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Abstract: For patients with hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM)
or arrhythmogenic cardiomyopathy (ACM), screening for pathogenic variants has become standard
clinical practice. Genetic cascade screening also allows the identification of relatives that carry the
same mutation as the proband, but disease onset and severity in mutation carriers often remains
uncertain. Early detection of disease onset may allow timely treatment before irreversible changes are
present. Although plasma biomarkers may aid in the prediction of disease onset, monitoring relies
predominantly on identifying early clinical symptoms, on imaging techniques like echocardiography
(Echo) and cardiac magnetic resonance imaging (CMR), and on (ambulatory) electrocardiography
(electrocardiograms (ECGs)). In contrast to most other cardiac diseases, which are explained by
a combination of risk factors and comorbidities, genetic cardiomyopathies have a clear primary
genetically defined cardiac background. Cardiomyopathy cohorts could therefore have excellent
value in biomarker studies and in distinguishing biomarkers related to the primary cardiac disease
from those related to extracardiac, secondary organ dysfunction. Despite this advantage, biomarker
investigations in cardiomyopathies are still limited, most likely due to the limited number of carriers
in the past. Here, we discuss not only the potential use of established plasma biomarkers, including
natriuretic peptides and troponins, but also the use of novel biomarkers, such as cardiac autoantibod-
ies in genetic cardiomyopathy, and discuss how we can gauge biomarker studies in cardiomyopathy
cohorts for heart failure at large.

Keywords: plasma biomarkers; genetic cardiomyopathy; early detection; noncoding RNA; cardiac
autoantibodies; HCM; DCM; ACM

1. Introduction

Genetic cardiomyopathy refers to a disease in which a pathogenic gene variant causes
structural or functional abnormalities of the heart muscle, resulting in cardiac dysfunction.
About 30 years ago, the first genetic cardiomyopathy gene mutation was described [1]. The
identified pathogenic variant in MYH7 (p.Arg403Glu) results in hypertrophic cardiomy-
opathy (HCM). This work pioneered a genetic era in which a large number of pathogenic
cardiac gene variants have been identified as causing different forms of cardiomyopathies.
Genetic cardiomyopathies are classified into groups: hypertrophic cardiomyopathy (HCM),
dilated cardiomyopathy (DCM), arrhythmogenic cardiomyopathy (ACM), left ventricu-
lar non-compaction cardiomyopathy (LVNC) and restrictive cardiomyopathy (RCM) [2]
(Figure 1), based on their cardiac phenotype observed by imaging or (post-mortem) histo-
logical findings.

It is important to stress that cardiomyopathies are not defined by a specific genetic
mutation, but by specific morphological and functional cardiac alterations. HCM is charac-
terized by left ventricular hypertrophy, unexplained by secondary causes, in the absence of
left ventricular dilatation [3]. Although HCM is believed to be predominantly genetically
determined, in a substantial proportion of patients the exact cause and/or pathogenic
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variant cannot be identified. For DCM this is even more complex and it is often regarded
a mixed cardiomyopathy as it can have a genetic cause, but other factors contribute as
well [2,4]. DCM is defined by the presence of ventricular enlargement and systolic dysfunc-
tion in the absence of left ventricular hypertrophy, and can have many causes [3]. It has
been suggested that 20–50% of idiopathic DCM is a result of a genetic cause [5]. ACM is
characterized by replacement of the ventricular myocardium with fibrofatty tissue and
the presence of ventricular arrhythmias [3,6]. Although both ventricles can be affected,
in many patients it is confined to the right ventricle, resulting in the sub classification of
arrhythmogenic right ventricular cardiomyopathy (ARVC) [7]. In LVNC, a sponge-like
left ventricular myocardium is present [8] and in RCM an abnormally rigid non-dilated
left and/or right ventricle is present with severe diastolic dysfunction [3]. HCM and DCM
are by far the most prevalent cardiomyopathies, with HCM having a prevalence of about
1/500 [9], and DCM between 1/2500–1/250 [10], although the exact prevalence of genetic
DCM is uncertain. ACM has a prevalence of about 1/5000 [2,11], whereas the others (RCM,
LVNC) can be classified as rare, and will not be discussed in this review [12,13].

The clinical classification, based on specific morphological and functional cardiac alter-
ations, has existed since the time when the underlying (genetic) causes were still unknown.
Imaging modalities, including echocardiography (Echo), cardiac magnetic resonance (CMR)
and several other modalities [14], have therefore obtained a prominent role in the diagnosis
and monitoring of patients [15–20]. Genetic testing has subsequently been included, but
cardiac biomarkers have so far not received a prominent role in the diagnosis or prognosis
of genetic cardiomyopathies. This in contrast to other cardiovascular diseases, including
coronary artery disease (CAD) and heart failure (HF), in which cardiac troponins (cTns) and
natriuretic peptides (NPs) have a prominent role in diagnosis [21]. Circulating biomarkers
may provide information at both early and late stages of the disease process and could
therefore be very useful for monitoring inherited disease [22]. The generally relatively
small, single-center and observational studies in genetic cardiomyopathies have clearly
hampered biomarker investigations in this field. With the increase in genetic (cascade)
testing, cardiomyopathy cohorts have become larger and now provide an opportunity to
perform biomarker studies. Although in this review we discuss biomarkers particularly in
the context of genetic cardiomyopathies, in many of the described studies a distinction be-
tween genetic or other causes for the described cardiomyopathy was not apparent. This is a
limitation for the proper interpretation of such studies. We anticipate that improved genetic
screening will solve this caveat to a large degree in future cardiomyopathy investigations,
and will improve study population definitions.
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Figure 1. The most common genetic cardiomyopathies and a selection of the most frequently im-
plicated genes. The hearts used in this figure are adapted from McCauley and Wehrens (2009) [23], 
licensed under a Creative Commons Attribution Non-Commercial Share Alike 3.0 Unported Li-
cense (https://creativecommons.org/licenses/by-nc-sa/3.0/legalcode). ACM = arrhythmogenic car-
diomyopathy; DCM = dilated cardiomyopathy; HCM = hypertrophic cardiomyopathy. 

2. Genes Implicated in Cardiomyopathies 
A large number of pathogenic gene variants have been identified and this number 

is likely to increase further. Although some genes can be linked to a specific cardiomyo-
pathy, like HCM or ACM, other genes are associated with multiple forms of cardiomyo-
pathy, often depending on the specific pathogenic variant, and on secondary disease 
triggers (Figure 1). For certain pathogenic variants, like the PLN Arg14del variant, dis-
ease may even develop in different directions, in this case being either ACM or DCM or 
both [24]. 

HCM is often caused by a single mutation in a sarcomere-associated gene [25] (Fig-
ure 1). Up to 50% of genetic HCM cases are explained by mutations in the MYH7 or 
MYBPC3 genes [26–29]. Other genes explain a far smaller proportion; for instance, muta-
tions in TNNT2, TNNI3 and TPM1 account for less than 10% of the genetic HCM cases 
[26,27,30,31]. Even less frequently present, but established, gene mutations causal for 
HCM, are found in the genes ACTC1, MYL2, MYL3, CSRP3 and Titin (TTN) [32–35]. All 
these pathogenic variants cause histological and morphological changes, in particular 
disarray and hypertrophy of cardiomyocytes, with interstitial fibrosis [36]. These chang-
es are reflected by an impaired cardiac (diastolic) function, with typically normal to su-
pranormal (65% to 70%) to elevated (>70%) left ventricular ejection fraction (LVEF), at 
least in the early stage of the disease, and a reduced end-systolic volume [36] due to ex-
treme LV hypertrophy.  

Figure 1. The most common genetic cardiomyopathies and a selection of the most frequently implicated genes. The hearts
used in this figure are adapted from McCauley and Wehrens (2009) [23], licensed under a Creative Commons Attribution
Non-Commercial Share Alike 3.0 Unported License (https://creativecommons.org/licenses/by-nc-sa/3.0/legalcode,
accessed on 14 March 2021). ACM = arrhythmogenic cardiomyopathy; DCM = dilated cardiomyopathy; HCM = hypertrophic
cardiomyopathy.

2. Genes Implicated in Cardiomyopathies

A large number of pathogenic gene variants have been identified and this number is
likely to increase further. Although some genes can be linked to a specific cardiomyopathy,
like HCM or ACM, other genes are associated with multiple forms of cardiomyopathy,
often depending on the specific pathogenic variant, and on secondary disease triggers
(Figure 1). For certain pathogenic variants, like the PLN Arg14del variant, disease may
even develop in different directions, in this case being either ACM or DCM or both [24].

HCM is often caused by a single mutation in a sarcomere-associated gene [25]
(Figure 1). Up to 50% of genetic HCM cases are explained by mutations in the MYH7
or MYBPC3 genes [26–29]. Other genes explain a far smaller proportion; for instance,
mutations in TNNT2, TNNI3 and TPM1 account for less than 10% of the genetic HCM
cases [26,27,30,31]. Even less frequently present, but established, gene mutations causal
for HCM, are found in the genes ACTC1, MYL2, MYL3, CSRP3 and Titin (TTN) [32–35].
All these pathogenic variants cause histological and morphological changes, in particular
disarray and hypertrophy of cardiomyocytes, with interstitial fibrosis [36]. These changes
are reflected by an impaired cardiac (diastolic) function, with typically normal to supra-
normal (65% to 70%) to elevated (>70%) left ventricular ejection fraction (LVEF), at least
in the early stage of the disease, and a reduced end-systolic volume [36] due to extreme
LV hypertrophy.

https://creativecommons.org/licenses/by-nc-sa/3.0/legalcode
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The main pattern of inheritance in DCM is autosomal dominant and it has a high
genetic heterogeneity [10,37,38]. Mutations are often found in genes encoding structural
proteins such as sarcomeric, cytoskeleton and sarcolemma proteins (Figure 1). In 12–25%
of the genetic DCM cases, mutations are present in TTN, encoding the largest sarcom-
eric protein, Titin [39]. Other DCM-related genes that also encode structural proteins are
TNNT2 (2–3%), MYH7 (4–10%), MYH6 (4%), TPM1 (1–2%), MYPN (3–4%), DES (<1%)
and MYBPC3 [40–42]. DCM-causing mutations have also been found in the nuclear lamin
A/C encoding gene LMNA (4–6%), in the RBM20 gene (2–5%) encoding a nuclear RNA
splicing factor, in ion-channel-related genes like SCN5A (2–3%) and PLN, in intercellular
junction coding genes such as DSP (3–4%), and in the heat shock Alpha-crystallin B chain
coding gene CRYAB [40–43]. Sarcomeric mutations may thus underlie both DCM and
HCM. In DCM, the impaired processes often result in the loss of myofibril organization
and cell death and as a consequence of dilatation of one or both ventricles, along with
impaired contractility, defined by a left ventricular ejection fraction (LVEF lower than 45%
or fractional shortening (FS) below 25% [18], with LV dilatation (classic DCM) or without it
(non-dilating form of DCM).

ACM is also typically inherited in an autosomal dominant manner and is a genetically
heterogeneous disorder. Many established disease-causing genes encode desmosomal
proteins (Figure 1). The most common desmosomal coding genes are PKP2 (25–40%), DSP
(2–12%), DSG2 (5–10%), DSC2 (2–7%) and JUP [44–46]. Less common ACM genes are
nuclear envelope coding genes TMEM43 and LMNA, ion-channel-related genes including
PLN and SCN5A, and CTNNA3, which encodes for alpha-T-catenin functions in cell–cell
adhesion via its interaction with plakophilins [44–46]. The mutations in the desmosomal
coding genes cause abnormalities in the desmosomes, resulting in the detachment of
cardiomyocytes [2]. Therefore, the intracellular signal transduction is disturbed. Moreover,
cardiomyocyte death and fibrofatty replacement are observed [2]. These pathological
changes cause ventricular arrhythmias and ventricular dysfunction.

