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Galectins are composed of a family of widely expressedβ-galactoside-binding lectins and can modulate
basic cellular functions such as "cell-to-cell" and "cell-to-matrix" interactions, cell growth and differentiation,
tissue regeneration and the regulation of immune cell activities [3–5]. Galectins have been classified
according to their carbohydrate recognition domain (CRD) number and function. The CRDs recognize
β-galactoside residues that form complexes that crosslink glycosylated ligands [6–8]. The following three
types of galectin members are widely accepted (Figure 1): (1) prototype galectins (galectin-1, -2, -5, -7, -10,
-11, -13, -14, and -15), containing a single CRD that form noncovalent homodimers; (2) tandem-repeat
galectins (galectin-4, -6, -8, -9, and -12), carrying two CRD motifs connected by a peptide linker and (3) a
chimera-type galectin (Gal-3), which is characterized by having a single CRD and an amino-terminal
polypeptide tail region [4,7,8]. The members of galectins, numbered consecutively by order of discovery,
are ubiquitously present in vertebrates, invertebrates and, also, protists [3].

Figure 1. Schematic diagram of the galectin family members. Galectin members are divided into three
types based on the organization of the galectin carbohydrate recognition domain (CRD).

One member of the family, Gal-3, an approximately 30-kDa chimera-type galectin, is expressed by
various immune cells, including mast cells, histiocytes and macrophages, which are associated with
the mononuclear phagocytic system in various tissues [9]. Although Gal-3 is predominantly present as
a cytosolic protein for cellular function and a nuclei protein for splicing, it is also expressed on cell
surfaces and secreted into the plasma by various cells [10]. It has been shown that Gal-3 plays an
important role in diverse physiological functions, such as cell growth and differentiation, macrophage
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activation, angiogenesis, apoptosis and antimicrobial activity, as well as acting as a mediator of local
inflammatory responses in many pathological conditions [11].

Since Gal-3 is readily expressed on the cell surface, and easily secreted into biological fluids (e.g.,
serum and urine) from injured cells and inflammatory cells, recent studies suggest that cardiac Gal-3
could be a marker for cardiac disorders such as cardiac inflammation and fibrosis, depending on the
specific pathogenesis of human heart diseases [12,13]. Therefore, Gal-3 may be a novel candidate biomarker
for the diagnosis, analysis and prognosis of various cardiac diseases, including heart failure [14–17].

Furthermore, Gal-3 may also be useful for detecting the early stages of some diseases. Gal-3 has
already been used as a possible clinical biomarker in the early detection of myocardial dysfunction,
including acute heart failure [17]. In experimental acute myocarditis following viral infection, Gal-3
has been validated as a biomarker of cardiac fibrotic degeneration in animal models [13,16]. Serum
Gal-3 levels have been used as an early diagnostic biomarker for detecting cardiac degeneration in
acute myocarditis [13] and acute myocardial infarction [16].

Established cardiovascular biomarkers, other than Gal-3, have been investigated for many years
for their ability to differentiate different pathophysiological processes, such as inflammation, injury
and fibrosis. These biomarkers have been used in clinical practices to reveal the pathophysiological
characteristics of heart failure, myocyte injury, ventricular wall stress, fibrosis and cardiac remodeling.
Natriuretic peptides (NPs), soluble ST2 (suppression of tumourigenicity2) (sST2), myocardial troponin I
(cTnI), myocardial troponin T (cTnT), C-reactive protein (CRP) and growth and differentiation factor-15
(GDF-15) are the cardiovascular biomarkers discussed in this review.

In this review, we discuss and summarize the recent developments of Gal-3 as a next-generation
molecular biomarker in not only the patients with various types of heart diseases but, also, the disease-
associated animal models. Furthermore, we provide a possibility of Gal-3 as a diagnostic or prognostic
marker for detecting the early stages of various heart diseases.

2. Current Clinical Studies of Gal-3 as a Possible Biomarker in Heart Disease

Clinically, Gal-3 is studied most intensively in heart disease as a diagnostic or prognostic
marker [14–17]. In addition to heart disease, Gal-3 has also been considered as a biomarker in other
human diseases, such as viral infections [18–20], autoimmune diseases [21–24], diabetes [25–27], kidney
disease [25,26,28,29] and even tumor formations, including thyroid tumors [30–39]. The diverse clinical
involvement of galectins in many diseases has been suggested as a role for the regulators of acute
and chronic inflammation, which is linking inflammation-related macrophages to the promotion of
fibrosis [40]. The evidence suggests that Gal-3 is not an organ-specific marker but a specific marker of
individual pathogenesis, such as inflammation or fibrosis. Therefore, the primary sources for circulating
Gal-3 are not always identified.

Many clinical studies of heart failure suggest that plasma and cardiac Gal-3 levels reflect cardiac
inflammatory responses and can be considered as a possible marker for both cardiac inflammation and
fibrosis, depending on the pathogenesis of heart failure [40]. However, the mechanism responsible for
increased blood levels of Gal-3 remains incompletely defined. Several studies have been conducted on
Gal-3 to assess its prognostic effect in heart failure populations. In general, a high concentration of
plasma Gal-3 correlates with a clinical outcome in heart failure associated with cardiac fibrosis [41,42].
The increased plasma levels of Gal-3 are associated with adverse long-term cardiovascular outcomes
in both patients with acute [43,44] and chronic [45,46] heart failure. However, some studies have
generated conflicting results and suggested that Gal-3 is a poor predictor of mortality [47]. In addition,
some studies have reported contradictory results on the association between plasma and cardiac Gal-3
levels and cardiac fibrosis in heart failure [48–50]. These clinical studies were limited by their small
sample sizes and nondetailed evaluations. However, a large-scale meta-analysis of the plasma Gal-3 in
the general population has revealed that elevated plasma galectin-3 is associated with a high risk of
cardiovascular mortality and heart failure, in addition to all-cause mortality, and has suggested that
galectin-3 is an important prognostic factor for patients with heart disease [51].
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Various heart diseases, such as myocardial infarction, myocarditis, hypertension and subsequent
heart failure, have dynamic interactions between inflammation and fibrosis [52]. Furthermore, recent
studies indicate that Gal-3 is involved in cardiovascular fibrosis as a regulatory molecule in heart
failure and, thus, that Gal-3 inhibition ameliorates myocardial injury, highlighting its therapeutic
potential [53,54]. Atrial fibrillation, the most common arrhythmia presented in clinical practice, can
occur in association with electrical and structural remodeling in the atria. Several lines of evidence
demonstrate that myocardial strain, fibrosis and inflammation are involved in the pathogenesis of
arrhythmia, including atrial fibrillation, in addition to conventional factors such as the increased left atrial
size and the presence of heart failure, coronary heart disease or valvular heart disease. Galectin-3 may be
involved in atrial structural remodeling, which involves progressive fibrogenesis in atrial fibrillation
patients [55]. A meta-analysis of the relationship between baseline circulating Gal-3 levels and the
recurrence of atrial fibrillation in patients undergoing catheter ablation showed that baseline circulating
Gal-3 levels were significantly higher in patients with a recurrence of atrial fibrillation compared to those
without atrial fibrillation [56]. In addition, higher baseline Gal-3 levels were independently associated
with a significantly higher risk of recurrence of atrial fibrillation after catheter ablation [56].

Gal-3 is also reported to be elevated in patients with adult congenital heart disease. A significant
association of Gal-3 with functional capacity, cardiac function and adverse cardiovascular events in
patients with adult congenital heart disease has been reported recently [57]. In pediatric heart surgery,
elevated pre-and postoperative levels of Gal-3 are reported to be associated with an increased risk of
readmission or mortality after the operation [58]. Thus, the clinically available biomarker Gal-3 can be
used for improved risk stratification.

Chronic kidney disease (CKD) is a risk factor for cardiovascular disease (CVD). Many cardiac
biomarkers associated with heart diseases may also reflect the progression of kidney disease. It is
plausible that CKD and CVD are closely interrelated, and patients with CKD have a strong risk of
CVD [59,60]. Gal-3 is associated with myofibroblast proliferation, fibrogenesis, tissue repair and
myocardial remodeling and is also associated with kidney fibrosis and an increased risk of CKD.
Thus, the wide tissue distribution of Gal-3 associated with fibrosis in both CVD and CKD complicates
the utility of Gal-3 as a cardiac biomarker in CKD patients [28]. Furthermore, a strong and negative
correlation between circulating Gal-3 levels and the estimated glomerular filtration rate has been
reported. Renal dysfunction is a determinant of blood Gal-3 levels, and the Gal-3 levels are markedly
elevated in patients with severe renal failure [61–63]. This means that high concentrations of Gal-3
may be associated with the progression of CKD [26]. Furthermore, Gal-3 is reported to play a pivotal
role in renal interstitial fibrosis and the progression of CKD [64]. A glomerular Gal-3 expression was
observed in 81.8% of patients with systemic lupus erythematosus (SLE) nephritis but not in the control
patients [65]. Blood Gal- 3 levels were particularly higher in SLE patients with nephritis than in healthy
controls. Gal-3 may contribute to the glomerulonephritis in SLE, and thus, the inhibition of Gal-3 may
be a promising therapeutic strategy to prevent advanced renal disease.

The potential use of Gal-3 as a diagnostic biomarker and prognostic indicator in various heart
diseases is summarized in Table 1.

Table 1. The potential use of Gal-3 as a diagnostic biomarker and prognostic indicator in various heart diseases.

Heart Disease Usage of Biomarker Potential Use as Biomarkers Refs.

Diagnostic
Biomarkers

acute heart failure plasma level • combination with natriuretic
peptide [43]

acute heart failure plasma level • promising prognostic marker [44]

chronic heart failure plasma level • useful in heart failure [66]
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Table 1. Cont.

Heart Disease Usage of Biomarker Potential Use as Biomarkers Refs.

chronic heart failure myocardial and
plasma level • no association with histology [45]

acute myocardial
infarction serum level • no definite relationship with

ventricular remodeling [67]

chronic heart failure myocardial and
plasma level

•marker for both cardiac
inflammation and fibrosis

• circulating Gal-3 do not reflect
cardiac fibrosis

[12]

Prognostic
Indicators

chronic heart failure plasma level
• association of Gal-3 with

increased risk for incident heart
failure and mortality

[41]

cardiovascular disease plasma level
• association of Gal-3 with age

and risk factors of
cardiovascular disease

[42]

chronic heart failure plasma level

• not suggested to be a predictor
of mortality

• candidate marker of a
multi-biomarker panel in

prognostication

[47]

chronic heart failure plasma level

• association of Gal-3 with
severe heart failure

• no prediction of outcomes
after device implantation

[48]

heart failure
undergoing heart
transplantation

plasma
levelmyocardial Gal-3

expression

• insufficient use of Gal-3 as a
marker of heart

• local expression of
myocardial Gal-3

[49]

heart failure of
hypertensive origin

biopsies and plasma
samples

• cardiac and systemic excess
Gal-3 in heart failure patients
• no association with histology

[50]

cardiovascular
mortality and
heart failure

plasma level
• large-scale meta-analysis

• important prognostic value for
heart disease

[51]

atrial fibrillation circulating Gal-3 level
• significantly higher in patients

with recurrence of
atrial fibrillation

[56]

adult congenital
heart disease serum level • association of Gal-3 with

adverse cardiovascular events [57]

pediatric congenital
heart disease serum level

• association of Gal-3 with
increased risk of readmission or

mortality after the operation
[58]

3. Current Guidelines for the Clinical Use of Biomarkers in Heart Disease

The clinical use of established or recommended biomarkers in the diagnosis and risk management
of heart failure has been indicated by some representative guidelines. The Heart Failure Society of
America (HFSA), European Society of Cardiology (ESC) and American College of Cardiology Foundation
(ACC)/American Heart Association (AHA) have indicated that the NPs, circulating hormones secreted
by cardiomyocytes in the heart ventricles, play an important role in the regulation of the intravascular
blood volume and vascular tone and act as useful diagnostic biomarkers in patients suspected of
heart failure [46,68–70]. Guideline management based on biomarkers has brought a new dimension in

171



Biomolecules 2020, 10, 1277

diagnosis, prognosis and treatment evaluation. However, the utilities of novel biomarkers other than
NPs are not well-established in clinical routine analyses. The National Academy of Clinical Biochemistry
(NACB) recommended the clinical assessment and analytical perspectives of novel biomarkers in the
diagnosis and management of heart failure [71]. The novel biomarkers in these criteria need to be
able to recognize the fundamental causes of heart failure, assess their severity and foresee the risk of
disease progression. In fact, with regards to Gal-3 as a novel biomarker, the ACC/AHA guidelines
recommended the use of Gal-3 for the assessment of cardiac fibrosis in heart failure; however, thus far,
the ESC has not recommended the clinical use of Gal-3 [72].

4. Established Cardiovascular Biomarkers Other than Gal-3

As mentioned in the above section, beside the recommendation of NPs by several guidelines on
heart failure, many other biomarkers have been investigated as to whether they could reflect different
pathophysiological processes such as inflammation, injury and fibrosis. In fact, many candidate protein
markers reveal the pathophysiological characteristics of heart failure, including inflammation, myocyte
injury, biochemical wall stress, fibrosis and cardiac remodeling. Below, we describe established and
novel biomarkers for heart disease.

4.1. NPs

Since the first discovery of NP structures and functions in humans in 1984, three types of NPs have
been identified in mammals: atrial natriuretic diuretic peptide (ANP), cerebral natriuretic peptide (BNP)
and C-type natriuretic peptide (CNP). In particular, BNP and N-terminal-proBNP (the prohormone
proBNP is cleaved to the active BNP and the inactive amino acid N-terminal proBNP (NT-proBNP))
are the gold standard clinical diagnostic biomarkers as heart failure biomarkers [73]. In healthy adults,
BNP blood levels are less than 25 pg/mL, and NT-proBNP levels are less than 70 pg/mL [74].

Heart failure is a complex, progressive clinical condition in which the heart fails to pump enough
blood to supply the body with the amount of blood it needs. Heart failure is a progressive condition that
is accompanied by sudden dysfunction. The rapid and accurate diagnosis of heart failure is essential
when the progression of the disease is rapid. The diagnosis of heart failure is based on a physical
examination and the patient’s history, and additional diagnostic tests such as electrocardiography,
chest radiography, echocardiography and NT-proBNP have been found to be useful as a means of the
further detailed diagnosis of heart failure.

According to the 2016 ESC guidelines [69], measuring plasma NPs can help differentiate both
nonacute and acute heart from noncardiac conditions. However, high levels of NPs do not definitively
confirm heart failure; therefore, the use of NPs is not recommended to establish the final diagnosis.

It is recommended to use plasma NP concentrations as a clinical test at the first visit of patients
with nonacute symptoms if echocardiography is not rapidly available: NT- proBNP < 125 pg/ml = a
low probability of heart failure.

A similar concept in the case of acute symptoms but with a higher cut-off value: NT-proBNP
< 300 pg/mL = less chance of heart failure. The guideline recommends differentiating acute heart
failure from acute dyspnea of noncardiac origin by measuring NT-proBNP in emergency patients with
suspected acute dyspnea or acute heart failure.

It is widely recognized that the mechanisms that contribute to the development of heart failure
include a complex bidirectional interaction between the kidney and the heart, which is expressed in
the term cardiac-renal syndrome (CRS). In a wave of new urinary biomarkers associated with CRS,
CNP has emerged as an innovative biomarker of renal structural and functional impairment in heart
failure and chronic renal disease states. CNP as a diagnostic and prognostic biomarker in heart failure
and renal disease states is expected to have future clinical utility [75].
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4.2. Soluble ST2 (sST2)

ST2 (suppression of tumourigenicity2) is a member of the interleukin (IL)-1 family and has both
a membrane-bound receptor type (ST2L) and soluble (sST2) isoform. In the physiological stretch
state of the heart, myofibroblasts release IL-33, which binds to ST2L and promotes cell survival and
integrity. This ST2L/IL-33 signaling is regulated by the sST2, which is a decoy of IL-33 secreted by
cardiac fibroblasts in response to cardiac pressure and volume overload [76]. However, when local and
neighboring cells abnormally increase the release of sST2, it excessively blocks IL-33/ST2L-binding,
which is detrimental to the heart. That is, sST2 acts as a decoy receptor for IL-33 to regulate excessive
IL33 signaling under normal conditions, but under pathological conditions, it excessively represses
IL-33 signaling, resulting in the interruption of ST2L-mediated cardioprotection. This imbalance in
sST2 levels in the extracellular space of the heart is strongly associated with major cardiovascular
disorders, including coronary artery disease, heart failure and valvular heart disease [77,78]. Thus,
sST2 has come to be used as a biomarker of cardiac stress and fibrosis, and its circulating blood levels
are now approved as an additional stratification factor for heart failure [79] and as a biomarker of
ventricular remodeling and fibrosis, along with Gal-3 [46].

Recent studies have demonstrated that elevated ST2 levels in acute heart failure are prognostic for
both recurrent hospitalization and mortality [80] and that ST2 levels in response to drug treatments are
associated with improved outcomes in patients with chronic heart failure [81]. Thus, while sST2 is a
biomarker of myocardial wall stress and the activation of the fibrosis pathway, sST2 is also expressed
in organs other than the heart and is not specific to heart failure, making its use for diagnostic purposes
in non-heart failure patients problematic.

4.3. Myocardial Troponin I (cTnI) and Myocardial Troponin T (cTnT)

The troponin complex, consisting of three subunits: Troponin T, I and C, regulates calcium-mediated
muscle contractions between actin and myosin in both skeletal and cardiac muscles. The cardiac-specific
isoforms of the troponin subunits cTnI and cTnT have very low or barely detectable blood levels in
normal myocardium, but the blood levels of cTnI and cTnT are elevated when myocardial infarction
damages cardiomyocytes. They are currently considered to be the most specific markers of myocardial
damage, and clinical tests of cTnI and cTnT have been found to be clinically useful for the relative
mortality risk classification of patients with acute coronary syndrome (ACS). The system for measuring
cardiac troponin in the blood uses cardiac-specific antibodies that do not cross-react with skeletal muscle.
Cardiac troponin is the diagnostic criteria for acute myocardial infarction [82,83].

4.4. C-reactive Protein (CRP)

CRP is a nonspecific blood marker of biological disease. The measurement of plasma CRP levels
has proven clinically useful in the diagnosis and management of infectious diseases and the monitoring
of a variety of noninfectious inflammatory diseases, including heart disease.

The importance of high-sensitive C-reactive protein (hs-CRP) measurements has also been
reported. One small cohort study concluded that about 70% of patients with hs-CRP values above
4.25 mg/L at 90-day hospitalization died, compared to only 6.5% of patients with hs-CRP values below
4.25 mg/L [84]. Of note, Japanese people are characterized by lower mean CRP levels (one-third to
one-fourth) compared to Westerners; however, a large cohort study revealed that higher levels of
hs-CRP are associated with an increased risk of cardiovascular death and myocardial infarction, which
may be useful in assessing cardiovascular disease risk [85,86].

4.5. Growth and Differentiation Factor-15 (GDF-15)

GDF-15, a member of the transforming growth factor-beta superfamily, also known as macrophage
inhibitory cytokine-1 (MIC-1) or nonsteroidal anti-inflammatory drug-activating gene (NAG-1), has
been implicated in pathologies such as inflammation, cancer, cardiovascular disease, lung disease
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and kidney disease. Cardiomyocytes produce and secrete GDF-15 in response to oxidative stress,
stimulation by angiotensin II or proinflammatory cytokines, ischemia and mechanical stretch. Cell
sources other than cardiomyocytes are known to include macrophages, vascular smooth muscle cells,
endothelial cells and adipocytes, which secrete GDF-15 in response to oxidative or metabolic stress or
stimulation by proinflammatory cytokines. GDF-15 is thought to protect the heart and adipose tissue,
as well as endothelial cells, by inhibiting JNK (c-Jun N-terminal kinase), Bad (Bcl-2-associated death
promoter) and EGFR (epidermal growth factor receptor) and activating the Smad, eNOS, PI3K and
AKT signaling pathways [87].

GDF-15 can be used as a prognostic marker in patients with cardiovascular disorders in combination
with conventional prognostic factors such as NT-proBNP and hs-TnT, as it is induced in hypertrophic
and dilated cardiomyopathy after volume overload, ischemia and heart failure [88]. GDF-15 has also
been shown to predict both the morbidity and mortality of CVD and cancer in apparently healthy older
men [89]. It is interesting to suggest here that GDF-15 expression may be a common early indicator
of cellular vulnerability to the development of vascular and cancer diseases. Measurements of sST2,
hs-TnI and GDF-15 in the general population have also shown that sST2, GDF-15 and hs-TnI, in addition
to established biomarkers such as hs-CRP, can predict cardiovascular risks [90]. GDF-15 has also been
widely studied for its usefulness as a biomarker of cardiovascular events in diabetic patients, and it is
interesting to note that GDF-15 was the only biomarker associated with cardiovascular events in patients
with type 2 diabetes [91]. It has also been suggested that GDF-15 may be a new biomarker for identifying
high-risk patients with muscle wasting and kidney dysfunction prior to cardiovascular surgery [92].

In a recent study of three biomarkers: Galectin 3, sSt2 and GDF-15 in adult CKD patients, higher
circulating concentrations of all of them were associated with higher mortality, but only elevated
GDF-15 concentrations were associated with an increased incidence of heart failure [93].

Finally, many biomarkers for heart disease, including Gal-3, have low tissue specificity, so it will
be necessary to study them in combination as multiple markers rather than using them alone.

5. Gal-3 as a Biomarker of Cardiac Fibrosis

Cardiac inflammation and fibrosis are tightly implicated in the pathophysiological mechanisms
for the myocardial tissue remodeling of heart failure regardless of its etiology [52]. As the important
cellular and molecular mechanisms contributing to heart failure, the US Food and Drug Administration
has approved Gal-3 as a soluble biomarker for cardiac fibrosis to detect cardiac tissue remodeling [94].
Thus, the serum levels of Gal-3 are associated with cardiac tissue remodeling and cardiac function.
However, whether and how Gal-3 contributes to pathophysiology in cardiac remodeling remains
unclear, especially in clinical settings. Although certain biomarkers involved in extracellular matrix
turnover such as matrix metalloproteinase-3 and monocyte chemoattractant protein-1 at baseline were
highly associated with the pathophysiology of acute myocardial infarction, the serum levels of Gal-3
were not related to the left ventricular remodeling defined by cardiac MRI in patients showing cardiac
dysfunction [67].

The diverse clinical involvement of galectins in many diseases suggests its role as a regulator
of acute and chronic inflammation, linking inflammation-related macrophages to the promotion of
fibrosis [52,95]. Specifically, Gal-3 expression and secretion by macrophages is a major mechanism
linking macrophages to fibrosis. Macrophages are increasingly recognized as a potential therapeutic
target in cardiac fibrosis through interactions with connective tissue fibroblasts [96].

6. Usefulness of Gal-3 in Animal Models

The use of animal models that reproduce the clinical features of heart failure and heart disease
have contributed to new approaches to improve diagnostic techniques and preventive/therapeutic
strategies. As mentioned above, the roles of Gal-3 in heart failure and heart disease in humans are still
controversial; however, many animal models have greatly improved our understanding of Gal-3 as a
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novel biomarker of heart disease. On the other hand, a few studies in animal models have generated
conflicting results and suggested that Gal-3 is not a critical disease mediator of cardiac disease [97,98].

The overexpression of cardiac Gal-3 during early pre-symptomatic stages has been demonstrated
to induce heart failure and heart disease in several studies using animal models. The intrapericardial
injection of recombinant Gal-3 in healthy rats significantly increased the prevalence of cardiac
fibrosis with cardiac remodeling and dysfunction and the induction of heart failure [99,100]. Gal-3
was also found to be colocalized with cardiac-infiltrating macrophages [99]. In contrast, cardiac
remodeling and dysfunction induced by Gal-3 was prevented by a pharmacological inhibitor of Gal-3,
N-acetyl-seryl-aspartyl-lysyl-proline [99]. An early increase in Gal-3 expression occurs in hypertrophied
hearts, prior to the development of heart failure in a rat model of heart failure, with Gal-3 inducing
cardiac fibroblast proliferation, collagen deposition and ventricular dysfunction [100]. This suggests
that Gal-3 may be a novel biomarker candidate for the early stages of heart failure and that antagonizing
Gal-3 at the early stages of heart failure may be a useful novel heart failure therapy. In a rat model
subjected to pulmonary artery banding to induce right ventricular heart failure, Gal-3 was significantly
increased in both the right and left ventricles, and protein kinase C promoted cardiac fibrosis and heart
failure by stimulating the Gal-3 expression [101].

A myocardial ischemia/reperfusion (IR) injury is caused by reperfusion to restore the coronary
blood flow to the ischemic region. IR also initiates an inflammatory response, contributing to adverse
ventricular remodeling, which is possibly promoted by Gal-3. The upregulation of Gal-3, contributing to
IR-induced cardiac dysfunction in a mouse model, has been reported [53]. Gal-3 inhibition ameliorates
myocardial injury and suggests its therapeutic potential. In a rat model of IR injury induced by coronary
artery ligation, a Gal-3 blockade improved ischemic injury through lower myocardial inflammation
and reduced fibrosis [102]. In a mouse model of IR injury in the heart using wild-type and Gal-3
knockout mice, Gal-3 was shown to influence the redox pathways, control cell survival and death and
play a protective role in the myocardium following IR injury [103].

