Table 2), previously shown to play a role in HF pathogenesis , in
peripheral blood samples isolated from end-stage HF patients before and after cfLVAD-induced me-
chanical unloading. Subsequently, nineteen miRNAs that demonstrated adequate expression in more
than 80% of samples were selected for further analysis. Except for miR-155, all plasma levels re-
mained relatively unchanged following LVAD implantation. Among them, seven miRs (miR-21,
miR-92a, miR-103, miR-159a, miR-195, miR-320, and miR-423) were downregulated compared to
their pre-LVAD values. The most extensive reduction was observed for miR-103. Still, no statistical
significance was demonstrated for any of them. In contrast, twelve miRNAs (miR-15b, miR-16, miR-
24, miR-27a, miR-29a, miR-126, miR-133a, miR-146a, miR-146b, miR-155, miR-221, and miR-222) were
upregulated with miR-126 and miR-155 showing the largest increase following LVAD implantation.
However, only the elevation of miR-155 plasma levels was found to be statistically significant [131].
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Notably, the observed miRNA signatures were not associated with improvements in the plasma lev-
els of preselected HF biomarkers, i.e., NT-proBNP, galectin-3, sST2, GDF-15, and NGAL [131]. Also,
pre-LVAD miRNA levels stratified by tertiles of baseline NT-proBNP showed no significant differ-
ence between patients in the highest NT-proBNP tertile (accompanied by more extended length of
stay, higher degrees of renal insufficiency, poorer cardiac index values, and greater elevations of ga-
lectin-3, sST2, GDF-15, and NGAL), and those in the lowest tertile. Furthermore, when the changes
in plasma miRs levels following LVAD implantation were analyzed according to prespecified
changes [<25% decrease (no improvement) vs. >25% decrease (improvement)] in the levels of galec-
tin-3, NT-proBNP, and sST2, no marked difference was observed. Also, the levels of miR-155, mir-
27a, miR-126, miR-133a, and miR-146b were upregulated in both cohorts of HF patients with and
without post-implant improvement in galectin-3, NT-proBNP, and sST2 levels [117].

Contrarily, Morley-Smith, and colleagues detected early and sustained up-regulation of circu-
lating miR-483-3p expression levels in advanced HF patients with ischemic and nonischemic disease
etiology measured at baseline (pre-LVAD) and at different times following LVAD implantation that
mirrored the reduction in N-terminal proBNP (NT-proBNP) plasma levels and improvement of LV
function [85]. Also, the baseline levels of circulating miR-1202 measured in their patient cohort cor-
related well with change in NT-proBNP levels at three months of LVAD support, even stratifying the
patient cohort into poor versus good responders to LVAD induced mechanical unloading with
greater accuracy than either baseline NT-proBNP or patients pre-operative INTERMACS profile. In-
itially, PCR microarray analysis showed differential, predominantly upregulated expression of
twelve circulatory miRNAs (Table 1) six months following LVAD implantation, but after real-time
qPCR validation, only miR-483-3p and miR-1202 were confirmed for further screening in a larger
cohort of LVAD patients. Further, both miRNAs were enriched in the myocardium, suggesting the
heart as the possible source of their plasma fraction. Contrary to miR-483-3p, plasma levels of miR-
1202 showed only small changes from baseline at all time points following LVAD implantation in the
test cohort. Considering all plasma samples examined, there was a trend toward a correlation be-
tween plasm expression of miR-1202 and NT-proBNP levels. However, no such correlation between
miR-483-3p and NT-proBNP was established. No direct correlation between plasma and myocardial
levels of miR-483-3p and miR-1202 and between either miRNA and HF etiology, duration of LVAD
support, or patient gender was established. Nevertheless, these results indicate circulatory levels of
miR-483-3p and miR-1202 as potentially valuable noninvasive biomarkers for monitoring (miR-483-
3p) and predicting (miR-1202) patient response to LVAD therapy that warrants further evaluation in
a larger patient cohort for potential clinical use [85].