3. Development of Cardiac Dysfunction

In genetic cardiomyopathies, the causal pathogenic variant and the direct proximal
defect, such as a missing, truncated or misfolded protein, are often recognized. Moreover,
based on the pathogenic variant, the expected clinical phenotype(s) can often be anticipated,
even though the exact underlying molecular mechanisms and sequence of events remain in
many cases a black box (Figure 2). In addition, the interaction with other environmental or
(epi)genetic factors is incompletely understood [47]. These interactions may be important;
for instance, for pathogenic desmosomal variants, a causal relation with exercise in the
development of ACM has been described [48,49]. Due to these knowledge gaps, the time
of disease onset and disease severity remain in most cases unpredictable [50].



Int. J. Mol. Sci. 2021, 22, 2955 5 of 24

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 5 of 25 

 

 
Figure 2. Suggested stages of disease development in genetic cardiomyopathy. 

However, we have obtained a framework that should allow us to improve our cur-
rent knowledge and diagnostic performance. In line with previous suggestions [36], we 
propose a sequence of events in a mutation carrier that finally culminates in a clinical 
phenotype (Figure 2). Before cardiac structural and functional abnormalities become ev-
ident and can be detected, molecular and cellular changes will already have occurred in 
cardiomyocytes or other cardiac cells [50]. Calcium homeostasis, sarcomere function, 
metabolism and other cellular processes can be affected by pathogenic variants long be-
fore disease development becomes apparent (secondary mechanistic defects). These ef-
fects can be subtle and may not directly cause disease development, but can activate sig-
naling pathways and trigger, among other processes, differential gene expression, like 
the fetal gene program [51]. Expression of atrial and B-type natriuretic peptides (ANP 
and BNP) are well-known examples of this fetal gene program and important cardiac-
specific plasma biomarkers for HF. Ultimately, the activation of these pathways drives 
pathogenic processes, including cardiomyocyte hypertrophy, cell death (necrosis, apop-
tosis) and fibrosis (histological changes), and results in structural, morphological and 
functional alterations of the heart and final clinical presentation. Imaging techniques al-
low excellent detection of these later defects. CMR, together with late gadolinium en-
hancement (LGE) or T1 mapping can be used for the detection of cardiac fibrosis, and 
specific fibrotic patterns in cardiomyopathies have been described [52]. Advanced imag-
ing techniques, like cardiac strain analyses, revealed that myocardial strain defects could 
already be detected in HCM and DCM mutation carriers before the development of left 
ventricular hypertrophy and overt contractile dysfunction on standard imaging [53–55]. 
These results show that abnormalities in myocardial mechanical properties precede the 
development of hypertrophy in HCM and support the multi-step model of disease de-
velopment, as outlined in Figure 2. Based on this model of cardiomyopathy develop-

Figure 2. Suggested stages of disease development in genetic cardiomyopathy.

However, we have obtained a framework that should allow us to improve our current
knowledge and diagnostic performance. In line with previous suggestions [36], we propose
a sequence of events in a mutation carrier that finally culminates in a clinical phenotype
(Figure 2). Before cardiac structural and functional abnormalities become evident and can
be detected, molecular and cellular changes will already have occurred in cardiomyocytes
or other cardiac cells [50]. Calcium homeostasis, sarcomere function, metabolism and other
cellular processes can be affected by pathogenic variants long before disease development
becomes apparent (secondary mechanistic defects). These effects can be subtle and may not
directly cause disease development, but can activate signaling pathways and trigger, among
other processes, differential gene expression, like the fetal gene program [51]. Expression
of atrial and B-type natriuretic peptides (ANP and BNP) are well-known examples of this
fetal gene program and important cardiac-specific plasma biomarkers for HF. Ultimately,
the activation of these pathways drives pathogenic processes, including cardiomyocyte
hypertrophy, cell death (necrosis, apoptosis) and fibrosis (histological changes), and re-
sults in structural, morphological and functional alterations of the heart and final clinical
presentation. Imaging techniques allow excellent detection of these later defects. CMR,
together with late gadolinium enhancement (LGE) or T1 mapping can be used for the
detection of cardiac fibrosis, and specific fibrotic patterns in cardiomyopathies have been
described [52]. Advanced imaging techniques, like cardiac strain analyses, revealed that
myocardial strain defects could already be detected in HCM and DCM mutation carriers
before the development of left ventricular hypertrophy and overt contractile dysfunction on
standard imaging [53–55]. These results show that abnormalities in myocardial mechanical
properties precede the development of hypertrophy in HCM and support the multi-step
model of disease development, as outlined in Figure 2. Based on this model of cardiomy-
opathy development, we suggest that besides advanced imaging, plasma biomarkers may
allow the detection of early subclinical disease development and provide information on



Int. J. Mol. Sci. 2021, 22, 2955 6 of 24

particular pathological processes in the heart (Figure 3). In this review, we will distinguish
biomarkers that are predominantly derived from the heart (cardiac-specific biomarkers) and
biomarkers that are also produced by other organs and tissues (non-cardiac-specific) [56].
As discussed, the former will primarily reflect cardiac disease, whereas the non-cardiac
biomarkers will mostly reflect secondary disease development in cardiomyopathies. The
various plasma biomarkers that will be discussed are also summarized in Table S1.
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Echo = echocardiography; BNPs = B-type natriuretic peptide and N-terminal pro BNP; LGE = late gadolinium enhancement,
cTns= cardiac-specific Troponin I and T; cAAbs = cardiac autoantibodies; Gal-3 = galectin-3; Others include GDF15 and sST2.

4. Cardiac-Specific Plasma Protein Biomarkers

Diagnosis and management of genetic cardiomyopathies predominantly relies on
genetic testing, clinical symptoms, (ambulatory) ECG measurements and cardiac imaging
to detect functional, structural and morphological alterations [15–20] (Figure 3). Cardiac-
specific plasma biomarkers currently have no decisive role in the diagnosis and man-
agement of genetic cardiomyopathies. Nevertheless, cardiac-specific B-type natriuretic
peptides (BNP, and the inactive but more stable N-terminal domain of BNP, NT-proBNP),
which are actively secreted by cardiomyocytes upon cardiac wall stress, do provide clinical
utility. BNP and NT-proBNP are the gold-standard biomarkers for HF and are included
in the HF guidelines of the European Society of Cardiology (ESC) and the American
College of Cardiology/American Heart Association (ACC/AHA) [57–60]. Since BNP or
NT-proBNP can add prognostic information to standard risk factors for predicting sudden
cardiac death (SCD) or sudden cardiac arrest (SCA), they are also included in guidelines
for patients with structural heart disease and ventricular arrhythmias [17,20]. Moreover,
elevated NT-proBNP and BNP levels in patients with structural heart disease are associated
with the risk of ventricular tachyarrhythmias and are predictive for sudden cardiac death
and ventricular arrhythmias [61,62]. A recent bioinformatics study revealed that BMP-10
appears to be the only actively secreted protein that shows a similar cardiac restrictive
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expression to that of NPs [63]. This protein clearly deserves attention, but except for a study
showing that circulating BMP10 can identify patients at risk of recurrent atrial fibrillation
after ablation [64], the biomarker potential of this protein has not been explored.

Cardiac-specific Troponin isoforms I and T (cTnI and cTnT), which are released upon
cardiomyocyte cell death, are included in the definition for myocardial infarction and
are indicated as plasma biomarkers in the acute coronary syndrome guidelines [65–67].
The development of highly sensitive cardiac troponin (hs-cTn) tests has provided a more
precise definition of what is ‘normal or healthy’ (the 99th percentile, upper reference limit
(URL)) and allows for the detection of low levels of cardiomyocyte cell death and provides
utility beyond the detection of myocardial infarction [68]. Other cardiac-specific biomarkers
that may identify cardiomyocyte cell death include heart-type fatty acid-binding protein
(hFABP) and cardiac myosin-binding protein C3 (MyBPC3, also known as cMyC) [69,70].
It was recently shown that the detectability of cMyBPC3 in control plasma samples was
superior to that of hs-cTnT, suggesting that MyBPC3 might be a better biomarker for
detecting dormant cardiac disease, and this deserves future attention [71].

4.1. NPs and Troponins in HCM, DCM and ACM

Elevated levels of NPs and hs-cTn are associated with cardiovascular events, heart
failure and death in HCM, and for prognostic purposes, laboratory tests for these biomark-
ers are recommended in the ESC HCM cardiomyopathy guidelines [15]. It has been shown
that HCM patients have elevated plasma levels of NT-proBNP, BNP and cTnI in contrast to
subclinical HCM mutation carriers [72,73]. This suggests an association of these biomarkers
with hypertrophy development. Exercise strongly increased plasma BNP and cTn levels in
HCM patients, suggesting that the combination with exercise could have a stronger dis-
criminatory effect [73,74]. Interestingly, it was shown that exercise increased BNP plasma
levels particularly in HCM patients with silent ischemia [75]. Importantly, BNP and cTn
levels were also associated with fibrosis in HCM patients and cTn levels were predictive for
the detection of extensive myocardial fibrosis in non-high risk patients with HCM [76,77].
Troponin measurements could therefore be used as a pretest to select patients for CMR
imaging with LGE or T1 mapping to establish cardiac fibrosis.

Since DCM is classified as non-ischemic cardiac disease with cardiac dilatation
and EF < 45%, the routine use of BNP and/or NT-proBNP will automatically apply to
this HF condition. In ACM, NT-proBNP has been associated with RV dilatation and
dysfunction [78,79]. Since HF development is the common final syndrome for most car-
diomyopathy patients, routine BNP and NT-proBNP measurements will apply to those
cardiomyopathy patients that develop HF symptoms [57–60].

In general, in cardiomyopathy patients with structural heart disease and/or clinical
symptoms, elevated plasma levels of NT-proBNP, BNP and cTns are associated with a
higher risk of cardiovascular events, HF and death [75,80–84].

