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HeART FAiluRe

Heart failure develops when the heart is unable to meet the body’s circulatory demand. 
Heart failure presents as a clinical syndrome characterized by signs and symptoms that 
are typical for insufficient circulation, including dyspnoea, fatigue, reduced exercise 
tolerance, oedema and elevated jugular venous pressure 1. In recent years, it has been 
recognized that heart failure is a growing health problem. Over the past decades, the 
treatment of triggers of heart failure has improved, e.g. myocardial infarction and hy-
pertension, and as a result fewer patients die shortly after myocardial infarction or from 
complicated hypertension. As a result, more patients survive these conditions and are 
at risk to develop heart failure 2. Moreover, since heart failure is a disease of the aging 
individual, increasing life expectancy also directly raises the prevalence rate of heart 
failure 2. In the Netherlands, 20-30% of all individuals that reach 40 years will experience 
heart failure and in total, ~1% of the adult Dutch population suffers from heart failure 3. 
Due to better treatment options and due to an ageing population, these number will 
continue to grow over the coming years 3.

PRoGnosis oF HeART FAiluRe

The prognosis of heart failure patients is very poor and is often described as more 
“malignant” than most types of cancer 4. However, long-term mortality rates for patients 
with heart failure seem to have slightly improved over time 5,6. The in-hospital mortality 
has shown a decrease to an average of 6.1%. However, patients who are diagnosed with 
heart failure currently still have an one-year mortality rate of 24-28% and a staggering 
five-year mortality rate of 45-59%, depending on sex and other clinical parameters 7. If 
patients are hospitalized for heart failure, one-year mortality rate increases to 37% 6. In 
the Netherlands, the national cause-of-death statistics show that the cause of death of 
6000 subjects per annum was in any way associated with heart failure, but these num-
bers likely are underestimated, as recent reports have shown that actual death among 
heart failure patients are more than three times higher 8.

The slight improvement in prognosis may be caused by the introduction of angio-
tensin converting enzyme inhibitors (ACE-inhibitors), beta-blockers, mineralocorticoid 
receptor antagonists and device therapy (intracardiac cardioverter defibrillators (ICDs) 
with or without cardiac resynchronization therapy ( CRT). The recent introduction of the 
angiotensin receptor-neprilysin inhibitor (ARNI) may even further improve prognosis of 
heart failure patients in coming years.
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Risk FACToRs And AeTioloGy oF HeART FAiluRe 

Smoking, hypertension, obesity and diabetes are important risk factors for development 
of heart failure. The presence of these risk factors can lead to predisposing conditions 
such as coronary artery disease (CAD) and myocardial infarction (MI), that poses subjects 
at high risk for development of heart failure.

There are various predisposing conditions for heart failure, but the most common 
underlying cause for heart failure is CAD (40-60%) 9,10. Other important causes are di-
lated cardiomyopathy, primary valvular heart disease and hypertensive heart disease 9. 
Hypertension is less common as main precipitating causing factor for heart failure, but 
often is a contributory risk factor: in patients diagnosed with heart failure, 60% has a 
history of hypertension 11.

These risk factors and predisposing conditions may cause either heart failure with 
preserved ejection fraction (HFpEF, “diastolic heart failure”) or heart failure with reduced 
ejection fraction (HFrEF, “systolic heart failure”) . Diastolic dysfunction is mostly asso-
ciated with hypertension, aging, diabetes mellitus, obesity and female sex  12. On the 
other hand, prior MI, smoking, male sex and elevated high-sensitivity troponin T are 
associated with HFrEF 13.

PATHoPHysioloGy oF HeART FAiluRe 

Heart failure can be the result of either diastolic or systolic dysfunction of the heart. 
Diastolic dysfunction leads to inadequate filling of the heart, caused by impaired re-
laxation, often due to long-lasting hypertension  14. Systolic dysfunction usually is the 
result of loss of myocardial tissue, often due to ischemia or MI, and leads to  wall motion 
abnormalities and contractile dysfunction 15.

In response to myocardial injury, like MI or myocarditis, or in order to cope with in-
creased hemodynamic load as in hypertension or aortic stenosis, the structure of the 
heart is changing and neurohormones are activated 16- a process referred to as “cardiac 
remodeling”. Cardiac remodeling is crucial because it determines the clinical course in 
response to various triggers and damaging insults or events.