In order to clarify the important role of cardiac Gal-3 expression during the early stage of heart
failure, the time-course analysis of cardiac and serum Gal-3 in viral myocarditis, which was induced
at 12, 24, 48, 96, 168 and 240 hours after a specific virus inoculation, was performed using a mouse
model [13]. Gal-3 was demonstrated as a useful histological biomarker of cardiac fibrosis in acute
myocarditis following a viral infection, and serum Gal-3 levels could be used as an early diagnostic
marker for detecting cardiac fibrotic degeneration in acute myocarditis [13].

As mentioned earlier, Gal-3 expression and secretion by macrophages is a major function of
macrophages not only contributing to excessive macrophage accumulation and their activation in
cardiac tissue but, also, promoting fibroblast activation and proliferation, thus leading to cardiac fibrosis
and cardiac remodeling [96,104]. In a mouse model of coxsackievirus B3 (CVB3)-induced myocarditis,
mice infected with CVB3 and depleted of macrophages by a liposome-encapsulated clodronate treatment
presented a reduction of acute myocarditis and chronic fibrosis, compared with untreated CVB3-infected
mice [105]. In a pressure-overloaded mouse model of heart failure, Gal-3 interacted with aldosterone
in promoting macrophage infiltration and cardiac fibrosis. The pharmacological inhibition of Gal-3
prevented the expression of genes involved in fibrogenesis (collagen type 1 and collagen type 3) and
macrophage infiltration and cardiac remodeling [106]. Interestingly, in a pressure-overloaded mouse
model, induced by transverse aortic constriction, an early upregulation of Gal-3 occurred three days after
transverse aortic constriction in subpopulations of macrophages showing interstitial infiltration [97].
In contrast, large amounts of Gal-3 were localized in a subset of cardiomyocytes adjacent to fibrotic areas
after 7–28 days of transverse aortic constriction [97]. The results indicate that the Gal-3 expressing cells
change depending on the stage (early to late) of disease. Furthermore, these results from animal models
indicate that cardiac-infiltrating macrophages expressing Gal-3 in the early stage are potential therapeutic
targets for cardiac fibrosis and remodeling. Therefore, the early detection of such Gal-3-producing
macrophages by a diagnostic marker is important.
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Gal-3 is a key modulator of macrophages for differentiation or activation [107]. In a mouse model
for acute myocardial infarction, the treatment of intravenous transplantation using human umbilical
cord blood mesenchymal stem cells by modulating the conversion of macrophage subtype M1/M2
reduced the inflammatory response, decreased the serum Gal-3 level, improved cardiac function and
protected the infarcted myocardium [108]. The serum level of Gal-3 is closely associated with the ratio
of M1 macrophages to M2 macrophages, which is an important factor to improve cardiac function and
protect the infarcted myocardium [108].

Representative microphotographs in cardiac lesions showing clear Gal-3 expression are demonstrated
in Figure 2. The cardiac lesions of dilated cardiomyopathy in the late stage of δ-sarcoglycan (SG) knockout
(KO) mice [13] is shown. The cardiac fibrous lesions, including tissue-resident macrophages, which are
usually called histiocytes as a histomorphological term, are seen, with fibroblasts and collagen detected as
blue in azan staining. Many histiocytes in the lesions are clearly seen as dark brown in Gal-3 immunostaining.

Figure 2. The cardiac lesions of dilated cardiomyopathy in the late stage of δ-sarcoglycan (δ-SG)
knockout (KO) mice. Microphotographs for hematoxylin and eosin (H&E) staining, Azan staining and
immunohistochemistry of Gal-3 are shown. Scale bars in H&E = 1 mm in the upper panel and 100 μm
in the lower panel. Gal-3 expression sites indicated by arrows are identical to the fibrotic areas detected
as blue in azan staining.

The promising animal models reproducing the clinical features of Gal-3 in heart failure and heart
disease are summarized in Table 2.

Table 2. Promising animal models reproducing the clinical features of Gal-3 in heart failure and
cardiovascular disease. IR: ischemia/reperfusion.

Animal
Species

Experimental Models
Experimental

Methods
Experimental Findings Refs.

rat chronic heart failure
intrapericardial

injection of
recombinant Gal-3

•myocardial fibrosis and its
pharmacological inhibition
• prevention of remodeling by

an inhibitor of Gal-3

[99]

rat chronic heart failure
intrapericardial

infusion of low-dose
Gal-3

• increased Gal-3 in
hypertrophied hearts

• a novel biomarker at the early
stages of heart failure

[100]
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Table 2. Cont.

Animal
Species

Experimental Models
Experimental

Methods
Experimental Findings Refs.

rat chronic heart failure banding of the
pulmonary artery • increase of Gal-3 in ventricles [101]

rat ischemia/reperfusion
injury

Gal-3 pharmacological
inhibition

• Gal-3 blockade improved
ischemic injury [102]

mouse acute heart failure viral myocarditis

• time-course analysis of cardiac
and serum Gal-3

• an early diagnostic marker for
cardiac fibrosis

[13]

mouse myocardial fibrosis
angiotensin-mediated

hypertension in
AngII/Cx3cr1-/- mice

•macrophages promoting
fibroblast differentiation and

collagen production
[96]

mouse acute myocarditis and
chronic fibrosis

coxsackievirus
B3-induced
myocarditis

• disruption of Gal-3 gene
reduced acute myocarditis and

chronic fibrosis
[105]

mouse heart failure

isoproterenol-induced
left ventricular

dysfunction
and fibrosis

• interaction of Gal-3 with
aldosterone in promoting

macrophage infiltration and
cardiac fibrosis

[106]

mouse pressure-overloaded
heart

transverse aortic
constriction

• early upregulation of Gal-3
in macrophages

• large amounts of Gal-3 in
cardiomyocytes at the late stage
• Loss of Gal-3 did not affect

survival, cardiac fibrosis
and hypertrophy

[97]

mouse acute myocardial
infarction

intravenous
transplantation of

human umbilical cord
blood mesenchymal

stem cells

• close association of Gal-3 with
the ratio of M1 macrophages to

M2 macrophages
[108]

mouse ischemia/reperfusion
injury

30 min/24 h in
ischemia/ reperfusion

model

• contribution of upregulated
Gal-3 in cardiac dysfunction
• amelioration of myocardial
injury by inhibition of Gal-3

[53]

mouse ischemia/reperfusion
injury

wild-type mice and
Gal-3 knockout mice

• protective role of Gal-3 on the
myocardium following IR injury [103]

mouse several mouse models
of heart disease

cardiac and plasma
Gal-3-level analysis

•multifold increases in cardiac
Gal-3 expression

• etiology-dependency of
increments in circulating Gal-3

[61]

mouse fibrotic
cardiomyopathy

cardiac overexpression
of b2-adrenoceptors

• upregulation of cardiac
Gal-3 expression

• Gal-3 may not be a critical
disease mediator of
cardiac remodeling

[98]

7. Clinical Use of Gal-3 as a Next-generation Biomarker in the Future

As mentioned earlier, the clinical data has not shown that circulating Gal-3 levels reflect cardiac
Gal-3 levels or cardiac fibrosis, although circulating Gal-3 has been demonstrated as a potential
predictor for clinical outcomes in several cohort studies [41,42].
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In a clinical setting, since various degrees of cardiac inflammation and the progression of fibrosis
may be present in a patient with heart disease, blood Gal-3 levels may reflect a sum of different stages
of pathophysiological conditions [12]. This is because the circulating blood levels of Gal-3 in a patient
with various stages of heart disease cannot adequately reflect cardiac inflammation and fibrosis.

An endomyocardial biopsy is widely used as a diagnostic tool for patients with heart disease, such as
myocarditis and secondary cardiomyopathies, which are often difficult to diagnose by conventional
imaging alone [109]. There are many variables in human biopsy material by its nature, unlike those
obtained from experimental animals. Human biopsies are usually performed under different conditions,
variable time periods between biopsy and processing and variations in disease onset or severity. However,
the histological examination of an endomyocardial biopsy is still the gold standard for the final diagnosis,
despite continued advancements in diagnostic and therapeutic strategies [110–112].

In contrast to the clinical data, the blood levels of Gal-3 reflect the cardiac Gal-3 expression or
cardiac fibrosis by using a sophisticated animal model for the time-course histological examination.
Especially in the early phase of pathophysiology, there is a close relationship between the infiltration
of Gal-3-positive macrophages and fibrotic lesions following myocarditis, and the blood levels of Gal-3
are tightly correlated with the number of cardiac Gal-3-positive cells [13]. The difference between the
experimental data from animal studies and clinical findings from individual patients is due to a wide
variability in clinical settings, with differences in sample collections and disease stages or severity.

Since experimental data from animal studies clearly indicate that the blood level of Gal-3 might
be an early diagnostic biomarker for cardiac degeneration or fibrosis in acute myocarditis [13], further
studies are needed to investigate whether such findings are also observed in cardiac degeneration or
fibrosis in human patients. Gal-3 can be used reliably as a predictive biomarker for the early stage
or new onset of heart disease, especially if it is derived from only the first single pathological lesion,
without complicated factors. In addition, Gal-3 can also possibly be used in late stages of the diseases
as an additional indicator for detecting a worse prognosis, mortality and readmission.

8. Conclusions and Perspectives

The blood levels of Gal-3 are altered by different clinical factors depending on the underlying
pathophysiological conditions in patients, and thus, Gal-3 itself is not an organ-specific marker. However,
Gal-3 is a specific marker of pathogenesis, such as macrophage-related disease or fibrosis, and the
cardiac-infiltrating macrophages expressing Gal-3 in the early stages are potential therapeutic targets for
cardiac fibrosis and remodeling. Therefore, the early detection of such Gal-3-producing macrophages by
a diagnostic marker is important. Furthermore, Gal-3 is being tested for personalized medicine based
on biomarker-guided diagnostics, using new technologies such as genetic biomarkers and multiplex
biomarkers, combining multiple markers into a multiplex panel. In pediatric heart surgery, the clinically
available biomarker Gal-3 can be used for improved risk stratification, because Gal-3 has recently
been reported to be associated with an increased risk of readmission or mortality after the operation.
In addition, Gal-3 at the early stages of inflammatory responses may be a potential therapeutic target for
diseases, especially in cardiac fibrosis, autoimmune diseases, neurodegenerative diseases and cardio-
and cerebrovascular diseases.
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Abstract: Heart Failure (HF) is a syndrome, which implies the existence of different phenotypes. The new
categorization includes patients with preserved ejection fraction (HFpEF), mid-range EF (HFmrEF),
and reduced EF (HFrEF) but the molecular mechanisms involved in these HF phenotypes have not yet
been exhaustively investigated. Sirt1 plays a crucial role in biological processes strongly related to HF.
This study aimed to evaluate whether Sirt1 activity was correlated with EF and other parameters in
HFpEF, HFmrEF, and HFrEF. Seventy patients, HFpEF (n = 23), HFmrEF (n = 23) and HFrEF (n = 24),
were enrolled at the Cardiology Unit of the University Hospital of Salerno. Sirt1 activity was measured
in peripheral blood mononuclear cells (PBMCs). Angiotensin-Converting Enzyme 2 (ACE2) activity,
Tumor Necrosis Factor-alpha (TNF-α) and Brain Natriuretic Peptide (BNP) levels were quantified in
plasma. HFpEF showed lower Sirt1 and ACE2 activities than both HFmrEF and HFrEF (p < 0.0001),
without difference compared to No HF controls. In HFmrEF and HFrEF a very strong correlation was
found between Sirt1 activity and EF (r2 = 0.899 and r2 = 0.909, respectively), and between ACE2 activity
and Sirt1 (r2 = 0.801 and r2 = 0.802, respectively). HFrEF showed the highest TNF-α levels without
reaching statistical significance. Significant differences in BNP were found among the groups, with the
highest levels in the HFrEF. Determining Sirt1 activity in PBMCs is useful to distinguish the HF patients’
phenotypes from each other, especially HFmrEF/HFrEF from HFpEF.

Keywords: heart failure with preserved ejection fraction; heart failure with mid-range ejection
fraction; heart failure with reduced ejection fraction; sirtuins; Sirt1

1. Introduction

Despite impressive advances in clinical/diagnostic tools and therapies, heart failure (HF) still
represents a paramount public health problem being one of the most important causes of death and
hospitalization worldwide [1]. As a syndrome, HF has multifactorial pathogenesis, and its diagnosis
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and management can be very demanding [2]. Determining the left ventricular ejection fraction (EF) is
an essential diagnostic step [3].

The most recent guidelines of the European Society of Cardiology (ESC) consider three patient’s
categories, Heart Failure (HF) with reduced Ejection Fraction (HFrEF; EF < 40%), HF with preserved
ejection fraction (HFpEF; EF ≥ 50%), and HF with mid-range EF (between 40 and 49%) referred to as
HFmrEF [4]. While there is an agreement that the categorization of HFrEF requires EF < 40%, the clinical
overview of the patients with HFpEF has not been clearly established yet. The same ESC guidelines
propose the measurement of the B-type natriuretic peptide (BNP) and/or N-terminal pro-BNP as an
additional diagnostic criterion for HFmrEF and HFpEF, specifying that this cannot be useful to discriminate
all three HF phenotypes because of its increase in other clinical conditions, including atrial fibrillation and
renal failure, that compromise the interpretation of BNP and pro-BNP quantification [4].

Given the clinical implication, especially concerning comorbidities and therapy response,
the correct characterization of the HF patients represents a crucial step for the management of
this syndrome. One of the most important questions is if the HFmrEF represents a distinct phenotype
or a transitional condition from HFrEF to HFpEF, or vice-versa [5]. However, doubtless, such a new
category has been introduced to stimulate the research on these particular patients because there is
an urgent need to identify new biomarkers and pharmacological targets helpful to choose the best
therapy according to the different failing heart phenotypes.

Recent studies have investigated the possible role in the HF of sirtuins, a family of NAD+
dependent deacetylases, among which Sirtuin 1 (Sirt1) is the best-characterized member [6]. Sirt1 is
involved in biological processes strongly related to HF, including oxidative stress, cell senescence,
and energy production [7]. Moreover, it also plays a crucial role in angiotensin II-induced vascular
remodeling [8] and inflammatory response modulating the expression of some cytokines [9].
For instance, tumor necrosis factor-alpha (TNF-α), which is involved in both central and peripheral
manifestations of HF, has been found to increase in HFrEF when compared to HFpEF. Therefore, such a
proinflammatory cytokine could be useful to separate the HF patients’ phenotypes from each other [9].

The overexpression of Sirt1 has been shown to favor the survival of cardiomyocytes, but to be also
associated with cardiac hypertrophy and HF [10,11]. Indeed, both expression and activity levels of Sirt1
vary in the response of internal and external stimuli [12,13] and, following a hormetic mechanism, can be
either advantageous or injurious [14]. However, until now, no data on Sirt1 activity according to the
different HF phenotypes are available. Then, the present study aimed at evaluating in HFpEF, HFmrEF,
and HFrEF patients whether the amount of Sirt1 activity was correlated with EF and other characteristics,
including circulating TNF-α and angiotensin-converting enzyme 2 (ACE2) activity levels.

2. Materials and Methods

2.1. Study Population

Seventy patients with chronic HF in NYHA classes 2 and 3 were consecutively enrolled at the
Cardiology Unit of the University Hospital of Salerno. Twenty-nine age-matched subjects without
heart failure represented the control group (no HF controls). All the enrolled patients underwent a
physical examination, blood chemistry tests, electrocardiographic and echocardiographic exams, and a
6-min walking test. Additionally, baseline demographic, clinical, echocardiographic, and functional
data were collected on a predefined computerized datasheet. All subjects included in the study were in
optimal medical therapy and managed according to ESC guidelines. All participants gave their written
informed consent. The study was in accordance with the Declaration of Helsinki and its amendments
and was approved by the local Ethical Committee (Comitato Etico Campania Sud Prot.n.4_r.p.s.o.).

2.2. Echocardiography

Transthoracic echocardiography (TTE) was performed following the ASE and ESC/EACVI
recommendations using a Vivid E95 system with an M5S phased array and probe (GE Healthcare
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Vingmed Ultrasound AS, Horten, Norway). All echocardiographic images were digitally recorded.
The left ventricular (LV) end-diastolic diameter (LVEDD) and the LV end-systolic diameter (LVESD)
were measured using M-mode by the parasternal long-axis view; the LV volumes (LV end-diastolic
volume, LVEDV, and LV end-systolic volume, LVESV) and the EF were calculated by the Simpson’s
method using the apical 2-chamber and 4-chamber view. The LV diastolic function was characterized
by the assessment of the ELV/e’LV ratio as a surrogate parameter of LV filling pressure. For the
evaluation of the early-diastolic filling (E), the pulsed-wave Doppler sample volume was positioned at
the tip of the tenting area of the mitral valve in the apical long-axis view. The mean of e’ was assessed
in the basal inferoseptal and lateral LV region in the apical 4-chamber view using Tissue Doppler
Imaging TDI. The left atrial (LA) volume index was calculated by biplane LA planimetry in the apical
2- and 4-chamber view. The right ventricular function resulted by the measurement of the tricuspid
annular plane systolic excursion (TAPSE), and the pulmonary artery systolic pressure was estimated
by tricuspid regurgitation velocity in the apical 4-chamber view and the right arterial pressure (RAP),
derived from the inferior vena cava diameter and degree of respiratory collapse.

2.3. Six-Minute Walking Test

The 6-min walking test (6MWT) was performed according to the American Thoracic Society (ATS)
guidelines [15].

The primary measurement was the total distance (meters, m) walked. The patients were instructed
to walk up and down a corridor of 30 m, covering as much ground as possible in 6 min without running.
Blood pressure was recorded at the end of the test, and pulse and oxygen saturation. The latter was
measured by using a handheld pulse oximeter (G.i.ma. Spa, Milan, Italy) placed on the index finger
of patients.

2.4. Blood Sampling and SIRT1 Activity

Blood samples were collected in fasting conditions in the BD Vacutainer® containing sodium
EDTA (BD, USA). The separation of plasma and peripheral blood mononuclear cells (PBMCs) was
obtained by Ficoll density gradient centrifuged at 3000 rcf spin for 30 min at room temperature. Aliquots
of plasma and PBMCs were frozen at −80 ◦C until further analysis.

To measure SIRT1 activity, nuclear extracts (10μL) were isolated by PBMCs using a nuclear
extraction kit (EpiGentek Group Inc., Farmingdale, NY, USA). Then, SIRT1 activity was determinate by a
SIRT1/Sir2 Deacetylase Fluorometric Assay (CycLex, Ina, Nagano, Japan), following the manufacturer’s
instructions. The values were reported as relative fluorescence/micrograms of protein (AU).

2.5. Circulating Angiotensin-Converting Enzyme 2 (ACE2) Activity and TNF-Alpha Measurement

The ACE2 activity was measured as previously described [16] using fluorogenic
substrate 7-methoxycoumarin-4-yl) acetyl-Ala-Pro-Lys(2,4-dinitrophenyl)-OH (Mca-APK(Dnp))
Mca-Ala-Pro-Lys(Dnp)-OH (BioVision Inc., CA, USA). Briefly, plasma was diluted 1:10 in ACE2
reaction buffer containing protease inhibitors (10 μM Bestatin-hydrochloride, 10 μM Z-prolyl-prolinal,
(Sigma, MO, USA), 5 μM Amastatin-hydrochloride, 10 μM Captopril in a buffer of 500 mM NaCI,
100 μM ZnCI2, and 75 mM TRIS HCI, pH 6.5). All chemicals were from Santa Cruz (CA, USA) if
not stated otherwise. The reaction was performed at 37 ◦C in black 96-well microtiter plates in a
total volume of 200 μL using a fluorescence plate reader (TECAN® infinite 200 PRO) at an excitation
wavelength of 320 nm and emission wavelength of 405 nm. Enzymatic activity was determined from
a fluorescence rate increase over a 10–120 min time course, and the activity was reported as relative
fluorescence units (RFU)/min.

The TNF-alpha evaluation was performed on plasma samples according to the manufacturer’s
instruction (Diaclone, Human TNF-α ELISA Kit; #950.090.192).

The measurements of Sirt1 and ACE2 activities and TNF-alpha levels were performed in a blinded
fashion. All data are expressed as the mean ± SD of three independent experiments.
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2.6. Statistical Analysis

Data were analyzed using the SPSS (v 23.0) software package (SPSS Inc., Chicago, IL, USA).
The Shapiro–Wilk test was used to assess the normal distribution of data. Differences between multiple
groups were evaluated by the analysis of variance (ANOVA) with the Bonferroni post hoc test and
are presented as mean ± SD. The χ2 test was used to compare categorical variables. A multiple linear
analysis was used to investigate the relationship between variables when appropriate. To explore the
correlation between variables, Spearman’s correlation (r) was used. The statistical significance was
established at a p-value < 0.05.

The sample size was calculated from similar studies where Sirt1 activity determination in PBMCs
was assessed in healthy individuals and HF patients (12, 17). We used an estimated standard deviation
of 0.5 and the two-tailed alpha set at 0.05. An n = 9 per group was determined to provide sufficient
power at 0.9 to detect a significant difference among groups.

Then a total of 99 subjects (29 No HF controls; 23 HFpEF; 23 HFmrEF; and 24 HFrEF) were
included in the study.

3. Results

3.1. Study Population

The study population consisted of 99 subjects (66 M, 33 F; mean age 62.6 ± 9.4, and range 42–85)
including 29 No HF controls and 70 HF patients (Table 1) belonging to the HFpEF (n = 23), HFmrEF
(n = 23), and HFrEF (n = 24) categories defined according to the criteria of the ESC guidelines [4].
The main demographic and clinical characteristics of each group are reported in Table 1. Among the
groups, no differences were found in age, gender, and body mass index (BMI). The echocardiographic
findings confirmed the different types of the HF with the HFpEF group showing lower LVESV and
LVEDV compared to both HmrEF and HFrEF (in both p < 0.0001), with an increasing trend between
the groups through EF reduction.

From a functional point of view, all the HF groups showed a reduction in six-minute walking
distance in comparison to the no HF controls (p < 0.0001) but no differences were found among the
HF groups.

The HF groups were more affected by diabetes mellitus (p = 0.042) and used more diuretics
(p < 0.0001), beta-blockers (p < 0.0001), ACE-inhibitors (p < 0.0001), and statins (p = 0.004) in respect to
the no HF controls. No differences were found in comorbidities and therapy among the HF groups.

3.2. Sirt1 Activity

The HFpEF subjects showed significant lower Sirt1 activity values than both the HFmrEF and the
HFrEF (p < 0.0001), without any difference compared to the no HF controls (Figure 1A).

When a multivariate linear regression analysis was performed by using the EF as a dependent
variable, after correction for the parameters statistically significant at the univariate analysis, the best
predictors of EF were represented by Sirt1 activity (p < 0.0001; β = −0.019; 95%CI −0.023–0.014), and the
use of beta-blockers (p = 0.001; β = −7.404; 95%CI −11.622–3.186).

The Sirt1 activity (used as dependent variable) was significantly associated to the HF groups
(p= 0.003; β=−133.960; 95%CI−221.708–46.212). Then, because of the different characteristics of the HF
in the three groups, to better explore the relationship between EF and Sirt1 activity, other multivariate
regression analyses were performed. For each group, setting the EF as the dependent variable,
the parameters statistically significant at the univariate analysis were identified, and then they were
introduced in the multivariate analysis. In the no HF controls, the best predictors of EF were represented
by the gender (p = 0.011; β = 4.539; 95%CI 1.132 7.946) and six-minute walking distance (p = 0.032;
β = 0.067; 95%CI 0.006 0.127).
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In the HFpEF group the EF was not associated to any variable. In the HFmrEF and HFrEF
groups the best predictor of EF was represented only by the Sirt1 activity (for HFmrEF with p < 0.0001,
β = −0.009, 95%CI −0.010–0.008 and for HFrEF with p < 0.0001; β = −0.011; 95%CI −0.013–0.010).

In Figure 2A, the correlation between Sirt1 activity and EF is pictured by groups, showing a very
strong correlation between the two variables in the HFrEF (r2 = 0.909) and HFmrEF (r2 = 0.899), but not
in the HFpEF (r2 = 0.001). Moreover, a logistic regression analysis with the NYHA classes, as the
dependent variable, showed that Sirt 1 activity represented the best predictor in the HFrEF (p = 0.018,
β = 1.006; 95%CI 1.001 1.010) and HFmrEF (p = 0.024; β = 1.005; 95%CI 1.001 1.009) but not in the
HFpEF (Figure 2B). In particular, the higher NYHA class was significantly associated to the higher Sirt
1 activity levels in the HFrEF and HFmrEF.

These findings suggest the possible role of Sirt1 as a marker useful to distinguish the HF phenotypes.

Table 1. Main characteristics of the study population stratified by No HF Controls and on the basis of
HF type.