4.2. BNPs and Troponins in Subclinical Disease

It has been suggested that small elevations of NT-proBNP and BNP, far below the
traditional cut-off points for HF, may be indicative of elevated cardiac stress and may
be an early warning sign for people without any known cardiac disease [85]. Indeed, in
community-based studies it has been shown that plasma NP levels predict the risk of
death and cardiovascular events after adjustment for traditional risk factors, and excess
risk was also apparent in natriuretic peptide levels that were below thresholds used to
diagnose HF [86–90]. This indicates that small differences in NPs can already indicate dis-
ease development before clinical manifestation. Furthermore, cardiac troponins may have
predictive value in the absence of known cardiac disease [90–92]. In the Multi-Ethnic Study
of Atherosclerosis (MESA), using a cohort that was initially free of overt cardiovascular
disease (CVD), hs-cTnT levels were shown to be associated with replacement fibrosis and
progressive changes in left ventricular function [93]. It was therefore suggested that minor
elevations of hs-cTnT may represent a biochemical signature of early subclinical cardiac
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disease, which may precede HF symptoms by years. Moreover, in a large population of
healthy women (121,700 participants), baseline levels of NT-proBNP were associated with
subsequent risk of SCD [94]. In addition, in a community-based population of elderly
people, NT-proBNP provided information regarding the risk of SCD, beyond other tradi-
tional risk factors [95]. Interestingly, these data in the general population also appear to
apply in the setting of inherited cardiomyopathies. Indeed, in a recent DCM study with
LMNA cardiomyopathy, an elevated hsTnT level (>14 ng/L) was present in one third of the
relatives of LMNA cardiomyopathy probands, before the onset of clinical symptoms [96].
This suggests that hsTnT could be an early marker and elevated levels should raise a red
flag in such carriers. Elevated hsTnT plasma concentration was the earliest marker of
carrier status in LMNA-related cardiomyopathy. Moreover, this study showed a strong,
independent association between NT-proBNP levels and the occurrence of malignant ven-
tricular arrhythmia among LMNA mutation carriers. The use of hsTn and NT-proBNP in
subclinical DCM is supported by animal studies. DCM is one of the most common cardiac
diseases in dogs [97]. In Doberman Pinschers, DCM is an inherited and slowly progressive
disease, and biomarkers (NT-proBNP and hsTn) are widely accepted in the diagnosis of
occult DCM in Doberman Pinschers [98]. A longitudinal study in Dobermans showed
that plasma concentrations of NT-proBNP were increased in both dogs with DCM and
in apparently healthy dogs (based on Echo and Holter monitoring) that developed DCM
within 1.5 years after plasma sampling [99]. A similar kind of study revealed that elevated
cTnI was also associated with DCM development (within 1.5 years’ follow-up) [100].

Altogether, BNPs and cTns clearly seem to have value in detecting subclinical cardiac
disease (Figure 3), but longitudinal cohort studies in different patient groups are urgently
needed to confirm this.

5. Non-Cardiac-Specific Plasma Protein Biomarkers

A number of non-cardiac-specific protein-based biomarkers have attracted a lot of
attention in the field of cardiovascular disease during the last decade. In particular, proteins
that play a role in modulating inflammatory and/or fibrotic responses, including galectin-3
(Gal-3), growth differentiation factor 15 (GDF15) and soluble suppression of tumorigenesis-
2 (sST2). A number of excellent reviews describe the function and properties of these
proteins [101–107]. Although their usefulness in clinical practice still needs to be confirmed,
Gal-3 and sST2 have been included as biomarkers for myocardial fibrosis in the 2013
American College of Cardiology Foundation/American Heart Association (ACC/AHA)
HF guidelines, for risk stratification as well as for prognosis in patients with moderate and
severe HF (class IIb) [59].

Whether non-cardiac-specific biomarkers of fibrosis and inflammation can be used
for detection of cardiac-specific fibrosis and inflammation remains uncertain [108]. These
biomarkers were shown to be elevated in many other syndromes, like obesity, cancers,
nephropathy and other diseases and in many cases plasma levels do not mirror cardiac
production. Moreover, in animal studies, a direct correlation between cardiac function and
fibrosis and Gal-3 and GDF15 plasma levels was lacking [56]. This may also partly explain
the rather confusing results in cardiomyopathies as described below.

5.1. Non-Cardiac-Specific Plasma Biomarkers in HCM, DCM and ACM

Gal-3 plasma concentrations have been shown to be elevated in patients with HCM,
which was also related to disease severity [109,110]. In an HCM cohort with mostly New
York Heart Association (NYHA) class I patients, Gal-3 plasma levels were not elevated
compared to controls [73]. This strongly suggests that in HCM, Gal-3 is predominantly
related to HF severity, which is corroborated by the observation that no association be-
tween Gal-3 levels and LV hypertrophy exists in HCM patients with predominantly mild
HF symptoms [73]. In addition, Gal-3 plasma levels did not correlate with LGE-detected
fibrosis in HCM patients [73,77,111]. For GDF15, plasma levels were also associated with
disease severity in HCM patients [112]. However, similarly to Gal-3, GDF15 was not dif-
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ferent between HCM patients with or without LGE-detected fibrosis [77]. sST2 plasma
levels have been shown to be elevated in HCM patients as compared to controls and
were also associated with NYHA class [109,113]. One study showed that sST2 levels were
not elevated in HCM patients, which most likely reflects the low NYHA classification
of these patients [73]. One biomarker that appeared to mark myocardial fibrosis, in both
subclinical HCM mutation carriers and HCM patients, was the propeptide of type I procol-
lagen (PICP), but this was not confirmed in a later multicenter cohort study [72,73]. Some
confounder effects were suggested for these different outcomes and these will require
further investigations.

In DCM patients, plasma Gal-3 levels were elevated and also associated with cardiac
fibrosis and were predictive for prognosis [111,114]. GDF-15 was shown to be associated
with an increased risk of arrhythmic death in a small prospective study with 52 DCM
patients [115]. Therefore, it was suggested that GDF-15 could provide additional infor-
mation on top of LVEF, in identifying patients at risk of arrhythmic death. In end-stage
DCM patients, GDF-15 plasma levels were strongly elevated compared to controls and
were also correlated with myocardial fibrosis and kidney function [116]. Most interestingly,
a strong decline in circulating GDF-15 was observed in these patients within 1 month of
mechanical unloading (LVAD). However, the authors did not detect substantial cardiac
GDF-15 mRNA and protein, suggesting that the heart was not an important source for
elevated circulating GDF-15 in these patients. This is suggestive of extracardiac production
of GDF-15 in heart disease, which is in line with recent animal studies [56]. Regarding
sST2, the data are limited, but the available data revealed that it was not predictive for
arrhythmic death in DCM, but was associated with all-cause mortality [115,117].

Circulating Gal-3 concentrations were significantly elevated in a study in ACM pa-
tients [118]. Moreover, the levels were higher in patients with ventricular tachycardia
or ventricular fibrillation (VT/VF) than those without VT/VF and were predictive for
ventricular arrhythmias in ACM patients with implantable defibrillators [118]. GDF15
and sST2 were shown to be elevated in ACM patients with biventricular involvement
and the combined use of NT-proBNP, sST2 and GDF-15 showed the best prediction of LV
involvement [119]. sST2 was associated with RV global strain and with left ventricular
function in a study with 42 genotype positive ACM patients [120]. In this study, plasma
levels of sST2 were higher in patients with ventricular arrhythmias than in patients without
ventricular arrhythmias [120].

5.2. Non-Cardiac-Specific Plasma Biomarkers in Subclinical Heart Disease

There is currently no evidence that Gal-3, GDF15 and sST2 may have value in the
detection of subclinical disease in genetic cardiomyopathies. Gal-3 and sST2 were not
elevated in subclinical HCM mutation carriers and not even in HCM patients [73]. These
non-specific biomarkers were only elevated in cardiomyopathies when severe clinical
symptoms were already present. We have recently described that such biomarkers are
much more abundantly expressed in other tissues, like adipose tissue, and their increased
levels more likely reflect stress in other organs and tissues, either as a result of heart failure
or due to the presence of other co-morbidities [56,108].

It is interesting to note that, although NT-proBNP and troponin were shown to be
predictive for incident HF in the general population, the predictive value of sST2, Gal3,
and other non-cardiac-specific markers is limited and some sex-specific differences have
been observed [90,121]. Interestingly, longitudinal changes in Gal-3 concentrations ap-
pear to have stronger predictive value for future cardiovascular diseases as compared to
single measurements [122,123]. Thus, sequential biomarker analysis may provide better
resolutions in subclinical populations. Non-cardiac-specific biomarkers may therefore have
some value, but we should bear in mind that these changes often reflect non-cardiac stress.
(Figure 3). Multi-panel biomarker investigations might provide more direction in relation
to the exact stressor. Of interest, a recent plasma proteomics study, combined with machine
learning, revealed a panel of six non-cardiac-specific plasma peptides to be associated
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with HCM [124]. Moreover, five of these peptides (ALDOA-peptide, C3-peptide, GSTO1-
peptide, RSU1-peptide and THBS1-peptide) showed a significant elevation in subclinical
HCM carriers. Whether these elevated levels also have predictive power has not been
investigated, and the sample size of subclinical patients (n = 16) was rather low.

6. Noncoding RNA Biomarkers

In addition to protein plasma biomarkers, circulating noncoding RNAs (ncRNAs) have
attracted great interest during the last decade as potential new biomarkers in cardiovascular
diseases [125–128]. Based on their length and shape, ncRNAs can be divided into three
classes, microRNAs (miRNAs), circular RNAs (circRNAs) and long noncoding RNAs
(lncRNAs) [129]. Both active secretion of ncRNAs into the circulation and passive leakage
due to cell death have been reported. Active secretion also includes the secretion via
exosomes, for which the heart is also a source [130]. However, we will not differentiate
between exosome and non-exosome ncRNAs in the discussion below because it is poorly
described in studies, the biomarker potential of exosome ncRNAs is still elusive [131] and
the plasma contribution over free circulating ncRNAs is still vague [132–136].

Within heart disease, circulating ncRNAs have been studied mainly in relation to
myocardial infarction (MI), which predominantly involves the passive leakage of cardiac-
and muscle-specific ncRNAs [71,128,137]. The cardiac-restricted expression of miR-208 and
miR-499 has made them excellent candidates for the detection of cardiac injury [126,137]. In
comparison with cTns, it was shown that miRNA levels rose faster than troponin, but also
normalized much faster and failed to identify patients with MI that initially presented with
low troponin values [71,137]. Moreover, in HF no changes in plasma levels were observed,
suggesting that these miRNAs are excellent for detecting acute cardiac damage, but their
rapid clearance makes them less suitable for detecting low-grade chronic cardiomyocyte
cell death, as may occur in (sub)clinical stages in cardiomyopathies [138].

6.1. ncRNA Biomarkers in HCM, DCM and ACM

Although circulating levels of cardiac-specific miR-208 and miR-499 were not as-
sociated with HCM [139], several other miRNAs (i.e., miR-199a-5p, -27a and -29a) did
show a correlation with hypertrophy parameters in the HCM group. Moreover, one of
these, miR-29a, was significantly associated with both hypertrophy and fibrosis. Another
study showed that miRNAs, which individually only had moderate diagnostic value for
diffuse myocardial fibrosis in HCM, provided a good diagnostic value when used in com-
bination [140]. Interestingly, that study also presented miR-29a as a diagnostic fibrosis
biomarker, and it has been shown to act as a regulator of cardiac fibrosis in mouse stud-
ies [141]. Whether elevated blood plasma concentrations of miR-29a in HCM are a result of
active secretion by the heart or mainly due to passive leakage from other tissues requires
further investigation [142]. Two circRNAs, circDNAJC6 and circTMEM56, were shown
to be negatively correlated with echocardiographic parameters for obstruction in the left
ventricular outflow tract (hypertrophic obstructive cardiomyopathy, HOCM) and therefore
may serve as markers for disease severity in these patients [143].

Unfortunately, data on circulating miRNA studies in DCM are very limited. A study
in pediatric DCM patients did show a difference in miRNA expression levels (miR-155,
miR-639, miR-636 and miR-646) between children with recovered ventricular function and
children who did not recover [144], but since recovery is uncommon in adult DCM patients,
it is difficult to translate these findings to the adult population. In a study with adult DCM
patients, plasma miR-423-5p levels were shown to be positively correlated with the levels
of NT-proBNP [145], but like in HCM, more studies are urgently needed.