In cardiac remodeling, several cellular changes take place in order to compensate for 
the body’s circulatory demand. In the myocytic compartment of the heart, hypertrophy, 
apoptosis and necrosis of cardiomyocytes occurs. In the non-myocytic compartment, 
fibroblasts proliferate and turn into matrix secreting myofibroblasts 17. These macrocel-
lular changes provide a temporary improvement in cardiac function. However, on the 
long term these changes are disadvantageous and paradoxically lead to progressive 
cardiac remodeling and heart failure 17.
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These adaptations are accompanied with local, paracrine, and systemic neurohor-
monal activation. The renin-angiotensin-aldosterone system becomes activated and 
angiotensin II is released into the circulation, leading to vasoconstriction and eventually 
sodium and fluid restriction. As a result of impaired output of the heart, the sympathic 
nervous system also becomes activated, and catecholamines are released which results 
in higher contractility of the heart and increased heart rate. Furthermore, in order to 
maintain cardiac output, anti-diuretic hormone (ADH) is released from the pituitary 
gland and causes fluid retention  18. Other neurohormonal factors that contribute to 
cardiac remodeling are (NT-pro)BNP, endothelin, cytokines, matrix metalloproteinases 
and markers of oxidative stress 19.

Role oF FiBRosis in CARdiAC diseAse

Myocardial fibrosis is an important determinant of heart failure and is associated with 
contractile and relaxation impairment of the heart  20. Furthermore, fibrosis provides a 
substrate for ventricular arrhythmias  21. Gulati et al. have shown in patients with non-
ischemic dilated cardiomyopathy that the presence of fibrosis is independently associ-
ated with all-cause mortality, cardiovascular mortality and sudden cardiac death, after 
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Figure 1: Overview of the different pathophysiological pathways leading to HF
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adjustment for LVEF and conventional risk factors 22. A recent meta-analysis showed that 
myocardial fibrosis, as assessed with late gadolinium enhancement by MRI scanning, 
is strongly associated with the risk of sudden cardiac death, cardiac mortality and all-
cause mortality in patients with hypertrophic cardiomyopathy 23.

BioloGy oF CARdiAC FiBRosis

In the heart, several forms of fibrosis exist. Following acute MI, cardiomyocytes that have 
died will be replaced with a collagen-based scar, and therefore this is called replace-
ment fibrosis. In other cardiac conditions like hypertension or aortic stenosis, reactive 
interstitial and perivascular fibrosis will occur in order to retain its pressure-generating 
ability 24. In the normal heart, very low amounts of fibrillar collagen are present to form 
a collagen-based cardiac matrix network, which is important for the transmission of the 
contractile force  25. This collagen network consists of 85% collagen I, which maintains 
the tensile strength, and collagen III, which is responsible for the elasticity of the matrix 
network.

Upon cardiac stimuli, such as MI or pressure overload, different cell types are acti-
vated. A key player in the activation of fibrosis is the transition of cardiac fibroblasts 
into myofibroblasts. But also macrophages, mast cells, and lymphocytes play a role, by 
secretion of fibrogenic mediators 26. TGF-beta is an important factor that is required for 
the differentiation of fibroblasts to matrix-secreting myofibroblasts, via activation of the 
Smad 2/3 signaling pathway 27.

Cardiac fibrosis is characterized by accumulation of extracellular matrix in the myocar-
dial tissue. This deposition of extracellular matrix mainly consists of fibrillar collagen that 
provides strength and elasticity of the heart. Formation of collagen starts intracellularly, 
and collagens are then transported into the extracellular matrix. First, alpha-chains are 
synthesized in the endoplasmatic reticulum, and then 3 alpha chains are clustered to 
form a pro-collagen molecule that is ready to be secreted into the extracellular space. 
Once in the extracellular space, propeptides are cleaved to enable collagen molecule 
formation 28. Collagens type I and III accumulate after hemodynamic or neurohormonal 
stimuli 29, but the extracellular matrix is constantly synthesized and degraded in growth 
and repair 28. This collagen turnover is regulated by proteolytic enzymes (matrix metal-
loproteinases (MMPs)) and by tissue inhibitors of metalloproteinases (TIMPs). The circu-
lating MMPs and TIMPs, along with many more factors, collectively are responsible for 
the quantity and quality of cardiac collagen 30. Once fibrosis has occurred, this will lead 
to increased stiffness and diastolic dysfunction of the heart. With ongoing accumulation 
of cardiac fibrosis, this may progress to systolic dysfunction 31.
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inVolVemenT oF GAleCTin-3 in (CARdiAC) FiBRosis

Recently, it was shown that galectin-3, a beta-galactoside binding lectin, plays an impor-
tant role in (cardiac) fibrosis 32. Galectin-3 is activated in fibrotic models and its levels are 
markedly increased in patients with fibrotic disease 33–35. Furthermore, was shown that 
galectin-3 is essential for the formation of cardiac fibrosis; in galectin-3 knock-out mice, 
cardiac fibrosis induced by angiotensin II infusion and transverse aortic constriction, was 
prevented by genetic disruption 36. This suggests that galectin-3 may be an important 
mediator of and interesting target for therapy for cardiac fibrosis.