Ctr
(n = 29)

HFpEF
(n = 23)

HFmrEF
(n = 23)

HFrEF
(n = 24)

p

Age, years 60.52 ± 8.91 63.87 ± 10.25 63.00 ± 9.16 63.50 ± 9.57 0.558
Sex, (M/F) n (%) 19/10 (65.5/34.5) 13/10 (56.5/43.5) 15/8 (65.2/34.8) 16/8 (66.7/33.3) 0.157

BMI, kg/m2 27.00 ± 3.14 27.89 ± 2.80 28.40 ± 3.80 28.07 ± 4.73 0.545
SBP, mmHg 126 ± 8 a 123 ± 7 b 121 ± 6 c 106 ± 12 <0.0001
DBP, mmHg 81 ± 5 a 80 ± 4 d 79 ± 7 e 72 ± 8 <0.0001

EF, % 61.07 ± 4.75 f,g 57.61 ± 5.39 h 44.35 ± 2.93 i 33.03 ± 4.24 <0.0001
BNP, pg/mL 31.33 ± 14.00 f 105.00 ± 64.42 b,j 408.08 ± 55.5 i 814.50 ± 193.83 <0.0001
LVESV, mL 32.56 ± 4.82 f 44.30 ± 17.48 b,k 72.63 ± 21.69 i 122.17 ± 33.56 <0.0001
LVEDV, mL 84.83 ± 10.22 a 103.17 ± 34.06 k 131.68 ± 39.51 l 171.25 ± 44.74 <0.0001

Cardiac Index, L/min/m2 2.94 ± 0.35 2.82 ± 0.47 2.74 ± 0.43 2.64 ± 0.36 0.059
SPAP, mmHg 28.41 ± 3.57 m,n 40.00 ± 17.15 32.16 ± 5.83 36.33 ± 11.48 0.002

E/e’ ratio 6.72 ± 1.56 a,o 12.85 ± 6.75 10.87 ± 2.61 p 16.54 ± 8.03 <0.0001
Walking distance at 6′, m 522.69 ± 26.63 q 387.30 ± 56.14 406.65 ± 49.14 408.54 ± 73.69 <0.0001

Walking distance at
6′ ≥ 350 m, n (%) 29 (100.0) 19 (82.6) 18 (78.3) 18 (75.0) 0.049

CKD, (yes) n (%) 0 (0) 5 (22.2) 6 (26.7) 8 (35) 0.116
Hypertension, (yes) n (%) 10 (34.5) 16 (69.6) 14 (60.9) 14 (58.3) 0.063
Dyslipidaemia, (yes) n (%) 7 (24.1) 12 (52.2) 12 (52.2) 14 (58.3) 0.051

Smoking, (yes) n (%) 8 (27.6) 5 (21.7) 9 (39.1) 6 (25.0) 0.582
Diabetes Mellitus, (yes) n (%) 2 (6.9) 8 (34.8) 6 (26.1) 9 (37.5) 0.042

COPD, (yes) n (%) 3 (10.3) 5 (21.7) 4 (17.4) 6 (25.0) 0.541
Prior MI, (yes) n (%) 0 (0) 4 (26.7) 8 (44.4) 12 (50.0) 0.415

HF etiology, (yes) n (%)
Ischemic cardiomyopathy 0 (0) 5 (21.7) 11 (47.8) 19 (79.2) 0.004
Valvular cardiomyopathy 0 (0) 6 (26.1) 5 (21.7) 2 (8.3) 0.083

Hypertensive
cardiomyopathy 0 (0) 5 (21.7) 4 (17.4) 1 (4.2) 0.329

Primary cardiomyopathy 0 (0) 7 (30.4) 3 (13) 2 (8.3) 0.195
Diuretics, (yes) n (%) 1 (3.4) 8 (34.8) 27 (73.9) 20 (83.3) <0.0001

Beta-blockers, (yes) n (%) 3 (10.3) 22 (95.7) 21 (91.3) 22 (91.7) <0.0001
ACE-inhibitors, (yes) n (%) 4 (13.8) 14 (60.9) 15 (65.2) 15 (62.5) <0.0001

ARBs, (yes) n (%) 3 (10.3) 7 (30.4) 7 (30.4) 3 (12.5) 0.132
Statins, (yes) n (%) 8 (27.6) 15 (65.2) 16 (69.6) 16 (66.7) 0.004

Ctr, No Heart Failure Controls; HFpEF, Heart Failure with preserved Ejection Fraction; HFmrEF, Heart failure
with mid-range Ejection Fraction; HFrEF, Heart Failure with reduced Ejection Fraction; BMI, Body Mass Index;
SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; EF, Ejection Fraction; BNP, Brain Natriuretic Peptide;
LVESV, Left Ventricle End Systolic Volume; LVEDV, Left Ventricle End Diastolic Volume; SPAP, Systolic Pulmonary
Artery Pressure; CKD, Chronic Kidney Disease; COPD, Chronic Obstructive Pulmonary Disease; MI, Myocardial
Infarction; ARBs, Angiotensin Receptor Blockers. a Ctr vs. HFrEF p < 0.0001; b HFpEF vs. HFrEF p < 0.0001;
c HFmrEF vs. HFrEF p = 0.002; d HFpEF vs. HFrEF p = 0.001; e HFmrEF vs. HFrEF p = 0.035; f Ctr vs. HFmrEF and
HFrEF group p < 0.0001; g Ctr vs. HFpEF p = 0.038; h HFpEF vs. HFmrEF and HFrEF group p < 0.0001; i HFmrEF
vs. HFrEF p < 0.0001; j HFpEF vs. HFmrEF p = 0.010; k HFpEF vs. HFmrEF p = 0.002; l HFmrEF vs. HFrEF p = 0.001;
m Ctr vs. HFpEF p = 0.002; n Ctr vs. HFrEF p = 0.028; o Ctr vs. HFpEF p = 0.003; p HFmrEF vs. HFrEF p = 0.004;
q Ctr vs. all other groups p < 0.0001.
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Figure 1. (A) Sirt1 activity levels by groups in the study population. Subjects with heart failure with
preserved ejection fraction showed significant lower Sirt1 activity values than both subjects with heart
failure with mid-range EF (HFmrEF) and those with heart failure with reduced EF (HFrEF) (p < 0.0001),
without any difference compared to the no heart failure (HF) controls (Ctr). (B) Circulating ACE2 activity
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by groups in the study population. The HFpEF subjects showed significant lower ACE2 activity values
than both HFmrEF and HFrEF (p < 0.0001), without any difference compared to the no HF controls
(Ctr). (C) Circulating TNF-alpha levels by groups in the study population. An increasing trend of
plasma TNF-alpha levels from the HFpEF through the HFmrEF to the HFrEF patients without reaching
statistical significance was found.

Figure 2. (A) Correlation between EF and Sirt 1 activity stratified by HF groups and no HF controls (Ctr).
In the HFmrEF and HFrEF groups a very strong correlation was found between Sirt 1 activity levels and
EF values (r2 = 0.899 and r2 = 0.909, respectively). Otherwise, in the HFpEF as in the no HF controls no
correlation was found. (B) Association between NYHA classes and Sirt 1 activity stratified by HF groups.
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Sirt 1 activity represented the best predictor of NYHA classes in the HFrEF (p = 0.018, β = 1.006; 95%CI
1.001 1.010) and HFmrEF (p = 0.024; β = 1.005; 95%CI 1.001 1.009) but not in the HFpEF. (C) Correlation
between ACE2 and Sirt 1 activities stratified by HF groups and no HF controls (Ctr). In the HFmrEF
and HFrEF groups a very strong correlation was found between Sirt 1 activity and ACE2 activity levels
(r2 = 0.801 and r2 = 0.802, respectively). Otherwise, in the HFpEF as in the no HF controls no correlation
was found.

3.3. Circulating Angiotensin-Converting Enzyme 2 (ACE2) Activity

The HFpEF subjects showed significant lower ACE2 activity values than both the HFmrEF and
HFrEF (p < 0.0001) without any difference compared to the no HF controls (Figure 1B).

In Figure 2C, the correlation between the Sirt1 activity and ACE2 activity is pictured by groups,
showing a very strong correlation between the two variables in the HFrEF (r2 = 0.802) and HFmrEF
(r2 = 0.801), but not in the HFpEF (r2 = 0.149).

3.4. Circulating Tumor Necrosis Factor-Alpha (TNF-α) Levels

As shown in Figure 1C, no statistically significant differences in plasma levels of TNF-α were
found among the groups. An increasing trend was observed from the HFpEF through HFmrEF to
HFrEF. The No HF control subjects showed values closed to the HFpEF patients.

3.5. Circulating Brain Natriuretic Peptide (BNP) levels

At the univariate analysis, statistically significant differences in plasma levels of BNP were found
among the groups, with the highest levels in the HFrEF group (Table 1). An increasing trend was observed
from the HFpEF through HFmrEF to HFrEF. The no HF control subjects showed values close to the
HFpEF patients. However, a multivariate linear regression analysis demonstrated no correlation between
BNP and Sirt1 activity levels in all groups (for Ctr p = 0.434, r2 = 0.097, β = −0.026, 95%CI −0.104 0.052;
for HFpEF p = 0.566, r2 = 0.024, β = −0.206, 95%CI −3.428 3.016; for HFmrEF p = 0.752, r2 = 0.025,
β = −0.073; 95%CI −0.580 0.434; for HFrEF p = 0.388, r2 = 0.050, β = 0.126; 95%CI −0.175 0.427).

4. Discussion

The introduction in the recent ESC guidelines of the HFmrEF category [4] has given the impulse
for investigations aiming at a better characterization of the patients suffering from HF. What emerges
from the trials performed until now has highlighted that the clinical overview of the patients with
HFpEF has not been adequately studied and, consequently, there are few effective treatments for them.
Moreover, the HFmrEF represents a borderline group scarcely investigated, even less than HFpEF [3].

The processes and mechanisms involved in the cardiac failing phenotypes have not been
exhaustively investigated, nonetheless elucidating the molecular card of the different HF patients
might be of great help to better manage the disease and personalize the therapy.

Sirt1 represents a good candidate in this field because of its involvement in cardiac
pathophysiology [17]. Indeed, historically Sirt1 has been recognized as an enzyme crucial to assure
lifespan prolonging from yeasts to humans, and, in general, its decreased levels have been linked
to endothelial dysfunction and the pathogenesis of metabolic and cardiovascular diseases [7,17–19].
Therefore, interventions aiming at increasing Sirt1 levels have been considered beneficial in aging and
aging-associated diseases [20,21].

Sirt 1 expression and activity are often measured in PBMCs, which represent a model helpful
to provide a comprehensive overview of the cellular system status together with measurement of
circulating serum or plasma markers [22]. PBMCs are cells easy to isolate by a non-invasive and
inexpensive method. This model has been used to study Sirt1 in several disorders such as diabetes
mellitus [23], chronic obstructive pulmonary disease (COPD) [24,25], and in patients assuming a
specific diet [26], or underwent cardiac rehabilitation [27].
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Herein, we found that Sirt1 activity was much higher in PBMCs isolated from the HFrEF patients
when compared to the HFmrEF and even more HFpEF. Importantly, the levels were so different making
it possible to distinguish the HFmrEF/HFrEF from the HFpEF that, conversely, had Sirt1 activity very
similar to the no HF control subjects. A very strong correlation between Sirt1 activity and EF values
was found in the HFrEF (r2 = 0.909) and HFmrEF (r2 = 0.899), while no correlation in the HFpEF and
no HF control subjects was observed. Additionally, the higher Sirt 1 activity levels were significantly
associated with the higher NYHA class in the HFrEF and HFmrEF but not in the HFpEF.

Concerning the involvement of Sirt1 in cardiac remodeling, literature data show contrasting
evidence. Some data report a relationship between increased Sirt1 levels and cardiac hypertrophy [28],
while other data suggest that low-moderate Sirt1 overexpression has beneficial effects in contrasting
fibrosis and hypertrophy [8]. Currently, several studies, while confirming a link between these
conditions and Sirt1 increased levels, stressed the importance of a Sirt1 overexpression degree in
determining beneficial or detrimental effects [14,29]. It is unsurprising when you consider that the
intensity of caloric restriction and exercise training, interventions well recognized to activate Sirt1,
makes the difference between their positive and negative effects [30–32]. Moreover, accumulating
evidence has corroborated the idea that both expression and activity of Sirt1 vary in the response of
internal and external stimuli, and the outcomes strongly depend on the cell type and condition [17].
Furthermore, understanding the role and the effects of Sirt1 in different contexts is essential, given the
indubitable involvement of this enzyme in cardiovascular homeostasis and diseases [33]. In our
opinion, the results of the present study go in such a direction. We found different Sirt1 activity levels
with the highest value in the HFrEF patients, by measuring this parameter in HF patients classified
(according to the recent ESC guidelines) in three different categories.

A possible explanation may be related to a link existing between Sirt1 and the renin angiotensin
aldosterone system (RAAS) [34–36]. RAAS is one of the most important components of the so-called
‘neurohormonal’ system, designed to maintain cardiovascular homeostasis through a series of
compensatory mechanisms. While this system is beneficial in the short term, its prolonged activation
causes hemodynamic stress, cardiac and vessel structural modifications, and ultimately progression
of HF, especially in HFrEF patients [33]. As a matter of fact, it is well known the better therapeutic
response of HFrEF patients to beta-blockers, RAAS inhibitors, and angiotensin receptor–neprilysin
inhibitors (ARNI), the latter licensed only in these subjects [33,37]. Furthermore, the lack of an optimal
therapeutic response in HFpEF subjects represented one of the fundamental reasons to stimulate a
better pathophysiology understanding of this HF phenotype [38].

It has been demonstrated both in vivo and in vitro that resveratrol, a polyphenol able to activate
Sirt1, leads to a decrease of angiotensin II receptor AT1 through Sirt1 activation [34]. Another important
result is that overexpression of Sirt1 exerts beneficial effects contrasting the angiotensin II-induced
vascular remodeling and attenuating hypertension in mice [8]. In addition, an interesting study
by Davis et al. performed in patients with Bartter’s/Gitelman’s (BS/GS) syndromes, who have a
persistent RAAS activation with increased circulating levels of angiotensin II, showed that Sirt1 protein
levels were higher in patients’ PBMCs than in those of healthy subjects [35]. Noteworthy, circulating
AngII-degrading enzyme (ACE2) activity is much higher in the HFrEF in comparison with the HFpEF
subjects. This finding indicates circulating ACE2 activity as a potential biomarker to differentiate
these two cardiac failing phenotypes [39]. Moreover, Epelman et al. demonstrated that elevated
plasma ACE2 activity was associated with greater severity of myocardial dysfunction, without a
relationship between circulating ACE2 activity and markers of systemic inflammation [40]. On the
contrary, Niethammer et al. found increased circulating levels of TNF-alpha in HFrEF in comparison
to HFpEF patients and showed that such higher levels were negatively correlated to EF [9].

Here, we found an increasing trend of plasma TNF-alpha levels from the HFpEF through the
HFmrEF to the HFrEF patients without reaching statistical significance.

Our results show that the HFrEF group had levels of ACE2 activity significantly higher than those
measured in the HFmrEF and even more in the HFpEF subjects, with the latter showing no difference
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when compared with the No HF controls. Notably, a positive correlation between Sirt1 activity and
ACE2 activity in the HFrEF (r2 = 0.802) and the HFmrEF (r2 = 0.801) but not in the HFpEF (r2 = 0.149)
was found (Figure 2C).

Altogether these findings suggest a role for Sirt1 activity as a biomarker to distinguish the three
HF phenotypes.

The highest Sirt1 activity in the HFrEF patients might reflect the high neurohormonal activation,
including RAAS, which in turn characterizes systolic HF [33].

As already stated, the HFmrEF remains insufficiently characterized compared with the other
groups. We found that the HFmrEF and HFrEF patients have similar Sirt1 levels, both much higher
than the HFpEF and the correlation between Sirt1 activity and EF values in the HFmrEF was as relevant
as in the HFrEF, even if less strong. However, the intermediate mean value of the Sirt1 activity found
in the HFmrEF group (Figure 1A) seems to confirm the arising idea that the HFmrEF could represent
an intermediate condition rather than a different HF category.

Sirt1 activity induced by pharmacological and non-pharmacological activators has been
demonstrated to ameliorate the health status of HF patients [13,21,27]. Indeed, mild and moderate
overexpression of Sirt1 might favor resistance to stress, thereby leading to cardiac positive outcomes,
while further increased levels might be associated with cardiac damages [14]. Possibly, Sirt1 activity
values, linked to beneficial effects, depending on the individual baseline levels, and their assessment
could be useful in the management of the different HF patients.

In our opinion, the most important result of the present investigation is the existence, observed
for the first time, of the relationship between the EF and Sirt1 activity with a very strong correlation
between Sirt1 activity and EF in the HFmrEF and HFrEF. Of note, this correlation does not exist in the
HFpEF patients.

This study is subject to some limitations. One of them is the lack of the cardiopulmonary stress
test because it was performed not in all enrolled patients and no HF controls. Another limitation is the
small number of patients included in each group.

As discussed, the high levels of Sirt1 might reflect an adaptive activation of the sympathetic
system and RAAS characterizing the systolic HF. The relationship between Sirt1 and circulating ACE2
activity found in the HFrEF and HFmrEF but not in the HFpEF patients corroborates this hypothesis.
Measuring factors other than ACE2 activity involved in the neurohormonal modulation could be
helpful to better classify patients with HF.

Another limitation is the absence of Sirt1 activity levels definition in healthy subjects as a reference.
Undoubtedly, further and larger studies are necessary to measure such and other inflammatory

parameters, other than TNF alpha, and verify whether they correlate with Sirt1 activity.

5. Conclusions

In our study, Sirt1 activity levels increased from the HFpEF through HFmrEF to the HFrEF.
Sirt1 activity in the HFmrEF, showing an average value between the HFrEF and HFpEF subjects,

suggests the hypothesis that the HFmrEF represents an intermediate phenotype. This is supported
by the finding of the strong correlation between Sirt1 activity and EF values observed also in
HFmrEF patients.

The correlation between Sirt1 and ACE2 also reinforces the hypothesis that Sirt1 activity could be
used as a biomarker to better differentiate the patients with different HF phenotypes, especially to
separate HFmrEF/HFrEF from HFpEF.

Further studies with a larger sample size are needed to confirm or deny these results and clarify
whether monitoring Sirt1 activity levels can effectively help the management of the patients suffering
from HF. Moreover, more trials should also be performed to better understand the mechanisms
underlining the HF phenotypes that could explain the different Sirt1 activation and to define the range
of Sirt1 activity levels associated with beneficial effects.
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Abstract: Studies in recent years have shown increased interest in developing new methods of
evaluation, but also in limiting post infarction ventricular remodeling, hoping to improve ventricular
function and the further evolution of the patient. This is the point where biomarkers have proven
effective in early detection of remodeling phenomena. There are six main processes that promote
the remodeling and each of them has specific biomarkers that can be used in predicting the
evolution (myocardial necrosis, neurohormonal activation, inflammatory reaction, hypertrophy and
fibrosis, apoptosis, mixed processes). Some of the biomarkers such as creatine kinase–myocardial
band (CK-MB), troponin, and N-terminal-pro type B natriuretic peptide (NT-proBNP) were so
convincing that they immediately found their place in the post infarction patient evaluation protocol.
Others that are related to more complex processes such as inflammatory biomarkers, atheroma plaque
destabilization biomarkers, and microRNA are still being studied, but the results so far are promising.
This article aims to review the markers used so far, but also the existing data on new markers that
could be considered, taking into consideration the most important studies that have been conducted
so far.

Keywords: post-myocardial infarction ventricular remodeling; prognosis; myocardial necrosis biomarkers;
neurohormonal activation biomarkers; inflammatory reaction biomarkers; fibrosis biomarkers;
apoptosis biomarkers; new generation biomarkers

1. Introduction

Cardiovascular diseases represent a leading cause of death, accounting for 30% of deaths
worldwide. Of these, up to 7 million deaths a year are caused by coronary ischemic disease, accounting
for 12.8% of the total. Therefore, the statistics speak of a sad reality: every sixth patient in Europe
dies from a heart attack [1]. This explains the increased interest in this pathology and the increased
interest that the evaluation of these patients enjoys lately. Increasing access to cardiac catheterization
laboratories and, implicitly, to percutaneous myocardial revascularization techniques, has significantly
reduced both short-term and long-term mortality in patients with heart attacks.
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Therefore, in the context of current knowledge, studies in recent years have shown increased
interest in developing new methods of evaluation, but also in limiting post-infarction ventricular
remodeling, hoping to improve ventricular function and the further evolution of the patient. This is the
point where biomarkers have proven effective in early detection of remodeling phenomena, some of
them being so convincing that they immediately found their place in the post-infarction patient
evaluation protocol. This article aims to review the markers used so far, and also, the existing data on
new markers that could be considered, in order to see the biomarkers that approach the characteristics
of an ideal biomarker.

2. Ventricular Remodeling—Pathophysiology

Despite this medical progress, in the case of patients who suffered a myocardial infarction,
there is more and more concerns about the phenomenon of ventricular remodeling that deeply affects
ventricular function and implicitly resonates with the patient’s prognosis. Experimentally, it has been
shown that acute ischemia causes important changes in the ventricular architecture, localized changes
both in the infarct area and in other segments.

From a physiopathological point of view, the ventricular remodeling manifests under two
directions: macroscopic changes that occur after 3 months of onset and microscopic changes that begin
from the first moment of the coronary occlusion.

At the macroscopic level, despite complete and successful coronary angioplasty, studies have
shown that both in the infarcted area and in the adjacent areas, there is a remodeling process translated
into the loss of shortening and contraction with asynchronous abnormalities, hypokinesia, akinesia,
and dyskinesia at the level of the ischemic zone and of the initial hyperkinesia followed by the
subsequent hypokinesia at the level of the neighboring areas and the final result is a decrease in
cardiac pump function, in the cardiac output, and in blood pressure and an increase in ventricular
volumes [2,3]. In parallel, the ventricular cavity dilates as a compensatory response to its dysfunction,
a process directly related to the magnitude of the infarction area. Its purpose is to maintain a constant
beating volume as the percentage of viable contractile myocardium decreases. In the long run, however,
this dilation increases the systolic and diastolic parietal stress, thus creating a vicious circle in which
the initial dilation generates additional dilation [4].

In addition to myocardial ischemia, at least two other processes participate in this process:
the phenomenon of no reflow and the epigenetically mediating disturbance of endogenous
repair system.

The no reflow phenomenon is associated with early remodeling and is determined by the
microvascular obstruction and dysfunction that disrupts regional perfusion [5]. Studies have shown
that the phenomenon of no reflow correlates with the higher incidence of ventricular remodeling and
increased risk of cardiovascular events and sudden death [6].

On the other hand, epigenetically mediating disturbance of endogenous repair system translates
to altered vascular repair, with maintenance of vasoconstriction and vascular dysfunction in the area
adjacent to myocardial infarction [7,8].

At the microscopic level, from the moment of coronary obstruction, a series of nitric oxide
disrupting processes are initiated, the vascular signaling systems endothelial growth factors signaling
systems are activated, the cytokines are released and this is how the apoptosis and necrosis pathways are
activated, generating an increase in oxidative stress, mitochondrial dysfunction, alteration of myocyte
metabolism, promotion of fibrosis, and cell remodeling. Therefore, microvascular inflammation,
small vessel obstruction, and endothelial dysfunction maintain the remodeling phenomenon [9].

Sequentially, in the first 72 h hours of ischemia, myocytic necrosis appears accompanied by
edema and inflammation of the area affected by the infarction. Subsequently, a process of fibroblastic
proliferation and collagen storage is installed, which results in the occurrence of the scar. In the period
between the resorption of necrotic tissue and scarring, the infarct area undergoes a process of thinning
and elongation which is called “infarction expansion” [10]. Proteases and the activation of matrix
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metalloproteinases (MMPs) released by neutrophils that cause degradation of collagen fibers participate
in this process. The final effect is an increased parietal stress which stimulates the mechanoreceptors
and generates angiotensin II-releasing intracellular signals. After 72 h, there is a process mediated by
the renin–angiotensin–aldosterone system and by neurohormonal activation, which causes changes in
ventricular geometry, with dilation of the cavities and myocardial hypertrophy [11,12].

The remodeling process can take from a few weeks to a few months, until a balance between the
forces of distension and the resistance offered by the collagen fibers is obtained [1]. This balance is
decisively influenced by [13]:

• Characteristics of myocardial infarction: its size, location, and transmurality;
• Extension of the sidereal myocardium;
• Re-permeabilization of the artery responsible for infarction [14];
• Local trophic factors [15].

In summary, within the ventricular remodeling, four types of processes take place that are closely
related to the types of biomarkers that can be detected (Figure 1):

Figure 1. The processes that promote the ventricular remodeling and their specific biomarkers. CK-MB:
creatine kinase–myocardial band; hFABP: heart fatty acids binding protein; NT-proBNP: N-terminal-pro
type B natriuretic peptide; BNP: type B natriuretic peptide; RAAS: renin–angiotensin–aldosterone
system; TNF: tumor necrosis factor; IL: interleukin; MPO: myeloperoxidase; ST-2: suppression
of tumorgenicity; GDF-15: growth differentiation factor-15; VEGFR: vascular endothelial growth
factor receptor.

1. Myocardial necrosis: creatine kinase–myocardial band (CK-MB), troponin I and T (TnI, TnT),
myoglobin, heart fatty acids binding protein (hFABP), ischemia modified albumin, GDF-15.

2. Neurohormonal activation: N-terminal-pro type B natriuretic peptide (NT-proBNP),
type B natriuretic peptide (BNP), adrenomedullin, renin–angiotensin–aldosterone system
(RAAS)-related biomarkers.

3. Inflammatory reaction closely related to the release of C-reactive protein (CRP), tumor necrosis factor
α (TNF-α), interleukins 6, 13, 23, and 38 (IL-6, IL-13, IL-23, IL-38), homocysteine, procalcitonin.