Recently, six differentially expressed plasma miRNAs (miR-122-5p, miR-133a-3p, miR-
133b, miR-142-3p, miR-182-5p, and miR-183-5p) were identified in ACM patients [146].
Three miRNAs were also differentially expressed in other cardiomyopathies [146], suggest-
ing that these are not disease-specific. Interestingly, miR-133a-3p, miR-133b and miR-142-3p
were also differentially expressed in non-affected family members of the ACM probands,
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which may indicate predictive power in subclinical mutation carriers, but this will require
a prospective study.

6.2. ncRNA Biomarkers in Subclinical Heart Disease

Whether ncRNAs may have potential in detecting subclinical disease in mutation
carriers will require prospective follow-up studies. At this stage, the miRNA biomarkers
for cardiomyocyte cell death (miR-208 and miR-499) appear to be less promising than
troponins or MyBPC3 for detecting low levels of sustained cell death and replacement
fibrosis. The low plasma levels of these cardiac-specific miRNA biomarkers also appear to
hamper detection [71]. Similarly, circRNAs showed low plasma levels despite having a high
abundance in cardiac tissue, and no changes after myocardial injury were observed [71].
Protein injury plasma biomarkers therefore still appear to be superior. Nevertheless, some
miRNAs may be used for the early detection of diffuse fibrosis, in particular, miR-29a,
which controls cardiac fibrosis and shows differential plasma levels in HCM. Although
single ncRNAs do not seem to have predictive power in subclinical cardiac disease, ncRNA
multi-panel biomarkers may have this power [146–148].

7. Autoantibodies

Antibodies against self-antigens, so-called autoantibodies (AAbs), are another poten-
tial source of plasma biomarkers. In inflammatory diseases, including myocarditis, AAbs
against self-derived epitopes can often be detected [149]. The functional relevance of these
AAbs is still unclear and unraveling the contributions of AAbs to disease development
is difficult due to the complex nature of inflammatory diseases. Not only in myocarditis,
but also in peripartum cardiomyopathy, for instance, a cardiac disease believed to involve
a strong genetic component, elevated levels of anti-cardiac Troponin I (anti-cTnI) and
anti-cardiac sarcomeric myosin (anti-MHC) were measured in 46% of the patients [150].

7.1. Autoantibody Biomarkers in HCM, DCM and ACM

Some small HCM cohort studies have been performed in the past, revealing, among
other effects, an increase in the number of patients with elevated AAbs against G-protein-
coupled β1 and Muscarin-2 receptors (β1-AAb and M2-AAb) [151–153]. A recent study
with 134 HCM patients (and 40 controls) confirmed these past results and also showed
that the concentration of M2-AAb in HCM patients with a family history of SCD or atrial
fibrillation was significantly higher [154]. In addition, antibodies against the molecular
chaperone calreticulin (CRT) have been described in HCM and in DCM [155]. This antibody
is also associated with systemic lupus [156,157], but the relation with cardiac disease in
this setting has not been investigated.

In DCM patients, anti-heart autoantibodies (AHAs), which are autoantibodies directed
against heart tissue, have been described [158,159]. Not only have these AHAs been
detected, in a study in which 592 asymptomatic first- or second-degree relatives of 169
DCM probands were investigated, it was even shown that AHAs were independent
predictors of disease development within five years’ follow-up [160]. This finding led to
the inclusion of AHAs in the diagnostic criteria for DCM relatives, in a position statement of
the ESC working group on myocardial and pericardial diseases [4]. A major drawback for
the screening of AHAs in patient plasma samples is, however, the requirement of cardiac
or muscle tissue slides from healthy human donors and concomitant microscopic analysis.
Therefore, rather than detecting antibodies targeting whole heart tissue, the detection of
either a specific autoantibody against a cardiac restrictive protein or the detection of a
selection of antibodies that provide a specific cardiac autoantibody (cAAb) signature will
provide better applicability. It will therefore be pivotal to identify the epitopes to which
these antibodies are generated and convert this into a routine screening platform for cAAb
profile detection, like an enzyme-linked immunosorbent assay (ELISA). This adheres to
the criteria for organ and disease-specificity, as mentioned by the position statement of the
ESC working group on myocardial and pericardial diseases [4]. In line with this principle,
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specific-cAAbs against cTnI have been detected in the plasma of DCM patients [161] and
a promising cAAb profile has been suggested for the detection of Brugada syndrome
(BrS) [162], as discussed below. This indicates that specific cAAbs or cAAb profiles may
have promising clinical biomarker potential.

Several recent studies also indicate the potential of AAbs in the diagnosis of ACM.
Chatterjee et al. evaluated the biomarker potential of antibodies to cardiac desmoso-
mal cadherin proteins in ACM and stated that AAbs to a specific desomosomal protein,
desmoglein-2 (DSG2), are a sensitive and specific biomarker for ACM [163]. The anti-DSG2
antibodies were present in the sera of all of the ACM patients (a total of 37), whereas they
were absent in 31 and faintly present in 1 out of 32 control sera [163]. As discussed by others,
it still has to be proven whether this marker is ACM-specific, and measurements in sera
from patients with other cardiac diseases were lacking [164]. In another interesting study,
serum from ACM patients was tested for the presence of AHAs and for anti-intercalated
disk autoantibodies (AIDAs) by immunofluorescence microscopy using human atrium and
skeletal muscle tissue. This revealed a higher frequency of AHAs and AIDAs in probands
(37 individuals) and clinically affected relatives (42 individuals), compared to sera from
patients with non-inflammatory cardiac disease and ischemic heart failure and sera from
healthy blood donors [165]. An association with family history and with features of disease
severity was also reported [165]. This further confirms the presence of cardiac disease-
specific AAbs, but as discussed above, it will be important to identify the specific antigenic
determinants (epitopes) in order to allow the routine detection of disease-specific cAAb
profiles. In this regard, it is highly interesting that Chatterjee et al. recently identified a
cAAb profile for Brugada syndrome (BrS), and evaluated its diagnostic potential [162].
The cAAb biomarker profile involved antibodies against four proteins and turned out to
be highly sensitive and specific for BrS patients [162]. The antibodies against cardiac and
skeletal α-actins keratin-24 and connexin-43 were consistently present in the sera of patients
with BrS and were absent in healthy controls and in patients with hypertrophic, dilated
and arrhythmogenic cardiomyopathies [162]. Although independent confirmation is still
needed, this finding underscores the value of investigating the biomarker potential of cAAb
profiles for diagnosing a specific type of cardiomyopathy [166]. A role for cAAbs specific
to one of the arrhythmia syndromes is therefore also projected in a recent expert consensus
statement [167]. The four proteins to which the AAbs were directed turned out to be abnor-
mally expressed in BrS. The targeted proteins were aggregated in BrS, in contrast to the
diffuse reticular or speckled patterns observed in healthy myocardium [162]. Abnormally
folded proteins or protein aggregate formation, caused by genetic variants, may therefore
provoke an auto-immune response in which AAbs are produced. This might enable a
directed search for disease-specific cAAb profiles based on the information of abnormally
expressed proteins in specific genetic cardiomyopathies, for instance, desmin-positive
and CRYAB-R102G-positive protein aggregates in desminopathy [168,169], PLN-positive
protein aggregates in PLN p.Arg14del cardiomyopathy [170] and TMEM43-positive protein
aggregates in p.S358L TMEM43 ARVC [171].

7.2. Autoantibody Biomarkers in Subclinical Heart Disease

It is too early to compose general statements about the potential of AAbs in detecting
subclinical disease in mutation carriers, and additional studies will be required. The
observation that AHAs can predict disease development in asymptomatic relatives of DCM
probands is promising and has been acknowledged by the suggested inclusion of AHAs
in diagnostic criteria for DCM relatives [4,160]. However, for broad clinical applications,
disease-specific epitopes have to be identified in order to enable diagnostic screening for
specific cAAbs or cAAb profiles using common detection platforms. A role for biomarkers
to discriminate between specific arrhythmia syndromes is also anticipated [167]. Moreover,
in ACM, the data on AAbs are rapidly expanding and it is not unlikely that such antibodies
will also allow for the detection of subclinical disease. Since protein biomarker studies
showed that cardiac specificity is of importance for biomarker potential, we believe that
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a cardiac-specific cAAb or a cAAb profile will have favorable qualities over single non-
cardiac-specific AAbs. We therefore suggest specific cAAbs or cAAb profiles as potential
early biomarkers for detecting disease onset in pathogenic variant carriers (Figure 3).
Further investigations in HCM, DCM and ACM are required in order to confirm this.

8. Future Directions and Challenges

The current spectrum of potential biomarkers consists predominantly of passively
leaked or actively secreted proteins, ncRNAs or antibodies generated against proteins
released from the heart (Figure 4). In the latter case, the detection of autoantibodies targeting
a cardiac-restricted protein or detection of a selective set of autoantibodies that provides
a disease specific cardiac autoantibody (cAAb) signature would be most valuable. Based
on the current data, plasma protein biomarkers and cAAbs have further advanced as
biomarkers for cardiac disease as compared to ncRNAs. The ncRNA biomarker field
is, however, relatively young and may still produce some surprises. At this stage, the
detection of the low levels of plasma ncRNAs seems to be a major hurdle in this field and
improvements in detection methods are needed. Moreover, although some plasma ncRNAs
do have high cardiac specificity, this appears to be limited to ncRNAs that are released
upon cell death (miR-208 and miR-499). To our knowledge, ncRNAs that are selectively
and specifically secreted by cardiomyocytes, similarly to proteins like BNP, have not yet
been identified. Such ncRNAs, if they exist, could be a major asset. At this stage, it appears
that single ncRNAs have little predictive power and panels of ncRNAs are mainly being
explored. In combination with protein plasma biomarkers, these ncRNAs may provide
additional utility, as was recently shown for the identification of non-acute HF [172].

Although the cardiac-specific biomarkers BNP, NT-proBNP and cTns have proven their
value in structural cardiac disease, their utility in subclinical disease still needs to be proven.
Numerous studies in the general population have shown that elevated plasma levels have
predictive value. This might be even more true for carriers of a genetic cardiomyopathy
variant. In LMNA DCM mutation carriers, as well as in dog models for DCM, the potential
of cTns and NPs to predict disease onset has been shown [96,99,100]. Similarly, anti-
heart autoantibodies were independent predictors of disease development in genotype-
positive relatives of DCM patients [160] and these antibodies have been recommended as a
diagnostic test for these relatives [4]. Identification of specific cAAb profiles will, however,
be necessary to convert this into generally applicable screening platforms. Furthermore, in
relatives of ACM patients, the detection of cAAbs could have promising value in disease
prediction. Finally, in non-high-risk HCM patients, cTns haven been shown to be indicative
of myocardial fibrosis and can therefore be used to select patients for CMR with LGE or T1
mapping [77]. This indicates that cardiac-specific biomarkers could have value in subclinical
monitoring and in the monitoring of non-high-risk patients, but defining the selection
criteria (cut-off values) will be a major challenge. In this respect, changes in concentrations,
rather than absolute value, might be considered, which would require the comparison of
serial (annual) measurements instead of interpreting single measurements [173]. The use
of these biomarkers (NPs, cTns) in the older population may be limited, since their levels
are influenced by age, obesity and kidney function [174]. However, for relatively young
mutation carriers this should be less of an issue. Correspondingly it has been shown that
elevated cTn levels have much more predictive value in young subjects [93]. Together, this
indicates that cardiac-specific biomarkers or antibodies can have value in disease prediction
in mutation carriers and in non-high-risk cardiomyopathy patients. Longitudinal cohort
studies will be needed to prove this.
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In contrast to cardiac-specific biomarkers, non-cardiac-specific protein biomarkers
Gal-3, GDF15 and sST2 appear to be elevated only if an overt clinical phenotype has
developed in the different cardiomyopathies. This elevation most likely reflects a secondary
effect as a result of diminished cardiac function and hemodynamics, causing stress in
distal organs and tissues and subsequent extra-cardiac production of these biomarkers
in these tissues. This explains why these biomarkers have strong prognostic value in
cardiovascular disease. Moreover, common cardiovascular risk factors, like obesity and
smoking, may affect the plasma levels of these biomarkers and hence their levels may
also be an indication of other comorbidities. Since other underlying disease can also be
a secondary driver in disease onset in cardiomyopathy, the levels of these non-cardiac-
specific biomarkers should be carefully interpreted, as well as in subclinical disease. Thus,
rather than being primary cardiac disease biomarkers, we prefer to designate them as
secondary non-cardiac biomarkers.