Further, in vascular fibrosis, galectin-3 overexpression enhances collagen I synthesis 
in vascular smooth muscle cells, whereas inhibition of galectin-3 blocked this effect. In 
rats treated with aldosterone, galectin-3 expression was increased and accompanied 
with vascular inflammation and fibrosis. Furthermore, aldosterone increased collagen 
I production in wild-type mice, whereas in galectin-3 knock-out mice collagen I levels 
were not changed 37.

In hypertensive heart disease with cardiac fibrosis, galectin-3 expression was clearly 
increased in transgenic REN2 (TGRmRen2-27) rats during non-diseased, compensated 
state that later on developed heart failure 32. In another rat model using the Sprague-
Dawley rat, galectin-3 infusion enhanced macrophage and mast cell infiltration, activat-
ing the TGF-beta/Smad3 signaling pathway 38.

BioloGy oF GAleCTin-3

Galectin-3 is a soluble lectin, and belongs to the galectin family. It has a molecular 
weight of 29-35 kDa and is encoded by the LGALS3 gene found on chromosome 14. Ga-
lectin-3 is a pleiotropic protein and involved in a variety of physiologic and pathologic 
processes, like cell adhesion and migration, angiogenesis, apoptosis and the inflamma-
tory response 39. The molecule consists of a N-terminal domain, with non-glycosylated 
molecules acting as cell membrane or extracellular receptors 40,41, and a C-terminal 
domain thereby interacting with other carbohydrate ligands and extracellular matrix 
proteins like laminin, fibronectin and tenascin 42. Galectin-3 is expressed mainly in the 
cytoplasm, but also in the nucleus and cell surface, and eventually is secreted into the 
extracellular matrix and circulation by macrophages after the differentiation of mono-
cytes into macrophages 43.

Once released into the circulation, galectin-3 binds various receptors and ligands, for 
instance exhibiting high-affinity binding for the advanced glycosylation end product-
binding proteins in macrophages 44. Furthermore, via binding of CD98, galectin-3 drives 
the IL-4-mediated alternative macrophage activation 45, which is the mechanistic link 
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between inflammatory and fibrotic disease. Through binding of CD45 the inflammatory 
response can be reinforced 46. In addition, multiple extracellular glycoproteins have been 
identified as galectin-3 ligands, like laminin, integrin and fibronectin, thereby mediating 
cell-matrix interactions 47.

GAleCTin-3 in HeART FAiluRe

A potential role for galectin-3 in heart failure was firstly described by Sharma et al. They 
observed that an early increase in galectin-3 expression was identified heart failure-
prone hearts 32. Since then, the role of galectin-3 has been studied extensively in heart 
failure.

This research was propelled by the development of an ELISA that allows the measure-
ment of galectin-3 level in the systemic circulation. A sub-analysis of the PRIDE-study 
provided first evidence for the value of galectin-3 measurements in patients with acute 
heart failure and demonstrated that galectin-3 is an useful predictor for short-term 
mortality, possibly comparable or even better compared to NT-proBNP 48. The COACH-
study confirmed these findings and showed that galectin-3 appears to have particularly 
strong predictive value in patients with HFpEF, compared to patients with HFrEF 49. These 
findings were corroborated in a different cohort that identified galectin-3 as a strong 
and independent predictor for all-cause mortality and/or readmission  50. Addition of 
galectin-3 to the clinical prediction model furthermore increased c-statistics and yielded 
significant reclassification indices 50.

Other evaluations of galectin-3 in acute heart failure specifically described its value for 
short-term outcomes. A pooled analysis of three independent cohorts of patient with 
acute heart failure, totalling 902 subjects, showed that galectin-3 was associated with 
near-term rehospitalization and mortality, with significant reclassification indices 51. In 
a sub-analysis of the DECIDE-study, galectin-3 complemented BNP as a predictor for 
30-day events  52. In a smaller study, comprising 194 patients with acute heart failure, 
galectin-3 was an independent predictor for mortality and rehospitalization at short and 
long-term follow-up 53.

The prognostic utility of galectin-3 measurements was also assessed in patients with 
chronic heart failure. In the DEAL-HF study, which included patients with chronic heart 
failure and systolic dysfunction with a median follow-up time of  6.5 years, galectin-3 
was described as a significant predictor for all-cause mortality, independent of severity 
of heart failure as assessed by NT-proBNP levels 34. In addition, in patients with chronic 
heart failure with systolic dysfunction, galectin-3 independently predicted all-cause 
mortality, also after adjustment for eGFR and NT-proBNP 54. In a sub-analysis of the Val-
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HeFT trial, galectin-3 remained associated with mortality and HF hospitalization after 
adjustment for eGFR and NT-proBNP 55.

