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Introduction
Heart failure (HF) is a clinical syndrome that arises from
any functional or structural impairment of one or two
ventricles in either filling or ejection of blood. The clinical
syndrome of HF results from disorders of the pericardium,
myocardium, endocardium, heart valves or metabolic
abnormalities, and manifests itself mainly as impaired left
ventricular (LV) myocardial function (1).
The clinical syndrome of HF is paralleled by significant
molecular, cellular and histologic changes, known as “cardiac
remodelling”. The long waiting times for donor organs
and the need for treatment of end-stage HF unresponsive
to medical therapy has required the development of
LV assist devices (LVAD). LVADs provide volume and
pressure unloading of the LV and restore function and
allow myocardial recovery. Ventricular unloading enables
a reversal of stress-related compensatory responses of the
overloaded myocardium and normalizes systemic perfusion
of organs. Thus, ventricular unloading activates a local
and systemic neurohormonal and cytokine network and is
associated with morphological and molecular changes in the
myocardium, called “reverse remodelling”.
However, molecular reverse remodelling does not
always correspond to functional myocardial recovery,
and in this case LVAD will act as a bridge to heart
transplantation or to destination therapy. It is important
to consider the etiology of HF to predict the recovery
and reverse remodelling of the myocardium. For example,
primary cardiomyopathy, which has a genetic etiology
with an altered proteomic pattern, cannot undergo to
myocardial recovery. We review the cellular, molecular
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and genetic changes during LV unloading (Figure 1).
Cardiomyocyte
Morphology and contractility
The unloading achieved with LVADs results in a reduction
in the LV dilation seen in end-stage HF and several studies
have shown that prolonged mechanical support leads to
decreased LV diastolic diameter, LV end-diastolic pressure,
pulmonary capillary wedge pressure, and pulmonary
vascular resistance, as well as increased ejection fraction
(EF), mean aortic pressure, and cardiac index (2,3).
In a study of myocytes obtained from patients with HF
[etiology was both ischemic cardiomyopathy (ICD) and
dilated cardiomyopathy (DCD)] at the time of transplant,
the myocytes from patients supported with an LVAD had a
greater degree of shortening, faster time to peak contraction
and faster time to shortening (4). Another study obtained
in DCM demonstrated a significant improvement in LV
and myocyte size during LVAD support, but there was only
partial recovery of EF and myocyte contractility (5). These
conflicting results may suggest that the myocyte recovery is
pathology-related: primary cardiomyopathy with an altered
proteomic pattern presents as a congenitally impaired
myocardial contraction system.
Mechanical unloading has also been associated with a
specific pattern of changes in sarcomeric, non-sarcomeric
and membrane-associated proteins. These changes in
expression of cytoskeletal proteins require further study to
better explain the differences in myocyte contractility seen
with different etiologies of cardiomyopathy (6).
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Figure 1 Pathway of reverse remodelling during LVAD unloading. See description in the text. LVAD, left ventricular assist devices;
ECM, extracellular matrix; MMPs, matrix metalloproteinases; TIMPs, tissue inhibitors of metalloproteinases; PINP, propeptides of type I
procollagen; PIIINP, propeptides of type III procollagen; miRNA, microRNA; BNP, brain natriuretic peptide.