Studies towards plasma biomarkers in genetic cardiomyopathy have been hampered
for a long time because of the absence of large cohorts. However, due to genetic cascade
screening, the number of identified carriers with specific pathogenic variations has strongly
increased and the time has come to study this in larger cohorts. As an example, in 2012 a
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Dutch founder mutation (p.Arg14del) in the phospholamban (PLN) gene [24] was described,
and 8 years later we already have more than 1000 registered carriers with a specific mutation.
This will pave the way for biomarker studies in genetic cardiomyopathies. Not surprisingly,
several prospective observational plasma biomarker studies have recently been described
or registered at clinicaltrials.gov that include large cohorts (>250 subjects) with inherited
cardiac conditions [175–181]. These studies are, among other purposes, aimed at exploring
early cardiomyopathy biomarkers and will also provide information about primary and
secondary biomarkers, as outlined in Figure 5. A major advantage of studying plasma
biomarkers in genetic cardiomyopathy is the well-established primary cause of cardiac
disease and the reduced disturbance of other cardiovascular risk factors and comorbidities,
like diabetes and smoking. A high incidence of cardiac disease development is another
advantage of investigating inherited disease carriers.
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9. Conclusions

Genetic screening, together with standard imaging techniques, is the current clinical
diagnostic practice for genetic cardiomyopathies. Cardiac-specific plasma protein biomark-
ers like NT-proBNP, cTns and specific cAAbs or cAAb profiles do hold promise to provide
additional prognostic value and to identify disease onset. The latter would be extremely
helpful to monitor non-affected carriers. So far, most genetic cardiomyopathy biomarker
studies have been small observational studies and have had limited predictive power.
Genetic cardiomyopathy cohorts have substantially grown in the last decade and now
allow longitudinal cohort studies. Such studies will hopefully soon prove the suitability of
many biomarkers in disease prediction and may allow us to distinguish between primary
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cardiac disease biomarkers and secondary non-cardiac biomarkers. Although no specific
treatments are available for most genetic cardiomyopathies, the rapid development of
disease-specific and gene-based therapies may soon change this. Selecting carriers and
defining the optimal time for treatment will then be the next challenge and a proper set of
biomarkers may be of great value in such decisions.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-0
067/22/6/2955/s1, Table S1: Overview of the potential plasma biomarkers for genetic cardiomy-
opathies.
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14. Čelutkienė, J.; Plymen, C.M.; Flachskampf, F.A.; de Boer, R.A.; Grapsa, J.; Manka, R.; Anderson, L.; Garbi, M.; Barberis, V.;

Filardi, P.P.; et al. Innovative imaging methods in heart failure: A shifting paradigm in cardiac assessment. Position statement on
behalf of the Heart Failure Association of the European Society of Cardiology. Eur. J. Heart Fail. 2018, 20, 1615–1633. [CrossRef]

15. Zamorano, J.L.; Anastasakis, A.; Borger, M.A.; Borggrefe, M.; Cecchi, F.; Charron, P.; Hagege, A.A.; Lafont, A.; Limongelli, G.;
Mahrholdt, H.; et al. 2014 ESC Guidelines on diagnosis and management of hypertrophic cardiomyopathy. Eur. Heart J. 2014, 35,
2733–2779. [CrossRef]

16. Ommen, S.R.; Mital, S.; Burke, M.A.; Day, S.M.; Deswal, A.; Elliott, P.; Evanovich, L.L.; Hung, J.; Joglar, J.A.; Kantor, P.; et al. 2020
AHA/ACC Guideline for the Diagnosis and Treatment of Patients With Hypertrophic Cardiomyopathy. J. Am. Coll. Cardiol. 2020.
[CrossRef] [PubMed]

17. Al-Khatib, S.M.; Stevenson, W.G.; Ackerman, M.J.; Bryant, W.J.; Callans, D.J.; Curtis, A.B.; Deal, B.J.; Dickfeld, T.; Field, M.E.;
Fonarow, G.C.; et al. 2017 AHA/ACC/HRS Guideline for Management of Patients With Ventricular Arrhythmias and the
Prevention of Sudden Cardiac Death. J. Am. Coll. Cardiol. 2018, 72, e91–e220. [CrossRef] [PubMed]

18. McNally, E.M.; Mestroni, L. Dilated Cardiomyopathy. Circ. Res. 2017, 121, 731–748. [CrossRef]
19. Towbin, J.A.; McKenna, W.J.; Abrams, D.J.; Ackerman, M.J.; Calkins, H.; Darrieux, F.C.C.; Daubert, J.P.; de Chillou, C.; DePasquale,

E.C.; Desai, M.Y.; et al. 2019 HRS expert consensus statement on evaluation, risk stratification, and management of arrhythmogenic
cardiomyopathy. Heart Rhythm 2019, 16, e301–e372. [CrossRef]

20. Priori, S.G.; Blomstrom-Lundqvist, C.; Mazzanti, A.; Bloma, N.; Borggrefe, M.; Camm, J.; Elliott, P.M.; Fitzsimons, D.; Hatala, R.;
Hindricks, G.; et al. 2015 ESC Guidelines for the management of patients with ventricular arrhythmias and the prevention of
sudden cardiac death the Task Force for the Management of Patients with Ventricular Arrhythmias and the Prevention of Sudden
Cardiac Death of the Europea. Eur. Heart J. 2015, 36, 2793–2867l. [CrossRef]

21. Mueller, C.; McDonald, K.; de Boer, R.A.; Maisel, A.; Cleland, J.G.F.; Kozhuharov, N.; Coats, A.J.S.; Metra, M.; Mebazaa, A.;
Ruschitzka, F.; et al. Heart Failure Association of the European Society of Cardiology practical guidance on the use of natriuretic
peptide concentrations. Eur. J. Heart Fail. 2019, 21, 715–731. [CrossRef]

22. Ravassa, S.; Delles, C.; Currie, G.; Díez, J. Biomarkers of Cardiovascular Disease. In Textbook of Vascular Medicine; Touyz, R.M.,
Delles, C., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 319–330, ISBN 978-3-030-16481-2.

23. McCauley, M.D.; Wehrens, X.H.T. Animal models of arrhythmogenic cardiomyopathy. Dis. Model. Mech. 2009, 2, 563–570.
[CrossRef]

24. van der Zwaag, P.A.; van Rijsingen, I.A.W.; Asimaki, A.; Jongbloed, J.D.H.; van Veldhuisen, D.J.; Wiesfeld, A.C.P.; Cox, M.G.P.J.;
van Lochem, L.T.; de Boer, R.A.; Hofstra, R.M.W.; et al. Phospholamban R14del mutation in patients diagnosed with dilated
cardiomyopathy or arrhythmogenic right ventricular cardiomyopathy: Evidence supporting the concept of arrhythmogenic
cardiomyopathy. Eur. J. Heart Fail. 2012, 14, 1199–1207. [CrossRef]

25. Greaves, S.C.; Roche, A.H.G.; Neutze, J.M.; Whitlock, R.M.L.; Veale, A.M.O. Inheritance of hypertrophic cardiomyopathy: A cross
sectional and M mode echocardiographic study of 50 families. Heart 1987, 58, 259–266. [CrossRef] [PubMed]

26. Richard, P.; Charron, P.; Carrier, L.; Ledeuil, C.; Cheav, T.; Pichereau, C.; Benaiche, A.; Isnard, R.; Dubourg, O.; Burban, M.; et al.
Hypertrophic Cardiomyopathy. Circulation 2003, 107, 2227–2232. [CrossRef]

27. Erdmann, J.; Daehmlow, S.; Wischke, S.; Senyuva, M.; Werner, U.; Raible, J.; Tanis, N.; Dyachenko, S.; Hummel, M.; Hetzer, R.;
et al. Mutation spectrum in a large cohort of unrelated consecutive patients with hypertrophic cardiomyopathy. Clin. Genet. 2003,
64, 339–349. [CrossRef] [PubMed]

28. Kaski, J.P.; Syrris, P.; Esteban, M.T.T.; Jenkins, S.; Pantazis, A.; Deanfield, J.E.; McKenna, W.J.; Elliott, P.M. Prevalence of Sarcomere
Protein Gene Mutations in Preadolescent Children With Hypertrophic Cardiomyopathy. Circ. Cardiovasc. Genet. 2009, 2, 436–441.
[CrossRef] [PubMed]

29. Millat, G.; Bouvagnet, P.; Chevalier, P.; Dauphin, C.; Simon Jouk, P.; Da Costa, A.; Prieur, F.; Bresson, J.-L.; Faivre, L.; Eicher, J.-C.;
et al. Prevalence and spectrum of mutations in a cohort of 192 unrelated patients with hypertrophic cardiomyopathy. Eur. J. Med.
Genet. 2010, 53, 261–267. [CrossRef] [PubMed]

30. Thierfelder, L.; Watkins, H.; MacRae, C.; Lamas, R.; McKenna, W.; Vosberg, H.-P.; Seldman, J.G.; Seidman, C.E. α-tropomyosin
and cardiac troponin T mutations cause familial hypertrophic cardiomyopathy: A disease of the sarcomere. Cell 1994, 77, 701–712.
[CrossRef]

31. Kimura, A.; Harada, H.; Park, J.-E.; Nishi, H.; Satoh, M.; Takahashi, M.; Hiroi, S.; Sasaoka, T.; Ohbuchi, N.; Nakamura, T.; et al.
Mutations in the cardiac troponin I gene associated with hypertrophic cardiomyopathy. Nat. Genet. 1997, 16, 379–382. [CrossRef]

32. Geier, C.; Gehmlich, K.; Ehler, E.; Hassfeld, S.; Perrot, A.; Hayess, K.; Cardim, N.; Wenzel, K.; Erdmann, B.; Krackhardt, F.; et al.
Beyond the sarcomere: CSRP3 mutations cause hypertrophic cardiomyopathy. Hum. Mol. Genet. 2008, 17, 2753–2765. [CrossRef]
[PubMed]