Qian et al. also assessed the diagnostic potential of circulatory miRNAs associated with HF and
LVAD-induced mechanical unloading [130]. They performed a real-time qPCR-based analysis of pre-
selected eighty-nine (Table 2) human cardiovascular-related miRs [130]. As a result, miR-30a-5p, miR-
100, miR-499b-3p, miR-320a, and miR-433, previously upregulated in HF compared to control,
showed significant downregulation following LVAD implantation. Conversely, the levels of miR-
654-5p, previously downregulated in HF, were upregulated compared to their pre-LVAD values
[130]. The rest of the miRNAs in the screening panel were not significantly associated with LVAD-
induced mechanical unloading. Notably, all HF patients selected for this screening analysis of paired
plasma samples obtained before and after LVAD implantation (i.e., discovery cohort) had at least a
30 % decrease in circulatory NT-proBNP levels following device implantation. The diagnostic poten-
tial of circulating miR-30a-5p and miR-654-5p as the most significantly changed miRNAs upon treat-
ment was further tested in independent training and validation cohort of HF patients, and the best-
suited two-circulating miRNA model (miR-30a-5p/miR-654-5p), with the highest sensitivity (98.75%)
and the best specificity (95.0%), was chosen for potential HF diagnosis [130]. Notably, the two-circu-
lating miRNA model achieved somewhat higher prognostic accuracy in diagnosing HF patients
when compared with the traditional approach using NT-proBNP serum levels, showing a 1.25 %
versus 2.5 % false negative rate achieved by the NT-proBNP approach [130]. Consistent with the re-
sults in the discovery phase, a significant elevation of miR-30a-5p and downregulation of miR-654-
5p was confirmed in plasma samples of both training and validation HF cohorts compared with con-
trol. A similar expression pattern was observed regarding the patient’s pathologic characteristics, i.e.,
NYHA Functional Classification (I+II vs. III+IV) and cardiomyopathy subtypes (ICM vs. NICM vs.
other) showing upregulation of miR-30a-5p and downregulation of miR-654-5p in each subgroup
compared to control. Still, no difference in their expression between the NYHA classification
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subgroups or cardiomyopathy types was observed [130]. Additional comparison of circulatory miR-
30a-5p and miR-654-5p levels with plasma NT-proBNP values showed a significant negative correla-
tion of miR-654-5p and a positive correlation of miR-30a-5p with NT-proBNP plasma levels of HF
patients enrolled in the discovery phase [130]. Also, more prominent changes in circulatory miR-30a-
5p and miR-654-5p levels, especially regarding miR-654-5p, were observed in the HF patient sub-
group with higher NT-proBNP reduction, thus further suggesting their regulation by LVAD-induced
mechanical unloading. The analysis of the external dataset
(https://www .ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE52601) previously reported by Akat et al.,
further verified these results [90,130]. Specifically, circulatory miR-30a-5p levels declined while miR-
654-5p increased in the plasma of end-stage HF patients following LVAD support, thus approaching
its control levels, which was associated with improved myocardial function [130]. Furthermore, an
overlapping set of targeted genes (eleven for miR-30a-5p and nine for miR-654-5p) was detected, thus
suggesting the role of these miRNAs in the regulation of HF-related pathways such as apoptosis, p53
signaling, viral myocarditis, atherosclerosis, and cardiomyocyte adrenergic signaling. Altogether,
these results indicate that circulatory miRs may have a high sensitivity and specificity for diagnosing
HF across a variety of patient characteristics, as opposed to NT-pro-BNP levels, which may be altered
by factors such as age, obesity, and renal function [135]. Also, as epigenetic regulators, miRNAs can
be directly linked to various cellular mechanisms and HF-related molecular pathways, thus offering
insight into disease pathophysiology and progression that is unavailable by NT-pro-BNP or other
protein biomarkers.

Lok et al. reported differential expression of circulatory miR-21, miR-146a, miR-221, and miR-
222 in blood samples of end-stage HF patients at different times of LVAD support, i.e., before and 1,
3, and 6 months after cf-LVAD implantation and prior to transplantation [84]. The time response in
miR-21 expression levels was homogenous between all the patients. There was a two-fold upregula-
tion in pre-LVAD samples and decreased expression following LVAD support but without normali-
zation to its control values. In contrast, the miR-146a, miR-221, and miR-222 showed discrepant ex-
pression patterns between the patients. Levels of miR-146a were increased in pre-LVAD blood sam-
ples but revealed a fluctuating expression following device implantation with a tendency to decrease.
A fluctuating expression pattern was also noted for circulatory miR-221 and miR-222, showing ele-
vated expression after one month of LVAD support, followed by their down-regulation [84].