4. Hypertrophy and fibrosis involving MMP, collagen propeptidases, galectin-3 (Gal-3), soluble ST-2
(sST-2) [5].

There are also some novel biomarkers that are involved in several processes and they cannot be
categorized. The main exponents are microRNA (miRNA), which epigenetically regulates the cardiac
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myocytes apoptosis and increases oxidative stress and inflammation by triggering proinflammatory
cytokine release [16,17].

3. Biomarkers

The use of biomarkers in the evaluation of patients after acute myocardial infarction has a
history of 40 years (the initial term was that of biological marker and was first introduced in 1989),
and the scientific trend seems to favor such an approach, which will clearly lead to new studies and
new biomarkers.

The characteristics of a biomarker concern three central aspects: the mode of synthesis and release,
specificity, and sensitivity [18,19]. The outline of an ideal biomarker is therefore outlined (Table 1).

Table 1. Characteristics of the ideal biomarker.

Characteristics of the Ideal Biomarker

High sensitivity
Increased myocardial concentrations after heart attack

Rapid release to allow early diagnosis
Long half-life to allow late diagnosis

High specificity
Its absence in tissues other than the myocardial one

Its absence in healthy patients
Assay-related characteristics
Good cost-effectiveness ratio

Easy to assay
Short processing time

High precision
Clinical characteristics

Useful in guiding therapy
Useful in predicting the prognosis

3.1. Biomarkers of Cardiac Injury and Myocardial Necrosis

The first question that arose was whether biomarkers used in the diagnosis of myocardial ischemia
could also be interpreted as prognostic markers, so these were the first to be investigated in this respect.

3.1.1. Creatine Kinase MB

CK-MB is an enzyme found in the myocardium, its role being related to the generation of
contraction [20]. Its discharge into the circulatory stream is related to myocytolysis and not only to
the process of ischemia [21]. It is one of the most used biomarkers in the diagnosis of myocardial
injury, being detectable in plasma 4–8 h after the onset of pain and reaching a peak at 18–24 h [20,21].
Studies have placed it above myoglobin in terms of diagnostic value, but recognize its poor specificity
in patients with multiple comorbidities such as kidney disease, non-cardiac surgery, chest trauma,
muscle disorders, hypothyroidism, hypoventilation, and pulmonary embolism [22,23].

Predictively, studies have shown that a low CK-MB value at the time of diagnosis of AMI means
a small amount of affected myocardium and therefore, the success of reperfusion therapy can be
maximum, this translating into a lower rate of morbidity and mortality [24]. Clinical data from
previous years’ studies have shown the importance of CK-MB at admission as an independent predictor
in both the short and long term [25–27]. Other studies have shown that not serial CK-MB values,
but its increased value for a longer period (values above 124 mg/dL more than 18 h after the onset of
myocardial infarction, despite the successful PCI) is correlated with subsequent cardiovascular events
(reinfarctions, hospitalizations for cardiac decompensation, death) [28]. Another study was able to
correlate the CK-MB peak ratio value (the ratio between the maximum value of CK-MB reached by
the patient and the higher value of normal) with a higher mortality at two years post infarction [29].
Some retrospective studies have suggested a correlation between increased CK-MB and long-term
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mortality [30–34], while others have established that only a significant increase, of 5 to 8 times the upper
limit, could have prognostic implications [35–38]. Yee KC et al. evaluated, in a study, the independent
prognostic value of CK-MB in patients with acute coronary syndrome and negative troponin [39] and
showed that an increase in CK-MB, even in the absence of troponin dynamics, is correlated with an
increase in morbidity and mortality at 6 months. Although these results failed to create a consensus
on the use of CK-MB as a prognostic factor, the accessibility and low cost of this analysis could be
additional arguments for further studies.

3.1.2. Troponin

Troponin is a protein found in both the heart and skeletal muscles, but I and T isoforms have a
higher specificity for the myocardium. This is also the reason why in 2000, the European Society of
Cardiology (ESC) and the American College of Cardiology (ACC) introduced in the Universal Definition
of Myocardial Infarction, the need for biochemical evidence of myocardial necrosis and indicated
as a biomarker of choice, troponin [40]. The sensitivity of myocytolysis detection is significantly
higher in the case of troponin as compared to CK-MB, due to a higher percentage of discharge in the
circulatory torrent after an acute coronary event, which makes it detectable after a short period of
time from the onset of events [41]. Troponin is involved in the binding of actin to myosin and in the
regulation of contraction in response to calcium overflow and phosphorylation of contractile proteins.
Starting from this mechanism, there was an experimental study that found an inverse correlation of
the level of phosphorylation of troponin T dosed in plasma with the risk of ventricular remodeling
after acute myocardial infarction [42]. A prospective observational study [43] determined the CK-MB
and troponin levels in the first 24 h after onset and correlated them with the evolution of patients one
year after the acute coronary event. The results showed that an increase in isolated troponin, in the
absence of CK-MB increase, was associated with a higher mortality (6.5% vs. 12.5%), but also in the
situation where there was a CK-MB dynamic, the association of increased troponin values led to an
increased mortality rate (6.8% vs. 11.7%). In the case of a normal troponin value, in this study, the
increase in CK-MB was correlated with a higher mortality, but without statistical significance. Similar
data were obtained in a relatively small study conducted in Pakistan that compared the predictive
value of creatine kinase with that of troponin T from admission for acute myocardial infarction [44].
They showed that TnT is a better predictor of mortality. Some studies shown that admission troponin is
directly related to the incidence of cardiovascular events (cardiac death, non-fatal myocardial infarction,
coronary revascularization) and to the mortality rate [45].

3.1.3. Myoglobin

Myoglobin is a heme protein that is found in all types of muscle tissue, but with a higher
concentration in the skeletal and myocardial one [46]. This is exactly what makes it a biomarker with
low specificity, which is why, at least in the diagnosis of myocardial infarction, the recommendations
are to be used in relation to the clinical context, electrocardiography (ECG), and other biomarkers.
An important feature, however, is the early growth in plasma (approximately 2 h after the onset of
pain), given its small size and high cytoplasmic concentration [47]. However, its sensitivity in the first
2 h after the onset of the acute coronary event is of 70%, which means a good diagnostic performance
during this time. It reaches a peak in 6–9 h and disappears from the torrent in the first 24 h [19].
Despite these characteristics, the combined analysis of myoglobin with troponin significantly increased
the ability to identify patients with myocardial infarction with increased mortality comparing to either
of the two biomarkers evaluated separately [48,49]). Myoglobin is mainly renal eliminated and as
kidney disease is a well-known predictor of cardiovascular events, including mortality in patients with
a myocardial infarction [50], it has been suggested that the predictive power of myoglobin mortality is
due to its ability to identify patients with associated renal failure [51].
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3.1.4. Ischemia Modified Albumin

In acute ischemia, the N-terminal end of albumin is damaged, reducing its ability to bind.
It has been used in several studies that have shown its usefulness in the diagnosis of acute coronary
syndromes in conjunction with tropine values and ECG changes [52]. It has been shown that this
combination of biomarkers (troponin and modified albumin) has a predictive value higher than any
of them taken separately [53]. However, high values are also found in patients with neoplasms,
kidney disease, strokes, and liver disease, which significantly limits its specificity.

3.1.5. hFABP (Heart-Type Fatty Acid Binding Protein)

hFABP is a small protein, located cytosolically, and the role of which is related to the transport
and metabolism of fatty acids. The largest amount is found in the myocardium, but we find it in
lower percentages in the kidneys, brain, and skeletal muscles [54]. In serum, it appears early after
coronary occlusion, at about 30 min, with a peak at 6–8 h and with a return to baseline level after
24–30 h. After 6–8 h from the acute event, its diagnostic value decreases and becomes useless due to
accelerated renal clearance [55–57]. Studies have also shown an individual predictive value of this
biomarker in terms of mortality in patients with acute coronary syndrome [58]. Other studies have
hypothesized an even better predictive value than other markers of myocardial necrosis (TnI, CK-MB)
for cardiovascular events occurring more than 1 year after an ACS [59]. For patients with chronic heart
failure, elevated hFABP levels on admission and discharge were correlated with an increased number
of cardiovascular events, including reinfarction and death [60].

3.1.6. GDF-15

Growth differentiation factors (GDF) are a subfamily of proteins belonging to the TGF-beta
(transforming growth factor-beta) family. GDF-15 increases with myocardial injury and the
inflammation process, suggesting an increased cardiovascular risk [61]. Therefore, studies have
shown its increase in myocardial infarction [62] and propose it as an independent predictor of mortality
in these patients. Cumulative dosing of TnT/NT-proBNP and GDF-15 has been shown to be very useful
in stratifying the risk of these patients [63].

3.2. Biomarkers of Neurohormonal Activity

3.2.1. Natriuretic Peptides

BNP is a neurohormone released by myocardial cells following parietal stress associated with
the condition of increased intraventricular pressure. As atrial natriuretic peptides, their role
is the vasodilation, natriuresis, and inhibition of both the sympathetic nervous system and the
renin–angiotensin–aldosterone system [64]. Therefore, both the active form, BNP, and the inactive
form, NT-proBNP, can be considered markers of hemodynamic stress. There have been studies that
have shown that although these markers may represent predictors for the development of heart failure
and death, they do not play an important role as indicators of recurrent infarction [65,66]. Their role in
the diagnosis and prognosis of heart failure of any etiology has long been established by extensive
studies [67,68]. Regarding their predictive role in patients with myocardial infarction, other studies,
such as DETECT, have shown that increased admission levels of NT-proBNP are correlated with higher
mortality rates and cardiovascular events at 5 years [69]. Additionally, in these patients, the level of
BNP seems to correlate with the size of the myocardial infarction [70]. Their levels at 2–4 days after
the acute coronary event may be an independent predictor of left ventricular function and survival
after one year [71]. In fibrinolysis-treated infarction, the initial elevated BNP level was correlated
with worse reperfusion and 30-day mortality, being considered an independent prognostic factor for
mortality, heart failure, and death [72]. There have also been studies comparing the predictive ability of
NT-proBNP and BNP with that of TIMI and GRACE scores, with natriuretic peptides proving superior,
and their combination with these scores did not significantly increase their predictive value [73,74].

204



Biomolecules 2020, 10, 1587

Both BNP and NT-proBNP are therefore excellent biomarkers for cardiovascular events, but their
specificity is low, being increased in other forms of heart failure, pulmonary embolism, and kidney
damage. Further studies are needed to evaluate their use in various protocols in order to guide the
treatment of these patients accordingly to their prognosis.

3.2.2. Adrenomedullin

Adrenomedullin is a regulatory cardiovascular peptide which is increased in the context of the acute
coronary event, its role being related to the limitation of infarction and myocardial remodeling. Therefore,
although few studies have targeted it, they have shown a role in predicting post infarction remodeling,
as well as in stratifying the risk in patients with heart failure and myocardial infarction [75,76].

3.2.3. Renin–Angiotensin–Aldosterone System-Related Biomarkers

RAAS is a hormonal system designed to regulate blood pressure and water balance. After a
myocardial infarction, its activation occurs mediated by the increase in ventricular volumes and by
vasoconstriction. Aldosterone is associated with a wide range of undesirable effects in the coronary
event (endothelial dysfunction, increased oxidative stress, promotion of myocyte necrosis, hypertrophy,
and myocardial fibrosis) [51]. Although no other neuropeptide besides BNP and NT-proBNP is
routinely used in practical evaluation, there is indirect evidence of their ability to predict morbidity and
mortality in patients with infarction by decreasing it in patients treated with RAAS inhibitors [77,78]
Some studies have also shown that a higher renin/aldosterone ratio is correlated with higher chances
of developing ventricular remodeling [79].

3.3. Inflammatory Biomarkers

3.3.1. C-Reactive Protein

This is an acute phase inflammatory protein that causes macrophage activation and is correlated
with oxidative stress. The idea of studying it within the pathophysiology of acute myocardial infarction
is related to the role of inflammation in atherothrombosis and to CRP synthesis by hepatocytes,
as a result of stimulation by inflammatory cytokines, primarily by IL-6. It has long been considered a
marker of cardiovascular disease, being correlated with ventricular dysfunction and increased mortality
rates among patients with heart failure [80]. Its role in fibrosis and inflammation associated with
angiotensin II-induced myocardial remodeling is also known [81]. Some studies tried to recommend
CRP as a diagnostic biomarker for myocardial infarction, but low sensitivity and specificity have ruled
it out [82]. Studies have shown a direct correlation of CRP dosed at 2 days post PCI with the level of
NT-proBNP, infarct size, and ejection fraction and an inverse correlation with non-infarcted myocardial
volume, but no association with ventricular volumes was found. The described relationships are
observed at 1 week after the acute cardiovascular event, but are lost at 2 months [83]. Similar data were
obtained in other studies that managed to correlate CRP not only with infarct size and ejection fraction,
but also with the telesystolic volume of the left ventricle measured at admission and at 6 months [84].
Cardiovascular events after an acute myocardial infarction appear to be associated with an initially
increased CRP value [85–87].

There were also studies that proved the opposite, cancelling by the obtained results, the predictive
value of CRP [88]. Its high sensitivity as an indicator of inflammation has been proposed as an
independent prognostic marker in patients with acute coronary syndromes [89,90], but without the
same ability of troponin to detect patients who may benefit from reperfusion therapy [91,92].

3.3.2. Other Inflammatory Markers

The idea of studying inflammatory markers as predictors for ventricular remodeling after infarction
starts from some well-known pathophysiological mechanisms. Coronary heart disease is seen as the
product of an inflammatory process. The formation of the atheroma plaque starts from the endothelial
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injury caused by risk factors (smoking, diabetes, hypertension, dyslipidemia), as it has an important
contribution in the process of atherosclerosis. Elevated serum LDL-cholesterol concentrations play
a proatherogenic role by stimulating inflammation and oxidative processes in the endothelium.
The latter’s response results in the activation of adhesion molecules and the synthesis of inflammatory
cytokines [93,94], which thus attracts monocytes and T lymphocytes. The atheroma plaque consists
of a lipid center wrapped in a fibrous cap with inflammatory infiltrate. In the development of
myocardial infarction, inflammation again plays an important role, the rupture of the plaque triggering
a proinflammatory and procoagulant status that ultimately leads to acute thrombotic occlusion.
Therefore, it can be stated that inflammation not only promotes the initiation and progression of
atherosclerosis, but also contributes to all thrombotic complications [19].

Perhaps the most important inflammatory markers associated with ischemia and reperfusion
lesions in acute myocardial infarction are IL-6 and TNF-α. IL-6 is involved in the process of recruitment
and activation of inflammatory cells, as well as in CRP synthesis in the liver, having a negative inotropic
effect mediated by nitric oxide synthesis [95].

TNF-α is a cytokine with a cardio-inhibitory role that we find in the endothelium, smooth muscle
cell, or macrophages and that causes a decrease in myocardial contractility either by direct action or by
nitric oxide. There have been studies that have shown the prognostic value in terms of IL-6 mortality
in patients with infarction [82,89], while being also able to identify those who could benefit more from
an invasive treatment than from a drug treatment [96]. What limits the use of IL-6 as a biomarker
for both diagnosis and prognosis is its circadian variation and the small number of studies on this
topic [97]. Regarding TNF-α, studies that evaluated its correlation with mortality at 6 months were
able to prove its prognostic value together with CRP [98].

Other studies have shown that deficiency of inflammatory factors such as interleukin-13 (IL-13)
and interleukin-23 (IL-23) are associated with post infarction ventricular remodeling and a worse
long-term prognosis [99,100].

A recent in vitro study showed that interleukin-38 (IL-38) has an increased level of peri-myocardial
infarction and that the phenomenon of myocardial remodeling has been markedly improved after
the administration of recombinant IL-38. The mechanism involved is related to the decrease in the
inflammatory response in dendritic cells [101].

Fibrinogen, an acute phase reactant with direct procoagulant action, is known to be associated
with a worse prognosis in the short and long term [87,102,103]. Homocysteine, on the other hand,
is associated with the presence of thrombotic material and a greater tendency to reinfarction [104].
However, their individual predictive value is low.

Procalcitonin is a precursor of calcitonin, involved in calcium homeostasis and the synthesis of
which is linked to inflammatory processes. There are studies that have shown both its diagnostic value
for myocardial infarction [105] and its predictive ability on mortality and the recurrence of ischemic
events [106,107].

3.4. Biomarkers of Myocardial Fibrosis

3.4.1. Myeloperoxidase

Myeloperoxidase (MPO) is a hemoprotein produced by PMN and macrophages, with a role
in converting chlorite and hydrogen peroxide to hypochlorite released in the inflammatory context
and involved in the oxidation of LDL-cholesterol particles. This stage is the promoter of foam cell
formation in atherosclerosis, which makes MPO a marker of atheroma plaque instability correlated
with the risk of developing myocardial infarction in the future. Even if until recently, MPO was
thought to be linked only to immune defense [108], recent studies showed its properties as a vascular
pro-inflammatory promoter by facilitating the consumption of nitric oxide or by increasing the reactive
oxygen species [109]. Particularly, in ventricular remodeling following a myocardial infarction,
MPO was proved to increase the collagen deposition in an experimental study that used the ligation
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of the left anterior descending artery [110] and the MPO-deficient mice exhibited less left ventricular
dilatation and attenuated impairment in systolic left ventricular functions [111,112].

Its value increases from the patient with stable coronary heart disease to unstable angina and
reaches a maximum value in the patient with infarction [113]. Studies have shown that its diagnostic
value is lower than that of the other biomarkers, but elevated values may be independent predictors
for cardiovascular events in both acute coronary syndrome patients and healthy individuals [114].
The combined values of MPO, CK-MB, and TnI have shown a more accurate diagnosis of myocardial
infarction [115]. A study that evaluated the prognostic capacity of troponin, CRP, and MPO showed
that each of them can be used as a biomarker, but the first two had higher values [116].

3.4.2. Metalloproteinases

MMPs are a whole family of endoproteins with many roles in cardiovascular pathophysiology [117],
involved in tissue remodeling and degradation of the extracellular matrix and therefore, of collagen,
elastin, glycoproteins, proteoglycans, and gelatins. These are controlled by hormonal discharges,
growth factors, and cytokines secreted by inflammatory cells and also by tissue inhibitors of
metalloproteinase (TIMPs), which are the main regulators for the proteolytic activity [118]. There are
four types of TIMPs, three that are present in normal, healthy hearts and one that is more specific to
heart diseases [119–123]. Although the main roles of the MMPs and TIMPs are in the extracellular
matrix homeostasis, they have also other important functions linked to ventricular remodeling [118,124].
Cardiac fibroblasts (CFBs) can produce a number of MMPs and TIMPs, as a response to the cytokine
and chemokines release [125–128]. TNFα and IL-1β [129], as well as BNP [130], have been reported to
induce their production through CFBs. MMPs can also impact on CFBs’ function, as there were studies
that have shown that they can trigger fibrosis by cleaving and activating the latent ECM-bound TGFβ,
activate the Smad pathway in CFBs, and trigger collagen production [130]. MMP-2 and MMP-9 have
particular roles in collagen synthesis [131,132]. Of these, MMP-9 was shown to be correlated with [133].

3.4.3. Collagen Peptides

A 2013 study [134] tried to test a number of markers of fibrosis as elements of post infarction
prognosis. Their previous determinations had already shown a correlation of the cardiac extracellular
matrix turnover and evolution after the acute coronary event in terms of heart failure development
and left ventricle ejection fraction (LVEF) reduction, independent of congestion estimated by using
BNP [135]. Prolonging this phenomenon weeks after the infarction increased the risk of decreased
LVEF and progression to heart failure, and the combined determination of BNP and TnI after one
month refined the prediction of cardiovascular events [100–103,136–139]. The study wanted to test
the predictive value of collagen peptides dosed at 1 month after infarction. Therefore, they dosed
the telopeptide of type I collagen, the aminoterminal propeptide of procollagen type I, and the
aminoterminal propeptide of procollagen type III. The results showed that the ratio between type I
procollagen aminoterminal propeptide and type III procollagen aminoterminal propeptide over 1,
in combination with BNP and LVEF values, may be correlated with a negative prognostic in terms of
ventricular remodeling, heart failure, and death.

3.4.4. Galectin-3

Galectin-3 is a lectin that binds to beta-galactosidase. It is secreted by activated macrophages
and is involved in cardiac fibrosis, the process of inflammation, and the process of myocardial
healing, mechanisms closely related to ventricular remodeling. Increased serum levels in myocardial
infarction have long been studied in multiple clinical trials [140,141]. The novelty brought by the latest
research is the correlation of Gal-3 with ventricular remodeling and decreased LVEF after myocardial
infarction [142]. Additionally, elevated levels of Gal-3 are associated with a higher KILLIP class,
hemodynamic instability with intra-aortic balloon pump (IABP) requirements, higher NYHA class,
and increased CADILLAC score, and in evolution, these patients are prone to a higher rate of major
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cardiovascular events, despite effective primary angioplasty [143]. A contradictory result was obtained
by Weir et al. [144], which showed the link between galectin-3 and decreased LVEF at 24 months,
but without a significant correlation in terms of remodeling per se. In a subgroup of patients, Di Tano
et al. showed that in patients with previous myocardial infarction and primary angioplasty, Gal-3 was
associated with a higher rate of ventricular remodeling at 1 and 6 months [145], while Gal-3 dosing
at 30 days in patients with a first myocardial infarction, treated by angioplasty, showed an increased
predictive value in terms of systolic and diastolic ventricular dysfunction [146].

3.4.5. ST2

ST2 is a cardiac biomarker associated with parietal stress and the fibrosis process, with important
dynamics in patients with myocardial infarction or acute heart failure [147]. Because of its lack of
cardiac specificity, it has been ruled out as a diagnostic tool for myocardial infarction, but other
studies have shown promising results on its prognostic value related to mortality and heart failure
development for these patients [148,149].

3.5. New Generation Biomarkers

MicroRNA

MicroRNAs are small RNA molecules without coding function, expressed endogenously,
very stable and detectable in plasma, their serum concentration being variable depending on the
different pathologies in which these are associated, which makes them suitable as diagnostic or
prognostic biomarkers. Studies in recent years have identified multiple cardio-specific microRNAs that
appear to play an important role in the development of cardiovascular disease [150] and they have
been shown to be linked to almost all the processes that lead to ventricular remodeling [10] (Figure 2).
Of these, four appear to be more common in patients with myocardial infarction (miRNA-208a,
miRNA-499, miRNA-1, and miRNA-133) [151,152]. Regarding the diagnosis of myocardial infarction,
some studies [153,154] indicate as biomarkers miRNA-92 and miRNA-181, while others recommend
the combined use of miRNA-1, miRNA-21, and miRNA-499, as having an even higher diagnostic value
as hsTnI [155]. Regarding the prognostic value of these biomarkers, miRNA-197a and miRNA-223a
were identified as correlated with an increased risk of cardiovascular death [156], while miRNA-134,
miRNA-328, miRNA-34a, and miRNA-208b seem to be predictive factors for heart failure development
and for an increased risk of post infarction mortality [157,158].

The study conducted by Pin et al. concluded that elevated plasma values of miRNA-208b
and miRNA-34a can be considered predictors of left ventricular remodeling after myocardial
infarction, associated with higher mortality at 6 months and a 23.1% higher rate of heart failure
development. miRNA-208b thus appears to be a cardiac-specific microRNA, with high values in
the acute phase of infarction and with a predictive role regarding the development of ventricular
dysfunction. Although the miRNA-34 family is considered to have a protective role against pathological
remodeling, by overexpression, these prove their ability to induce endothelial cell aging and, implicitly,
atherosclerosis [159].

A study led by Devaux et al. [160] found a correlation between miRNA-150 and left ventricular
remodeling after a first myocardial infarction. They also showed that miRNA-150, miRNA-101,
miRNA-16, and miRNA-27a are linked to a decrease in ventricular contractility.

Some studies have tested the prognostic value of microRNA in patients with primary
angioplasty [161]. These identified molecules that are present in plasma even before angioplasty,
with rapid dynamics (miRNA-29a, miRNA-29b, miRNA-324, miRNA-208, miRNA-423, miRNA-522,
and miRNA-545) and others (miRNA-320a) that are correlated with ventricular remodeling,
despite procedural success.
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Figure 2. The role of different types of miRNA in the ventricular remodeling. miRNA: microRNA.

Studies targeting microRNAs have evaluated their prognostic value in terms of two important
aspects of post infarction evolution: the ability to predict cardiovascular mortality and left
ventricular remodeling.

In terms of mortality, the first molecules identified as having prognostic value were miRNA-133a
and miRNA-208b, which were correlated with a significant increase in all-cause mortality at 6 months
post infarction [162]. miRNA-208b was studied in other research works too and they identified the
same link [151,163]. Subsequently, other microRNA molecules, such as miRNA-499, have been shown
to be effective in predicting mortality at 30 days, 4 months, and 1, 2, and 6 years [151,163,164]. Increased
levels of miRNA-155 and miRNA-380 have also been shown to be correlated with cardiovascular
mortality [165], and miRNA-192, miRNA-194, and miRNA-34 were significantly high in the serum of
patients who later developed heart failure [166]. The ability to predict cumulatively both cardiovascular
mortality and heart failure development has been attributed to miRNA-145 [167]. A ratio of serum
level of miRNA-122-5p/133b measured at the time of cardiac catheterization has also been proposed as
a predictor of mortality [168].

