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BMMNC Bone marrow mononuclear cell
BNP Brain natriuretic peptide
BUN Blood urea nitrogen
CM Cardiomyocyte
CPC Cardiac progenitor cell
DCM Dilated cardiomyopathy
ESC Embryonic stem cell
Gal-3 Galectin-3
GDF-15 Growth and differentiation factor-15
GFR Glomerular filtration rate
Hb Haemoglobin
HF Heart failure
hs-TnT High-sensitivity troponin T
IL-1β Interleukin-1β
iPSC Induced pluripotent stem cell
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KCCQ Kansas City Cardiomyopathy Questionnaire
KIM-1 Kidney injury molecule-1
LGE Late gadolinium enhancement
LVAD Left ventricular assist device
LVEF Left ventricle ejection fraction
LVRR Left ventricular reverse remodelling
MACE Major adverse cardiac event
MLHFQ Minnesota Living with Heart Failure Questionnaire
MRI Magnetic resonance imaging
NPs Natriuretic peptides
NT-proBNP N-terminal pro-BNP
NYHA New York Heart Association
SHFM Seattle Heart Failure Model
sST2 Soluble ST2
TGF Transforming growth factor
Tns Troponins
WRF Worsening renal function

Dilated cardiomyopathy (DCM) is associated with the loss of cardiomyocytes 
(CMs) and with the replacement of lost CMs by non-contractile fibrous tissue.

In the past years, the inability of the heart to repair itself after damage has led to 
the conclusion that CMs are unable to proliferate. More recently, however, it was 
discovered that CMs conserve a very low proliferation rate throughout adult life 
[1–3]. Consequently, many strategies to enhance endogenous CM proliferation and 
achieve myocardial repair have been developed.

11.1  Strategies for Heart Regeneration

Strategies for heart regeneration and repair may be divided into two broad groups, 
based on either cell or gene therapy (Fig. 11.1).

11.1.1  Cell Therapy

Several populations of putative cardiac progenitor cells, bone marrow-derived stem 
cells and pluripotent stem cells have been identified in the last two decades. 
Generally, cardiac progenitor cells are very rare in heart tissue and heterogeneous in 
nature, but all identified populations have been originally reported to be able to dif-
ferentiate in vitro in various cell lines, among which CMs [4]. Cardiac progenitor 
cells and bone marrow-derived stem cells were thought to be able to engraft in dam-
aged tissue and proliferate and differentiate in mature CMs [5]. Based on these 
original findings, administration of cardiac progenitor cells or bone marrow-derived 
stem cells has been extensively investigated in clinical trials for the treatment of 
ischaemic cardiomyopathy [5, 6] and DCM (see below). The negative outcome of 
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these trials and a proper re-evaluation of the results obtained in experimental ani-
mals eventually led to the conclusion that none of these so-called stem cell popula-
tions efficiently engraft in heart tissue, proliferate and differentiate into functional 
CMs. The marginal beneficial effects of cell administration are mainly due to their 
paracrine anti-apoptotic and pro-angiogenic effect, limited by their very short per-
sistence in vivo [7].

Another cell-based strategy involves the production and in vitro expansion of 
CMs from human embryonic stem cells or iPSCs [8]. The treatment in culture of 
these cells with an appropriate cocktail of growth factors leads to the production of 
relatively pure CM populations that can be injected directly as a cell suspension in 
the heart or grow and engraft into 3D synthetic matrices creating heart tissue 
patches. A major limitation in the clinical application of embryonic stem cell- and 
iPSC-derived CMs relates to the relative difficulty in expanding and differentiating 
these cells in large numbers and to the high cost needed for the their production and 
characterization [9]. In addition, CMs administered as a cell suspension poorly 
couple with native CMs, thus asynchronously contracting and potentially being 
arrhythmogenic [10]. The use of cardiac patches is also limited by the poor electro-
mechanical coupling with native heart tissue and by the need of a very high amount 
of CMs to produce a sufficiently large cardiac patch. Improvement in these tech-
nologies is however expected in the next years; for example, Shadrin et al. [11] 
recently reported the production of a patch with clinically relevant dimensions 
(4 × 4 cm).