Alteration in circulatory miRNA levels may also be associated with the levels of blood cells in
advanced HF. Adhikari et al. reported that miR-16, a member of miR-15/107 family (i.e., miR-15 -16,
-195, -497, -103, -107, and miR-503) and an important regulator of cardiomyocyte proliferation, sur-
vival, and angiogenesis which is highly enriched in peripheral blood cells, targets vacuolar protein
sorting 4a (VPS4a) [136]. However, in vitro experiments confirmed that miR-16 does not bind effi-
ciently to VPS4a carrying the SNP, rs16958754. Furthermore, the expression levels of circulatory miR-
16 were found decreased, while those of VPS4a were increased in the peripheral circulation of end-
stage HF patients, thus lowering the number of platelets and reticulocytes [129]. Other tested miR-
15/107 family members, i.e., miR-15a, miR-195, and miR-103, were also downregulated in the periph-
eral circulation of end-stage HF [129]. Also, LVAD support leads to a further reduction in circulatory
miR-15a and miR-195 levels. Contrarily, the circulatory miR-16 levels were upregulated seven days
following LVAD support, leading to decreased expression of VPS4a. Compared to blood, the expres-
sion of VPS4a, miR-16, miR-15a, miR-195, and miR-103 showed no change in the heart tissue from
end-stage HF compared to non-failing controls [129]. Overall, these results suggest a potential role
for the miR-16/VPS4a signaling pathway in regulating platelet and/or reticulocyte numbers in HF.

The arterial pulse is essential to cardiovascular homeostasis. Therefore, the potential negative
impact of cf-LVAD devices on peripheral vascular function, leading to vessel wall damage and en-
dothelial dysfunction, is also a matter of significant interest [136]. Dlouha et al. explored dynamic
changes in plasma levels of flow-sensitive miRs involved in vascular remodeling (miR-21, miR-146a,
miR-146b, and miR-155) and endothelial dysfunction (miR-10a, miR-10b, miR-126, miR-663a, miR-
663b) in response to the long-term support by cf-LVAD devices [132]. Blood samples were collected
at baseline from two control groups, i.e., NF subjects and stable HF patients on optimal therapy, and
from cf-LVAD-supported end-stage HF patients before the LVAD implantation and at follow-up time
points 3, 6, 9, and 12 months after implantation. Although the markers of cardiac damage, inflamma-
tion, and renal function steadily improved during the LVAD support, no significant association be-
tween miRNA levels and individual clinical events or hemodynamic parameters was observed. The
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baseline plasma levels of miR-21, miR-146b, miR-155, miR-663a, and miR-663b were significantly
higher in LVAD patients than in nonfailing controls, probably reflecting the severity of HF accompa-
nied by low flow status and endothelial dysfunction [118]. Subsequently, during the follow-up period
after LVAD implantation, the plasma levels of miR-146b, miR-155, and miR-663b were upregulated,
but no significant change in their expression was observed. Conversely, the plasma levels of cardiac
enriched miR-21 showed a decreasing trend compared to healthy controls, possibly demonstrating
the ventricular regenerative response to mechanical unloading (. The trend towards stable, lower
plasma levels of miR-10a and miR-10b in the end-stage HF patients following LVAD support was
also observed. However, the plasma levels of miR-126 and miR-146a were the only ones that changed
significantly following LVAD support, showing increased expression compared to both control
groups. A significant difference in miRNA expression was also detected between the end-stage HF
patients with ischemic and nonishemic etiology, with ICM patients showing higher miR-155 plasma
levels in the 3rd and miR-10b, miR-21, miR-146a, and miR-146b, at the 12th month following cf-LVAD
implantation. Also, a positive association was observed between plasma levels of miR-155 and
Belcaro score, i.e., semiquantitative classification of preclinical atherosclerosis. Conversely, circula-
tory miR-126 showed an inverse correlation with endothelial function, measured as the reactive hy-
peremia index value. These results indicate that long-term, pulse-diminished cf-LVAD support up-
regulates plasma levels of circulating flow-sensitive miRNAs, contributing to endothelial dysfunc-
tion and vascular remodeling.