33. Poetter, K.; Jiang, H.; Hassanzadeh, S.; Master, S.R.; Chang, A.; Dalakas, M.C.; Rayment, I.; Sellers, J.R.; Fananapazir, L.;
Epstein, N.D. Mutations in either the essential or regulatory light chains of myosin are associated with a rare myopathy in human
heart and skeletal muscle. Nat. Genet. 1996, 13, 63–69. [CrossRef] [PubMed]

http://doi.org/10.1161/CIRCRESAHA.117.310982
http://doi.org/10.1161/CIRCRESAHA.117.310987
http://doi.org/10.1002/ejhf.1330
http://doi.org/10.1093/eurheartj/ehu284
http://doi.org/10.1016/j.jacc.2020.08.044
http://www.ncbi.nlm.nih.gov/pubmed/33229115
http://doi.org/10.1016/j.jacc.2017.10.054
http://www.ncbi.nlm.nih.gov/pubmed/29097296
http://doi.org/10.1161/CIRCRESAHA.116.309396
http://doi.org/10.1016/j.hrthm.2019.05.007
http://doi.org/10.1093/eurheartj/ehv316
http://doi.org/10.1002/ejhf.1494
http://doi.org/10.1242/dmm.002840
http://doi.org/10.1093/eurjhf/hfs119
http://doi.org/10.1136/hrt.58.3.259
http://www.ncbi.nlm.nih.gov/pubmed/3663427
http://doi.org/10.1161/01.CIR.0000066323.15244.54
http://doi.org/10.1034/j.1399-0004.2003.00151.x
http://www.ncbi.nlm.nih.gov/pubmed/12974739
http://doi.org/10.1161/CIRCGENETICS.108.821314
http://www.ncbi.nlm.nih.gov/pubmed/20031618
http://doi.org/10.1016/j.ejmg.2010.07.007
http://www.ncbi.nlm.nih.gov/pubmed/20624503
http://doi.org/10.1016/0092-8674(94)90054-X
http://doi.org/10.1038/ng0897-379
http://doi.org/10.1093/hmg/ddn160
http://www.ncbi.nlm.nih.gov/pubmed/18505755
http://doi.org/10.1038/ng0596-63
http://www.ncbi.nlm.nih.gov/pubmed/8673105


Int. J. Mol. Sci. 2021, 22, 2955 18 of 24

34. Mogensen, J.; Klausen, I.C.; Pedersen, A.K.; Egeblad, H.; Bross, P.; Kruse, T.A.; Gregersen, N.; Hansen, P.S.; Baandrup, U.;
Børglum, A.D. α-cardiac actin is a novel disease gene in familial hypertrophic cardiomyopathy. J. Clin. Investig. 1999, 103,
R39–R43. [CrossRef]

35. Taylor, M.; Graw, S.; Sinagra, G.; Barnes, C.; Slavov, D.; Brun, F.; Pinamonti, B.; Salcedo, E.E.; Sauer, W.; Pyxaras, S.; et al. Genetic
Variation in Titin in Arrhythmogenic Right Ventricular Cardiomyopathy–Overlap Syndromes. Circulation 2011, 124, 876–885.
[CrossRef]

36. Marian, A.J.; Braunwald, E. Hypertrophic Cardiomyopathy. Circ. Res. 2017, 121, 749–770. [CrossRef]
37. Grünig, E.; Tasman, J.A.; Kücherer, H.; Franz, W.; Kübler, W.; Katus, H.A. Frequency and Phenotypes of Familial Dilated

Cardiomyopathy. J. Am. Coll. Cardiol. 1998, 31, 186–194. [CrossRef]
38. Mestroni, L.; Maisch, B.; McKenna, W.J.; Schwartz, K.; Charron, P.; Rocco, C.; Tesson, F.; Richter, A.; Wilke, A.; Komajda, M.

Guidelines for the study of familial dilated cardiomyopathies. Collaborative Research Group of the European Human and Capital
Mobility Project on Familial Dilated Cardiomyopathy. Eur. Heart J. 1999, 2, 93–102. [CrossRef]

39. Herman, D.S.; Lam, L.; Taylor, M.R.G.; Wang, L.; Teekakirikul, P.; Christodoulou, D.; Conner, L.; DePalma, S.R.; McDonough, B.;
Sparks, E.; et al. Truncations of Titin Causing Dilated Cardiomyopathy. N. Engl. J. Med. 2012, 366, 619–628. [CrossRef]

40. Rosenbaum, A.N.; Agre, K.E.; Pereira, N.L. Genetics of dilated cardiomyopathy: Practical implications for heart failure manage-
ment. Nat. Rev. Cardiol. 2020, 17, 286–297. [CrossRef] [PubMed]

41. Dellefave, L.; McNally, E.M. The genetics of dilated cardiomyopathy. Curr. Opin. Cardiol. 2010, 25, 198–204. [CrossRef] [PubMed]
42. Mestroni, L.; Brun, F.; Spezzacatene, A.; Sinagra, G.; Taylor, M.R.G. Genetic causes of dilated cardiomyopathy. Prog. Pediatr.

Cardiol. 2014, 37, 13–18. [CrossRef]
43. Inagaki, N.; Hayashi, T.; Arimura, T.; Koga, Y.; Takahashi, M.; Shibata, H.; Teraoka, K.; Chikamori, T.; Yamashina, A.; Kimura, A.

αB-crystallin mutation in dilated cardiomyopathy. Biochem. Biophys. Res. Commun. 2006, 342, 379–386. [CrossRef] [PubMed]
44. Akdis, D.; Brunckhorst, C.; Duru, F.; Saguner, A.M. Arrhythmogenic Cardiomyopathy: Electrical and Structural Phenotypes.

Arrhythmia Electrophysiol. Rev. 2016, 5, 90. [CrossRef] [PubMed]
45. Hoorntje, E.T.; te Rijdt, W.P.; James, C.A.; Pilichou, K.; Basso, C.; Judge, D.P.; Bezzina, C.R.; van Tintelen, J.P. Arrhythmogenic

cardiomyopathy: Pathology, genetics, and concepts in pathogenesis. Cardiovasc. Res. 2017, 113, 1521–1531. [CrossRef]
46. Ohno, S. The genetic background of arrhythmogenic right ventricular cardiomyopathy. J. Arrhythmia 2016, 32, 398–403. [CrossRef]

[PubMed]
47. Jacoby, D.; McKenna, W.J. Genetics of inherited cardiomyopathy. Eur. Heart J. 2012, 33, 296–304. [CrossRef]
48. Sawant, A.C.; te Riele, A.S.J.M.; Tichnell, C.; Murray, B.; Bhonsale, A.; Tandri, H.; Judge, D.P.; Calkins, H.; James, C.A. Safety of

American Heart Association-recommended minimum exercise for desmosomal mutation carriers. Heart Rhythm 2016, 13, 199–207.
[CrossRef] [PubMed]

49. James, C.A.; Bhonsale, A.; Tichnell, C.; Murray, B.; Russell, S.D.; Tandri, H.; Tedford, R.J.; Judge, D.P.; Calkins, H. Exercise Increases
Age-Related Penetrance and Arrhythmic Risk in Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy–Associated
Desmosomal Mutation Carriers. J. Am. Coll. Cardiol. 2013, 62, 1290–1297. [CrossRef]

50. Towbin, J.A. Inherited Cardiomyopathies. Circ. J. 2014, 78, 2347–2356. [CrossRef]
51. Dirkx, E.; da Costa Martins, P.A.; De Windt, L.J. Regulation of fetal gene expression in heart failure. Biochim. Biophys. Acta Mol.

Basis Dis. 2013, 1832, 2414–2424. [CrossRef]
52. Eijgenraam, T.R.; Silljé, H.H.W.; de Boer, R.A. Current understanding of fibrosis in genetic cardiomyopathies. Trends Cardiovasc.

Med. 2020, 30, 353–361. [CrossRef]
53. Vigneault, D.M.; Yang, E.; Jensen, P.J.; Tee, M.W.; Farhad, H.; Chu, L.; Noble, J.A.; Day, S.M.; Colan, S.D.; Russell, M.W.; et al. Left

Ventricular Strain Is Abnormal in Preclinical and Overt Hypertrophic Cardiomyopathy: Cardiac MR Feature Tracking. Radiology
2019, 290, 640–648. [CrossRef] [PubMed]

54. Williams, L.K.; Misurka, J.; Ho, C.Y.; Chan, W.-X.; Agmon, Y.; Seidman, C.; Rakowski, H.; Carasso, S. Multilayer Myocardial
Mechanics in Genotype-Positive Left Ventricular Hypertrophy-Negative Patients With Hypertrophic Cardiomyopathy. Am. J.
Cardiol. 2018, 122, 1754–1760. [CrossRef] [PubMed]

55. Taha, K.; Te Rijdt, W.P.; Verstraelen, T.E.; Cramer, M.J.; de Boer, R.A.; de Bruin-Bon, R.H.A.C.M.; Bouma, B.J.; Asselbergs, F.W.;
Wilde, A.A.M.; van den Berg, M.P.; et al. Early Mechanical Alterations in Phospholamban Mutation Carriers. JACC Cardiovasc.
Imaging 2020. [CrossRef] [PubMed]

56. Du, W.; Piek, A.; Schouten, E.M.; van de Kolk, C.W.A.; Mueller, C.; Mebazaa, A.; Voors, A.A.; de Boer, R.A.; Silljé, H.H.W. Plasma
levels of heart failure biomarkers are primarily a reflection of extracardiac production. Theranostics 2018, 8, 4155–4169. [CrossRef]

57. Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.F.; Coats, A.J.S.; Falk, V.; González-Juanatey, J.R.; Harjola, V.-P.;
Jankowska, E.A.; et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur. Heart J. 2016,
37, 2129–2200. [CrossRef] [PubMed]

58. Yancy, C.W.; Jessup, M.; Bozkurt, B.; Butler, J.; Casey, D.E.; Colvin, M.M.; Drazner, M.H.; Filippatos, G.S.; Fonarow, G.C.;
Givertz, M.M.; et al. 2017 ACC/AHA/HFSA Focused Update of the 2013 ACCF/AHA Guideline for the Management of Heart
Failure: A Report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines
and the Heart Failure Society of Amer. J. Am. Coll. Cardiol. 2017, 70, 776–803. [CrossRef]

59. Yancy, C.W.; Jessup, M.; Bozkurt, B.; Butler, J.; Casey, D.E.; Drazner, M.H.; Fonarow, G.C.; Geraci, S.A.; Horwich, T.; Januzzi, J.L.;
et al. 2013 ACCF/AHA Guideline for the Management of Heart Failure. J. Am. Coll. Cardiol. 2013, 62, e147–e239. [CrossRef]

http://doi.org/10.1172/JCI6460
http://doi.org/10.1161/CIRCULATIONAHA.110.005405
http://doi.org/10.1161/CIRCRESAHA.117.311059
http://doi.org/10.1016/S0735-1097(97)00434-8
http://doi.org/10.1053/euhj.1998.1145
http://doi.org/10.1056/NEJMoa1110186
http://doi.org/10.1038/s41569-019-0284-0
http://www.ncbi.nlm.nih.gov/pubmed/31605094
http://doi.org/10.1097/HCO.0b013e328337ba52
http://www.ncbi.nlm.nih.gov/pubmed/20186049
http://doi.org/10.1016/j.ppedcard.2014.10.003
http://doi.org/10.1016/j.bbrc.2006.01.154
http://www.ncbi.nlm.nih.gov/pubmed/16483541
http://doi.org/10.15420/AER.2016.4.3
http://www.ncbi.nlm.nih.gov/pubmed/27617087
http://doi.org/10.1093/cvr/cvx150
http://doi.org/10.1016/j.joa.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/27761164
http://doi.org/10.1093/eurheartj/ehr260
http://doi.org/10.1016/j.hrthm.2015.08.035
http://www.ncbi.nlm.nih.gov/pubmed/26321091
http://doi.org/10.1016/j.jacc.2013.06.033
http://doi.org/10.1253/circj.CJ-14-0893
http://doi.org/10.1016/j.bbadis.2013.07.023
http://doi.org/10.1016/j.tcm.2019.09.003
http://doi.org/10.1148/radiol.2018180339
http://www.ncbi.nlm.nih.gov/pubmed/30561279
http://doi.org/10.1016/j.amjcard.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30249441
http://doi.org/10.1016/j.jcmg.2020.09.030
http://www.ncbi.nlm.nih.gov/pubmed/33221241
http://doi.org/10.7150/thno.26055
http://doi.org/10.1093/eurheartj/ehw128
http://www.ncbi.nlm.nih.gov/pubmed/27206819
http://doi.org/10.1016/j.jacc.2017.04.025
http://doi.org/10.1016/j.jacc.2013.05.019