An additional cell-based strategy is in vivo cell reprogramming. Treatment of 
fibroblasts in heart tissue with a cocktail of growth factors may directly induce their 
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Fig. 11.1 Schematic representation of the strategies to enhance myocardial regeneration. On the 
left, strategies based on gene therapy, involving the administration of viral vectors, plasmids or 
synthetic RNA molecules (messenger RNA or microRNA) or the interference with specific genes 
using chemical compounds or microRNAs. On the right, strategies based on cell therapy, such as 
in  vitro cardiomyocytes production from ESCs, IPSCs or CPCs and following engraftment of 
obtained cardiomyocytes or in vivo direct reprogramming of fibroblasts
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transdifferentiation in CMs. This strategy has been already applied with success in 
animal models, and clinical trials are awaited to confirm their efficacy in humans 
[12]. Principal limitations of this strategy are the low yield of conversion of fibro-
blasts to CMs and the need to use viral vectors as administration tools, which is 
fraught with low efficiency in vivo.

11.1.2  Gene Therapy

Gene therapy strategies aim at enhancing endogenous CM proliferation by the 
administration of genes encoding for proteins or non-coding RNAs. The discovery 
of new genes with therapeutic potential in this field mirrors the study of the mecha-
nisms that regulate CM proliferation during embryonic and foetal development and 
the mechanism that induce CM withdrawal from proliferative state after birth [13]. 
With this approach, a protein, neuregulin-1 [14], and an intracellular signal trans-
mission pathway, the Hippo pathway [15], have been identified as fundamental 
regulators of CM differentiation and proliferation during embryogenesis. 
Overexpression of neuregulin receptor ErbB2 and deactivation of the suppressive 
Hippo pathway have both been proven effective in animal models of myocardial 
infarction and may reach the clinical scenario as potential new therapies in a few 
years [13, 16].

In the field of gene therapy, microRNAs have been extensively studied as poten-
tial tools to induce heart regeneration due to their ability to control complex cellular 
processes such as proliferation, apoptosis, differentiation, migration and metabo-
lism. Several microRNAs have been identified as regulators of CM proliferation 
(e.g. miR-1, miR-499, miR-133, miR-29a, miR-15 family as proliferation inhibitors 
and miR-17/92, miR-302/367, miR-199a-3p and miR-590-3p as proliferation acti-
vators) [17]. Some of the miRNAs have been characterized in preclinical models as 
potential therapeutic tools for heart regeneration, especially after myocardial infarc-
tion. Also in this case, clinical studies are warranted in the incoming years.

11.2  Regenerative Approaches in Dilated Cardiomyopathy

In the field of regenerative medicine, much effort has been put on the study of new 
therapies for ischaemic cardiomyopathy, whereas attempts to find new therapies in 
DCM have instead been limited [18, 19].

DCM has lagged behind in the field of regenerative medicine mostly because of 
its lower prevalence in comparison with ischaemic heart disease. Preclinical models 
of DCM are more difficult to obtain being DCM the final common phenotype of 
multiple pathophysiological processes, some of which even poorly understood. 
Moreover, the presence of regenerating cells and the extension of regenerated tissue 
are much easier to identify in ischaemic heart disease models, in which the necrotic 
tissue and scar are even macroscopically well-defined, than in DCM models, in 
which loss of CMs and fibrosis is diffuse. As a consequence, only a few preclinical 
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studies have been conducted in models of DCM with a definite aetiology (i.e. 
anthracycline-induced cardiomyopathy [20] and chagasic cardiomyopathy [21]).

Despite the scarce preclinical experience in DCM, a few clinical trials have been 
conducted to assess the effect of putative stem cell administration in non-ischaemic 
DCM.

The DCM branch of MiHeart trial has been the first, and to date only, multicen-
tre, double-blinded, placebo-controlled phase I–II trial testing the efficacy of bone 
marrow-derived mononuclear cells (BMMNCs) in patients affected by non- 
ischaemic DCM [22]. Subjects enrolled had a previous diagnosis of heart failure, 
heart failure symptoms for at least 1  year, a diagnosis of non-ischaemic DCM 
according to the World Health Organization criteria, LVEF <35% and NYHA class 
III or IV and were on optimal medical therapy for at least 4 weeks before random-
ization and throughout the study. One hundred sixteen patients were enrolled and 
randomized (1:1) to intracoronary injection of BMMNCs or placebo injection. The 
treatment proved safe, but at 12 months of follow-up, there were no statistically 
significant differences with regard to LVEF, MLHFQ score, 6-min walk test, VO2 
max or NYHA classification. Thus, the investigators concluded that BMMNCs do 
not have a beneficial effect in the setting of DCM. This is most likely related to the 
wrong assumption that the administered cells had a true regenerative potential.