However, other studies were not able to confirm the independent value of galectin-3. 
In a cohort of chronic heart failure patients with low median galectin-3 levels (14.0 ng/
mL) from the HF-ACTION study, the association of galectin-3 with all-cause mortality 
and hospitalization was no longer significant after adjustment for NT-proBNP  56. Also 
in another large cohort of patients with chronic heart failure (CORONA trial), galectin-3 
was no longer an independent predictor for the composite endpoint cardiovascular 
death, nonfatal myocardial infarction and stroke, after adjustment for NT-proBNP  57. 
The aggregate evidence was recently accumulated in a meta-analysis, and in over 8,000 
patients, it was shown that galectin-3 provides prognostic value for mortality and HF 
rehospitalization, independent from natriuretic peptides and eGFR 58.

GAleCTin-3 in THe GeneRAl PoPulATion

The prognostic value of galectin-3 is not limited to patients with heart failure, but is 
also useful in subjects without overt clinical disease in the general population. In the 
FRAMINGHAM study, higher levels of galectin-3 were associated with increased risk to 
develop heart failure, and remained a significant predictor after multivariable adjust-
ment 59. These observations were confirmed in the Physicians’ Health Study; a significant 
association was observed between galectin-3 and new onset heart failure, also after 
multivariable adjustment  60. The PREVEND study was the largest studied study so far, 
comprising 8,569 subjects during a median follow-up of  12.5 years. In this cohort, 
galectin-3 was an independent predictor for all-cause mortality but not for new onset 
heart failure, after adjustment for classical risk factors, especially in subjects with high 
cardiovascular risk 61,62.

GAleCTin-3 As A TARGeT FoR THeRAPy in HeART FAiluRe

As galectin-3 is causally involved in development of cardiac fibrosis, attempts have been 
made to use galectin-3 as a target for therapy. Galectin-3 has a carbohydrate binding 
region (CRD) that may bind carbohydrates and this has been shown to inhibit galectin-3 
activity. N-acetyllactosamine is a sugar compound that has high affinity for the CRD 63. 
Therefore, successful attempts have been made to use this compound as galectin-3 
inhibitor in cardiac fibrosis 36. Furthermore, synthetic small molecules have been specifi-
cally developed to target galectin-3, and such engineered inhibitors have been success-
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fully tested in order to prevent organ fibrosis 64–66, however systemic administration of 
these inhibitors is not straightforward 67,68.

Next to synthetic galectin-3 inhibitors, a second strategy is the use of specific car-
bohydrates, like pectins  69. In cancer research, pectins are used as “natural” galectin-3 
inhibitors which have been studied extensively and are used in research of organ fibro-
sis 70,71. Modified citrus pectin is one of the best studies pectins that is used to neutralize 
galectin-3 activity. It can be administered orally and therefore is an interesting new drug 
to inhibit galectin-3 induced actions. It has already shown to be effectively prevent renal 
fibrosis, however has not been studied in animal models of cardiac disease  yet 72.

Aims oF THe THesis

To further elucidate the potential of galectin-3 as a prognostic indicator in subjects from 
the general population, or in subjects with heart failure or other forms of heart diseases, 
more studies are needed to establish its definite value as a biomarker. Several cross-
sectional analyses have confirmed the association of single galectin-3 measurements 
with increased risk for mortality in patients with heart failure and increased risk for 
development of heart failure in subjects from the general population. However, the im-
portance and clinical use of repeated measurements of galectin-3 in patients with heart 
failure and subjects in the general population has not been reported yet. Furthermore it 
is unclear if galectin-3 predicts outcome after myocardial infarction.

Galectin-3 as a biomarker in heart failure has gained a lot of interest in recent years, 
since it is not only a simple prognostic biomarker, but also can be used as a target for 
therapy. Pectins as “natural” galectin-3 inhibitors sounds appealing, but it is not clear 
whether this is actually clinically applicable.

In this work, I aimed to study various aspects of galectin-3 biology, describe the 
dynamics of galectin-3 in various patient cohorts, describe its clinical correlates and 
confounders, and its potential value for predicting future events, and explore potential 
new modes of inhibition of galectin-3. Specifically, the aims of this thesis were to study:
– the value of serial measurements in patient with heart failure to predict outcomes
– the value of serial measurements of galectin-3 to predict future cardiovascular dis-

ease in the general population
– the value of galectin-3 after myocardial infarction
– the concept of galectin-3 as a modifiable factor
– new compounds that are able to modify the effect of galectin-3
– galectin-3 biology in more depth
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