In terms of predictive capacity regarding post infarction ventricular remodeling, miRNA-133a has
also proven to be a useful tool, being associated with large infarcts with large areas of residual ischemia
even after reperfusion [169]. In patients treated with primary angioplasty, increased levels of miRNA-1,
miRNA-208b, and miRNA-499 had a negative impact on left ventricular ejection fraction [151].
The same aspect was identified in the case of long chains of RNA lncRNA MALAT1 associated with
the decrease in the ejection fraction at 4 months after the infarction [170]. Extensive studies have, in
fact, shown the role of long RNA chains in the development of myocardial fibrosis [171,172]. On the
other hand, low levels of miRNA-150, miRNA-16, miRNA-27a, and miRNA-101 seem to predict
ventricular remodeling [160,173], while increased values of miRNA-208b, miRNA-34a, miRNA-21,
and miRNA-155 correlate inversely with the same complication of myocardial infarction [158,174].
Circular microRNA was also not omitted from the studies, as it was associated with left ventricular
dysfunction after infarction [175].

Therefore, circulating microRNAs have shown promising results as post-infarction prognostic
biomarkers, so other studies should be conducted in order to find a risk stratification formula based on
their serum values.

Concluding the results of the previously presented studies, Table 2 presents the prognostic
characteristics of each biomarker analyzed in the review, while Table S1 presents detailed data
regarding every study protocol.
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Table 2. Summarized data about each biomarker’s prognostic value.

Category Biomarker Prognostic Value

Cardiac injury and
myocardial necrosis

CK-MB [25,27–38] Predictive of mortality and cardiovascular events

Troponin [42–45] Independent predictor of ventricular remodeling
and cardiovascular events

Myoglobin [49] Predictive only in association with troponin

Ischemia modified albumin [52,53] Raises the predictive value of troponin when
measured together

hFABP [58,59] Predictive of mortality and major cardiovascular
events after 1 year

GDF-15 [61–63] Independent predictor of mortality

Neurohormonal activity BNP, NT-proBNP [65,66,69–73] Highly predictive of heart failure, cardiovascular
events, and mortality

Adrenomedullin [76] Predictive of cardiovascular events and severity
of heart failure

RAAS-related biomarkers [77,78] The use of its inhibitors is associated with a
mortality and morbidity decrease

Inflammatory biomarkers C-reactive protein [83–88]
Predictive of ventricular remodeling and only

when associated with other biomarkers, it
becomes predictive of mortality

IL-6 [89,96] Predictive of mortality and cardiovascular events

TNF-α [98] Might be predictive for survival in association
with C-reactive protein

IL-13, IL-23, IL-38, fibrinogen,
homocysteine [99–104] Might be predictive of ventricular remodeling

Procalcitonin [106,107] Predictive of mortality, cardiovascular events,
and ventricular remodeling

Fibrosis biomarkers MMP, MPO [116,133] Might be predictive of ventricular remodeling
Collagen peptides [134,135] Predictive of cardiovascular events and mortality

Galectin-3 [143,144,146] Predictive of major cardiovascular events. Might
be predictive of ventricular remodeling

ST-2 [149] Predictive of survival

Novel biomarkers
microRNA

[156–158,160,162,168–170,173,174]

Predictive of mortality, heart failure,
cardiovascular events,

and ventricular remodeling

CK-MB: creatine kinase–myocardial band; hFABP: heart-type fatty acids binding protein; GDF-15: growth differentiation;
RAAS: renin–angiotensin–aldosterone system; IL: interleukin; BNP: brain-type natriuretic peptide; NT-proBNP:
N-terminal-prohormone brain-type natriuretic peptide; MPO: myeloperoxidase; MMP: metalloproteinase;
TNF-α: tumor necrosis factor α, ST-2: suppression of tumourigenicity-2.

4. Multi Testing

The desire for early ventricular remodeling detection led to the idea of multi-testing, by combining
biomarkers generated by different pathophysiological mechanisms. Thus, starting from the premise
that TnI, CRP, and BNP are independent markers for post infarction cardiovascular events, a series of
studies with promising results were made. Kim et al. [176] tested hsCRP and NT-proBNP, thus showing
that the cumulative predictive value is superior to any of them taken separately. At the same time,
the use of biomarkers of myocardial stress, inflammation, and myocyte necrosis has increased the
predictive capacity for heart failure development [177].

Some studies have even managed to stratify the risk of mortality based on the cumulative dosage of
cTnI/CK-MB/myoglobin [178]. Similar data were obtained in patients with STEMI in whom NT-proBNP,
hs-TnT, aspartate transaminase (AST), alanine transaminase (ALT), hs-CRP, and lactate-dehydrogenase
(LDH) were dosed, showing an increase in their predictive capacity [179]. ST2/GDF-15/hFABP/hs-TnT
multi-testing has also shown promising results as a prognostic value [180].

There were also opinions that contradicted the value of multi-testing. Feistritzer et al. [181]
showed that the predictive value of hs-cTnT is not improved by adding CK, hs-CRP, LDH, ALT,
and AST. Other research has shown that once a biomarker with a high predictive value such as troponin
is included in multi-testing, it is difficult to quantify the contribution of other biomarkers added to it.
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5. Conclusions

The multiple characteristics related to the specificity, sensitivity, early growth, and accessibility
that the ideal biomarker should meet have made it difficult to identify a single parameter that meets
them all.

Considering the results of our study, we think that the biomarkers that are closest to the
characteristics of an ideal biomarker are hsTnI, hsCRP, and NT-proBNP, which have a high level
of sensitivity, a high prognostic power, and in addition, the advantage of a low cost and of great
accessibility. Out of the desire to refine the prediction, multi-testing was used, which, in most cases,
proved to have the specificity and sensitivity of the stronger biomarker, without increasing the power
of prediction in this way.

In terms of specificity, fibrosis markers stand out in particular, most having a direct role in the
process of ventricular remodeling. The main disadvantage of their use is given by the difficulty of
dosing in terms of accessibility and costs, which makes them difficult to use in practice, being reserved
especially for clinical trials.

Particular attention must be paid to the new biomarkers; microRNAs that participate in several
stages of the ventricular remodeling process are noted as important early markers of remodeling,
but also of mortality. We believe that they should be studied in the coming years.
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Abstract: Extracorporeal life support provides perfusion for patients with heart failure to allow time
for recovery, function as a bridge for patients to heart transplantation, or serve as destination therapy
for long term mechanical device support. Several biomarkers have been employed in attempt to
predict these outcomes, but it remains to be determined which are suitable to guide clinical practice
relevant to extracorporeal life support. Galectin-3 and soluble suppression of tumorigenicity-2 (sST2)
are two of the more promising candidates with the greatest supporting evidence. In this review,
we address the similarities and differences between galectin-3 and sST2 for prognostic prediction
in adults and children with heart failure requiring extracorporeal life support and highlight the
significant lack of progress in pediatric biomarker discovery and utilization.

Keywords: extracorporeal life support; mechanical circulatory support; ECMO; VAD; galectin-3;
sST2; heart failure

1. Introduction

Heart failure is a life-threatening condition in both adults and children and is asso-
ciated with high mortality, morbidity and cost of care. The incidence of heart failure in
the general population is 2000/100,000 in adults [1,2] and 0.87–7.4/100,000 in children [3].
Extracorporeal life support (ECLS) including ventricular assist device (VAD) implantation
and extracorporeal membrane oxygenation (ECMO) is required for patients with advanced
or end-staged heart failure either as destination therapy or as a bridge-to-transplantation
therapy. Over 25,000 adult and 21,000 children (including neonatal and pediatric patients)
cases of ECLS were required globally, for cardiac indications, in the past 30 years. The
overall survival rate was 59% in adults and 68% in children [4]. Limited literature is avail-
able to document prognostic markers for myocardial recovery in patients with refractory
heart failure requiring circulatory support after decades of research. Early attempts to
identify a biomarker to predict outcomes of ECLS have followed the evolution of car-
diac biomarker testing utilizing brain natriuretic peptide (BNP) [5] and its N-terminal
fragment, NT-proBNP [6] in the early 2000s through the recognition of cardiac troponin
10 years later [7]. The early decrease in BNP level is indicative of ventricular unloading
during ECLS but the rebound in BNP level after decannulation suggests BNP is not an
ideal biomarker to predict complete normalization of cardiac function [5]. Other heart
failure related biomarkers which have been explored in patients who underwent ECLS
include dynamic BNP [8], galectin-3 [9], ST2 [10], matrix metalloproteinase-9 (MMP-9) [11],
tissue inhibitors of metalloproteinase-1 (TIMP-1) [11], MMP-2 [11,12], osteopontin [13],
MR-proANP [14], proADM [14], and copeptin [14]. The above-depicted biomarkers may
assist to predict outcomes of heart failure requiring ECLS under limited circumstances and
their identifications are summarized in Table 1. Nevertheless, no single blood biomarker
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has demonstrated superiority to predict outcomes of heart failure requiring ECLS, but
galectin-3 and ST2 have been promising and may be worthwhile to study further [15].
Unfortunately, a decade has passed with no significant progress in our ability to predict
outcomes in patients with heart failure requiring ECLS. The failure of a single biomarker
and/or single time-point measurement suggest that one may need to employ a combina-
tion of biomarkers with associated dynamic changes to predict outcomes in this context.
Recently, there is growing interest in the use of galectin-3 and soluble suppression of
tumorigenicity-2 (sST2) as potentially reliable prognostic markers [16]. These recent studies
have demonstrated that sST2 provides independent predictive value beyond NT-proBNP
and cardiac troponin for all-cause cardiovascular mortality in adult patients with chronic
heart failure, which may be one explanation for this evolution [17]. Additionally, high
levels of galectin-3 and BNP are often found before implantation of a ventricular assist
device in patients with terminal heart failure, but elevated BNP failed to identify patients
who would not survive VAD support. This prompted interest in galectin-3 levels which
could better predict outcomes [18]. If proved in additional studies, the early prognostic
value of gelactin-3 and sST2 to accurately identify patients destined for unfavorable recov-
ery after ECLS implementation could provide a critical opportunity to modify treatment
algorithms to a more personalized therapeutic approach to improve outcomes. Galectin-3
and sST2 are linked to the development of fibrosis which prevents recovery of myocardial
function and may indicate severity of the disease state. In this review, we provide an
overview of the recent clinical interpretation of galectin-3 and sST2 and emphasize their
similarities and differences for the prognostic prediction of heart failure requiring ECLS.
We also address the significant lack of data on galectin-3 and sST2 in pediatric patients
undergoing ECLS and attempt to raise awareness about the novel utilization of galection-3
and sST2 as prognosticators in the pediatric population.

Table 1. Identification of heart failure-related biomarkers for patients undergoing ECLS.

Biomarkers Identification

Brain natriuretic peptide (BNP) cyclic peptide hormone containing disulfide bridge
NT-proBNP N-terminal fragment of BNP

Troponin calcium-regulatory protein

Galectin-3
carbohydrate-binding protein with a single

carbohydrate recognition domain and a
unique N-terminus

MMP-2 and 9 one of member of Matrix metalloproteinases (zinc-
and calcium-dependent endopeptidases)

sST2 soluble suppression of tumorigenicity 2

Tissue inhibitors of metalloproteinases-1 (TIMP-1)
protein containing an N- and C-terminal domain of

125 and 65 amino acids, respectively, with each
containing three conserved disulfide bonds

Osteopontin extracellular structural protein
MR-proANP mid-regional fragment of proANP (ANP precursor)

proADM long-acting vasodilatory peptide

Copeptin 39-amino-acid glycopeptide and the C-terminal
portion of provasopressin

2. Galectin-3

Galectin-3 is a member of the galectins family of carbohydrate-binding proteins with
specificity for N-acetyllactosamine (LacNAc)-containing glycoproteins, and the only known
one with a single carbohydrate recognition domain and a unique N-terminus [19,20]. It is a
30 kDa molecule encoded by the LGALS3 gene that is located on chromosome 14, locus
q21–q22 [21]. It is mainly secreted by macrophages and regulates basic cellular functions
including growth, proliferation, differentiation and inflammation [22–25] and importantly
has been found to play a role in cardiac fibrosis [26,27]. Evidence that links Galectin-3 to
pathogenesis of heart failure has not been fully elucidated. However, recent studies have
suggested that galectin-3 can help to predict prognosis of heart failure and adverse events
in various clinical settings such as ST elevation myocardial infraction [28], congenital heart
disease patients with a Fontan circulation [29] and survivors of out-of-hospital cardiac
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arrest [30]. In addition, its levels have correlated with morbidity and mortality in patients
with heart failure [31–34]. Higher values (>15.3 ng/mL) of galectin-3 have been reported
to show a correlation with the severity of heart failure [35].

VAD implantation is a standard ECLS modality for adult patients with end-staged
heart failure. A retrospective study [36] including 57 adult patients with severe heart failure
(NYHA Class IIIB–IV) who underwent VAD implantation found that a lower galectin-
3 concentration (<30 ng) at the time of VAD implantation was associated with better
prognosis when compared to an elevated concentration (>30 ng/mL) 2 years after VAD
implantation. Similarly, the plasma galectin-3 concentration immediately before VAD
implantation in patients who did not survive ECLS was significantly higher than that in
those who were weaned from VAD support or received heart transplantation (18.8 ng/mL
vs. 15.3 ng/mL). An additional study in adults noted that a higher galectin-3 concentration
(>17 ng/mL) was associated with poor survival in low- or medium-risk VAD patients.
However, the galectin-3 concentration was not a predictor in high-risk VAD patients [36].
These controversial results suggest that a single biomarker is limited in its ability to predict
a clinically significant outcome, which is likely the result of multiple factors. A combination
of the biomarkers may be required to eliminate this limitation. It is important to note that
there is discrepancy in defining the clinically important cut-off values for galectin-3 in the
above-mentioned studies, where the at-risk population was reported to be greater than 17
or 30 ng/mL [36,37]. The underlying reasons for this are unknown but may be related to
differences in patient populations or techniques. Importantly, the galectin-3 concentrations
were determined by different commercial kits in the studies above.

There is significantly less literature regarding galectin-3 in pediatric patients as com-
pared to adults. Similar to adults, the galectin-3 concentration has been reported to be
higher in children (median age: 9 years) with chronic heart failure than those (median age:
8.5 years) with normal heart function (9.46 ± 5.43 vs. 1.5 ± 0.66 ng/mL, p < 0.001). The
increased galectin-3 concentration is associated with the severity of heart failure and can
be reduced by spironolactone treatment [38]. The reduction of galectin-3 after spirono-
lactone administration may be related to improvement of heart function. This suggests
that galactin-3 may be used as a marker of disease severity in children with chronic heart
failure and could potentially guide response to treatment in pediatric patients. In terms of
the clinical value of galectin-3 for prognosis prediction in pediatric patients, a prospective
study including 76 children with chronic heart disease has demonstrated that galectin-3
is positively associated with the Ross classification score for pediatric heart failure and
plays an important role in early diagnosis and prognosis prediction [39]. The studies
regarding application of galectin-3 in pediatric patients with heart failure requiring ECLS
are quite scarce compared to adult patient populations and all the studies only evaluate
VAD patients (Table 2).

Table 2. Application of galectin-3 in adult and pediatric patients with heart failure requiring ECLS.

Reference Year Adult/Peds N = Population Major Finding

[17] 2008 Adult 40 VAD
Higher Gal-3 pre implant associated with mortality (n = 15)

compared to bridged to transplant (n = 25) (13.4 + 3.6 ng/mL vs.
9.6 + 5.2 ng/mL, p < 0.02)

[36] 2013 Adult 175 VAD Higher Galectin-3 levels (>17 ng/mL) increased mortality for
low/medium risk VAD patients

[40] 2015 Adult 25 VAD Gal-3 remains elevated after continuous flow VAD placed
[41] 2015 Adult 37 VAD Gal-3 decreases during LVAD support

[35] 2016 Adult 57 VAD Galectin-3 levels >30 ng/mL are associated with lower survival
post-LVAD placement (76.5% versus 95.0% at 2 years, p = 0.009)

[15] 2018 Both 7 adult
12 pediatric VAD Children similar Galectin-3 levels as adults post VAD
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3. sST2

sST2 is a circulating form of suppression of tumorigenicity-2 (ST2) glycoprotein that
is a member of the interleukin 1 receptor family. The ST2 glycoprotein is encoded by
the IL1RL1 gene located in the chromosome 2q12. It serves as the receptor for IL-33, an
IL-1–like cytokine that can be secreted by living cells in response to cell damage [42]. IL-33
exerts its cardioprotective function by reducing cardiac fibrosis and inflammation [43].
sST2 can eliminate this cardioprotective function by acting as a decoy to IL-33 [43] and thus
is considered an indicator of adverse outcome [44] and a prognostic predictor for heart
disease without ECLS [45–47]. Moreover, a pooled study including 1800 elderly patients
who underwent cardiac surgery has demonstrated that a higher sST2 level is a soothsayer
for an increased incidence of cardiovascular events or mortality [48]. The prognostic value
of sST2 in heart failure may benefit physicians by allowing them a way to identify patients
with a high risk of adverse events early in their course of care.

sST2 has been much less studied in ECLS than galactin-3. One study by Tseng et al. [49]
showed that the sST2 level was significantly increased in 95% of adult patients, aged 17 to
68 years before VAD implantation (the median sST2 level was 74.2 ng/mL with the normal
value defined as <35 ng/mL). sST2 then significantly decreased during VAD support and
normalized after 6 months (29.5 ng/mL), with the maximum drop occurring by 3 months
(no significant decrease thereafter). They concluded that the high sST2 levels predicted
poorer outcomes in patients on conventional treatments and was a consequence of end-
stage heart failure. Their data suggest that the sST2 level was a useful parameter to monitor
therapy. However, they failed to show whether high sST2 levels at any timepoint can
predict outcomes post implantation. Similar to galectin 3, there are limited studies (Table 3)
in children and will be discussed in a later section.

Table 3. Application of sST2 in adult and pediatric patients with heart failure requiring ECLS.

Reference Year Adult/Peds N = Population Major Finding

[41] 2015 Adult 37 VAD sST2 decreases during LVAD support

[48] 2018 Adult 38 VAD sST2 elevated in VAD patients and normalized after 6 months; not
predictive of outcomes

[15] 2018 Both 7 adult
12 pediatric VAD sST2 level in children is different than adults following VAD implant

4. Dynamic Changes of Galectin-3 and sST2 in Adult and Children Undergoing ECLS:
Similarities and Differences

As described above, galectin-3 and sST2 have been used alone or concomitantly as
biomarkers in several studies regarding heart failure with or without ECLS [28,31,46].
Galectin-3 and sST2 are similar in that both can reflect severity of myocardial damage
(presumably related to fibrosis) to thereby predict prognosis. However, they act differently
in the development of heart failure. As shown in Figure 1, in response to cardiac injury,
activated macrophages produce galectin-3 which is then thought to regulate phenotypic
change of cardiac fibroblasts from the resting to the activated status [50], whereas sST2
binds to IL33 to block the binding of IL33 to ST2 on cardiomyocytes. Binding of IL33 to
cardiomyocyte membrane ST2 results in the initiation of IL33/ST2 pathway which then
evokes an antihypertrophic and antifibrotic function [51].

Data regarding the similarities and differences of galectin-3 and sST2 between adults
and children at baseline and while undergoing ECLS are extremely limited. To date, only
one study [16] is available to compare the dynamic changes of galectin-3 and sST2 in adults
and children with heart failure requiring VAD. The investigators demonstrated that the
galectin-3 and sST2 from adults and children show a similar trend, climbing up one day
after VAD implant, and plunging down two days after VAD implant and to baseline levels
in 30 days (Figure 2, redrawn based on the data in the study). The circulating level of
sST2 is significantly higher in children than in adults at every time points (Figure 2A). In
contrast, the circulating level of galectin-3 is not different (Figure 2B). These data indicate
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differing responses of galectin-3 and sST2 with VAD implant in children compared to
adults. The changes of galectin-3 and sST2 in day 1 and 2 may be a result of macrophage
activation related to inflammatory processes surrounding surgical implantation of a VAD.
Their differences may indicate varying degree of macrophage activation between children
and adults.

Figure 1. Schematic of possible mechanism of galectin 3 and sST2 in heart failure.

Figure 2. Comparison of sST2 and galectin-3 between adults and children undergoing VAD. Redrawn based upon data
reported in [15]. (A) Significantly higher circulating level of sST2 in children than in adults at every time points; (B) No
difference in the circulating level of galectin-3.

To the best of our knowledge, no data are available to describe the trend and prognostic
value of plasma or serum galectin-3 and sST2 in children or adults undergoing VA-ECMO
for cardiac failure. VA-ECMO use is much more common in pediatric patients than VAD
implantation compared to adults, and this deficit requires further studies to fill this gap of
our knowledge.

5. Feasibility of Using Galectin-3 and sST2 as Prognosticators

The general principles to evaluate feasibility of a biomarker include the following:
(a) it is easily obtained, (b) highly reproducible, (c) it is biologically plausible and (d)
impacts care. Obtaining a blood sample is part of the postoperative routine and does
not involve technically complicated procedures. The measurement of plasma or serum
galectin-3 and sST2 would not be a significant burden to a current clinical protocol. Second,
a biomarker should be scientifically reproducible and financially affordable. The assays for
human plasma/serum galectin-3 and sST2 have been commercially available for clinical
and research purposes [52]. The stability in vitro, biological variation, and reference values
for galectin-3 and sST2 have been previously summarized in a comprehensive review [52]
that demonstrates these 2 biomarkers should be clinically reproducible across laboratories.
Lastly, studies have highlighted the potential role of galectin-3 and sST2 in the prediction
of prognosis in many clinical settings to impact care as discussed above.
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Unlike the traditional biomarkers including natriuretic peptides and troponins, sST2
is relatively independent from age, prior diagnosis of HF, body mass index, ischemic type
of HF, or atrial fibrillation [53]; galectin-3 is thought to reflect myocardial remodeling
and appears to be dynamical biomarker in long-term ECLS. However, galectin-3 is also
associated with various fibrotic conditions (liver and lung) [54,55] and this could be a
potential confounder in developing treatment strategies.

6. Possibility to Use Galectin-3 and sST2 as Indicators to Adjust Medical Regimens or
as Therapeutic Targets

Natriuretic peptide-guided therapy in chronic heart failure has been reported in some
studies with promising outcomes [56–58], whereas other studies have reported uncer-
tain results [59,60]. The controversies suggest inadequate power to draw a conclusion
in biomarker-guided treatment for heart failure. Galectin-3 and sST2 have not yet been
sufficiently studied in guiding treatment in patients with heart failure who receive pharma-
cotherapy, not to mention in patients with heart failure who require ECLS.

As described in Figure 1, galectin-3 is an initiator of the inflammation process in
heart failure. Targeting galectin-3 may be a potential therapy to improve the outcomes
of heart failure. Extracellular and intracellular small-molecule galectin-3 inhibitors (3,3′-
Bis-(4-aryltriazol-1-yl) thiodigalactosides [61] and galectin-3 inhibitor compound 2H [62])
have been investigated [63]. The availability of these inhibitors has laid a foundation for
further study of a targeted treatment of galectin-3. Interestingly, modified citrus pectin (a
dietary supplement) has been used as an inhibiter of galectin-3 to block cardiac injury that
is induced by acute kidney injury via the galectin-3 pathway [64] and may provide an easy
initial molecule for clinical trials.

sST2 concentrations have been used to identify patients with chronic heart failure who
may particularly benefit from β-adrenergic blocker therapy [47]. At cutoff values of sST2
level of 35 ng/mL and with a metoprolol dose of 50 mg daily (defined as a high dose in
the study), patients with low sST2/high-dose BB had the lowest cardiovascular event rate
(0.53 events); those with low sST2/low-dose β-adrenergic blocker, or high sST2/high-dose
β-adrenergic blocker had intermediate outcomes (0.92 and 1.19 events); patients with high
sST2 treated with low-dose β-adrenergic blocker had the highest cardiovascular event rate
(2.08 events).

In terms of a targeted therapy on sST2 itself, no chemical compound serving as a
sST2 antagonist has been reported. Instead, an anti-ST2 mAb has been used to block the
interaction between sST2 and IL33 to release free IL33 [65]. The concern is that the anti-ST2
mAb can block the cell membrane ST2 [66] to thereby suppress the IL33/ST2 pathway that
is considered cardioprotective.

Neither galectin-3 and/or sST2 has been examined as guides for adjusting medical
management for heart failure in pediatric patients, and thus the role of galectin-3 and /or
sST2 as a guide to therapeutic decision-making remains to be established. Additionally,
within the pediatric patient population, the use of galectin-3 and/or sST2 as a biomarker
for risk stratification in children undergoing ECLS with VAD has not been reported, and
the impact of VA-ECMO on galectin-3 and sST2 remains unknown.

7. Conclusions

Undergoing ECLS creates a complex clinical situation with challenges related to early
and accurate prediction of prognosis, particularly in pediatric patients. To distinguish
patients who will improve and those who will not early during ECLS is imperative as would
not only assist the medical team to formulate an optimal care plan but may also provide
a scientific justification to initiate ethical discussions with the patient’s family. Galectin-3
and sST2 have come to prominence as early prognosticators in adult ECLS patients since
other biomarkers (BNP [67], NT-proBNP, TnIc, MR-proANP, proADM, and copeptin [14])
have failed to show significance. To discern the complex differences of biomarkers, further
studies are needed to investigate the use of a single biomarker (galectin-3 or sST2) versus
combined biomarkers (galectin-3, sST2 and/or other markers) which has been done for
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adult with heart failure but not yet for ECLS patient [40,41,68], and sampling at single time
point versus multiple time points in ECLS patients.