Other smaller studies have been conducted to assess the efficacy of stem cell 
treatment in the setting of DCM.

The first proof-of-concept study in this field was TOPCARE-DCM, a cohort 
study enrolling 33 patients affected by DCM with LVEF ≤40% and NYHA class 
I–III [23]. All patients underwent intracoronary infusion of BMMNCs, and investi-
gators reported a mean improvement in LVEF at 3 months of 3.2% as assessed by 
echocardiography. It has to be underlined that this is a single-centre, nonrandom-
ized, prospective cohort study.

Vrtovec et  al. reported in three different studies [24–26] that treatment with 
CD34+ cells led to significant improvement in global ejection fraction and in 1-year 
mortality. Nevertheless, all these studies enrolled a small cohort of patients, were 
performed at a single centre, were not double-blind nor placebo-controlled and were 
not powered to test for mortality.

The Autologous Bone Marrow Cells in DCM (ABCD) trial enrolled 84 patients 
with non-ischaemic DCM, LVEF ≤35% and NYHA class ≥II that were randomized 
to intracoronary infusion of BMMNCs or optimal medical therapy [27]. At 3-year 
follow-up investigators reported a mean improvement in ejection fraction of 5.9% 
in the treated group with a significant difference between treated and control group 
in LVEF, left ventricle end-diastolic volume and KCCQ functional status and clini-
cal summary score.

The INTRACELL study randomized 30 patients affected by non-ischaemic 
DCM, LVEF ≤35% and NYHA class III or IV to intramyocardial injection of 
BMMNCs or optimal medical therapy, but at follow-up there was no improvement 
in LVEF [28].

The IMPACT-DCM/Catheter-DCM enrolled both patients affected by ischaemic 
and non-ischaemic DCM (29 patients with non-ischaemic DCM) and randomized 
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them to transendocardial injections with BMMNCs enriched in mesenchymal stro-
mal cells and M2-like macrophages or to optimal medical therapy [29]. After 1 year 
of follow-up, there were no significant differences between control and treated 
group in terms of LVEF and functional status.

Taken together, the data from these experimentations, most of which were small, 
single-centre and non-blinded, indicate that the eventual benefit provided by adminis-
tration of bone marrow mononuclear cells is marginal at best and most likely related 
to the paracrine effect of these cells rather than to their regenerative potential [30].

As a consequence, regenerative approaches to heal the heart, both in the isch-
aemic and non-ischaemic settings, are now moving from stem cell therapies to gene 
therapy, which presents with a much more relevant preclinical background, holding 
high promise, even though still far from extensive clinical application.

11.3  Biomarkers and Dilated Cardiomyopathy

Idiopathic DCM is a primary myocardial disease characterized by progressive left 
ventricular o biventricular dilatation and dysfunction, presenting with different 
degrees of HF, ranging from asymptomatic dysfunction to advanced HF with refrac-
tory symptoms, which often requires heart transplantation. Patients with idiopathic 
DCM are younger than those with ischaemic cardiomyopathy, have fewer comor-
bidities and have a longer life expectancy. For this reason, prognostic assessment is 
particularly important for these patients.

In the last years, the advances in the comprehension of HF pathophysiology led 
to the identification of several molecules that act as biomarkers and are representa-
tive of HF complex biological mechanisms, such as inflammation, oxidative stress 
and neurohormonal activation. Biomarkers may help clinicians in diagnosing, 
assessing severity and especially predicting prognosis of HF. The term biomarker 
was defined in 2001 by the Biomarkers Definition Working Group of the National 
Institutes of Health [31] as “a characteristic that is objectively measured and evalu-
ated as an indicator of normal biological processes, pathogenic processes, or phar-
macologic responses to a therapeutic intervention”. Focusing on laboratory 
biomarkers, Prof. Braunwald identified seven main categories, corresponding to an 
equal number of pathobiological processes occurring in HF: myocardial stretch, 
inflammation, matrix remodelling, myocyte injury, renal dysfunction, neurohu-
moral activation and oxidative stress [32].