The potential role of circulating miRs as biomarkers of HF was also investigated in pediatric
patients [137]. So far, Ragusa et al. were the only ones to evaluate the effects of LVAD-induced me-
chanical unloading on circulatory miRNA levels in HF children [133]. Their initial NGS screening of
pediatric HF patients before and one month after pf-LVAD implantation detected the expression of
340 circulatory miRs, with 169 of them present in all tested samples. Although hierarchical clustering
couldn’t batch them in the pre- and post-LVAD group, thirteen circulatory miRs (Table 2) were ex-
pressed differently before and after LVAD implantation. Specifically, nine of these circulatory miRs
were downregulated (miR-30a-5p, miR-127-3p, miR-409-3p, miR-432-5p, miR-483-3p, miR-483-5p,
miR-485-3p, miR-3135b, and miR-4433b-3p) and four upregulated (miR-16-5p, miR-150-3p, miR-375,
and miR-941) one month following LVAD implantation [133]. The validation and subsequent time
course real-time qPCR analysis in a larger patient group confirmed the sequencing data for six miR-
NAs. Namely, miR-409-3p, miR-483-3p, and miR-485-3p were downregulated up to undetectable lev-
els, while miR-432-5p showed a trend to decrease. At the same time, the circulatory levels of miR-
150-3p and miR-375 increased after one month of LVAD implantation [133]. Later in silico analysis
indicated that all six miRs were involved in the synergic regulation of several factors affecting platelet
activation and blood coagulation cascade. However, in vitro studies confirmed the regulatory effect
of only miR-409, causing the downregulation of thrombin (F2) and coagulation factor 7 (F7). Of note,
all patients in their study had thrombotic events requiring LVAD changes during the first three
months after device implantation. These results indicate a potential role for circulatory miRs, partic-
ularly 409-3p, as an early biomarker for monitoring hemostasis-related adverse events in pediatric
LVAD-supported HF patients.

Bleedings and thromboembolic events represent one of the leading long-term complications
among LVAD-supported patients. The underlying molecular mechanisms are still not fully known.
We have already seen that patients with cf-LVAD support are characterized by increased endothelial
dysfunction, especially in microvasculature. This, in turn, decreases the bioavailability of nitric oxide,
creates favorable conditions for platelet and leukocyte activation and adhesion, and triggers an in-
flammatory response that finally leads to an increased thromboembolic risk. The balance between
bleeding and thrombosis is vital in managing LVAD-supported patients. Patients do not typically fit
a bleeding or prothrombotic profile, but they instead move along the bleeding/thrombotic spectrum
with an increased risk of thromboembolic event following an episode of bleeding or an increased risk
of bleeding episode as a result of a prior thrombotic event [138,139].

Platelets are the essential mediators of hemostasis. Their activation, adhesion, and aggregation
upon tissue injury stimulate coagulation factors and other mediators that aid in hemostasis and
wound healing [140]. Emerging evidence also supports the pivotal role of platelets in angiogenesis,
inflammation, tissue repair, and regeneration [140,141]. Besides, these small anucleated cells inherit
many mature proteins, mRNAs, and non-coding RNAs from their parent megakaryocytes while
gradually forming in the bone marrow. They can also take up a part of their RNA cargo, including
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ncRNAs, from contacting cells or the circulating blood and process the inherited and ingested RNAs
into fully functional miRs [140,141]. In addition, many platelet-derived ncRNAs may be stored in
platelet secretory granules and secreted [i.e., in the form of platelet-derived microvesicles (PMVs) or
other membrane encapsulated extracellular vesicles (EVs)] after platelet activation following endo-
thelial injury, infection, and/or metabolic disorders, thus altering the gene expression in a nearby or
distant recipient cells [140,141]. As such, they can be involved in a series of pathological processes,
including dysregulation of endothelial homeostasis, smooth muscle cell migration, and proliferation,
fibroblast proliferation, alteration of ECM, inflammatory cell infiltration, and cardiomyocyte apopto-
sis, leading, among others, to myocardial damage, and adverse cardiac remodeling [140,141]. There-
fore, studying platelet-derived miRNAs might be beneficial in clinical settings, revealing a new set of
therapeutic targets and more specific noninvasive diagnostic and prognostic biomarkers of HF and
other cardiovascular diseases [142].