Calcium handling
HF is associated with alterations of Ca2+ cycling. Downregulated
gene expression of sarcoplasmic endoreticular Ca2+ ATPase
subtype 2a (SERCA2a), of the sarcoplasmic reticular
(SR) ryanodine-sensitive Ca2+ release channel [ryanodine
receptor (RyR)], and altered regulation of the sarcolemmal
Na+/Ca2+ exchanger (NCX1) have been reported and appear
to correlate with contractile dysfunction (7).
After LVAD support, NCX1 and SERCA2a mRNA was
upregulated (38% higher than at device implantation), and
Ca2+ in sarcoplasmatic reticulum was increased. Terracciano
et al. have shown that mechanical unloading is associated
with modifications in excitation-contraction coupling, and
sarcoplasmatic Ca2+ homeostasis (8).
In a rat model, protracted ventricular unloading produces
depressed myocardial contractility. The mechanisms of
cardiomyocyte contractile and relaxation impairment, in
this case, are due to impaired myofilament sensitivity to
Ca2+ and reduced SERCA2a uptake, respectively (9).
The advantages of unloading on calcium handling
and contractility could be time-dependent. Patients with
a shorter duration of mechanical support (<115 days)
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displayed a significant increase in SERCA2a expression.
This alteration, however, regresses to starting levels in the
patients with longer duration of LVAD support (10). The
phenomenon of calcium handling and contractility is not
constant throughout the duration of unloading. This may
suggest it is possible to predict a time-dependent recovery
in early phases of ventricular unloading or it could be an
indication of adverse remodelling occurring in later stages
of unloading.
Apoptosis
LVAD mechanical support is associated with a decrease in
apoptosis, which is an important contributor to HF.
NF-κB is a transcription factor implicated in immune and
inflammatory responses, developmental processes, cellular
growth, and apoptosis. In particular NF-κB regulates the
expression of genes encoding for tumor necrosis factor
(TNF) α, interleukin (IL)-6 and hemeoxygenase (11). TNFα
leads to the recruitment of Caspase death proteases, and a
significant decrease in TNFα levels in the myocardium of
patients supported by LVAD has been demonstrated (12).
Hemeoxygenase-1 (HO-1, HSP 32) is an inducible
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enzyme isoform in response to stress and also possesses
an anti-apoptotic function. In HF, HO-1 is significantly
increased, but after unloading, the HO-1 expression
normalizes (13-15).
Increasing stem cell recruitment and proliferation
After unloading, a significant decrease in mean cardiomyocyte
DNA content and an increase in numbers of binucleated
cardiomyocytes have been demonstrated, suggesting a
numerical increase of cardiomyocytes. Wohlschlaeger et al.
propose that the vast polyploidy of cardiomyocytes in HF
results from hypertrophic growth associated with repeated
rounds of DNA synthesis with an incomplete attempt to
enter mitosis. After LVAD unloading, the hypertrophic
stimulation is decreased, so the brake inhibiting entry
into mitosis is released, resulting in cell duplication with
formation of binucleated cardiomyocytes. The decrease in
mean DNA content in cardiomyocytes suggests that stem
and progenitor cell proliferation occurs after unloading (16).
The heart contains a reservoir of stem and progenitor cells,
including c-kit (CD117) stem cells and side population
cells (SPC). After LVAD unloading there is a significant
increase of c-kit+/MEF-2+ cells, suggestive of migration
and/or proliferation of SPCs of unknown origin (17).
A pool of stem cells is released from the bone marrow.
Manginas et al., demonstrate that a transient increase
occurs in the number of circulating CD34+ cells after
LVAD implantation (18). Animal models (heterotopic heart
unloaded in rats) are consistent with these findings and
provide validation that hemodynamic unloading improves
the regeneration of myocytes in the failing heart by
increasing cell proliferation, inhibiting cell apoptosis, and
improving stem-cell recruitment (19).

mediated regulation of mitochondrial respiration (21).
HF produces significant structural variations in
myocardial mitochondria cardiolipin content both in ICD
and DCD, but alters cardiolipin composition only in ICD.
Efficiency of mitochondrial coupling is largely determined
by the functional status of the inner membranes, of which
cardiolipin is the characteristic phospholipid. LVAD support
does not restore cardiolipin content of failing hearts, but does
normalize cardiolipin composition in those with ICD (22).
The sympathetic nervous system
β-adrenergic receptor (β-AR) signaling can be altered by:
(I) receptor downregulation; (II) receptor desensitization.
β-AR in the heart are functionally coupled with G proteinadenylylcyclase signal transduction cascade and serve as
targets of β-ARK and protein kinase A (PKA). β-ARK
leads to desensitization of the receptor by uncoupling the
receptors from the stimulatory G protein Gs. The cAMPPKA phosphorylates several proteins related to excitationcontraction coupling such as activation of L-Type Calcium
Channels (CaCn), of SERCA2, increasing reuptake of Ca2+.
There is a link between sympathetic nervous system and
calcium handling.
β-AR have demonstrated desensitization in patients
with chronic HF, mediated by β-ARK from epinephrine
overstimulation. Thus β-AR are also downregulated
by decreased synthesis or by phosphoinositide 3-kinase
(PI3K)-gamma with redistribution of β-receptors into
endosomal compartments (23). Mechanical unloading with
LVAD support is associated with reversal of this β-receptor
desensitization and downregulation and it is accompanied
by increased beta adrenergic receptor density (24).
Extracellular matrix (ECM)