The most widely used biomarkers in patients suffering from HF are natriuretic 
peptides. BNP and NT-proBNP are secreted in response to the stretching of atrial 
and ventricular walls and are recommended tools for the diagnosis of HF, accord-
ing to the latest ESC guidelines [33]. Accordingly, the evaluation of their plasmatic 
concentration on hospital admission is predictive of outcome in patients with acute 
HF, and their increase despite optimized therapy in chronic HF predicts morbidity 
and mortality [34]. Moreover, in the setting of acute decompensated HF, the occur-
rence of WRF with a significant decrease of BNP is a marker of adequate decon-
gestion and favourable outcome [35]. Few studies investigated the role of natriuretic 
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peptides in the peculiar setting of idiopathic DCM. BNP was correlated to clinical 
severity of HF and congestion [36], and NT-proBNP correlated with LVEF, NYHA 
class and mortality [37], identifying patients with a more severe HF, and it was the 
best predictor of long-term LVRR, which by itself is a predictor of favourable out-
comes [38].

Inflammation and matrix remodelling, expressed as fibrosis, are two pathobio-
logical processes involved in systolic and diastolic dysfunction, leading to cardiac 
remodelling and overt heart failure. Gal-3 is a lectin secreted by activated macro-
phages that favours the development of cardiac fibrosis via fibroblast stimulation 
[39] and represents the link between inflammation and fibrosis. Gal-3 already 
showed to have a prognostic role in patients affected by HF: the higher the levels, 
the more severe the cardiac fibrosis and left ventricular remodelling [40]. In the set-
ting of chronic HF, values of plasmatic Gal-3 above 17.8 ng/mL predict an unfa-
vourable outcome in terms of hospitalization and mortality [41, 42]. However, 
Gal-3 is not a heart-specific biomarker and is abundantly expressed in many organs 
and tissues, and its values are influenced also by comorbid conditions such as dia-
betes and renal or liver dysfunction [40]. With specific regard to idiopathic DCM, 
Besler et al. showed that Gal-3 myocardial expression directly correlates with the 
extent of histologically assessed cardiac fibrosis [43]. Additionally, in this peculiar 
setting, Gal-3 maintains its predictive power. Indeed, in two independent studies, 
Gal-3 was compared with LGE presence at cardiac MRI in idiopathic DCM patients. 
Gal-3 plasma levels represented the extent of fibrosis at MRI [44], and both Gal-3 
and LGE presence significantly predicted MACEs in DCM, especially when the 
two are combined [45]. Another biomarker of inflammation and fibrosis is sST2, a 
member of the interleukin (IL)-1 receptor-like family, that is secreted in response to 
myocardial strain and IL1 stimulation [46]. sST2, acting as a decoy receptor, reduces 
the cardioprotective effects of IL-33. High sST2 values are predictors of short- and 
long-term mortality in chronic HF [47]. Ky et al. demonstrated that patients with 
sST2 higher than 36.6 ng/mL have a three times higher risk of death or cardiac 
transplantation than those with lower values [48]. When compared to other bio-
markers, sST2 is superior to Gal-3 and NT-proBNP in risk stratification [39], being 
the best predictor of cardiovascular mortality. These results are particularly interest-
ing, because sST2 levels are not significantly influenced by other conditions, such 
as renal dysfunction or obesity [49]. Moreover, the increase over time of sST2 levels 
is predictive of disease progression in HF [50] and could identify patients with a 
more severe fibrosis. Lupon et al. developed the ST2-R2 score to predict reverse 
remodelling in HF with systolic dysfunction; patients with sST2 values above 
48  ng/mL will unlikely experience LVRR [51]. These findings are confirmed in 
idiopathic DCM stable patients: Wojciechowska et al. demonstrated that sST2 cor-
relates with all-cause mortality and the combined outcome of death, cardiac trans-
plantation and LVAD implantation, in particular when assessing serial changes in 
sST2 values [52].