Int. J. Mol. Sci. 2021, 22, 2955 19 of 24

60. Hollenberg, S.M.; Warner Stevenson, L.; Ahmad, T.; Amin, V.J.; Bozkurt, B.; Butler, J.; Davis, L.L.; Drazner, M.H.; Kirkpatrick, J.N.;
Peterson, P.N.; et al. 2019 ACC Expert Consensus Decision Pathway on Risk Assessment, Management, and Clinical Trajectory of
Patients Hospitalized With Heart Failure. J. Am. Coll. Cardiol. 2019, 74, 1966–2011. [CrossRef] [PubMed]

61. Scott, P.A.; Barry, J.; Roberts, P.R.; Morgan, J.M. Brain natriuretic peptide for the prediction of sudden cardiac death and ventricular
arrhythmias: A meta-analysis. Eur. J. Heart Fail. 2009, 11, 958–966. [CrossRef]

62. Levine, Y.C.; Rosenberg, M.A.; Mittleman, M.; Samuel, M.; Methachittiphan, N.; Link, M.; Josephson, M.E.; Buxton, A.E. B-type
natriuretic peptide is a major predictor of ventricular tachyarrhythmias. Heart Rhythm 2014, 11, 1109–1116. [CrossRef] [PubMed]

63. Piek, A.; Suthahar, N.; Voors, A.A.; Boer, R.A.; Silljé, H.H.W. A combined bioinformatics, experimental and clinical approach to
identify novel cardiac-specific heart failure biomarkers: Is Dickkopf -3 (DKK3) a possible candidate? Eur. J. Heart Fail. 2020, 22,
2065–2074. [CrossRef]

64. Reyat, J.S.; Chua, W.; Cardoso, V.R.; Witten, A.; Kastner, P.M.; Kabir, S.N.; Sinner, M.F.; Wesselink, R.; Holmes, A.P.; Pavlovic, D.;
et al. Reduced left atrial cardiomyocyte PITX2 and elevated circulating BMP10 predict atrial fibrillation after ablation. JCI Insight
2020, 5. [CrossRef] [PubMed]

65. Collet, J.-P.; Thiele, H.; Barbato, E.; Barthélémy, O.; Bauersachs, J.; Bhatt, D.L.; Dendale, P.; Dorobantu, M.; Edvardsen, T.;
Folliguet, T.; et al. 2020 ESC Guidelines for the management of acute coronary syndromes in patients presenting without
persistent ST-segment elevation. Eur. Heart J. 2020. [CrossRef]

66. Amsterdam, E.A.; Wenger, N.K.; Brindis, R.G.; Casey, D.E.; Ganiats, T.G.; Holmes, D.R.; Jaffe, A.S.; Jneid, H.; Kelly, R.F.;
Kontos, M.C.; et al. 2014 AHA/ACC Guideline for the Management of Patients With Non–ST-Elevation Acute Coronary
Syndromes. Circulation 2014, 130. [CrossRef]

67. Thygesen, K.; Alpert, J.S.; Jaffe, A.S.; Simoons, M.L.; Chaitman, B.R.; White, H.D.; Thygesen, K.; Alpert, J.S.; White, H.D.;
Jaffe, A.S.; et al. Third universal definition of myocardial infarction. Eur. Heart J. 2012, 33, 2551–2567. [CrossRef] [PubMed]

68. Twerenbold, R.; Jaffe, A.; Reichlin, T.; Reiter, M.; Mueller, C. High-sensitive troponin T measurements: What do we gain and what
are the challenges? Eur. Heart J. 2012, 33, 579–586. [CrossRef] [PubMed]

69. Rezar, R.; Jirak, P.; Gschwandtner, M.; Derler, R.; Felder, T.K.; Haslinger, M.; Kopp, K.; Seelmaier, C.; Granitz, C.; Hoppe, U.C.;
et al. Heart-Type Fatty Acid-Binding Protein (H-FABP) and Its Role as a Biomarker in Heart Failure: What Do We Know So Far?
J. Clin. Med. 2020, 9, 164. [CrossRef] [PubMed]

70. Kaier, T.E.; Alaour, B.; Marber, M. Cardiac Myosin-Binding Protein C—From Bench to Improved Diagnosis of Acute Myocardial
Infarction. Cardiovasc. Drugs Ther. 2019, 33, 221–230. [CrossRef] [PubMed]

71. Schulte, C.; Barwari, T.; Joshi, A.; Theofilatos, K.; Zampetaki, A.; Barallobre-Barreiro, J.; Singh, B.; Sörensen, N.A.; Neumann, J.T.;
Zeller, T.; et al. Comparative Analysis of Circulating Noncoding RNAs Versus Protein Biomarkers in the Detection of Myocardial
Injury. Circ. Res. 2019, 125, 328–340. [CrossRef]

72. Ho, C.Y.; López, B.; Coelho-Filho, O.R.; Lakdawala, N.K.; Cirino, A.L.; Jarolim, P.; Kwong, R.; González, A.; Colan, S.D.;
Seidman, J.G.; et al. Myocardial Fibrosis as an Early Manifestation of Hypertrophic Cardiomyopathy. N. Engl. J. Med. 2010, 363,
552–563. [CrossRef] [PubMed]

73. Ho, J.E.; Shi, L.; Day, S.M.; Colan, S.D.; Russell, M.W.; Towbin, J.A.; Sherrid, M.V.; Canter, C.E.; Jefferies, J.L.; Murphy, A.;
et al. Biomarkers of cardiovascular stress and fibrosis in preclinical hypertrophic cardiomyopathy. Open Heart 2017, 4, e000615.
[CrossRef]

74. Cramer, G.E.; Gommans, D.H.F.; Dieker, H.-J.; Michels, M.; Verheugt, F.; de Boer, M.-J.; Bakker, J.; Fouraux, M.A.; Timmermans, J.;
Kofflard, M.; et al. Exercise and myocardial injury in hypertrophic cardiomyopathy. Heart 2020, 106, 1169–1175. [CrossRef]

75. Nakamura, T.; Sakamoto, K.; Yamano, T.; Kikkawa, M.; Zen, K.; Hikosaka, T.; Kubota, T.; Azuma, A.; Nishimura, T. Increased
plasma brain natriuretic peptide level as a guide for silent myocardial ischemia in patients with non-obstructive hypertrophic
cardiomyopathy. J. Am. Coll. Cardiol. 2002. [CrossRef]

76. Hinton, J.; Gabara, L.; Curzen, N. Is the true clinical value of high-sensitivity troponins as a biomarker of risk? The concept that
detection of high-sensitivity troponin ‘never means nothing’. Expert Rev. Cardiovasc. Ther. 2020, 18, 843–857. [CrossRef] [PubMed]

77. Gommans, D.H.F.; Cramer, G.E.; Fouraux, M.A.; Bakker, J.; Michels, M.; Dieker, H.-J.; Timmermans, J.; Marcelis, C.L.M.;
Verheugt, F.W.A.; de Boer, M.-J.; et al. Prediction of Extensive Myocardial Fibrosis in Nonhigh Risk Patients With Hypertrophic
Cardiomyopathy. Am. J. Cardiol. 2018, 122, 483–489. [CrossRef]

78. Cheng, H.; Lu, M.; Hou, C.; Chen, X.; Wang, J.; Yin, G.; Chu, J.; Zhang, S.; Prasad, S.K.; Pu, J.; et al. Relation Between N-Terminal
Pro-Brain Natriuretic Peptide and Cardiac Remodeling and Function Assessed by Cardiovascular Magnetic Resonance Imaging
in Patients With Arrhythmogenic Right Ventricular Cardiomyopathy. Am. J. Cardiol. 2015, 115, 341–347. [CrossRef]

79. Matsuo, K.; Nishikimi, T.; Yutani, C.; Kurita, T.; Shimizu, W.; Taguchi, A.; Suyama, K.; Aihara, N.; Kamakura, S.; Kangawa, K.;
et al. Diagnostic Value of Plasma Levels of Brain Natriuretic Peptide in Arrhythmogenic Right Ventricular Dysplasia. Circulation
1998, 98, 2433–2440. [CrossRef] [PubMed]

80. Hasegawa, K.; Fujiwara, H.; Doyama, K.; Miyamae, M.; Fujiwara, T.; Suga, S.; Mukoyama, M.; Nakao, K.; Imura, H.; Sasayama, S.
Ventricular expression of brain natriuretic peptide in hypertrophic cardiomyopathy. Circulation 1993, 88, 372–380. [CrossRef]

81. Coats, C.J.; Gallagher, M.J.; Foley, M.; O’Mahony, C.; Critoph, C.; Gimeno, J.; Dawnay, A.; McKenna, W.J.; Elliott, P.M. Relation
between serum N-terminal pro-brain natriuretic peptide and prognosis in patients with hypertrophic cardiomyopathy. Eur. Heart
J. 2013, 34, 2529–2537. [CrossRef]

http://doi.org/10.1016/j.jacc.2019.08.001
http://www.ncbi.nlm.nih.gov/pubmed/31526538
http://doi.org/10.1093/eurjhf/hfp123
http://doi.org/10.1016/j.hrthm.2014.04.024
http://www.ncbi.nlm.nih.gov/pubmed/24837348
http://doi.org/10.1002/ejhf.1988
http://doi.org/10.1172/jci.insight.139179
http://www.ncbi.nlm.nih.gov/pubmed/32814717
http://doi.org/10.1093/eurheartj/ehaa624
http://doi.org/10.1161/CIR.0000000000000134
http://doi.org/10.1093/eurheartj/ehs184
http://www.ncbi.nlm.nih.gov/pubmed/22922414
http://doi.org/10.1093/eurheartj/ehr492
http://www.ncbi.nlm.nih.gov/pubmed/22267244
http://doi.org/10.3390/jcm9010164
http://www.ncbi.nlm.nih.gov/pubmed/31936148
http://doi.org/10.1007/s10557-018-6845-3
http://www.ncbi.nlm.nih.gov/pubmed/30617437
http://doi.org/10.1161/CIRCRESAHA.119.314937
http://doi.org/10.1056/NEJMoa1002659
http://www.ncbi.nlm.nih.gov/pubmed/20818890
http://doi.org/10.1136/openhrt-2017-000615
http://doi.org/10.1136/heartjnl-2019-315818
http://doi.org/10.1016/S0735-1097(02)01813-2
http://doi.org/10.1080/14779072.2020.1828063
http://www.ncbi.nlm.nih.gov/pubmed/32966128
http://doi.org/10.1016/j.amjcard.2018.04.020
http://doi.org/10.1016/j.amjcard.2014.10.040
http://doi.org/10.1161/01.CIR.98.22.2433
http://www.ncbi.nlm.nih.gov/pubmed/9832489
http://doi.org/10.1161/01.CIR.88.2.372
http://doi.org/10.1093/eurheartj/eht070