Remodelling of cardiac mitochondria
Functional and structural derangement of myocardial
mitochondria may contribute to HF (20). Mitochondrial
respiratory function was evaluated with polarographic
techniques both in HF due to ICD and DCD and,
following mechanical unloading, mitochondrial function of
cardiomyocytes was improved. One possible mechanism for
improvement in the respiratory function is an alteration in
mitochondrial calcium levels, which could be linked with
calcium handling. Thus respiratory control diminishes
as cytosolic calcium overload occurs (20). Furthermore,
mechanical LVAD support increases endogenous NO-
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The ECM provides the scaffold necessary for the alignment
of myocardial cells within the myocardium. ECM turnover,
with an increase in fibrosis, is a hallmark feature of myocardial
remodelling in chronic HF and results from an imbalance of
matrix metalloproteinases (MMPs) and their inhibitors, the
tissue inhibitors of metalloproteinases (TIMPs).
The most abundant proteins are collagens types I and III
and the role of changing metabolic responses of collagen
concentration and crosslinking, after LVAD support,
remains controversial. During the matrix remodelling
process, type I and III procollagen is cleaved to form type I
and III collagen and their amino terminal propeptides of type I
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and III procollagen (PINP and PIIINP). After LVAD support,
Klotz et al. demonstrated an increase in collagen cross-linking
and the ratio of collagen type I to III and therefore an increase
in myocardial stiffness (25). Xydas et al. on the other hand
showed a decrease in collagen deposition from time of LVAD
implantation to time of transplantation in a group of patients
who were bridged to transplantation (26). Similarly, Bruckner
et al. showed that long-term mechanical circulatory support
significantly reduced collagen content and fibrosis (27).
Bruggink et al. suggested a biphasic pattern for the collagen
turnover and the volume of ECM with an initial increase in
fibrosis, followed by a subsequent regression after 200 days of
LVAD support (28).
A histological study from autopsy specimens of
ventricular apical core biopsies and explanted hearts,
demonstrated that LVAD led to significant improvement
in several forms of myocyte damage (coagulative necrosis,
myocytolysis and myocyte waviness) but not to significant
reduction in scores for fibrosis, increased eosinophilia or
contraction band necrosis (29).

no changes after unloading of the heart by the device.
Interestingly, in TAH patients, TIMP-1 plasma levels were
significantly increased at implantation and remain elevated
after implantation of the TAH. This trial demonstrated
that plasma concentrations of TIMP-1 were not regulated
during mechanical unloading, and that the myocardium
is not the only source of circulating TIMP-1, reflecting a
systemic remodelling (31).
Two studies by Felkin et al. investigated the expression
of TIMP-4 mRNA in the myocardium of DCM patients.
Symptomatic DCM patients who required LVAD unloading
displayed higher TIMP-4 mRNA expression than individuals
with stable DCM undergoing HTx without prior VAD (33).
In a second trial, TIMP-4 expression was assessed at LVAD
implantation in advanced DCM patients and again at
explantation. TIMP-4 was expressed at significantly lower
levels at explantation of the device (34). However, by contrast,
Li et al. (32) found TIMP-4 protein was unchanged during
VAD support. Thus there is a discordance in mRNA and
protein expression of TIMP-4 during mechanical unloading.

Matrix metalloproteinases (MMPs)

Osteopontin (OPN)

MMPs constitute a group of zinc- and calcium-dependent
endopeptidases, which are able to degrade ECM components
and modulate the function of a variety of endogenous
proinflammatory and vasoactive molecules. More than 20
MMPs have been described. The failing heart displays an
increased expression of MMP-2 on mRNA and protein levels.
The prognosis of HF patients seems to correlate with the
severity of NYHA class, and plasma levels of MMP-2 (30).
However, the implantations of LVADs or total artificial
heart (TAH) were not shown to influence MMP-2 plasma
concentration (31). Nevertheless, Li et al. (32) studied MMP-9
activity in a group of patients suffering from DCM or ICM
at the time of LVAD implantation and again at explantation
of the device. The MMP-9 activity was decreased in patients
post-LVAD compared with baseline activity. In addition, the
pro-MMP-9 tissue content was significantly decreased by
LVAD. This could suggest that cardiac unloading by LVAD
leads to reduced ECM degradation in the myocardium.

OPN is a multifunctional protein, involved in diverse
biological processes such as a protein anchoring,
biomineralization, immunoregulation, leukocyte recruitment,
and regulation of cell adhesion and cell survival. Levels of
OPN mRNA in the myocardium of HF patients showed a
significant decrease after LVAD support, but OPN protein
expression was not decreased (35). Significant elevation of
OPN levels before LVAD placement is associated with
right ventricular failure (RVF) development. Persistent
elevation of circulating ECM markers after LVAD
implantation may be characteristic of patients who
develop RVF. OPN levels >260 ng/mL discriminate
patients who develop RVF after LVAD implantation (36).