Beyond protein biomarkers, circulating microRNAs are emerging as intriguing, pre-
dictive biomarkers for heart failure. These microRNAs are attractive candidates due to
their known biologic roles in reverse remodeling [69,70] and their ability to discriminate
heart failure of different etiologies due to their cell-type specific expression [71]. Akat et al.
demonstrated a significant increase in heart-specific circulating microRNAs in patients
with advanced heart failure that completely reversed 3 months after initiation of VAD sup-
port [72]. This suggests that the decreased levels of circulating microRNAs are associated
with favorable outcomes following VAD support. While no data are available to show a
link between circulating microRNAs and prognosis of heart failure requiring ECLS, the
potential value of circulating microRNAs in predicting ECLS outcomes in the near future
should not be overlooked and requires further investigation in pediatric patients as well.

Based on the currently available published data, we expect that the combined galectin-
3 and sST2 biomarkers, followed serially, will be beneficial in guiding management of
children undergoing ECLS in the future but additional work is needed to identify other
novel biomarkers (e.g., microRNAs), and biomarker response to other forms of ECLS (such
as VA-ECMO) that may serve to improve the care of the pediatric patient population.
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Abstract: Cardiac allograft rejection following heart transplantation is challenging to diagnose. Tissue
biopsies are the gold standard in monitoring the different types of rejection. The last decade has
seen an increased emphasis on identifying non-invasive methods to improve rejection diagnosis
and overcome tissue biopsy invasiveness. Liquid biopsy, as an efficient non-invasive diagnostic
and prognostic oncological monitoring tool, seems to be applicable in heart transplant follow-ups.
Moreover, molecular techniques applied on blood can be translated to tissue samples to provide
novel perspectives on tissue and reveal new diagnostic and prognostic biomarkers. This review
aims to provide a comprehensive overview of the state-of-the-art of the new methodologies in
cardiac allograft rejection monitoring and investigate the future perspectives on invasive and non-
invasive rejection biomarkers identification. We reviewed literature from the most used scientific
databases, such as PubMed, Google Scholar, and Scopus. We extracted 192 papers and, after a
selection and exclusion process, we included in the review 81 papers. The described limitations
notwithstanding, this review show how molecular biology techniques and omics science could
be deployed complementarily to the histopathological rejection diagnosis on tissue biopsies, thus
representing an integrated approach for heart transplant patients monitoring.

Keywords: liquid biopsy; tissue biopsy; EMBs; cardiac rejection monitoring; biomarkers; heart
transplant; microRNA; mRNA; gene expression profiling; exosomes

1. Introduction

The diagnosis of acute and chronic cardiac allograft rejection remains challenging since
rejection often occurs in asymptomatic patients, affecting transplanted patients’ short- and
long-term outcomes [1]. Endomyocardial biopsies (EMBs) continue to be the gold standard
procedure for monitoring and assessing rejection. EMBs were introduced in the cardiac
transplant field about 40 years ago in many centers, first in the US and then worldwide.
Monitoring EMBs for heart transplants is particularly important for post-transplanted
patients, who are subjected to about 14 EMBs during the first year post-transplant [2].
This procedure provides an open window on the myocardium physiopathologic state
but, like many other procedures, is prone to some limitations. First, EMBs are invasive
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procedures associated with some minor unavoidable clinical complications [3]; secondly,
the close correlation between the clinical and histological resolution of rejection is debarred
by interobserver variability and sampling errors [4]. Finally, EMBs, systemically used
for surveillance during the first year after heart transplantation, represent an expensive
medical procedure.

Due to these drawbacks, numerous attempts have recently been made to explore
the possibility of identifying a sensitive and non-invasive approach that might be used in
combination with tissue histology to reduce the frequency of biopsies [5]. Omics approaches
have expanded the number of relevant biomarkers for the diagnosis of allograft rejection [6]
and surveillance mainly in asymptomatic patients [7].

Liquid biopsy plays an essential role in this context with regard to the genomics
and proteomics performed on blood samples, aiming to identify circulating biomarkers
to achieve diagnosis and grading of rejection, bypassing the invasiveness of EMBs [8,9].
Although some of these approaches have already been introduced in several medical
centers as EMB-supporting tools to monitor stable patients and reduce the number of
required biopsies, the clinical implementation of these markers on a large cohort of patients
is still needed. Nevertheless, EMB remains a vital source of graft status information and
its potential has only partially been exploited. A specific research line has focused on
identifying new molecular approaches, such as miRNomics and gene profiling, which
could also be applied to EMBs as supporting technologies to improve and finely dissect
histological and immunohistochemical evaluation, as well as to target pharmacological
therapy [10,11].

This review covers literature from the last decade from the most used scientific
databases, such as PubMed, Google Scholar, and Scopus. Starting from 192 papers, we
excluded from the reviewing process all the studies that involved animal models, reviews,
meta-analysis, and case studies, as well as conference abstracts/reports. We made a few
exceptions however, including for some papers that represent important proofs-of-concept
for novel allograft monitoring. We therefore finally included 81 papers related to clini-
cal studies on cohorts of transplanted patients and molecular approaches performed on
transplanted patients. This review presents the state-of-the-art (Figure 1) of invasive and
non-invasive allograft rejection monitoring in heart transplantation.

 

Figure 1. Overview of invasive and non-invasive approaches in cardiac allograft rejection monitoring.
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2. Liquid Biopsy: Clinical Application

Initially, liquid biopsy was applied in the oncological field for diagnosis, monitoring of
therapy efficacy, and assessment of progression-free survival [12–14]. Researchers defined
it as the analysis of blood and its product to detect cellular and nuclear material derived
from a tumor [15]. Thanks to its capacity to take a genetic picture of the cancer state
“from a few blood drops”, it was proposed both as a companion diagnostic strategy—
but also at the preclinical stage, as a population screening tool—and as a prognostic
factor for outcome [15].Besides this, it showed great potential in other clinical fields,
like post-transplant rejection monitoring in solid organs transplants. Good results have
been achieved with these non-invasive procedures. Some methodologies, such as gene
expression profiling (GEP) [8], which can detect variations in the cell transcript, have
already been applied in the clinical field to monitor stable patients and reduce the number
of EMBs.

2.1. Gene Expression Profiling of the Peripheral Blood Leucocytes

Various international multicenter studies (Cargo, Image, E-Image, and Cargo II) have
investigated the role of the gene expression profiles of the peripheral blood leucocytes as
genomic markers of acute rejection [7–9,16,17]. The first development of such an approach
was an algorithm used to process a panel of 20 genes (selected starting from 252 candidates,
identified through the literature and studies carried out on other transplanted organs).
Eleven out of twenty genes were classifiers that could discriminate between “quiescent”
vs. “moderate/severe rejection” in the validation set. Nine genes were chosen as controls.
The algorithm reached an agreement of 84% in EMBs in patients with the highest grade
of rejection (≥3A), measured according to the International Society for Heart and Lung
Transplantation (ISHLT) classification [18]. Gene analysis converted into a score (0–40) had
a negative predictive value (NPV) of 99.6% in patients demonstrating scores lower than
30 within the first year post-transplantation [8]. The Cargo II study, which included 462
patients, confirmed a GEP score < 34 to identify patients at low risk of rejection, even early
after transplantation [17].

The GEP technology is commercialized as AllopMap and used in many centers in the
US and Europe. Patients at >2 months, >6 months, and >1 year with a score inferior to 20, 30,
and 34, respectively, were defined as low-risk patients not requiring EMBs monitoring [8,9].
This approach has been systematically compared in a clinical setting with standard routine
biopsies in the IMAGE study, comprising 602 patients enrolled between six months and
five years post-transplantation [7] and randomly assigned to the gene-profiling or biopsy
group monitoring. Compared with the routine biopsy group, patients monitored by GEP
did not experience an increased risk of severe adverse outcomes [7]. Notably, the study
resulted in significantly fewer EMBs. The EImage (Early Image) study [16] evaluated
the sensitivity of GEP technology during the early stage of monitoring (<6 months post-
transplantation). Sixty patients were randomly assigned in a 1:1 ratio again to either the
GEP or the EMB groups. The threshold for a positive GEP result was set at ≥30 for patients
two to six months and ≥34 for patients six months post-transplantation. Although EImage
included a small cohort of relatively low-risk patients on lower doses of corticosteroids
(<20 mg), the study showed the safety and efficacy of GEP blood testing as an alternative to
routine biopsies within 55 days following cardiac transplantation. There were no significant
differences for primary endpoints (death, renewed transplant, hemodynamic compromise,
left ventricular ejection fraction, and graft dysfunction) between patients followed-up with
Allomap or EMBs [16].

Additionally, novel biomarkers can be assessed by implementing high-throughput
transcriptomics profiling assays without a bias of the target selection on whole-blood sam-
ples collected during the EMB monitoring procedure. In this framework, the HEARTBiT
initiative, a Canadian multicenter prospective study aimed at improving the non-invasive
diagnostic performance of acute cellular rejection (ACR) events at an early stage post-
transplant (during the first two months) through transcriptome profiling of nine mRNA
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transcripts, quantified using NanoString nCounter technology. HEARTBiT achieved a
comparable diagnostic performance of non-invasive diagnostic tests currently available in
clinical practice with area under the curve (AUC) values of 0.70 (95% CI, 0.57–0.83) and
0.69 (95% CI, 0.56–0.81) and with the expectation of overcoming AlloMap’s limitation to
application within 55 days post-transplant [19]. A pilot clinical validation study, estimating
the robustness and limitation of the previous work, assessed the potential clinical efficacy
of HEARTBiT profiling. A promising linear relationship of HEARTBiT’s molecular profile
with ACR diagnosis was highlighted, as well as the necessity of future longitudinal and
large-scale trials [20].

The Canada-wide trial applied the GEP approach, using whole blood as starting
material from patients before transplantation and from three years post-transplantation.
From 1295 differentially expressed genes between subjects with acute rejection (ISHLT
Grade > or = 2R) and no rejection (Grade 0R), a 12-gene biomarker panel, classifying
validation samples with 83% sensitivity and 100% specificity, was identified [21]. Hollander
et al. expanded and refined the 12-gene biomarker panel with a more heterogeneous cohort
of cardiac transplant patients, collecting samples between one week and six months post-
heart transplant [22].

Moayedi and colleagues undertook a risk evaluation of the use of GEP in monitoring
acute cellular rejection and taking into account the outcomes of the AlloMap® Registry
in a prospective observational multicenter study [23]. They assessed short and long-term
clinical outcomes in patients that received GEP for routine rejection surveillance after heart
transplantation in a cohort of 1504 patients with 7969 clinic visits and records. Despite
the limitation of possible selection bias in the study’s inclusion criteria, survival outcomes
in contemporary heart transplant patients managed with GEP as an ACR surveillance
strategy are promising [23].

Using gene-based transcriptional signaling in peripheral blood mononuclear cells
in 44 patients, Mehra and Benitez reported that patients could be segregated into low,
intermediate, and high risk for future rejection subsets [24]. The informative identified
genes represented several biologic pathways, including T-cell activation (PDCD1), T-cell
migration (ITGA4), mobilization of hematopoietic precursors (WDR40A and microRNA
gene family cMIR), and steroid-responsive genes such as IL1R2, the decoy receptor for
IL-2 [24].

2.2. Cell-Free DNA

Donor-derived cell-free DNA (dd-cf-DNA) is the DNA of donor origin in heart trans-
plant recipients’ blood. During cellular and antibody mediated rejection, in the setting
of myocyte necrosis and apoptosis, a more significant amount of dd-cf-DNA from the
damaged graft is released into the blood. The detection of dd-cf-DNA is straightforward
in female recipients receiving a male donor graft, undertaken by targeting the Y chro-
mosome [25]. A molecular technique that facilitates the identification of graft-derived
DNA regardless of the sex of the transplant donor or recipient is shotgun sequencing.
This approach is based on sequencing cell-free circulating DNA fragments and exploiting
single nucleotide polymorphisms (SNPs) genotyping information to differentiate between
donor- and recipient-derived sequences. Hence, this method can identify and quantify
circulating dd-cf-DNA and, during computational alignment performance, discriminate
human dd-cf-DNA from microbial DNA and other erroneous material [26–28]. Based
on this method, Snyder and colleagues introduced a new way to discriminate between
donor and recipient DNA molecules, according to which increased dd-cf-DNA levels in
recipients after transplantation may suggest the onset of rejection [28]. In patients expe-
riencing acute rejection, augmented dd-cf-DNA assessed by SNPs can occur up to five
months before detection on biopsy [26], indicating the potential for early diagnosis. One
potential limitation using this approach is the difficulty in distinguishing graft damage
due to antibody-mediated rejection (AMR) versus acute cellular rejection, implying the
need for supporting follow-up tests to tune therapeutic approaches accordingly. Moreover,
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the complexity and cost of analyses limit its application as a clinically relevant surveillance
tool. Finally, dd-cf-DNA’s targeted quantification requires genotyping of both recipient
and donors, which is suitable for bone marrow and kidney transplantation but not always
possible for heart transplantation. Sharon and colleagues recently addressed this issue
by elaborating an algorithm that estimates dd-cf-DNA levels in the absence of a donor
genotype [29]. This analysis was applied in a large, prospective, multicenter clinical trial,
including patients with both ACR and AMR who received a heart transplant (HT) at least
55 days before enrolment [30]. Dd-cf-DNA testing detected acute rejection with an area
under the curve of 0.64 and provided an estimated NPV of 97.1% and positive predictive
value of 8.9%. The limitation of genotyping donors was also addressed by North et al.,
who proposed a highly sensitive and quantitative multiplexed PCR test for 94 highly
informative bi-allelic SNPs [6].

North et al. developed a multiplexed allele-specific quantitative PCR method capable
of the early detection of mild ACR (ISHLT 1R) in addition to higher grade ACR (ISHLT
2R and 3R), AMR, and graft vasculopathy. Using a specifically defined cut-off, the assay’s
clinical performance characteristics included an NPV of 100% for grade 2R or higher
ACR, with 100% sensitivity and 75.48% specificity. This test’s analytical validity facilitates
conservative stratification of the probability of moderate to severe ACR as a potential
companion tool for EMB in reducing the incidence of invasive biopsies, following the
patients’ response to therapy [6].

A recent multicenter prospective blinded study investigated the value the ratio of cf-
DNA specific to the transplanted organ, referring to the total amount of cf-DNA present in
a blood sample to estimate cardiac allograft rejection. With a statistically optimized cut-off,
the authors improved the dd-cf-DNA performance, reaching an NPV > 90.9% for ACR and
> 99.7% for a higher grade of rejection, showing its potentiality as a novel surveillance tool
thanks to its association with acute allograft rejection and a clinically applicable threshold
both in adults and pediatric transplanted patients [31]. They demonstrate the feasibility
of their model in detecting injury to the donor organ and as a potential clinical biomarker
for AMR, elucidating new frontiers of investigation to reach statistical significance in this
rejection spectrum.

Despite the recent improvement of the dd-cf-DNA technique and its advantages
in non-invasive monitoring, there are still some limitations with regard to dd-cf-DNA.
Concomitant kidney and liver disease, not a rare situation in heart-transplanted patients,
may affect cell-free DNA clearance and may lead to an underestimation of allograft injury.
Moreover, the dd-cf-DNA assay could be further limited by the long labor processing time
and especially by the need for genotyping [32].

2.3. High-Sensitive Troponins

Cardiac troponins are well-known non-invasive tests used as reliable biological mark-
ers for several cardiovascular diseases. They have been investigated and implemented
in clinical practice during the last decade. Cardiac troponins are sarcomeric structural
proteins released in the bloodstream due to cardiomyocyte disruption, typically during
moderate and severe ACR [33].

Myocyte damage is a mandatory pathological index of ACR for both moderate and
severe events. Therefore, it has been evaluated as a potential biomarker of allograft
rejection, with the aim of identifying a cutoff value for diagnosis and/or exclusion of ACR
to rationalize EMB [33–35].

Recently, Erbel and coworkers established a high-sensitive troponin serum cutoff level
of 33.55 ng/l capable of predicting death at 12 months after transplant with a sensitivity
of 90.91% and a specificity of 70.97%. Besides this, survival at five years was significantly
improved in patients with values below the cutoff [36]. However, contradictory results
exist that show no association between allograft rejection and cardiac troponin levels [37],
suggesting that high-sensitive cardiac troponin cannot be currently recommended as a tool
to monitor rejection.
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2.4. T-Cell Function

A key event in graft rejection is the activation and proliferation of the recipient’s lym-
phocytes, particularly T cells, which are detrimental to the long-term transplant outcome.
Pharmacodynamic monitoring by direct measurement of T-cell activation and proliferation
can therefore personalize immunosuppression.

The CD4 cell stimulation assay is a technology used to measure cell-mediated im-
munity and early response to stimulation by detecting intracellular adenosine triphos-
phate(iATP) synthesis in CD4+ cells selected from the blood by monoclonal antibody-coated
magnetic beads. ATP can be measured by the firefly luciferase system and an assay to
monitor iATP in CD4+ cells [38]. The CD4 cell stimulation assay has been approved by
the US Food and Drug Administration to be applied on solid organ transplantation [38].
The assay has been used to detect iATP level released by activated CD4+ cells and their cor-
relation with the risk of rejection or infection [38]. The significance of iATP measurement in
CD4+ cells predicting acute rejection and infection is currently under investigation because
different studies have found contradictory results. A published meta-analysis incorporat-
ing multiple organ transplants concluded that iATP monitoring is not suitable to identify
individuals at risk of rejection or infection [39]. A drawback from the analytical standpoint
is that the assay is a time-consuming, indirect cell function test requiring stimulation and a
cell isolation step. Furthermore, all the studies analyzed by Ling and colleagues presented
an important bias in sample selection: the numbers of rejection and infection episodes were
too small to perform a robust correlation [39]. Clinical trials must generate new evidence
to support the appropriate interpretation of the results.

2.5. Donor-Specific Antibodies

Following the consensus guidelines on the testing and clinical management issue
with regard to human leukocyte antigen (HLA) and non-HLA antibodies in 2013 [40], an
international consensus conference was organized in 2016 by the ISHLT to discuss current
practices for detecting and quantifying circulating antibodies and validating the efficacy of
therapeutic approaches [41]. Scientists agreed that equivocal results still exist with regard
to the best practices for identifying antibodies of clinical relevance and their treatment.
Solid-phase assays, such as the Luminex SAB assay, have been recommended to detect
circulating antibodies [41]. Patients with a panel reactive antibody (PRA) <10% or donor-
directed antibodies at the time of transplantation are at risk for suboptimal outcomes post-
transplantation. The above-mentioned consensus conference recommended performing
post-transplant monitoring for donor-specific antibodies (DSAs) at 1, 3, 6, and 12 months
post-surgery [42]. For monitoring after 12 months post-surgery, the consensus supports a
yearly follow-up, except for high-risk patients, who require stricter surveillance.

2.6. Emerging Biomarkers: Micro RNA, mRNA, Exosomes, and Microvesicles
2.6.1. RNA

Various RNA molecule classes, such as protein-coding messenger RNAs (mRNA),
small non-coding RNAs, long non-coding RNAs (lnc-RNAs), and other non-coding RNA
molecules, have been associated with disease phenotypes, raising their potential as mini-
mally invasive biomarkers [43,44].

lnc-RNAs are autonomously transcribed RNAs, usually longer more than 200 nu-
cleotides, affecting significantly gene expression, e.g., with regard to chromatin regulation
and T and B cells functions and differentiation. Recently, Gu and colleagues demonstrated,
in a mouse model of heart transplantation, that lnc-RNAs regulate Th1 cell response during
graft rejection. In this study, they compared the mRNA and lnc-RNA profiles of heart grafts
and graft infiltration lymphocytes in both syngeneic and allogenic murine transplanted
groups. They not only showed that A930015D03Rik and mouselincRNA1055 are highly
upregulated during transplant rejection but also that they are associated with Th1 cell
response through the regulation of IL12Rb1 expression. Moreover, they tested, in kidney
transplanted human samples, two human lnc-RNAs expression, matching A930015D03Rik
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and mouselincRNA1055 separately, proving their increased expression in kidney transplant
rejection samples rather than controls. This study provides a valuable proof-of-concept:
lnc-RNAs can be used as innovative ACR biomarkers and potentially implemented in
clinical monitoring of acute rejection episodes [44].

MicroRNA (miRNA) are small non-coding RNAs that play a role in gene expression
regulation by targeting mRNA. Some miRNA are tissue- and cell-type specific and their
expression level is linked directly to the pathophysiological state of organs. Extracellular
circulating miRNA might be able to give us a “snapshot” of the patient’s current health state,
thanks to their stability and the possibility of repeating and reproducing the measurement
of their levels, which can also be undertaken using multiple frozen/thawed serum/plasma
samples. For these reasons, miRNAs are suitable as non-invasive biomarkers, with several
groups evaluating their diagnostic and predictor potential for allograft rejection monitoring.

In transplantation and allograft rejection monitoring, two main approaches were
followed: in some studies, the authors focused on the analysis of single miRNA, while in
others, they chose to analyze a group of different miRNAs that enabled them to define a
characteristic pattern and pathway.

In 2013, Dewi and colleagues conducted a small pilot study to assess the potential of
using serum miRNAs as acute rejection biomarkers. They investigated ten heart transplant
patients, comparing serum miRNA expression levels before, during, and after rejection
episodes. The analysis revealed that the levels of seven miRNAs increased during rejection.
Among these, only miR-326 and miR-142-3p showed acceptable AUC values (0.86 and
0.80, respectively) (Table 1), demonstrating significant discrimination between normal
and pathologic features [45]. A second study by the same authors validated the selected
miRNAs in a different and more extensive cohort of patients with histologically verified
acute cellular rejection (n = 26) and a control group of heart transplant recipients without
allograft rejection (n = 37). The diagnostic performance in discriminating rejection vs.
absence of rejection in patients using miR-142-3p and miR-101-3p revealed an AUC– ROC
(Receiver Operator Characteristic) of 0.78 and 0.75, respectively [46]. Despite the more
extensive and independent cohort, the numerosity was still limited, and the authors could
only discriminate ACR from no-rejection status but not identify the AMR cases. However,
despite this limitation, this study demonstrated that the use of circulating miRNAs in acute
cardiac rejection monitoring could be beneficial [46].

Duong Van Huyen and colleagues adopted a different approach, demonstrating that
miRNAs expression is regulated both on tissue and on serum. They assessed the level of 14
different miRNAs on EMBs, of which seven were differentially expressed between normal
and rejecting EMB specimens. After that, the seven miRNAs were analyzed in patients’
sera, collected at identical EMB time points [47]. The analysis showed that miR-10a, miR-
31, miR-92a, and miR-155 discriminated accurately between patients with and without
rejection, with good yield in the external validation cohort (miR-10a AUC = 0.981, miR-31
AUC = 0.867, miR-92a AUC = 0.959, and miR-155 AUC = 0.974) [47].

Moreover, these four miRNAs facilitated the potential discriminating issue both for
ACR and AMR vs. non-rejection status. However, the study was limited by the lack of an
unselected prospective cohort to test miRNAs and the literature-based preselection of the
miRNAs tested [47].

As showed by Van Aelst et al., miRNAs have potential as therapeutic targets for ACR.
In their study, through a comparison between miRNA and mRNA expression profiles in
human and mouse hearts, they identified a common signature that enabled the discrim-
ination of rejecting and non-rejecting grafts. Hence, they demonstrated that miR-155 is
overexpressed in ACR and can be a candidate target for novel therapeutics. Furthermore,
they showed in a mouse model that both the knockout and the pharmacological inhibition
of miR-155 delay the graft failure by reducing inflammatory infiltrate. Despite some limita-
tions, this study highlighted the potential dual role of miRNAs not only as biomarkers but
also as novel therapeutic targets [48].
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2.6.2. Extracellular Vesicles

Extracellular vesicles (EVs) are nanospherical membranes formed by a lipid bilayer
embedded with transmembrane components, such as proteins, cholesterol, and saccharides.
They envelop cytosolic proteins and nucleic acids. Based on biogenesis and size, EV
classification includes exosomes, microvesicles, and apoptotic bodies. Exosomes ranging
in size between 40 and 150 nm are formed and stored within subcellular compartments
termed multivesicular bodies (MVBs). They are released from cells into the extracellular
space upon fusion between MVBs and the cell membrane. MVBs or microparticles in the
range of 100 to 1000 nm are derived from plasma membrane budding [49–51].

EVs act as vectors of biological information by transferring their content to target
cells under basal conditions and in pathological settings. They are emerging as promising
biomarker candidates for several reasons. Primarily, this is because EVs can be isolated from
peripheral blood through minimally invasive sampling. Furthermore, cells that form tissues
finely modulate the sorting of proteins, lipids, and nucleic acids into secretory vesicles
in response to specific pathophysiological conditions [52]. Consequently, enrichment in
vesicle fractions appears to provide additional diagnostic value in terms of sensitivity
and specificity compared to analyses performed on unfractionated body fluids [53]. This
enrichment may overcome the limitation of detecting biomarkers circulating in very low
concentrations, usually below the test sensitivity routinely used in clinical practice. Our
recent study analyzed the phospholipid content of vesicles, demonstrating a specific
signature enabling differentiation between patients who underwent myocardial infarction
and controls. However, analysis in whole unfractionated plasma resulted in the loss of the
specific signature [53].