Besides Gal-3 and sST2, the inflammatory and fibrotic processes are also mir-
rored by elevation of interleukin and growth factor levels, which can therefore be 
employed as useful biomarkers for prognostic stratification. The activation of the 
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inflammasome drives the inflammatory response that promotes cardiac remodelling 
and heart failure [53]. This process can be detected dosing circulating interleukins. 
In idiopathic DCM patients, IL-1β showed to be a highly significant long-term pre-
dictor of death or cardiac transplantation [54].

GDF-15 belongs to the TGF family and is involved in inflammation, fibrosis 
and ventricular remodelling [55]. In idiopathic DCM patients, it correlates with 
symptoms severity, BNP and sST2 levels and grade of systolic dysfunction. 
Stojkovic et al. demonstrated that GDF-15 is able to predict not only all-cause 
mortality, but also arrhythmic deaths, which are a not negligible cause of mortal-
ity in idiopathic DCM patients. GDF-15 levels above 884 pg/mL conferred a two 
times higher risk of arrhythmic death or resuscitated cardiac arrest and a three 
times higher risk of all-cause mortality, predicting the outcome with a higher 
accuracy than ST2 [56].

Troponins are well-known markers of myocardial injury. In the setting of HF, 
high values of troponin I or T predict a worse grade of left ventricular dysfunction 
and a higher risk of death [40]. In a study by Kawahara et al., hs-TnT value above 
0.01  ng/mL reflected the degree of myocardial damage and was an independent 
predictor of mortality, especially when combined with left ventricular dysfunction. 
The result was conserved even in the cohort of patients with chronic HF caused by 
idiopathic DCM patients [57].

Besides laboratory biomarkers, also clinical variables are important in defining 
prognosis in HF in clinically stable idiopathic DCM patients. Aleksova et al. dem-
onstrated that anaemia, defined as haemoglobin concentration lower than 13 g/dL in 
men and 12 g/dL in women, was a predictor of unfavourable outcomes. Moreover, 
the new onset of anaemia was as well an independent predictor of poor outcome, 
leading to a doubled risk of death or heart transplantation [58].

Renal failure is as well-known prognostically relevant complication occurring in 
HF patients. Consistently, creatinine, BUN and estimated GFR are independent pre-
dictors of prognosis [40]. However, WRF occurs frequently during uptitration of 
diuretic treatment in case of clinical congestion and is not necessarily related to 
poor outcomes [35]. In idiopathic DCM, renal failure occurs in 20% of patients dur-
ing the first 8 years after diagnosis, up to 50% at 20-year follow-up [59]. In these 
patients, a GFR between 30 and 60 mL/min/1.73 m2 nearly triplicates the risk for 
cardiac events [60]. NGAL and KIM-1 are useful biomarkers in early detection of 
WRF, even before the decline in GFR. When used in HF patients, they are also pre-
dictors of all-cause mortality and hospital admission [61].

In clinical practice, biomarkers are widely used to better characterize patients 
with HF and are useful tools in predicting prognosis (Fig. 11.2). The wide spectrum 
of pathophysiological processes explored by the amount of available biomarkers 
and the specific characteristics of each one make them advantageous especially 
when used in combination. The additive value of a multimarker approach in HF has 
been largely investigated in literature. Pascual-Figal et al. stratified acutely decom-
pensated HF patients using sST2, NT-proBNP and hs-TnT: patients with all three 
biomarkers elevated had 50% of risk of death, compared to 0% of risk in those with 
none elevated [62]. Ky et  al. identified eight biomarkers ameliorating risk 
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stratification in addition to the SHFM, a validated risk score in HF patients. They 
identified three classes of risk: low, intermediate and high; the latter two had, respec-
tively, 4.7- and 13.3-fold increase of risk of adverse outcomes [63]. Lupon et al. 
developed a risk calculator (BCN Bio-HF) incorporating NT-proBNP, hs-TnT, sST2 
and clinical variables; when biomarkers levels were added, a better risk classifica-
tion in individual prediction of death was achieved [64].

In conclusion, a multimarker strategy is able to characterize every patient identi-
fying those with more fibrotic, inflammatory or ischaemic elements. Multimarker 
strategy gives a deeper insight in HF pathophysiology and, above all, is needed for a 
tailored diagnostic and therapeutic strategy based on each patient’s characteristics.
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