Int. J. Mol. Sci. 2021, 22, 2955 20 of 24

82. Geske, J.B.; McKie, P.M.; Ommen, S.R.; Sorajja, P. B-Type Natriuretic Peptide and Survival in Hypertrophic Cardiomyopathy. J.
Am. Coll. Cardiol. 2013, 61, 2456–2460. [CrossRef]

83. Stadiotti, I.; Pompilio, G.; Maione, A.S.; Pilato, C.A.; D’Alessandra, Y.; Sommariva, E. Arrhythmogenic cardiomyopathy: What
blood can reveal? Heart Rhythm 2019, 16, 470–477. [CrossRef]

84. Kubo, T.; Ochi, Y.; Baba, Y.; Sugiura, K.; Takahashi, A.; Hirota, T.; Yamanaka, S.; Yamasaki, N.; Doi, Y.L.; Kitaoka, H. Elevation of
high-sensitivity cardiac troponin T and left ventricular remodelling in hypertrophic cardiomyopathy. ESC Heart Fail. 2020, 7,
3593–3600. [CrossRef] [PubMed]

85. Daniels, L.B.; Maisel, A.S. Natriuretic Peptides. J. Am. Coll. Cardiol. 2007, 50, 2357–2368. [CrossRef]
86. Wang, T.J.; Larson, M.G.; Levy, D.; Benjamin, E.J.; Leip, E.P.; Omland, T.; Wolf, P.A.; Vasan, R.S. Plasma Natriuretic Peptide Levels

and the Risk of Cardiovascular Events and Death. N. Engl. J. Med. 2004, 350, 655–663. [CrossRef] [PubMed]
87. Wang, T.J. Assessing the Role of Circulating, Genetic, and Imaging Biomarkers in Cardiovascular Risk Prediction. Circulation

2011, 123, 551–565. [CrossRef]
88. Patton, K.K.; Ellinor, P.T.; Heckbert, S.R.; Christenson, R.H.; DeFilippi, C.; Gottdiener, J.S.; Kronmal, R.A. N-Terminal Pro-B-Type

Natriuretic Peptide Is a Major Predictor of the Development of Atrial Fibrillation. Circulation 2009, 120, 1768–1774. [CrossRef]
[PubMed]

89. Olsen, M.H.; Hansen, T.W.; Christensen, M.K.; Gustafsson, F.; Rasmussen, S.; Wachtell, K.; Ibsen, H.; Torp-Pedersen, C.;
Hildebrandt, P.R. N-terminal pro-brain natriuretic peptide, but not high sensitivity C-reactive protein, improves cardiovascular
risk prediction in the general population. Eur. Heart J. 2007, 28, 1374–1381. [CrossRef]

90. Suthahar, N.; Lau, E.S.; Blaha, M.J.; Paniagua, S.M.; Larson, M.G.; Psaty, B.M.; Benjamin, E.J.; Allison, M.A.; Bartz, T.M.;
Januzzi, J.L.; et al. Sex-Specific Associations of Cardiovascular Risk Factors and Biomarkers With Incident Heart Failure. J. Am.
Coll. Cardiol. 2020, 76, 1455–1465. [CrossRef]

91. Wang, T.J.; Wollert, K.C.; Larson, M.G.; Coglianese, E.; McCabe, E.L.; Cheng, S.; Ho, J.E.; Fradley, M.G.; Ghorbani, A.; Xanthakis, V.;
et al. Prognostic Utility of Novel Biomarkers of Cardiovascular Stress. Circulation 2012, 126, 1596–1604. [CrossRef]

92. Suthahar, N.; Meems, L.M.G.; van Veldhuisen, D.J.; Walter, J.E.; Gansevoort, R.T.; Heymans, S.; Schroen, B.; van der Harst, P.;
Kootstra-Ros, J.E.; van Empel, V.; et al. High-Sensitivity Troponin-T and Cardiovascular Outcomes in the Community: Differences
Between Women and Men. Mayo Clin. Proc. 2020, 95, 1158–1168. [CrossRef]

93. Kaura, A.; Panoulas, V.; Glampson, B.; Davies, J.; Mulla, A.; Woods, K.; Omigie, J.; Shah, A.D.; Channon, K.M.; Weber, J.N.; et al.
Association of troponin level and age with mortality in 250,000 patients: Cohort study across five UK acute care centres. BMJ
2019, l6055. [CrossRef]

94. Korngold, E.C.; Januzzi, J.L.; Lou Gantzer, M.; Moorthy, M.V.; Cook, N.R.; Albert, C.M. Amino-Terminal Pro-B-Type Natriuretic
Peptide and High-Sensitivity C-Reactive Protein as Predictors of Sudden Cardiac Death Among Women. Circulation 2009, 119,
2868–2876. [CrossRef] [PubMed]

95. Patton, K.K.; Sotoodehnia, N.; DeFilippi, C.; Siscovick, D.S.; Gottdiener, J.S.; Kronmal, R.A. N-terminal pro-B-type natriuretic
peptide is associated with sudden cardiac death risk: The Cardiovascular Health Study. Heart Rhythm 2011, 8, 228–233. [CrossRef]
[PubMed]

96. Chmielewski, P.; Michalak, E.; Kowalik, I.; Franaszczyk, M.; Sobieszczanska-Malek, M.; Truszkowska, G.; Stepien-Wojno, M.;
Biernacka, E.K.; Foss-Nieradko, B.; Lewandowski, M.; et al. Can Circulating Cardiac Biomarkers Be Helpful in the Assessment of
LMNA Mutation Carriers? J. Clin. Med. 2020, 9, 1443. [CrossRef] [PubMed]

97. Tidholm, A.; Häggström, J.; Borgarelli, M.; Tarducci, A. Canine Idiopathic Dilated Cardiomyopathy. Part I: Aetiology, Clinical
Characteristics, Epidemiology and Pathology. Vet. J. 2001, 162, 92–107. [CrossRef]

98. Wess, G.; Domenech, O.; Dukes-McEwan, J.; Häggström, J.; Gordon, S. European Society of Veterinary Cardiology screening
guidelines for dilated cardiomyopathy in Doberman Pinschers. J. Vet. Cardiol. 2017, 19, 405–415. [CrossRef]

99. Wess, G.; Butz, V.; Mahling, M.; Hartmann, K. Evaluation of N-terminal pro-B-type natriuretic peptide as a diagnostic marker of
various stages of cardiomyopathy in Doberman Pinschers. Am. J. Vet. Res. 2011, 72, 642–649. [CrossRef]

100. Klüser, L.; Maier, E.T.; Wess, G. Evaluation of a high-sensitivity cardiac troponin I assay compared to a first-generation cardiac
troponin I assay in Doberman Pinschers with and without dilated cardiomyopathy. J. Vet. Intern. Med. 2019, 33, 54–63. [CrossRef]

101. Gehlken, C.; Suthahar, N.; Meijers, W.C.; de Boer, R.A. Galectin-3 in Heart Failure. Heart Fail. Clin. 2018, 14, 75–92. [CrossRef]
102. van der Velde, A.R.; Gullestad, L.; Ueland, T.; Aukrust, P.; Guo, Y.; Adourian, A.; Muntendam, P.; van Veldhuisen, D.J.; de Boer,

R.A. Prognostic Value of Changes in Galectin-3 Levels Over Time in Patients With Heart Failure. Circ. Heart Fail. 2013, 6, 219–226.
[CrossRef] [PubMed]

103. Sharma, A.; Stevens, S.R.; Lucas, J.; Fiuzat, M.; Adams, K.F.; Whellan, D.J.; Donahue, M.P.; Kitzman, D.W.; Piña, I.L.; Zannad, F.;
et al. Utility of Growth Differentiation Factor-15, A Marker of Oxidative Stress and Inflammation, in Chronic Heart Failure. JACC
Heart Fail. 2017, 5, 724–734. [CrossRef]

104. Wollert, K.C.; Kempf, T. Growth Differentiation Factor 15 in Heart Failure: An Update. Curr. Heart Fail. Rep. 2012, 9, 337–345.
[CrossRef] [PubMed]

105. Kakkar, R.; Lee, R.T. The IL-33/ST2 pathway: Therapeutic target and novel biomarker. Nat. Rev. Drug Discov. 2008, 7, 827–840.
[CrossRef]

106. Lotierzo, M.; Dupuy, A.M.; Kalmanovich, E.; Roubille, F.; Cristol, J.P. sST2 as a value-added biomarker in heart failure. Clin. Chim.
Acta 2020, 501, 120–130. [CrossRef]

http://doi.org/10.1016/j.jacc.2013.04.004
http://doi.org/10.1016/j.hrthm.2018.09.023
http://doi.org/10.1002/ehf2.12852
http://www.ncbi.nlm.nih.gov/pubmed/33047518
http://doi.org/10.1016/j.jacc.2007.09.021
http://doi.org/10.1056/NEJMoa031994
http://www.ncbi.nlm.nih.gov/pubmed/14960742
http://doi.org/10.1161/CIRCULATIONAHA.109.912568
http://doi.org/10.1161/CIRCULATIONAHA.109.873265
http://www.ncbi.nlm.nih.gov/pubmed/19841297
http://doi.org/10.1093/eurheartj/ehl448
http://doi.org/10.1016/j.jacc.2020.07.044
http://doi.org/10.1161/CIRCULATIONAHA.112.129437
http://doi.org/10.1016/j.mayocp.2020.01.017
http://doi.org/10.1136/bmj.l6055
http://doi.org/10.1161/CIRCULATIONAHA.108.832576
http://www.ncbi.nlm.nih.gov/pubmed/19470888
http://doi.org/10.1016/j.hrthm.2010.10.038
http://www.ncbi.nlm.nih.gov/pubmed/21044699
http://doi.org/10.3390/jcm9051443
http://www.ncbi.nlm.nih.gov/pubmed/32408651
http://doi.org/10.1053/tvjl.2001.0571
http://doi.org/10.1016/j.jvc.2017.08.006
http://doi.org/10.2460/ajvr.72.5.642
http://doi.org/10.1111/jvim.15384
http://doi.org/10.1016/j.hfc.2017.08.009
http://doi.org/10.1161/CIRCHEARTFAILURE.112.000129
http://www.ncbi.nlm.nih.gov/pubmed/23395934
http://doi.org/10.1016/j.jchf.2017.07.013
http://doi.org/10.1007/s11897-012-0113-9
http://www.ncbi.nlm.nih.gov/pubmed/22961192
http://doi.org/10.1038/nrd2660
http://doi.org/10.1016/j.cca.2019.10.029


Int. J. Mol. Sci. 2021, 22, 2955 21 of 24

107. Suthahar, N.; Meijers, W.C.; Silljé, H.H.W.; Ho, J.E.; Liu, F.-T.; de Boer, R.A. Galectin-3 Activation and Inhibition in Heart Failure
and Cardiovascular Disease: An Update. Theranostics 2018, 8, 593–609. [CrossRef] [PubMed]

108. Piek, A.; Du, W.; de Boer, R.A.; Silljé, H.H.W. Novel heart failure biomarkers: Why do we fail to exploit their potential? Crit. Rev.
Clin. Lab. Sci. 2018, 55, 246–263. [CrossRef]
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