Vesicles from platelets, endothelial cells, monocytes, and leukocytes form the major
component within the circulating exosomal fraction [54]. Furthermore, they are involved
in immune responses, inflammation, and coagulation processes [55–57]. Hence, acute and
chronic conditions affecting an altered inflammatory response are often associated with a
systemic release of EVs containing specific proteins, nucleic acids, and/or lipids, conveying
a distinct signature that is potentially relevant as a biomarker [56,57].

In this context, circulating EVs might represent a non-invasive tool for monitoring
early post-transplant inflammatory responses in heart transplant recipients, supporting
EMBs. We recently proposed and validated a protocol to characterize the surface antigens
of circulating vesicles and assess their diagnostic performance in evaluating acute cardiac
allograft rejection [58]. The application of a rapid standardized fluorescence bead-based
multiplex assay combined with a supervised machine learning approach facilitated the
accurate discrimination of patients with allograft rejection compared to patients without
rejection. Moreover, we retrospectively confirmed the EMB-based diagnosis of the different
cardiac rejection types, with a sensitivity and specificity of 100% and 85.7%, respectively.
Given the high diagnostic performance, low cost, and relative usability, this method is
highly promising for the characterization, monitoring, and prediction of allograft rejection,
potentially reducing the number of EMBs required [58].

Kennel and colleagues performed proteomic analysis by liquid chromatography with
tandem mass spectrometry on serum-derived EVs collected from cardiac transplant re-
cipients without rejection, with ACR, and with AMR [59]. Based on relatively complex
methods and instruments that analyze the entire protein content, the study demonstrated
the predictive and prognostic value of EVs as biomarkers.

The significance of EVs as predictive and diagnostic biomarkers of rejection is even
more promising because, besides their role as measurable indicators of distinct biological
conditions [60], EVs hold functional biological characteristics in immune response mod-
ulation, thus providing consistency as tools to monitor the allograft status and improve
post-transplant outcomes [60]. EVs display Major Histocompatibility Complex (MHC) class
I and II, as well as adhesion and costimulatory molecules, resembling the role of antigen-
presenting vesicles for allospecific T-cell activation [61]. In a murine heart transplant
model, exosomes from mature dendritic cells (DCs) mediated their endocrine signaling by

238



Biomolecules 2021, 11, 201

migrating to the regional lymph nodes. This process facilitated acute rejection by activating
T cells, thus amplifying the effect of the limited number of donor DCs present in the trans-
planted organ [62]. In a mechanism implying contact-dependent signaling, MHC peptides
carried on the EV surface derived from mature DCs efficiently primed T cells [63], playing
a role in inducing tolerance in a fully MHC-mismatched rat cardiac allograft model [64].
A further indirect mechanism has been described for follicular DCs unable to synthesize
MHC class II proteins. These cells passively acquire the complex by capturing circulating
MHC class II-expressing EVs, presenting them to T cells as a vesicle-composed wreath [65].
In this case, DCs enhanced the stimulatory capacity of EV and the presence of cell-to-EV
binding is critical to stimulate specific T cells efficiently [61–66]. Following these findings,
which suggest that donor vesicles may play a role as exclusive sources of donor MHC
for T-cell activation, Habertheuer et al. recently showed that transplanted hearts release
donor-specific EV. In a murine model of a heterotopic heart transplant, the cardiac allograft
released a distinct pool of donor MHC-specific EVs into the recipient circulation. The signal
peaked during early acute rejection with high accuracy [67], enabling the developing of a
highly specific and sensitive biomarker platform for allograft monitoring [67,68].

Finally, Sharma et al. recognized cardiac myosin and vimentin as tissue-restricted
self-antigens that are detectable on the surface of circulating EVs and are associated with
primary graft dysfunction [69]. Hence, the above-cited mechanisms are consistent because
the transplanted heart is a vascularized organ at the time of placement and donor vesicles
released may leak through the vascular endothelium and be trafficked into the hosts’
bloodstream.

3. Tissue Biopsy for Molecular Tests

The liquid biopsy is a very attractive non-invasive source of information for monitor-
ing post-heart transplanted patients. However, the opportunity offered by the utilization
of tissue biopsy for molecular tests remains pivotal. Different groups have tried to identify
new biomarkers in EMBs to improve the diagnosis of rejection. EMB is the gold standard
in monitoring cardiac rejection. Generally, the pathologists assess the inflammatory infil-
trate and the myocardial injury through histological and immunohistochemical evaluation.
This approach makes it possible to define and grade the rejection but also to modify the
pharmacological therapy. Thus, EMB is an important source of information about a graft’s
status, but its potential has only partially been exploited. The opportunity to investigate the
rejection mechanisms directly on the tissue offers new insights into the cellular interactions
and graft injury evolution over time. Different groups have tried to apply new technologies
to understand the molecular pathways involved in rejection, assess the cardiac allograft
status, and define new biomarkers to ameliorate the rejection diagnosis on biopsy tissue.

3.1. MicroRNA on Tissue

As discussed above, miRNAs are non-coding regulative molecules in numerous
signaling pathways also involved in pathophysiological disorders. The investigation
of miRNA expression on cardiac tissue could help in the characterization of rejection
events [70].

Recently, we defined an miRNA signature to discriminate ACR, AMR, and mixed
rejection (MR) on formalin-fixed and paraffin-embedded (FFPE) EMB specimens through
next-generation sequencing (NGS) and reverse transcription quantitative polymerase
chain reaction (RT-qPCR). Using logistic regression analysis, we created unique miRNA
signatures as predictive models of each type of rejection. More than 2257 mature miRNAs
were obtained from all EMBs. Each of the three rejection types showed a different miRNA
profile. The logistic regression model formed by miRNAs 208a, 126-5p, and 135a-5p
identified MR, whereas ACR was identified by the miRNAs 27b-3p, 29b-3p, and 199a-3p.
In contrast, AMR was identified by the miRNAs 208a, 29b-3p, 135a-5p, and 144-3p [10].

Another interesting work by Nováková and colleagues aimed to identify miRNAs
dysregulated on FFPE EMB specimens during ACR [11]. The authors used a stepwise
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backward regression method and three principal component analyses (PCA) to create an
ACR SCORE model. This model uses the levels of 11 miRNAs (miR-144, -589, -146, -182,
-3135b, -3605, -10, -31, -17, -1273, -4506), detected in EMBs through RT-qPCR, to assign an
ACR SCORE to the specimens. If the score is above the defined cut-off value, the authors
defined ACR as present with a specificity of 91% and a sensitivity of 68% [11].

Furthermore, the RT-qPCR validation of the 11 miRNAs, previously identified in EMBs
through NGS, confirmed that miR-144, miR-589, and miR-182 are statistically significantly
altered during rejection [11].

As stressed by Nováková et al., a remarkable limitation of studies focused on the use
of microRNA as biomarkers is the lack of uniformity (Table 1). Many studies demonstrated
that miRNAs are eligible biomarkers of disease; however, they were not unanimous in
identifying a unique miRNA or miRNA signature applicable in clinical practice. Various
methodological factors could be the source of this heterogeneity, e.g., the different protocols
for RNA isolation and analysis or the nature of the EMB specimens, which incorporate many
different cell types (cardiomyocytes, lymphocytes, fibroblast and endothelial cells) with
different cell-specific levels of miRNA expression. Furthermore, patients’ comorbidities
and personalized immunosuppressive therapy impact the cohort variability included in
multiple studies, leading to a lack of consistency [11].

3.2. Molecular Microscope

The molecular microscope, first developed for kidney transplantation (KT), uses
rejection-associated transcriptome (RAT) profiling of known kidney biopsies as a reference
to generate an automated, objective, and quantitative report to offset intercenter varia-
tion [71]. Halloran and colleagues proposed this as a new method to also assess rejection in
EMBs. A direct comparison of this system with EMBs guided the development of a molec-
ular microscope heart diagnostic system called the Heart Molecular Microscope Diagnostic
System (MMDx-Heart), a microarray-based technology used to evaluate the molecular
status of tissue [72]. This approach relies on the hypothesis that the inflammatory lesions
and molecular alterations of heart allograft rejection act similarly to KT, closely correlating
histologic features of EMBs and KT biopsies [72].

An unsupervised PCA was performed based on RAT expression scores in the 1208
indication kidney biopsies and the 331 EMBs and three archetype scores were assigned in
EMBs corresponding to histologic T cell-mediated rejection (TCMR), antibody-mediated re-
jection (ABMR), and no rejection (NR) groups. Combining the best performing probes, they
achieved AUC–ROC values of 0.78, 0.65, and 0.81 for NR, TCMR, and ABMR archetypes, re-
spectively [72]. These results showed that this system has a lower sensibility for EMBs than
for kidney biopsies and a higher disagreement level between molecular and histopathologic
assessments. According to the authors, this last point reflects the higher interpathological
disagreement for EMB assessment highlighted by the Cargo study, particularly for cellular-
mediated rejection [72]. Moreover, the authors suggested that the molecular discrepancy
observed in TCMR diagnosis could be due to the Quilty effect’s presence and that the
further investigation of its molecular similarities with TCMR could be very enlightening.
Overall, this study demonstrated that molecular tissue analysis reflects the complexity
of EMB assessment, with further investigations required to overcome the present limita-
tions [72].

3.3. MRI for Non-Invasive Monitoring in Tissue

At the tissue level, graft rejection presents infiltrative inflammatory cells with an
expansion of the extracellular space and necrosis. These morphostructural changes have
been investigated in several studies with a cardiovascular magnetic resonance (CMR)
methodology, enabling non-invasive imaging with qualitative and quantitative tissue char-
acterization. CMR can evaluate histopathologic changes due to rejection, associated with
distinct myocardial T1 and T2 relaxation times [73]. Using a multiparametric sequential
approach, by combining basal T2 mapping with the basal extracellular volume fraction,

240



Biomolecules 2021, 11, 201

improved diagnostic accuracy for transplant rejection can be achieved [74]. Therefore,
a multisequential CMR examination could operate as a non-invasive tool for excluding
subclinical ACR in heart transplant patients [75].

3.4. Gene Expression Profile in the Tissue

The value of myocardial GEP for diagnosing and identifying the predictive biomarkers
of ACR was evaluated in the GET study by Bodez and Damy in 36 EMBs in 30 patients [72].
They demonstrated that the cardiac gene expression profiles of EMBs only partly matched
the histological grading system, suggesting that cardiac GEP may provide earlier and more
sensitive performances in diagnosing ACR and can be used as an early screening test for
ACR [76].

GEP for the identification and classification of antibody-mediated heart rejection was
evaluated by Loupy et al. In 110 patients [77]. The authors applied a combination of multi-
dimensional molecular assessments to extensive phenotyping allograft biopsies to charac-
terize anti-HLA antibodies and cellular models, demonstrating that antibody-mediated
rejection in heart transplantation is driven mainly by the natural killer burden [77].

Using the NanoString nCounter technology, the expression of a set of 34 literature-
derived genes reflecting the molecular correlates of antibody-mediated injury in 106 FFPE
EMBs for a training cohort and 57 EMBs for a validating cohort was evaluated in a re-
cent study by the Edmonton group [78]. The gene set selected by the authors for AMR
profiling revealed a good diagnostic accuracy (approximately 70%) in identifying AMR
positive cases vs. negative ones, with a sound correlation with other diagnostic methods
routinely applied, such as histopathology, anti-HLA DSA, and C4d immunohistochemistry.
However, the gene set was unable to differentiate pathological AMR1(I+) from ACR and
normal controls, raising the question of the real value of this histopathological grade,
which, according to their results, appears more similar to ACR than to AMR [79]. This
very promising study highlights the need for a larger cohort of patients but also more
importantly for the identification of a new set of genes capable of differentiating between
AMR and other non-immunologic endothelial injuries [78].

Intragraft gene expression studies can highlight the functional status of the trans-
planted organ. Arteriolar vasculitis in EMBs may be pivotal in identifying high-risk
episodes in transplant recipients. Gene expression analysis could help in understanding
alterations in genes profile associated with vasculitis, affecting the heart allograft’s survival
in long-term transplantation. From this perspective, Lin-Wang et al. conducted a retro-
spective study of 300 FFPE EMBs of 63 patients to determine the incidence of vasculitis
and its association with ACR, AMR, and cardiac allograft vasculopathy. This study per-
formed a gene expression analysis of the chosen transcript involved in inflammation and
vascular function as evaluated by q-PCR. Their results showed that vasculitis carried worse
prognostic outcomes [80].

4. Conclusions

Allograft rejection is a life-threatening complication of organ transplantation. Its
monitoring is a fundamental step in the post-transplant follow-up.

EMBs remain the gold standard for cardiac allograft monitoring; however, the per-
ceived need to complement the histological examination of the tissue with molecular
approaches has led to the development of several molecular approaches to implementing
diagnosis.

Indeed, the histological evaluation of cardiac tissue assesses the allograft’s inflam-
matory status; nevertheless, EMBs represent such valuable in vivo tissue that much more
information needs to be retrieved from them than just the information about the inflamma-
tory status.

Omics may improve comprehension of the allograft’s pathophysiological feature and
provide pathologists and clinicians with new insights related to the graft that help in devel-
oping a personalized therapeutic approach for better management of transplanted patients.
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The application of several molecular techniques on cardiac tissue represented a starting
point for a new era of allograft rejection diagnosis. As discussed above and described in
the evaluated research (Table 1), many studies demonstrated that comprehension of the
rejection process is still limited. Research must go on to dissect it. Like any invasive proce-
dure, EMBs can cause some complications and counterbalancing these negative aspects
has been researchers’ primary intent for years. Many non-invasive approaches have been
designed and tested in clinical trials in the hope of identifying an alternative diagnostic tool
for rejection monitoring. Several cutting-edge methods that rely on liquid biopsies have
implemented procedures and clinical applications that provide the most comprehensive
patient heart transplant snapshots. Recent efforts in the transplant research field have also
applied these novel methods to the tissue to combine different information from various
resources.

Table 1. Emerging biomarkers in the diagnosis of allograft rejection after heart transplantation.

Study Diagnostic Tool
n. of

Patients
Area Under the

Curve
Sensitivity

(%)
Specificity

(%)

Pham MX. 2010
[7]

GEP of peripheral specimen (randomized controlled
trial: Image study) 602 Not inferior to EMB

Deng MC. 2006
[8]

GEP of peripheral blood leucocytes (11-gene real
time PCR: Cargo study) 170 0.686–0.914 75.8 * 41.8 *

Di Francesco A.
2018 [10]

Tissue microRNAs (combination of miR-208a-5p,
-126-5p, -135-5p) 33 0.951–1.000 83.3 95.8

Nováková T.
2019 [11]

Tissue microRNAs (combination of miR-144, 589,
146, 182, 3135b, 10, 31, 17, 1273, 3605, 4506) 38 0.72–0.96 68 91

Kobashigawa J.
2015 [16]

GEP of peripheral specimen (randomized controlled
trial) 60 Not inferior to EMB

Crespo-Leiro
MG. 2016 [17]

GEP of peripheral specimen (observational study:
Cargo II study) 462 0.690–0.700 86.4 * 46.5 *

Shannon CP,
2020 [19]

Whole blood transcriptome profile (nine mRNA
transcript Nanostring nCounter) 177 0.69 | 0.70 89 47

Lin D. 2009 [21] Whole blood genomic profile (12-gene biomarker
panel) 28 N.A. 83.0 100.0

Hollander Z.
2010 [22]

Whole blood genomic profile (Affymetrix Human
Genome U133 Plus 2.0 chips) 31 0.600–0.830 N.A. N.A.

De Vlaminck I.
2014 [26]

Quantification of circulating cell-free donor-derived
DNA 65 0.830 58.0 93

Khush KK.
2019 [30]

Quantification of circulating cell-free donor-derived
DNA 676 0.64 44.0 80

Richmond ME.
2020 [31]

Quantification of donor fraction of cell-free DNA
(0R vs. ≥ 1R) 174 0.86 80 88

Sukma Dewi I.
2013 [45]

Identification of single serum microRNA (miR-326,
miR-142-3p) 10 0.800–0.860 N.A. N.A.

Sukma Dewi I.
2017 [46]

Identification of single serum microRNA
(miR-101-3p, miR-142-3p) 63 0.750–0.780 N.A. N.A.

Duong VH JP.
2014 [47]

Identification of single serum microRNA (miR-10a,
-31, -92a, -155) 113 0.867–981 * N.A. N.A.

Castellani C.
2020 [58]

Characterization of circulating extracellular vesicles
surface antigens 90 0.727−0.939 100.0 * 85.7 *

Kennel PJ. 2018
[59] Serum exosomal protein profiling 48 N.A. N.A. N.A.

Halloran PF.
2017 [72]

Microarray-based molecular microscope (MMDx
System) 221 0.650–0.810 N.A. N.A.
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Table 1. Cont.

Study Diagnostic Tool
n. of

Patients
Area Under the

Curve
Sensitivity

(%)
Specificity

(%)

Bodez D. 2016
[76]

GEP of myocardial tissue (combination of
15 genes—the GET study) 30 N.A. 100.0 100.0

Loupy A. 2017
[77] GEP of myocardial tissue (four different gene sets) 110 0.800–0.870 * N.A. N.A.

Afzali B. 2017
[78] GEP of myocardial tissue (three different gene sets) 163 0.778 * 46.5 * 80.0 *

* Performance at validation. N.A., not assessed; GEP, gene expression profiling.

Approaches for defining the specific signature of circulating EVs from liquid biop-
sies show promising results but require further studies to validate their robustness and
reliability through large-scale trials introduced in clinical practice.

Despite their contributions to highlighting novel and not-yet-investigated points of
view in heart allograft rejection monitoring, the studies cited in this review share several
common limitations: the relatively limited size of the patient cohorts and the lack of
convergence towards a standard molecular profile of cardiac rejection. The GEP, CARGO,
and IMAGE projects have overcome these issues. Their genetic approach can be proposed
as a companion tool in diagnosis to reduce the number of EMBs performed. These kinds of
processes often leverage sophisticated technologies not yet available for a large segment of
transplanted patients.

Hence, the potential of genomics and transcriptomics is well-recognized and the
identification of a transcriptome profile without a bias of selection could help in the
definition of a shared panel of biomarkers for both the recognition of rejection and the
discrimination between ACR, pathological AMR, MR, infections, and other injuries [18,79].

It is therefore crucial to recognize the need for wide-ranging studies, clinical exploiting
the potential of big data analysis and machine learning techniques. As seen in the prediction
system for kidney allograft loss in the iBox study [81], there is a raised awareness with
regard to the personalization of follow-up procedures and therapies for future heart
transplanted patients.

The improvement of novel molecular approaches in tissue and liquid biopsies shows
promising results that require further studies to validate their robustness and reliability
through large-scale trials introduced in clinical practice. Even though liquid biopsy cannot
wholly replace EMB, these two diagnostic approaches can be combined in clinical practice.

The synergic power of these two approaches can increase the accuracy of cardiac
allograft rejection diagnosis. Defining the most effective rejection monitoring strategy
could be the driving force for the settlement of a multimodal approach toward HT patient
management.

The dynamic landscape of rejection surveillance, described in this review, highlights
the evolution of the concept of EMB from a necessary procedure for histopathological
evaluation of the transplanted heart state towards a comprehensive molecular resource
accompanied by liquid biopsy. This holistic view of the follow-up patient’s pathway brings
to light a consistent multimodal personalized approach with the direct integration in
clinical practice of invasive and non-invasive procedures, leading to a progressive change
of paradigm in heart transplant monitoring.
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Abstract: We explored the significance of the L-Arginine/asymmetric dimethylarginine (L-Arg/ADMA)
ratio as a biomarker of endothelial dysfunction in stroke patients. To this aim, we evaluated the
correlation, in terms of severity, between the degree of endothelial dysfunction (by L-Arg/ADMA
ratio), the methylene tetrahydrofolate reductase (MTHFR) genotype, and the interatrial septum (IAS)
phenotype in subject with a history of stroke. Methods and Results: L-Arg, ADMA, and MTHFR
genotypes were evaluated; the IAS phenotype was assessed by transesophageal echocardiography.
Patients were grouped according to the severity of IAS defects and the residual enzymatic activity
of MTHFR-mutated variants, and values of L-Arg/ADMA ratio were measured in each subgroup.
Of 57 patients, 10 had a septum integrum (SI), 38 a patent foramen ovale (PFO), and 9 an ostium
secundum (OS). The L-Arg/ADMA ratio differed across septum phenotypes (p ≤ 0.01), and was higher
in SI than in PFO or OS patients (p ≤ 0.05, p ≤ 0.01, respectively). In the PFO subgroup a negative
correlation was found between the L-Arg/ADMA ratio and PFO tunnel length/height ratio (p ≤ 0.05;
r = − 0.37; R2 = 0.14). Interestingly, the L-Arg/ADMA ratio varied across MTHFR genotypes (p ≤ 0.0001)
and was lower in subgroups carrying the most impaired enzyme with respect to patients carrying the
conservative MTHFR (p ≤ 0.0001, p ≤ 0.05, respectively). Consistently, OS patients carried the most
dysfunctional MTHFR genotypes, whereas SI patients the least ones. Conclusions: A low L-Arg/ADMA
ratio correlates with impaired activity of MTHFR and with the jeopardized IAS phenotype along a
severity spectrum encompassing OS, PFO with long/tight tunnel, PFO with short/large tunnel, and SI.
This infers that genetic MTHFR defects may underlie endothelial dysfunction-related IAS abnormalities,
and predispose to a cryptogenic stroke. Our findings emphasize the role of the L-Arg/ADMA ratio as a
reliable marker of stroke susceptibility in carriers of IAS abnormalities, and suggest its potential use
both as a diagnostic tool and as a decision aid for therapy.

Keywords: endothelial dysfunction; L-Arg/ADMA; PFO; MTHFR; cryptogenic stroke
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1. Introduction

The search for causes and mechanisms underlying strokes is particularly important in young
patients, where the absence of significant small- and large-vessel disease, and/or dissection accounts
for the higher number of strokes diagnosed as cryptogenic [1]. The role of interatrial septum (IAS)
defect features [2,3] in the so-called paradoxical embolism is currently investigated. Patent foramen
ovale (PFO) is a frequent IAS abnormality, and the potential advantages in secondary prevention
of surgical closure over medical therapy are unclear [4–9]. Echocardiographic assessment of PFO
interatrial tunnel length has produced conflicting results as well, initially suggesting a greater risk to
cryptogenic stroke in patients with larger defects [10], and recently re-evaluating such a statement on
the basis of RoPE database analysis [11]. Similarly, the correlative risk of embolism and stroke based
on interatrial shunt extent has generated inconclusive, if not controversial, indications [12,13]. In this
scenario of diagnostic and therapeutic uncertainty, additional evidence for risk stratification is highly
pursued, and the search for potential biomarkers is strongly encouraged.

A position paper from the Italian SICI-GISE Society suggests that thrombophilia is an additional risk
factor for stroke predisposition, sufficient to replace pharmacological therapy with PFO percutaneous
surgery [14]. Indeed, PFO closure is more effective than medical therapy to mitigate stroke recurrence in
thrombophilic subjects [15]; similarly, PTG20210A and FVG1691A mutations are more frequently associated
in patients with PFO-related cerebral infarcts than in a control population [16,17]. In the potential
relationship linking thrombophilia to cryptogenic stroke, the predisposition conferred by genetic
defects in the methylene tetrahydrofolate reductase (MTHFR) is one under-investigated condition.

MTHFR is a key enzyme in the folate cycle, whose vitamin B12-dependent conversion of
homocysteine to methionine produces the main cellular carrier for methylation [18]. Polymorphisms
of the MTHFR include the 677 C > T and the 1298 A > C substitutions, associated to a progressive
loss of enzymatic activity from A1298C heterozygosity to C677T homozygosity [19,20]. Defective
MTHFR genes increase homocysteine levels, and hyperhomocysteinemia has been associated to
higher risk for atherosclerosis, cardiovascular events, venous thrombosis, and microangiopathy [21].
Similarly, MTHFR C677T and A1298C polymorphisms have been associated with multiple small-artery
occlusion [22], a subcortical pattern of potential embolic origin [23,24], and with stroke in patients with
large-vessel disease [25].

While sharing stroke aptitude and epidemiology, MTHFR polymorphisms and PFO are regarded as
unrelated conditions that can overlap rather than interact. However, it is noteworthy that PFO carriers
show higher plasma homocysteine levels than patients without PFO [26]. Thus, from the observations
described above, genetic MTHFR defects may lie beneath both inherited thrombophilia and the
IAS phenotype, and the missing link explaining both conditions might be endothelial dysfunction.
We hypothesize that, by impairing endothelial activity, MTHFR malfunctioning may influence the
physiological structure of IAS; in addition to disturbances in the coagulation process, this might
represent one mechanism underlying nonobvious sources of cardiovascular embolism, and therefore
help to explain the etiology of cryptogenic strokes.