Tissue inhibitors of metalloproteinases (TIMPs)
The activity of MMPs is controlled by expression and
secretion of the TIMPs. A trial has shown that the plasma
level of TIMP-1 was higher in LVAD patients at device
implantation compared with healthy controls, with
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The neurohormonal and cytokine network
HF is characterized by neurohormonal and inflammatory
cytokine activation, influencing heart contractility and
filling, promoting apoptosis, and contributing to the
process of myocardial remodelling. Several studies have
shown elevated levels of inflammatory cytokines such
as TNFα, IL-1β and IL-6 in HF patients in plasma and
circulating leukocytes, as well as in the failing myocardium
itself. Neurohormonal systems (catecholamines, natriuretic
peptides and components of the renin-angiotensin
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axis) are increased in HF and have been found to have
pathophysiological and prognostic implications, because
some of these molecules exert local paracrine activation (1).
Brain natriuretic peptide (BNP) and NT-proBNP
BNP and its amino terminal cleavage fragment (NT-proBNP)
are peptide hormones released from cardiomyocytes under
mechanical stress. Postoperative BNP levels have been
shown to decrease dramatically with the initiation of LVAD
support. These levels correlated inversely with the degree
of hemodynamic support rendered at various settings of the
number of revolutions per minute (RPM). Overall, BNP levels
decreased significantly two days after RPM increase. There
was a significant inverse association between the postoperative
BNP levels and the degree of LVAD support (37).
The important reduction in serum BNP concentration
after mechanical support coincides with a decrease in BNP
mRNA and protein expression in the heart (38). Mechanical
unloading of the heart or removal of the failing ventricles
reduced BNP plasma concentrations both in LVAD and in
TAH patients (31).
Galectin-3 (Gal-3)
Gal-3 is a profibrotic protein, beta-galactosidase binding
lectin, secreted by activated macrophages, and has a role in
development of fibrosis in injured myocardial tissue.
Gal-3 displays several autocrine and paracrine effects and
could improve pro-inflammatory networks. In patients with
HF, a single level of Gal-3 predicts mortality at four years,
independently of echocardiographic signs of disease
severity (39). Patients not surviving with mechanical support
presented significantly high plasma concentrations of Gal-3 at
the time of LVAD implantation compared with those patients
who were transplanted (31).
Erkilet et al. analyzed a cohort of 151 patients and
demonstrated that a higher Gal-3 level pre-LVAD
implantation, was associated with increased mortality risk
during mechanical support. These data deserve further
investigation, since Gal-3 might be a useful biomarker for
prediction of mortality in severe HF patients, planned for
LVAD support (40).
ST2
ST2 is a member of the interleukin-1 receptor family,
and is secreted by both fibroblasts and cardiomyocytes
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in response to strain. ST2 exists in a membrane-bound
receptor and in a truncated soluble form (sST2), measurable
in the blood of patients after myocardial infarction and in
those with HF. ST2 belongs to a cardioprotective signaling
system consisting of paracrine interactions between IL-33,
produced by cardiac fibroblasts and transmembrane ST2
receptors on cardiac myocytes. IL-33 neutralizes circulating
sST2 and has been associated with a decrease in myocardial
strain.
Ky et al. (41), reported that ST2 level is strongly
correlated with worse HF, and patients with high levels of
circulating sST2 had an elevated increased risk of death
or heart transplantation. Assessment of ST2 may make a
customized risk stratification in patients with HF possible,
allowing identification of those who need more aggressive
treatment strategies.
Values of circulating sST2 in patients at LVAD
explantation were lower compared to the time of
mechanical support implantation; conversely, there was
no significant change in IL-33 level. The IL-33/ST2 ratio
rises after LVAD support. The increase in IL-33 relative to
sST2 after LVAD unloading may reflect normalization of
cardioprotective signaling (sST2/IL33) with normalization
of cardiac filling and ventricular contraction (42).
Growth differentiation factor-15 (GDF-15)
GDF-15 is a cytokine secreted in stress-response situations
such as oxidative stress, inflammation or tissue injury.
Increased circulating levels of GDF-15 have been linked
to the incidence and prognosis of HF. Elevated circulating
levels of GDF-15 in patients with end-stage DCM correlate
with myocardial fibrosis and kidney function and is
significantly reduced after one month of LVAD unloading,
remaining constant thereafter. The heart is not an
important source of GDF-15 production in these patients,
because there is very little protein expression and mRNA of
GDF-15 in the myocardium (43).
MicroRNA (miRNA)
miRNAs comprise short, non-coding RNAs, which act as
intracellular endogenous RNAs to control gene expression
on a post-translational level. miRNAs can be detected in
myocardial samples or in a circulating form. In a recent
review, seven circulating miRNAs were validated in the