Lombardi et al. investigated the involvement of platelet-enriched miRs in hemocompeatibility-
related adverse events, i.e., surgical bleeding and thromboembolic complications, among LVAD-sup-
ported HF patients. [134]. They reported differential expression of several well-known platelet-en-
riched miRs (Table 2) whose levels were measured in platelet-rich (PRP) and platelet-poor (PPP)
plasma fractions before the LVAD implantation and longitudinally at different time points of LVAD
support. Six miRs were found differentially expressed between pre-LVAD and control plasma sam-
ples, with miR-126-5p and miR-374b-5p significantly downregulated in PRP and PPP fractions and
miR-223-3p in PRP, respectively, while miR-20b-5p and miR-451a were found decreased in platelet-
poor plasma samples. Conversely, the levels of miR-320a-3p were higher in preimplant PRP samples
compared to the control blood tissue [134]. The expression levels of miR-223-3p and miR-320a-3p of
the same pattern as in the PRP also reached borderline significance in the PPP fraction. Notably, the
expression levels of all these miRNAs were higher in the PRP fraction of all the samples analyzed,
thus supporting their platelet origin with the parallel existence of a minor circulating fraction poten-
tially generated by thrombocyte activation and carried through circulation by lipoproteins of mi-
crovesicles. Interestingly, the pre-LVAD patient group exhibited significantly higher miR-20b-5p lev-
els and lower expression of miR-25-3p in the ischemic versus nonischemic patient cohort [134]. Fur-
thermore, a substantial elevation of miR-19b-3p in the chronic versus acute HF patients was noted.
Also, a lower expression of miR-144-3p was detected among the patients with an Impella device in-
stalled before the beginning of LVAD support. Collectively, these data indicate the existence of dif-
ferent miRNA-related platelet response that depends on HF etiology, disease duration, and concom-
itant treatment modalities [134]. LVAD installment significantly altered miRNA expression levels.
Specifically, during the first twelve months following the implantation, there was a progressive rise
in the miR-25-3p and miR-451a levels (reaching significance in the 6th or 12th-month time point of
LVAD support), possibly connected to a parallel increase in thrombocyte activation. However, no
similar time pattern was observed for miR-320a-3p and miR-144-3p, known factors of platelet activity
). That, on the other hand, could be the sign of only partial or transient thrombocyte activation [134].
This apparent lack of a clear platelet miRNA expression pattern may represent constant thrombocyte
adaptation to the evolving clinical picture and local or systemic tissue changes triggered by LVAD-
induced mechanical unloading. Notably, the miR-126 expression levels in PRP plasma fraction ap-
proximately 12 months [480 (416-512) days] following LVAD implantation showed a good correla-
tion with the levels of D-dimers and AT-III and the LVEF values as the left ventricular function met-
rics [134]. Interestingly, the HF patients suffering from post-implant bleeding had significantly higher
pre-implant PRP levels of hemostasis-related miR-151a-3p and miR-454-3p compared to patients
with no HRAE episodes. Moreover, altered expression of miR-151a-3 and miR-454-3p was noted in
these patients earlier before the occurrence of bleeding, with miR-151a-3p showing more than five-
fold higher and miR-454-3p more than eight hundred lower expressions in bleeders vs. non-bleeders
at approximately six-month [210 (184-223) days] following LVAD implantation. Nonetheless, no dif-
ference in the expression of these miRNAs between the bleeders and the control patient group was
noted [134]. In silico analysis and literature review revealed that miR-25, miR-144, miR-320, and miR-
45]a share molecular pathways, including that of peroxisome proliferator-activated receptor (PPAR),
a known regulator of platelet activation and TNF-a and mammalian target of rapamycin (mTOR),
which are involved in bleeding. Together, these data indicate a dynamic re-programming of platelet
miRs during LVAD support, possibly revealing the existence of a platelet miRs signature with
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potential implications for clinical practice, i.e., to identify LVAD patients at high risk for postopera-
tive bleeding and related HRAE events.

As can be seen, transcriptional profiling of circulatory and platelet miRs in pediatric and adult
LVAD-supported HF patients, although not consistent in the data so far provided, may reveal poten-
tial clinically useful diagnostic and prognostic noninvasive biomarkers for monitoring and estimat-
ing patient response to LVAD therapy, the occurrence of myocardial injury, endothelial dysfunction,
and vascular remodeling, or predicting of hemocompatibility-related adverse events associated with
LVAD induced mechanical unloading. Nonetheless, as in the case of myocardial miRNA profiling, a
relatively small number of patients were investigated, and the differences in methodologies applied,
patient characteristics, time of LVAD support, and HF etiology still preclude gathering more reliable
and consistent data clinically applicable for specific HF etiology, patient age, and concurrent treat-
ment modalities.

7. Conclusions

Transcriptional profiling of cardiac, circulatory cell-free, and platelet-enriched miRNAs in pedi-
atric and adult LVAD-supported HF patients shows promise in identifying cellular and molecular
pathways underlying myocardial reverse remodeling, remission, and recovery and for developing
clinically useful noninvasive biomarkers with high sensitivity and specificity for monitoring and pre-
dicting patient response to LVAD therapy. MiRNA-based diagnostic and prognostic tools will likely
help improve patient stratification to adequately select the end-stage HF patients eligible for LVAD
placement and those more suitable for alternative clinical interventions, thereby significantly impact-
ing patient care.
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