To test this hypothesis, we evaluated the potential correlation between the severity of MTHFR
mutation (considering both MTHFR polymorphism and homocysteinemia levels), the degree of
endothelial dysfunction (indirectly measured as L-Arg/ADMA levels), and the IAS phenotype
(by echocardiographic assessment) in patients diagnosed with Embolic Stroke of Undetemined
Source (ESUS).If confirmed, this hypothesis might also help to legitimize L-Arg/ADMA as a marker of
endothelial dysfunction.

2. Materials and Methods

2.1. Study Population and Enrolment Criteria

This retrospective observational study was carried in accordance with the guiding principles of
the Declaration of Helsinki, with the approval of the local Ethical Committee on Human Research for
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non-interventional studies (Comitato Etico Indipendente, CE n. 4398, 03/12/2014). Fifty-seven subjects
were consecutively enrolled among patients admitted between January 2017 and March 2019 to our
Cardiology Unit with a diagnosis of ESUS [27]. Multiple and/or bilateral patterns were considered of
embolic origin provided that, irrespective of its cerebral location, at least one lesion would be ≥ 15 mm,
in the absence of a previous injury at the same site. All patients received standard, individually
adjusted, cardiovascular therapy. In each patient, a 12-lead ECG, precordial and transesophageal
echocardiography, Holter cardiac monitoring, MR and/or CT angiography of the brain ischemic area,
and epiaortic and transcranial Doppler ultrasonography were performed. Patients were not included in
the study if their age was ≥ 60 years, had a history of Congestive Heart Failure (CHF), atrial fibrillation
(AF) or similar supraventricular arrhythmias, or left ventricular dysfunction, cancer, acute and/or
chronic inflammatory disease, were on immunosuppressive therapy, or concomitantly taking vitamin
or protein supplements. Each participant gave written informed consent before entering the study.

2.2. Laboratory Test

MTHFR polymorphisms were evaluated by RT-PCR on genomic DNA from peripheral blood
samples according to standard protocols. Serum folate and vitamin B12 levels were measured by a
chemiluminescent immunoassay (Tosoh Bioscience, AIA-PACK, Tessenderlo, Belgium). Homocysteine
levels were measured by nephelometric analysis. Plasma asymmetric dimethylarginine (ADMA) and
L-Arginine (L-Arg) levels were measured by enzyme-linked immunoassay (DLD Diagnostika GMBH,
Hamburg, Germany) [28].

2.3. Echocardiographic Imaging

Echocardiographic analysis was performed (Philips EPIQ 7, Philips Healthcare, Andover, Philips
S.p.A. Milan, Italy) using transducer frequencies of 5 to 7.5 MHz. Color Doppler mapping was set
on Nyquist velocities from 28 to 55 cm/s during atrial septal examination. Transcranial and epiaortic
Doppler sonography was aimed at ruling out concomitant stenosis/occlusion in the cerebral and/or
precerebral vasculature, to ascertain the integrity of diastolic and systolic flow in the middle cerebral
artery, and to detect and quantify the existence of shunts. Transthoracic echocardiography was
aimed at ruling out valve calcification, myxomatous valvulopathies, aortic stenosis, mural and atrial
thrombi, cardiac masses, ventricular dysfunction, ventricular non-compaction, endomyocardial fibrosis,
endocarditic processes, and aortic arch atherosclerotic plaques, as well as to measure the size of the
hearts’ right chambers. Transesophageal echocardiography was performed to confirm the existence of
interatrial shunt, to detect and quantify shunt extent, and to provide morphologic features of PFO
tunnel or OS defects [10]. In order to assess interobserver reproducibility of echographic measures,
a second sonographer experienced in the field performed a second blind measurement of previously
acquired images.

2.4. Statistical Analysis

All data were expressed as the mean± error standard or the mean± standard deviation, as indicated
in the figures and tables. Kruskal–Wallis analysis of one-way ANOVA data was used to assess statistical
significance across groups; the very same analysis followed by Dunn’s multiple comparisons correction
was used for multiple testing. The correlation between the Arg/ADMA ratio and length/height of the
PFO tunnel was assessed by the Pearson correlation coefficient. The Bland–Altman plots with 95% CIs
for correlations were utilized to assess interobserver reproducibility of PFO tunnel morphology (Figure
4). Statistical significance (p ≤ 0.05) measured with GraphPad Prism 6.0 (GraphPad Inc., La Jolla, CA,
USA) software is indicated in figure legends.
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3. Results

3.1. Clinical and Laboratory Characteristics of Enrolled Patients

In 57 patients, a diagnosis of ESUS was made [27]. Baseline demographic, laboratory, and clinical
characteristics of subjects are shown according to their IAS phenotype (Table 1) or MTHFR genotype
(Table 2). The mean age of all participants was 41.2 years (range 27–57), with no significant difference
among subgroups. Likewise, no difference in glucose levels, lipid profile, or blood pressure values
were observed among patients (Tables 1 and 2).

Table 1. Clinical characteristics of patients according to septum phenotype.

SEPTUM INTEGRUM PATENT FORAMEN OVALE OSTIUM SECUNDUM

PATIENTS (N) 10 38 9

Age (year) 37 ± 10 42 ± 11 40 ± 17
Fibrinogen (mg/dL) 264 ± 36 249 ± 41 239 ± 43

D-dimers (ng/dL) 488 ± 421 463 ± 370 387 ± 122
P-Hcy (μmol(L) 7.2 ± 3.6 12.1 ± 7.6 * 12.7 ± 3.2 *
Folates (ng/mL) 5.0 ± 4.2 7.7 ± 4.5 17.7 ± 9.9 *
B12 Vit (pg/mL) 438.4 ± 82.3 417.9 ± 166.1 341 ± 104.3

Creatinine (mg/dL) 0.65 ± 0.13 0.75 ± 0.13 0.70 ± 0.19
eGFR (mL/min) 103 ± 15 102 ±13 108 ± 19

Glucose (mg/dL) 96 ± 13.5 88.6 ± 9.5 76 ± 11.2
Cholesterol (mg/dL) 209 ± 27 182 ± 26 201 ± 12

HDL (mg/dL) 53 ± 9 59 ± 14 55 ± 5
LDL (mg/dL) 125 ± 45 103 ± 21 116 ± 12

Triglicerides (mg/dL) 110 ± 34.5 75 ± 24.2 60 ± 18.2
Systolic BP (mmHg) 118 ± 5.2 121 ± 4.78 119 ± 12.2
Diastolic BP (mmHg) 74 ± 9.5 75 ± 3.3 70 ± 9.4

* p < 0.05 vs. respective values in the SI group.

Table 2. Clinical characteristics of patients according to MTHFR genotype.

677 T/T 677 C/T + 1298 A/C 677 C/T 1298 C/C 1298 A/C +WT

PATIENTS (N) 16 14 6 5 16

Age (year) 39 ± 12 40 ± 9 46 ± 18 40 ± 16 42 ± 9
Fibrinogen (mg/dL) 225 ± 24 268 ± 39 260 ± 37 264 ± 65 263 ± 44

D-dimers (ng/dL) 356 ± 153 466 ± 438 462 ± 298 653 ± 585 349 ± 322
P-Hcy (μmol/L) 16.3 ± 5.8 * 9.8 ± 2.9 8.0 ± 2.1 7.9 ± 1.1 9.1 ± 2.9
Folates (ng/mL) 10.6 ± 4.4 7.9 ± 2.7 7.9 ± 5.6 11.4 ± 4.1 6.6 ± 3.3
B12 Vit. (pg/mL) 383.8 ± 150.3 376.3 ± 88.9 385.5 ± 112.5 541 ± 202.5 440.9 ± 199.4

Creatinine (mg/dL) 0.60 ± 0.06 0.79 ± 0.18 0.73 ± 0.21 0.72 ± 0.09 0.77 ± 0.09
eGFR (mL/min) 110.5 ± 6.4 102 ± 2.8 92 ± 26.8 109.5 ± 10.6 101.75 ± 12.3

Glucose (mg/dL) 87 ± 8.04 107.5 ± 12.02 86 ± 4.24 93.5 ± 23.33 95 ± 10.61
Cholesterol (mg/dL) 181 ± 24.3 172 ± 45.9 195 ± 30.4 182 ± 17.7 188 ± 54.1

HDL (mg/dL) 56 ± 7.5 53 ± 2.8 83 ± 4.9 46 ± 5.6 51 ± 16.2
LDL (mg/dL) 110 ± 28.2 101 ± 38.9 101 ± 24.4 112 ± 7.8 113 ± 40.9

Triglicerides (mg/dL) 78 ± 27.5 91 ± 49.5 54 ± 8.5 83 ± 21.2 69 ± 16.3
Systolic BP (mmHg) 117 ± 6.2 120 ± 7.8 122 ± 2.2 118 ± 5.6 119 ± 8.1
Diastolic BP (mmHg) 76 ± 5.5 78 ± 4.3 79 +6.4 79 ± 2.5 76 ± 10.2

* p < 0.01 vs. respective value in all other MTHFR subgroups.

3.2. Morphologic Features of the IAS Defects and Folate-Related Metabolism

Out of 57 subjects, 10 had a septum integrum (SI, 17.5%), 38 carried a patency of foramen ovale
(PFO, 66.7%), and 9 an ostium secundum defect (OS, 15.8%). For PFO, the average length/height tunnel
was 10.6/3.47 mm, with a mean length/height ratio of 3.48± 0.22. For OS defect, the mean superior-inferior
diameter was 16.5 mm and anterior-posterior diameter of 13.5 mm. Baseline characteristics of patients
sub-grouped according to their IAS phenotype are shown in Table 1. Folic acid and homocysteine levels
tended to be higher, whereas vitamin B12 tended to be lower among patients with PFO or OS than in SI
patients (p = 0.049 and p = 0.039, respectively).
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3.3. Distribution of MTHFR Genetic Variants and Folate-Related Metabolism

Sixteen participants carried the 677 T/T homozygous genotype (28.1%), 14 carried the 677 C/T+1298 A/C
double heterozygous mutation (24.6%), 6 carried a 677 C/T heterozygous genotype (10.5%), 5 were carriers
of the homozygous 1298 C/C mutation (8.7%), and 16 were carriers of the 1298 A/C variant or wild-type
MTHFR (28.1%). As shown in Table 2, levels of vitamin B12 and folic acid did not significantly differ
among patients. Conversely, homocysteine levels were higher in the 677 T/T subgroup with respect to all
other genotype subgroups (* p < 0.01).

3.4. L-Arg/ADMA Ratio Related to IAS Phenotype and MTHFR Genotype

The L-Arg/ADMA ratio significantly differed across groups (p < 0.01) and was significantly higher
in SI patients (mean 119.3± 8.6) than in patients carrying a PFO (89± 5.3) and/or an OS defect (74.6± 4.6)
(p ≤ 0.05 and p ≤ 0.01, respectively) (Figure 1).

Figure 1. L-Arginine/asymmetric dimethylarginine (L-Arg/ADMA) ratios according to septum phenotype
subclassification. Box plots indicate the median, maximum, and minimum values. The p-value across
groups (double arrow line) was calculated by a Kruskall–Wallis non-parametric test of one-way ANOVA
data. The p-value between groups (curly brackets) was calculated by Dunn’s multiple correction. * p≤ 0.05;
** p ≤ 0.01.

The L-Arg/ADMA mean values were 67.5 ± 4.6 in patients of the MTHFR 677 T/T subgroup;
81 ± 9.4 in the 677 C/T + 1298 A/C subgroup; 102 ± 4.5 in the 677 C/T subgroup; 105.4 ± 9.5 in the
1298 C/C subgroup; and 116.4 ± 9.6 for patients of the 1298 A/C +WT subgroup. The L-Arg/ADMA
ratio was significantly lower in both the most detrimental 677 T/T subgroup and in the 677 C/T + 1298
A/C heterozygous subgroup with respect to the healthiest 1298 A/C and WT subgroup (p ≤ 0.0001 and
p ≤ 0.05, respectively) (Figure 2).

When combined (irrespective of MTHFR mutation or IAS phenotype), the mean L-Arg/ADMA ratio
was lower in the whole group of our cryptogenic stroke patients than in healthy subjects, although still higher
if compared to the L-Arg/ADMA ratio obtained in patients with acute myocardial infarction (Figure S1).
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Figure 2. L-Arg/ADMA ratios according to MTHFR genotype subclassification. Box plots indicate
the median, maximum, and minimum values. The p-value across groups (double arrow line) was
calculated by a Kruskall–Wallis non-parametric test of one-way ANOVA data. The p-value between
groups (curly brackets) was calculated by Dunn’s multiple correction. * p ≤ 0.05; **** p ≤ 0.0001.

Figure 3 shows a negative linear correlation between the L-Arg/ADMA ratio and the tunnel-like
valve length/height ratio in patients carrying a PFO defect (p < 0.05; r = −0.37; R2 = 0.14).

Figure 3. Pearson correlation and linear regression model between L-Arg/ADMA ratios and tunnel
length/height ratios in patients carrying a patent foramen ovale (PFO) defect.

Inter-observer variability of tunnel length/height ratio assessed by Bland–Altman analysis revealed
a mean bias of −0.023, with 95% limits of agreement of −0.52 to 0.47 (Figure 4).
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Figure 4. Bland–Altman analysis showing a mean bias of −0.023, with 95% limits of agreement between
−0.52 and 0.47.

3.5. Distribution of MTHFR Genetic Variants and IAS Phenotype

According to the IAS morphology and MTHFR genotype, the following distribution was observed
(Figure 5): Among patients with an OS defect (n = 9), 5 were carrying the 677 T/T mutation, 3 were
carrying the 677 C/T + 1298 A/C double heterozygous mutation, and 1 patient was carrying the 677
C/T heterozygous genotype.

Figure 5. Schematic diagram illustrating the distribution of interatrial septum (IAS) phenotypes
(concentric circles) with respect to the MTHFR genotypes among all patients. Subjects carrying either
the 677 C/T or the 1298 C/C MTHFR genotype as well as 1298 A/C or WT genotype (mutations with
similar residual enzymatic activity, respectively) were grouped together for clarity. SI = septum
integrum; PFO = patent foramen ovale with tunnel length/height value below or above 3.48 (± 1.43 SD);
OS = ostium secundum.

PFO carriers were sub-grouped according to tunnel length/height ratio above or below the average
value of 3.5. Of the PFO subjects with a tunnel length/height ratio above 3.5 (n = 18), 7 patients
carried the 677 T/T mutation, 7 patients carried the 677 C/T + 1298 A/C double heterozygous mutation,
3 patients carried the 677 C/T heterozygous genotype, and 1 patient carried the 1298 A/C genotype.
Among PFO subjects with tunnel length/height ratio below 3.5 (n = 20), 4 patients carried the 677 T/T

255



Biomolecules 2020, 10, 861

mutation, 4 patients carried the 677 C/T + 1298 A/C double heterozygous mutation, 1 patient carried the
677 C/T heterozygous genotype, 4 patients carried the 1298 C/C homozygous genotype, and 7 patients
carried the 1298 A/C MTHFR genotype. All patients with SI (n = 10) carried either the 1298 A/C (n = 4)
variant or the wild-type (n = 4) MTHFR enzyme, except for 1 patient carrying the 677 C/T heterozygosis
and another one carrying the 1298 C/C homozygosis.

4. Discussion

Genetic defects in MTHFR have been reportedly coupled to hyperhomocysteinemia, a marker for
atherosclerosis, cardiovascular events, and microangiopathy risk [21]. Undeniably, methyl overload
and disorders in the folate cycle subsequent to MTHFR mutations disturb the synthesis/function of
multiple factors involved in cell regulation: In endothelium, the impaired availability of substrates (as
L-Arg) and co-factors (such as tetrahydrobiopterine, BH4) of the nitric oxide (NO) synthase (eNOS)
reduces production of NO, the most reliable indicator of endothelial function. We investigated whether
abnormal activity of MTHFR may impair the endothelium-driven development/repair of the interatrial
septum, with the hypothesis that the concomitant occurrence of these conditions may represent a
stroke predisposition. In this scenario, the significance of the L-Arg/ADMA ratio as an indirect marker
of endothelial function may acquire clinical importance for its potential use as both a diagnostic tool
and a decision aid for therapeutic strategies.

4.1. Correlation between the Severity of MTHFR Activity and the Degree of Endothelial Dysfunction

Not surprisingly, higher levels of homocysteine were found in patients with the most impaired
MTHFR variants; concomitantly, the L-Arg/ADMA ratio decreased proportionally to the severity of the
MTHFR mutation. Several interrelated mechanisms support the idea that MTHFR-mediated disruption
in the folate cycle may trigger endothelial dysfunction: Under methylic surcharge and methionine
deficiency, L-Arg may be directly converted to ADMA [29], a powerful endogenous inhibitor of eNOS;
moreover, homocysteine-dependent downregulation of dimethylarginine dimethyl-aminohydrolase
(DDAH) results in increased ADMA levels and endothelial dysfunction [30,31], as observed in patients
exposed to methionine loading tests [32]. In addition, low levels of both BH4 and NO, with subsequent
endothelial dysfunction, have been observed in patients with hyperhomocysteinemia [33]. Even if easy
to be suggested from a molecular perspective, the clinical demonstration of a pathogenic relationship
between MTHFR mutations and ADMA still remains an unexplored field [34,35]. On this basis,
the present findings represent the first attempt to demonstrate an existing relationship between MTHFR
activity and the L-Arg/ADMA ratio, therefore supporting the hypothesis that MTHFR mutations
influence endothelial function. Interestingly, in our study, the L-Arg/ADMA ratio behaves as a more
sensitive indicator of a folate cycle disruption with respect to homocysteine levels. This last observation
further reinforces the proposed idea that the L-Arg/ADMA ratio may serve as a handful marker of
endothelial function, whose values may contribute to better characterize specific patient subgroups.

4.2. Correlation between the Degree of Endothelial Dysfunction and the IAS Phenotype

Based on the aforementioned considerations—along with its role as an independent marker
of ischemic stroke [36], cardiovascular events [37], risk factor for microangiopathy-related cerebral
damage [38], and silent brain infarction [39]—the L-Arg/ADMA ratio (as a surrogate of endothelial
dysfunction) might be proposed as an indicator of IAS defects. In accordance with Ozdemir et al. [26],
we observed that, with respect to patients with SI, levels of homocysteine were proportionally higher
in patients with PFO or OS phenotypes. In parallel, the L-Arg/ADMA ratio progressively declined
among a spectrum encompassing SI, PFO with shorter and larger tunnel, PFO with longer and tighter
tunnel, and complete OS defects. The idea that MTHFR-mediated disorders in the folate cycle trigger
endothelial dysfunction, and that this condition may in turn influence the IAS phenotype, grounds on
several clinic, translational, and basic research studies: An appropriate L-Arg/ADMA ratio, indicative
of a physiological NO production, is required for the proper post-natal cardiomyocyte proliferation
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and differentiation [40], suggesting that a fully performing eNOS is mandatory for postnatal heart
development [41]. In line with this, congenital atrial septal defects have been observed in eNOS-deficient
mice [42]; interestingly, impaired NO production subsequent to reduced BH4 bioavailability has been
reported in mesenteric vessels from MTHFR deficient mice [43]. The importance of the C677T MTHFR
mutation to promote neural tube defects is also well recognized [44,45]; similarly, the preventative effect
of low-dose folate administration on stroke onset has been repeatedly confirmed [46]; these findings are
consistent with the higher plasma levels of homocysteine found in PFO carriers [26]. Taken together,
all these ideas contribute to the support of the possibility that MTHFR-related disorders might account
for IAS defects in humans [47,48].

The correlation between features of the PFO tunnel-like valve and the L-Arg/ADMA ratio might
help to reconcile current controversies concerning tunnel size and risk of cryptogenic stroke [10,11].
According to our findings, the hypothetical major contribution of larger tunnels to paradoxical
embolism might be counterbalanced by the more severe endothelial dysfunction in PFO with tighter
and longer tunnels. Consistent with this hypothesis, the L-Arg/ADMA ratio was similar in patients
carrying either an OS or PFO defect.

4.3. Relationship between the Severity of MTHFR Activity, the Characteristics of IAS Defects,
and Cryptogenic Strokes

Our findings strongly suggest that the most severe septum defects are found in patients carrying
high-dysfunctional MTHFR variants. The relationship found between the L-Arg/ADMA ratio and the
PFO tunnel morphology might partially explain why PFO prevalence decreases with age, whereas its
size increases [49]; this idea is consistent with the observation that reduced MTHFR activity contributes
to impair survival and function of circulating endothelial progenitor cells [50], whose inefficiency
is important on stroke onset [51]. Interestingly, ADMA levels are increased in subjects reporting
migraines with aura [52], and the L-Arg/ADMA ratio is accepted as an independent predictor of
mortality [37].

The lack of specificity in current classification confines cryptogenic strokes to an exclusion
diagnosis, wherein multiple pathogenic factors coexist. While paradoxical embolism cannot explain
strokes occurring in patients with no interatrial abnormality, or carrying a septal aneurysm not
associated with a right-to-left shunt, the presence of endothelial dysfunction may help to unravel a
potentially unrecognized contributor to cryptogenic stroke. Consistent with our hypothesis, lower
values of flow-mediated dilation (indicating endothelial dysfunction) have been proposed as an
independent risk factor for strokes, irrespective of PFO presence [53].

5. Limitations of the Study

The following limitations should be taken into account when evaluating the overall message of our
study: First of all, the narrow number of patients evaluated does not allow an authoritative indication
of a direct cause–effect relationship between MTHFR genotype, IAS defects, and cryptogenic strokes.
In this respect, the demographic characteristics of subjects enrolled might represent an important
drawback: For example, although PFO and MTHFR-inherited thrombophilia share roughly the same
prevalence worldwide [20,54,55], ischemic strokes have been related to PFO with larger tunnels and
a low frequency of MTHFR mutations in a black population; on the other hand, PFO with tighter
tunnels and a high frequency of MTHFR mutations have been documented in Hispanic patients
undergoing strokes [56,57]. More inclusive studies will hopefully help to ascertain the specific risk in a
sub-population of patients.

One second point is related to the use of the L-Arg/ADMA ratio to indicate endothelial dysfunction.
Although strongly suggestive of a relationship between impaired MTHFR activity and abnormal
endothelial function, the L-Arg/ADMA ratio does not give information on the intracellular content and
activity of key molecules or signaling cascades. One possibility to corroborate the link between the
L-Arg/ADMA ratio and the degree of endothelial performance in patients with cryptogenic stroke

257



Biomolecules 2020, 10, 861

could come by the characterization of pro-angiogenic molecular signaling from circulating Endothelial
Progenitor Cells (EPCs). It has been proven that the level of circulating EPCs is an independent
predictor of the prognosis for patients with an acute ischemic stroke, and that circulating EPCs are
significantly impaired in patients with cerebro-cardiovascular diseases with respect to control subjects.
Since EPCs can differentiate into endothelial cells, replacing or directly integrating with the damaged
endothelial layer, it is likely that any alteration in their expression pattern of eNOS or caspases might
reflect the impaired activity of mature endothelial cells. Unfortunately, because of the retrospective
nature of our study, these experiments could not be carried out at present. Nevertheless, and consistent
with literature data, impaired eNOS protein expression and NO production with concomitant increased
ROS production and NF-kB activation were observed in human endothelial cells incubated in vitro
under high homocysteine concentrations. If confirmed, these observations—too preliminary to be
shown at present—might provide further support to our idea of a tight link between folate-related
endothelial function and unbalanced L-Arg/homocysteine levels.

Moreover, several other possibilities exist: For example, the consequences of MTHFR defects
might extend to abnormal function of other vascular cells types, such as smooth muscle cells. It is
overly accepted that vascular cell proliferation may play an important role in the pathogenesis of
cerebral vasospasm, and that both hyperhomocysteinemia and folate deficiency may influence key
processes such as methylation and global gene expression patterns in smooth muscle cells. Finally,
endothelial trans-differentiation process towards a more contractile phenotype, mostly referred as
endothelial to mesenchymal transition (EndMT) could be jeopardized. In EndMT, endothelial cells
adopt a mesenchymal phenotype displaying typical mesenchymal cell morphology and functions,
including the acquisition of fiber deposition (myofibroblast) and contractile properties (smooth muscle
cell).

In summary, considering the increasing recognition on the contribution that MTHFR plays
in a myriad of physiological processes involved in the differentiation from endothelial progenitor
cells->endothelial cells->vascular smooth cells or myofibroblasts, the lack of an established causative
effect might represent the most significant limitation of this paper. Notwithstanding, findings provided
here open a standpoint from which conceive novel perspectives. Altogether, the multifaceted and still
largely incomplete knowledge on mechanisms underlying cryptogenic stroke highlight the critical
importance of continued studies in this field.

6. Conclusions

From a clinical perspective, our results may contribute to clarify the current scenario of diagnostic
and therapeutic uncertainty in patients with cryptogenic strokes. If validated, the L-Arg/ADMA ratio
may represent a reliable marker of stroke susceptibility in carriers of IAS abnormalities implying that,
in the near future, therapeutic strategies targeting endothelial dysfunction—in addition to antiplatelet
and anticoagulant therapies—may reveal their importance in stroke primary prevention. Moreover,
our findings may help to identify subgroups of subjects that would take full advantage from PFO
surgical closure over medical therapy, as well as subjects that would instead obtain the maximal
beneficial effects from folate administration to reduce stroke incidence [46,58].
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Abbreviations

MTHFR methylene tetrahydrofolate reductase
PFO patent foramen ovale
IAS interatrial septum
OS ostium secundum
ADMA asymmetric dimethylarginine
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