plasma of patients with HF (miR-423-5p, miR-18b*, miR129-5p, miR-1254, miR-675, HS_202.1, and miR-622).
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In this group of miRNAs, the most strongly related to the
clinical diagnosis of HF was miR-423-5p (44). Functional
myocardial response to LVAD unloading (EF >50% and
a relative decrease in LV end-systolic volumes >25%) was
associated with lower circulating levels of miRs-15b and
-133b. The expression of miRs-208; -499; -205; -133a; -145;
-21 and -29a were not significantly changed during LVAD
with or without functional recovery (45). Therefore, it
remains to be determined whether circulating miRNA has a
biological function and modulates pattern of gene expression.
Other studies evaluated miRNA from myocardial
samples. Matkovich et al., demonstrated miRNAs
associated with HF (miR-24, miR-125b and miR-19) and
their reversibility after LVAD support (46). Low level of
miRs-23a and -195 in cardiac expressions and smaller
cardiomyocyte size at the time of LVAD implantation were
associated with LV functional recovery (47).
In the end, the spectrum of miRNA is wide and includes
both circulating miRNA, and miRNA expressed in the
myocardium. These preliminary studies may demonstrate
differential expression of miRNA during LVAD unloading,
which could be used as markers to assess for possible
recovery and investigate the functional genetic pathway that
correlates with clinical recovery.
Heart valve
Increasing assist device flows in low cardiac function
resulted in transvalvular high pressures above the aortic
leaflets. This condition maintains the aortic valve closed
throughout cardiac cycle and has been associated with
impaired leaflet function, aortic root dilatation and aortic
valve fusion and/or incompetence. The average leaflet strain
is increased during LVAD support, due to the physiologic
strain during ventricular systole and a continuous flow
strain during diastole by mechanical support. This
mechanism can explain the structural changes of the aortic
valve during LVAD unloading (48,49). Acquired aortic
stenosis of the native aortic valve and thrombotic occlusion
of a prosthetic aortic valve in the native heart have both
been demonstrated after autopsy of patients with VAD (29).
Furthermore, secondary severe aortic insufficiency can
become a significant complication. Recently, percutaneous
transcatheter closure with the Amplatzer cribriform device
(AGA Medical, Plymouth, Minnesota, USA) of the aortic
valve was shown to effectively treat LVAD-associated
aortic insufficiency and reduce pulmonary capillary wedge
pressure (50).
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Future perspectives
The cardiac remodelling mediated by LVAD must be
contextualized within the etiology of cardiomyopathy, the
duration of the unloading and right HF. It is important
to differentiate between ICD and DCD with genetic
mutations. DCD with abnormal myocardial proteins cannot
undergo recovery with LVAD support, because there is
an intrinsic abnormality of the genome. Stem cells of
patients with genetic DCD themselves possess the defect.
ICD hearts could achieve a greater degree of myocardial
recovery because their cardiac stem cells have no intrinsic
mutation. For this reason, after unloading it is plausible that
the cardiomyocytes in ICD recover more than the DCD.
It is also difficult to compare cardiac fibrosis between
ICD and DCD, as the first is mediated by a process of
ischemia-necrosis-fibrosis, and geographically distributes
downstream of the coronary stenosis. Fibrosis in DCD
is mediated by a process of myocyte failing-apoptosisfibrosis and is distributed ubiquitously in the myocardium.
It is therefore important to differentiate the etiology of
cardiomyopathy to assess the changes after LVAD unloading
and further studies will therefore be required. This view is
consistent with disease-specific reverse remodelling of heart
after LVAD support in ICD and DCD.
The time of unloading is important because there are
time-related cardiac changes. In the first phase there is an
improvement and normalization of the systems previously
discussed. Subsequently, there has been shown to be a
decrease in the concentration of sarcoplasmic calcium,
reducing the capacity for excitation-contraction coupling of
myocardial cells. Hence, it seems there is a window period
(about 30 days) in which the myocardium can undergo
recovery.
The duration of unloading could trigger differing
activation of the neurohormonal and cytokine network,
mediated mainly by the transition from pulsatile flow to
continue. Others studies will be required to determine the
mechanisms and pathways involved. Additionally, after a
long period of unloading of the left ventricle, a frequent
complication is RVF. In this case, all the aforementioned
mechanisms of HF could recommence, and for this reason,
some biochemical markers may rise.
Translational research in LVAD unloading is an
emerging area that has provided new information on
signaling pathways of reverse remodelling after HF and
helped to develop new therapeutic targets and strategies to
induce further significant reverse remodelling and durable
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myocardial recovery.
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